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Abstract

Microcalorimetry and high-performance liquid chromatography have been used to conduct a thermodynamic
Ž .investigation of the following reactions catalyzed by the tryptophan synthase a b complex EC 4.2.1.20 and its2 2

Ž . Ž . Ž . Ž . Ž . Ž . Ž .subunits: indole aq q L-serine aq s L-tryptophan aq q H O l ; L-serine aq s pyruvate aq q ammonia aq ;2
Ž . Ž . Ž . Ž . Ž . Žindole aq q D-glyceraldehyde 3-phosphate aq s1- indol-3-yl glycerol 3-phosphate aq ; L-serine aq q1- indol-3-

. Ž . Ž . Ž . Ž .yl glycerol 3-phosphate aq sL-tryptophan aq qD-glyceraldehyde 3-phosphate aq qH O l . The calorimetric mea-2
surements led to standard molar enthalpy changes for all four of these reactions. Direct measurements yielded an
apparent equilibrium constant for the third reaction; equilibrium constants for the remaining three reactions were
obtained by using thermochemical cycle calculations. The results of the calorimetric and equilibrium measurements
were analyzed in terms of a chemical equilibrium model that accounted for the multiplicity of the ionic states of the
reactants and products. Thermodynamic quantities for chemical reference reactions involving specific ionic forms
have been obtained. These quantities permit the calculation of the position of equilibrium of the above four
reactions as a function of temperature, pH, and ionic strength. Values of the apparent equilibrium constants and
standard transformed Gibbs free energy changes D GXT under approximately physiological conditions are given. Ler m
Chatelier’s principle provides an explanation as to why, in the metabolic pathway leading to the synthesis ofˆ
L-tryptophan, the third reaction proceeds in the direction of formation of indole and D-glyceraldehyde 3-phosphate

Ž .even though the apparent equilibrium constant greatly favors the formation of 1- indol-3-yl glycerol 3-phosphate.
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1. Introduction

The reactions catalyzed by the tryptophan syn-
Ž .thase a b complex EC 4.2.1.20 and its subu-2 2

nits have been the subject of extensive investiga-
w xtions 1]5 . A plausible basis as to how the en-

zyme operates has emerged from a knowledge of
w xthe crystal structure 6 of the tryptophan syn-

thase a b complex found in Salmonella typhi-2 2
˚murium. Specifically, this complex contains a 25 A

long tunnel that connects the active sites of the a
and b subunits. This hydrophobic tunnel has a

˚diameter of f9 A matching that of indole. In-
Ž .dole is first formed from 1- indol-3-yl glycerol 3-

phosphate at the active site of the a subunit. The
indole is then transferred via the hydrophobic
tunnel to the active site of the b subunit where it

Žreacts with L-serine to form L-tryptophan see Fig.
.1 . Interestingly, although the mechanisms of

these reactions have been much studied, thermo-
dynamic information on the overall biochemical

w xreactions is relatively limited 7,8 . This is unfor-
tunate since this data is required both for a
quantitative discussion of the position of equilib-
rium of these reactions and for a full understand-
ing of the energetics of both the individual reac-
tions and the metabolic pathways in which these

w xreactions occur 9,10 .
In carrying out this investigation it was found

useful to write the biochemical reactions in the
way that they were actually performed under in
vitro conditions:

Ž . Ž . Ž .indole aq qL-serine aq sL- tryptophan aq

Ž . Ž .qH O l 12

Ž . Ž . Ž . Ž .L-serine aq spyruvate aq qammonia aq 2

Ž . Ž .indole aq qD-glyceraldehyde 3-phosphate aq

Ž . Ž .s1- indol-3-yl glycerol 3-phosphate aq
Ž .3

Ž . Ž .L-serine aq q1- indol-3-yl glycerol

Ž . Ž .3-phosphate aq sL- tryptophan aq

Ž .qD-glyceraldehyde3-phosphate aq

Ž . Ž .qH O l . 42

Ž .Fig. 1. The conversion of 1- indol-3-yl glycerol 3-phosphate to
L-tryptophan under in vivo conditions.

Ž . Ž .In vivo see Fig. 1 , reaction 3 proceeds in the
opposite direction to that shown above. This be-
havior is explained later. The a b complex was2 2

Ž . Ž . Ž .used for carrying out reactions 1 , 3 , and 4 .
The b subunit was used for carrying out reaction2
Ž .2 because it has a much higher activity in this
reaction than the a b complex. CsCl was also2 2

Ž .used for reaction 2 since it significantly in-
w xcreases the activity of the b subunit 11 .2

The literature contains values of calorimetri-
cally determined enthalpies for the above four

w xreactions 8 and a value for the apparent equilib-
Ž . w xrium constant for reaction 3 7 . Apparent equi-

librium constants and calorimetric enthalpies have
w x Žalso been reported 12 for the tryptophanase EC

.4.1.99.1 catalyzed reaction

Ž . Ž . Ž .L- tryptophan aq qH O l s indole aq2

Ž . Ž . Ž .qpyruvate aq qammonia aq 5
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Since these biochemical reactions can be for-
mally added and subtracted just like algebraic

Ž .equations, we have the following relationship s :
Ž . � Ž . Ž .4reaction 1 s reaction 3 q reaction 4 s

� Ž . Ž .4reaction 2 yreaction 5 . Thus, one has two
thermochemical cycles that can be used to check
the consistency of results. These checks serve as
important tests of the accuracy of the measure-
ments. However, as will be seen below, when
these checks are done in terms of the chemical
reference reactions, these thermochemical cycles
do not close when the previously reported results
w x8,12 are used. Additionally, there do not appear
to be any equilibrium data in the literature for

Ž . Ž . Ž .reactions 1 , 2 , and 4 . Accordingly, it was
decided to perform a series of measurements
aimed both at gaining additional information on
the thermodynamics of these reactions and in
resolving the aforementioned problem in the fail-
ure of the thermochemical cycle to close. Reac-

Ž . Ž .tions 1 and the reverse of reaction 3 are,
Ž .respectively, the sixth final and fifth steps in the

metabolic pathway that leads from chorismate to
w xL-tryptophan 13 . This pathway involves the syn-

thesis of aromatic substances from aliphatic com-
pounds and its chemistry has evoked substantial
interest. This pathway is also of industrial interest
because of its potential for the large scale pro-
duction of aromatic amino acids and other useful

w xproducts 14,15 .

2. Materials and methods

2.1. Materials

Relevant information on the substances used in
this study is given in Table 1.2 The methods used
for the preparation of the a b complex and the2 2
b subunit of tryptophan synthase from Sal-2
monella typhimurium have been previously de-

2Certain commercial equipment, instruments, or materials
are identified in this paper to specify the experimental proce-
dures adequately. Such identification is not intended to imply
recommendation or endorsement by the National Institute of
Standards and Technology, nor is it intended to imply that the
materials or equipment identified are necessarily the best
available for the purpose.

w xscribed 16,17 . The mass fractions of the enzymes
Žmass of an enzyme divided by the total mass of

.the solution were determined from the absor-
bances determined at the wavelength ls278 nm
w x18 . The specific activities of the a b complex2 2

Ž .and the b subunit in reaction 1 were, respec-2
tively, 5.2 and 0.1 mmol miny1 mgy1 under stan-

w xdard assay conditions 11 . In the presence of
Ž y3 .CsCl concentration cs0.2 mol dm , the activ-

ity of the b subunit in this reaction was 2.42
mmol miny1 mgy1.

The DL-glyceraldehyde 3-phosphate was re-
ceived from the vendor as the free acid dissolved
in water. The stock solution was divided into 10
small vials and stored at the temperature Tf253
K until ready for use. The concentration of D-
glyceraldehyde 3-phosphate in the stock solution
was determined by using the enzymatic assay
Ž .glyceraldehyde 3-phosphate dehydrogenase de-

w xscribed by Veech et al. 19 . In this spectrophoto-
metric assay, the molar absorption coefficient e
of NADH was taken to be 6292 dm3 moly1 cmy1

w x20 at Ts298.15 K and ls340 nm. The density
of the aqueous solution of the DL-glyceraldehyde
3-phosphate was 1.026 kg dmy3. This density was

Žused to convert the measured concentration cs
y3 .0.1133 mol dm of the D-glyceraldehyde 3-phos-

phate to a gravimetric basis which was used for
the preparation of all solutions pertinent to the
calorimetric and equilibrium experiments. Unlike
the other substances used in this study, the D-
glyceraldehyde 3-phosphate was found to be rela-
tively labile in solution.

Specifically, by using the aforementioned enzy-
w xmatic assay 19 , it was found that the fraction of

the D-glyceraldehyde 3-phosphate that decom-
Žposed per hour in Na HPO buffer cs0.1 mol2 4

y3 .dm , pHs7.3 was f0.054.
Ž .The 1- indol-3-yl glycerol 3-phosphate was pre-

pared enzymatically by using the method of
w xKawasaki et al. 21 , which is an improvement of

w xthe method of Hardman and Yanofsky 22 . The
molality of this substance was determined by us-

Ž .ing the following procedure. First, reaction 3
was carried out with a solution having a known
molality of indole and an excess amount of D-
glyceraldehyde 3-phosphate. Since the response

Žfactor molality divided by chromatographic peak
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Table 1
Ž .Principal substances used in this study with their Chemical Abstracts Service CAS registry numbers, empirical formulae, relative

molecular masses M , mass fraction moisture contents w determined by Karl Fischer analysis, mole fraction purity x as stated byr
supplier, and method used to determine x

aSubstance CAS registry Formula M w Supplier x Methodr
number

Ammonium chloride 12125-02-9 NH Cl 53.492 S )0.99 AgNO titration4 3
Cesium chloride 76417-17-8 CsCl 168.36 BRL )0.999 Trace metal analysis

b
DL-glyceraldehyde 591-59-3 C H O P 170.06 S HPLC and enzymatic3 7 6

3-phosphate assay
Indole 120-72-9 C H N 117.15 0.00261 S 0.999 HPLC; GC8 7

c bŽ .1- indol-3-yl glycerol 4220-97-7 C H O P 189.13 HPLC and enzymatic11 14 6
3-phosphate assay

Ž .Phosphoric acid 7664-38-2 H PO 97.995 M )0.995 acidqbase titration3 4
Pyridoxal 5-phosphate 41468-25-1 C H NO P 247.14 0.1624 S )0.99 TLC8 10 6
Pyruvic acid, sodium salt 113-24-6 C H O Na 110.04 0.0073 S 0.994 HClO titration3 3 3 4
L-serine 56-45-1 C H NO 105.09 0.00178 S )0.99 HPLC; TLC3 7 3

Ž .Sodium phosphate, dibasic 7558-79-4 Na HPO 141.96 S )0.997 acidqbase titration2 4
L-tryptophan 73-22-3 C H N O 204.23 0.0058 S )0.99 HPLC; TLC11 12 2 2
Tryptophan synthase, 9014-52-2 1.43=105 c

a b complex2 2
4 cTryptophan synthase, 35402-93-8 8.60=10

b subunit2

BRL, Bethesda Research Laboratories; M, Mallinckrodt; S, Sigma.
a Ž .The HPLC methods described below see Section 2.2 were used as checks on the purities of the DL-glyceraldehyde 3-phosphate,

Ž . Ž .indole, 1- indol-3-yl glycerol 3-phosphate, L-serine, and L-tryptophan. The other methods are those used by the vendor s to
determine the purities of these substances.
b Ž .The molalities of the DL-glyceraldehyde 3-phosphate and 1- indol-3-yl glycerol 3-phosphate were determined by enzymatic assays
Ž .see Section 2.1 .
c Ž .Prepared for this study see Section 2.1 .

.area of indole was already known, the final
molality of indole could be calculated from the

Ž .area of its chromatographic peak see below .
Additionally, there was no evidence of any side
reactions or chromatographic interference from
the enzyme. Thus, the difference between the
initial and final molalities of the indole was taken

Žto be equal to the molality of the 1- indol-3-
.yl glycerol 3-phosphate that was formed in the

reaction. This molality was then used with the
Žchromatographic area corresponding to 1- indol-

.3-yl glycerol 3-phosphate to calculate its response
factor. A knowledge of this response factor made
it possible to determine chromatographically the

Ž . Žmolality of the stock solution s of 1- indol-3-
.yl glycerol 3-phosphate.

2.2. HPLC

A Hewlett-Packard 1050 HPLC equipped with
a UV detector set at the wavelength ls215 nm

Žand a Hewlett-Packard Hypersil C-18 column 2.1
.mm i.d.=100 mm long thermostatted at Ts318

K were used for the analysis of L-tryptophan and
Ž .indole in reaction 1 . The mobile phase consisted

Ž . Ž y3 .of I KH PO cs0.01 mol dm adjusted to2 4
Ž .pHs3.3 with H PO and II acetonitrile. The3 4

following gradient of these two mobile phases was
Ž . Ž .formed: volume fraction f I s1.00 and f II s0

Ž . Ž .at time ts0; f I s1.00 and f II s0 at ts4
Ž . Ž .min; and f I s0.20 and f II s0.80 at ts20

min. The flow rate was 0.8 cm3 miny1. Typical
retention times were: L-serine, 0.8 min; L-tryp-
tophan, 9.4 min; and indole, 15.8 min. The proce-

Ž .dure used for the analysis of 1- indol-3-yl glycerol
Ž .3-phosphate and indole used for reactions 3 and

Ž .4 was similar to the above except that a
Hewlett-Packard 1100 HPLC was used, the pH of

Ž .the mobile phase I was 3.4, and the gradient was
Ž .only slightly different. Namely, f I s0.4 and

Ž .f II s0.6 at ts20 min. Typical retention times
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Ž .for 1- indol-3-yl glycerol 3-phosphate and indole
were 3.3 min and 14.9 min, respectively.

Since the L-serine has a low molar absorption
coefficient at ls215 nm and since the phos-
phate buffer used in this study interfered with the
determination of L-serine, an alternative method
of analysis was used for this substance. In this

Ž Ž y3 .method, 2.0 g of a H BO cs0.2 mol dm q3 3
Ž y3 ..NaHCO cs0.2 mol dm solution adjusted3

to pHs8.5 with concentrated NaOH was added
to 0.1 g of the solution that was being analyzed.

ŽA second solution 3.0 mg of 9-fluoroenyl-
Ž . 3methylchloroformate FMOC in 1.0 cm of dry

.acetone was immediately added to this solution
in the volume ratio 1:1. The resulting mixture was
shaken briefly and allowed to stand for 10 min at
room temperature. Samples of this final solution
were then injected into a Varian Vista 5500 HPLC
Žfluorescence detector set at ls260 nm for exci-
tation and ls313 nm for emission; Varian

ŽAmino Tag C-18 column 4.6 mm i.d.=150 mm
.. Ž .long . The mobile phase consisted of I

Ž Ž y3 .NaC H O cs0.015 mol dm q tetramethyl-2 3 2
Ž y3 .ammonium chloride cs0.01 mol dm qNaN3

Ž y4 y3..cs3.85=10 mol dm solution adjusted to
Ž .pHs2.85 with concentrated H PO and II ace-3 4

tonitrile. The following gradient of these two
Ž . Ž .mobile phases was formed: f I s0.73 and f II

Ž . Ž .s0.27 at ts0; f I s0.58 and f II s0.42 at
Ž . Ž .ts11.5 min; and f I s0.58 and f II s0.42 at

ts13 min. The flow rate was 1.4 cm3 miny1. A
typical retention time for the FMOC derivative of
L-serine was 11.5 min.

2.3. Determination of equilibrium constants

Attempts were made to measure apparent equi-
librium constants for the reactions pertinent to

Ž . Ž .this study. For reactions 1 and 2 , equilibrium
was approached from both directions of reaction.
The solution used for the forward direction of

Ž . Žreaction 1 contained indole molality ms0.0049
y1 . Ž y1 .mol kg and L-serine ms0.0056 mol kg in

Ž y1 .Na HPO buffer ms0.10 mol kg , pHs7.01 .2 4
The solution used for the reverse direction of

Žreaction contained L-tryptophan ms0.0048 mol
y1 .kg in the same phosphate buffer. The a b2 2

complex of tryptophan synthase was added to

these two solutions so that the mass fraction of
the enzyme in these solutions was f3=10y4.
These solutions were placed in 20 cm3 Teflon
capped glass bottles and gently shaken at f50
rpm in a water bath thermostatted at Ts298.15
K. Following equilibration for 25 h, the molalities
of indole and L-tryptophan were measured by
using the chromatographic procedure described
above. A similar procedure was used for reaction
Ž .2 . In this case, the solution used for the forward

Ždirection of reaction contained L-serine ms
y1 . Ž0.020 mol kg and ammonium chloride ms
y1 . Ž0.094 mol kg in Na HPO buffer ms0.102 4

y1 .mol kg , pHs6.90 . The solution used for the
reverse direction of reaction contained pyruvic

Ž y1 .acid ms0.019 mol kg and ammonium chlo-
Ž y1 .ride ms0.094 mol kg in the same phosphate

Žbuffer. The mass fraction of the enzyme b2
.subunit of tryptophan synthase in these solutions

was f6=10y4. These solutions were allowed to
equilibrate for 8 days at Ts308.15 K, after which
time the molality of L-serine was determined

Ž .chromatographically. For reaction 4 , the solu-
tion used for the reverse direction of reaction

Ž y1 .contained L-tryptophan ms0.0016 mol kg
Žand D-glyceraldehyde 3-phosphate ms0.0023

y1 . Ž . Žmol kg in N,N-bis 2-hydroxyethyl glycine Bi-
. Ž y1 .cine buffer ms0.10 mol kg , pHs7.35 . The

a b complex of tryptophan synthase was added2 2
to this solution so that the mass fraction of the
enzyme was f6=10y4. Following equilibration
for 1 day at Ts298.15 K, the solution was ana-

Ž .lyzed for 1- indol-3-yl glycerol 3-phosphate.
The approach used for the measurement of the

Ž .apparent equilibrium constant for reaction 3 is
complicated by the instability of the D-
glyceraldehyde 3-phosphate. Therefore, we fol-
lowed a method similar to that used by Weischet

w xand Kirschner 7 . A series of synthetic solutions
having known molalities of the reactants indole,
Ž .1- indol-3-yl glycerol 3-phosphate, and D-

glyceraldehyde 3-phosphate were prepared. The
Ž .molalities of the indole and 1- indol-3-yl glycerol

3-phosphate were kept very nearly constant
Ž y1 y10.00095 mol kg and 0.00098 mol kg , respec-

.tively and a variation in the apparent reaction
quotient was obtained by varying the molality of
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the D-glyceraldehyde 3-phosphate. Each of the
synthetic solutions containing the three reactants
was prepared immediately prior to use and then
injected promptly into the HPLC. The ratio Rs
� Ž Ž . . Ž .4A 1- indol-3-yl glycerol 3-phosphate rA indole
was then calculated from the areas A of the

Žchromatographic peaks corresponding to 1- indol-
.3-yl glycerol 3-phosphate and indole. The known

Žmolalities of the indole and the 1- indol-3-
.yl glycerol 3-phosphate together with the areas

corresponding to their peaks also gave values of
the response factors and served as a check on the
accuracy of the measurements. Each synthetic
solution was kept in an ice bath until completion
of the aforementioned chromatographic experi-
ment. The a b complex of tryptophan synthase2 2
was then added to the remaining synthetic mix-
ture. This reaction mixture was then placed in a
thermostat set at Ts298.15 K and gently shaken
for 10 min. This solution was then injected into
the HPLC and the ratio R determined for this
solution. With this procedure, one would expect
R to remain unchanged for a solution that is
already at equilibrium prior to addition of the
enzyme. By working rapidly, the fraction of the
D-glyceraldehyde 3-phosphate that has decom-
posed is expected to be -0.01 and the problem
of the instability of the D-glyceraldehyde 3-phos-
phate is minimized.

2.4. Microcalorimetry

Three heat-conduction microcalorimeters were
used for the enthalpy of reaction measurements.
They were calibrated electrically with a high
stability DC power supply, calibrated 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

w xSteckler et al. 23,24 . The data acquisition system
has recently undergone significant modernization.
The voltages of the thermopiles of the mi-
crocalorimeters 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 code
written in Cqq.

The sample vessels, fabricated from high-den-
sity polyethylene, contained two compartments
that held f0.55 cm3 and f0.40 cm3 of solution.
The substrate solutions were placed in the 0.55
cm3 compartment of the microcalorimeter vessel
and the enzyme solutions were placed in the 0.40
cm3 compartment. The substrate solutions con-

Ž . Ž .tained: indoleqL-serine for reaction 1 ; L-
Ž . Žserine for reaction 2 ; indoleqD-glyceraldehyde

. Ž . Ž Ž3-phosphate for reaction 3 ; and 1- indol-3-
. .yl glycerol 3-phosphateqL-serine for reaction

Ž .4 . The limiting reactants were indole in reac-
Ž . Ž . Ž .tions 1 and 3 and L-serine in reactions 2 and

Ž .4 . Pyridoxal 5-phosphate was added to the stock
Ž .phosphate buffer solutions used for reactions 1

Ž .and 2 ; CsCl was also added to the stock buffer
Ž .solution used for reaction 2 . The a b complex2 2

of tryptophan synthase was used to catalyze reac-
Ž . Ž . Ž .tions 1 , 3 , and 4 ; the b subunit was used for2

Ž .reaction 2 . These enzymes were dissolved in the
same respective stock phosphate buffer solutions
that were used for the preparation of the subs-
trate solutions. The aim of this procedure was to

Ž .minimize the ‘blank’ enthalpy changes see below .
Ž . Ž . Ž .Reactions 1 , 3 , and 4 were carried out at

Ts298.15 K. However, since the rate of reaction
Ž .2 was too slow at this temperature, it was neces-
sary to carry out this reaction at a higher temper-

Ž .ature Ts308.15 K .
The vessels and their contents were allowed to

equilibrate in the microcalorimeters for f60 min
before the enzyme and substrate solutions were
mixed. Reaction times of f32 min, f66 min,
f36 min, and f22 min were allowed for reac-

Ž . Ž . Ž . Ž .tions 1 , 2 , 3 , and 4 , respectively. Following
reaction, the vessels were removed from the mi-
crocalorimeters and their contents were promptly

Žanalyzed to determine the amount of indole re-
Ž . Ž .. Ž Ž ..actions 1 and 3 , L-serine reaction 2 , or

Ž Ž ..L-tryptophan reaction 4 in solution. In this way
the amount of substance that had undergone
reaction was obtained. The fractions of the limit-
ing reactants that had undergone reaction were

Ž .0.999, 0.940, 0.955, and 1.000, for reactions 1 ,
Ž . Ž . Ž .2 , 3 , and 4 , respectively. The ‘blank’ enthalpy
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changes for the mixing of the substrate solutions
with the buffer ranged from y0.612 mJ to 0.30
mJ while for the mixing of the enzyme solutions
with the buffer these enthalpies ranged from y1.4

ŽmJ to 0.50 mJ. The pooled uncertainty two esti-
.mated standard deviations of the mean in these

‘blank’ enthalpies was 0.62 mJ. These ‘blank’
enthalpies of mixing were applied as corrections

Ž .to the measured calorimetric enthalpies D H calr
which were fy188 mJ, fy55 mJ, fy42 mJ,

Ž . Ž . Ž . Ž .and fy32 mJ for reactions 1 , 2 , 3 , and 4 ,
respectively.

2.5. pH measurements

Measurement of pH was done with an Orion
Model 811 pH meter and a Radiometer combina-
tion glass micro-electrode. The pH meter was
calibrated with Radiometer standard buffers and

Žwith a standard phosphate buffer pHs7.42 at
.Ts298.15 K . This latter buffer was prepared

from KH PO and Na HPO , standard reference2 4 2 4
materials 186-Id and 186-IId, respectively, from
the National Institute of Standards and Tech-
nology.

3. Results and discussion

3.1. Thermodynamic formalism

The apparent equilibrium constants corre-
Ž . Ž . Ž . Ž . Ž .sponding to reactions 1 , 2 , 3 , 4 and 5 are,

respectively,

Ž . T � Ž .K 9sm L- tryptophan ?m r m indole ?

Ž .4 Ž .m L-serine 6
Ž . Ž .K 9sm pyruvate ?m ammonia r

� Ž . T 4 Ž .m L-serine ?m 7
Ž Ž . . TK 9sm 1- indol-3-yl glycerol 3-phosphate ?m r

� Ž . Žm indole ?m D-glyceraldehyde
.4 Ž .3-phosphate 8

Ž . ŽK 9sm L- tryptophan ?m D-glyceraldehyde
. � Ž .3-phosphate r m L-serine

Ž Ž .?m 1- indol-3-yl glycerol
.4 Ž .3-phosphate 9

Ž . Ž . Ž .K 9sm indole ?m pyruvate ?m ammonia r
2TŽ . Ž . Ž .m L- tryptophan ? m 10� 4

The molalities m in the above equations are
the total molalities of the various charged and
uncharged species that are formed from the dis-
sociation of the various substances in solution.

Ž T y1.The standard molality m s1 mol kg has
been used in the above equations to keep the
apparent equilibrium constants dimensionless.

With D-glyceraldehyde 3-phosphate, one is also
dealing with a mixture of the aldehyde and diol

w xforms 25,26 , with the diol being the predominant
form under the experimental conditions used in
this study. Since, the interconversion of these two

w xforms is relatively rapid 25,26 , it seems safe to
assume that these two forms are at equilibrium in
our experiments. Thus, it will be understood that
when we refer to D-glyceraldehyde 3-phosphate in
this study, we are considering the equilibrium
mixture of the aldehyde and the diol.

It will also be seen to be useful to introduce the
following chemical reference reactions that corre-
spond to the above overall biochemical reactions:

0 Ž . "Ž .indole aq qL-serine aq s
"Ž . Ž . Ž .L- tryptophan aq qH O l 112

"Ž . yŽ . qŽ .L-serine aq spyruvate aq qNH aq4

Ž .12

0 Ž .indole aq qD-glyceraldehyde
2y Ž . Ž .3-phosphate aq s1- indol-3-yl glycerol
2y Ž . Ž .3-phosphate aq 13

"Ž . Ž .L-serine aq q1- indol-3-yl glycerol
2y Ž . "Ž .3-phosphate aq sL- tryptophan aq q

2y Ž .D-glyceraldehyde 3-phosphate aq q
Ž . Ž .H O l 142

"Ž . Ž . 0 Ž .L- tryptophan aq qH O l s indole aq2

yŽ . qŽ . Ž .qpyruvate aq qNH aq 154

The equilibrium constants corresponding to re-
Ž . Ž . Ž . Ž . Ž .actions 11 , 12 , 13 , 14 , and 15 , respectively,

are:
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Ž ". TKsm L- tryptophan ?m r
� Ž 0 . Ž ".4 Ž .m indole ?m L-serine 16
Ž y. Ž q.Ksm pyruvate ?m NH r4

� Ž ". T 4 Ž .m L-serine ?m 17

Ž Ž . 2y .Ksm 1- indol-3-yl glycerol 3-phosphate
T � Ž 0 .?m r m indole

Ž 2y . Ž .4?m D-glyceraldehyde 3-phosphate 18

Ž ". ŽKsm L- tryptophan ?m D-glyceraldehyde
2y � Ž "..3-phosphate r m L-serine

Ž Ž . 2y .4?m 1- indol-3-yl glycerol 3-phosphate
Ž .19

Ž 0 . Ž y. Ž q.Ksm indole ?m pyruvate ?m NH r4

2T"Ž . Ž . Ž .m L- tryptophan ? m 20� 4
The standard state used in this study is the

Ž Thypothetical ideal solution of unit molality m s
y1 .1 mol kg .

3.2. Equilibrium constants

The attempts to directly measure apparent
Ž . Ž .equilibrium constants for reactions 1 , 2 , and

Ž .4 were unsuccessful. This was due to a lack of

sufficient instrumental sensitivity to measure the
very small amounts of the pertinent substrates.
However, by using the limits of detectability for
these substrates, it was possible to set the fol-
lowing lower limits on the values of the apparent

Žequilibrium constants: K 9 Ts298.15 K, pHs
. 7 Ž . Ž7.01 )9=10 for reaction 1 ; K 9 Ts308.15

. Ž . ŽK, pHs6.9 )330 for reaction 2 ; and K 9 Ts
. 6 Ž .298.15 K, pHs7.01 )4=10 for reaction 4 .

Nevertheless, we shall later obtain values of equi-
librium constants for these reactions by use of
thermochemical cycle calculations.

It was possible, however, to measure the appar-
Ž .ent equilibrium constant for reaction 3 . As dis-

cussed in Section 2.3, these measurements re-
quired particular care because of the instability of
the D-glyceraldehyde 3-phosphate. The results of
these measurements are given in Table 2. The

Ž .apparent reaction quotient Q9 for reaction 3 is
equal to

Ž Ž .Q9sm 1- indol-3-yl glycerol
T � Ž ..3-phosphate ?m r m indole

Ž . Ž .4?m D-glyceraldehyde 3-phosphate 21

A linear fit of Q9 as a function of D R was
found to represent the results adequately; the

Table 2
Ž . Ž . Ž . ŽResults of equilibrium measurements for biochemical reaction 3 : indole aq qD-glyceraldehyde 3-phosphate aq s1- indol-3-

y1. Ž .yl glycerol 3-phosphate aq at Ts298.15 K, pHs7.54, and ionic strength I s0.37 mol kgm

3 3 a 3Ž . Ž . Ž .10 =m indole 10 =m D-G3P 10 =m IGP Q9 D R
y1 y1 y1Ž . Ž . Ž .mol kg mol kg mol kg

0.9370 0.2084 0.9914 5077 0.1698
0.9438 0.1263 0.9798 8220 0.1188
0.9747 0.1021 0.9745 9792 0.0078
0.9554 0.1017 0.9796 10 082 0.0488
0.9565 0.0826 0.9775 12 372 y0.0064
0.9595 0.0728 0.9731 13 931 y0.0033

The molalities m of the Na HPO and H PO were 0.0953 mol kgy1 and 0.00872 mol kgy1, respectively. All molalities are equal2 4 3 4
to the sums of the molalities of the indicated substances in their various ionic forms and are those after mixing with the enzyme and

Ž .prior to any reaction. The substances 1- indol-3-yl glycerol 3-phosphate and D-glyceraldehyde 3-phosphate are designated as IGP
Ž Ž ..and D-G3P, respectively. Q9 is the apparent reaction quotient see Eq. 21 . The quantity D R is the change in the ratio

� Ž Ž . . Ž .4 Ž Ž . . Ž .A 1- indol-3-yl glycerol 3-phosphate rA indole , where A 1- indol-3-yl glycerol 3-phosphate and A indole are the areas of the
Ž .chromatographic peaks corresponding to 1- indol-3-yl glycerol 3-phosphate and indole, respectively. The mass fraction of the

Ž . Ž .enzyme a b complex of tryptophan synthase was 0.00013. The apparent equilibrium constant for reaction 3 is derived from2 2
Ž .these results see Section 3.2 .

a Ž . Ž .m D-glyceraldehyde 3-phosphate s0.5m DL-glyceraldehyde 3-phosphate .
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Ž . 4intercept was 1.21"0.15 =10 and the slope
Ž . 4was y 3.9"1.7 =10 . Since the value of Q9

which corresponds to D Rs0 is equal to the
Ž .apparent equilibrium constant, K 9s 1.21"0.15

4 Ž .=10 for reaction 3 at Ts298.15 K, pHs7.54,
and I s0.37 mol kgy1. Here the uncertaintiesm
are equal to two estimated standard deviations.
We judge that reasonable estimates of possible
systematic errors in the measurements of K 9 are:
decomposition of the D-glyceraldehyde 3-phos-
phate, 0.01=K 9; uncertainties in the molalities of

Ž .the 1- indol-3-yl glycerol 3-phosphate and D-
glyceraldehyde 3-phosphate stock solutions, 0.04
=K 9; chromatography, 0.02=K 9; and weighing
errors, 0.01=K 9. These estimates of possible sys-
tematic error are combined in quadrature
together with the statistical uncertainty in the
measured value of K 9, expressed as one esti-
mated standard deviation of the mean, to obtain a

w xcombined standard uncertainty 27 of 0.08=K 9.
This combined standard uncertainty is then multi-

Žplied by 2 to arrive at the final result K 9s 1.2"
. 4 Ž .0.2 =10 for reaction 3 at Ts298.15 K, pHs

7.54, and I s0.37 mol kgy1.m

3.3. Calorimetric results

The results of the calorimetric measurements
are given in Table 3. In these tables, the uncer-
tainties in the values of the calorimetrically de-

Ž .termined molar enthalpies of reaction D H calr m
indicate only the random errors inherent in the
measurements and do not reflect the possible
systematic errors which we now consider. We
judge that reasonable estimates of possible syste-

Ž .matic errors in the measurements of D H calr m
Ž . Ž . Ž . Ž .for reactions 1 , 2 , 3 , and 4 , respectively, are:

heat measurements and corrections for ‘blank’
Ž .enthalpies, 0.0034 = D H cal , 0.0064 =r m

Ž . Ž .D H cal , 0.0080 = D H cal , and 0.010 =r m r m
Ž .D H cal ; corrections for incomplete reaction,r m

Ž . Ž .0.002 = D H cal , 0.01 = D H cal , 0.01 =r m r m
Ž . Ž .D H cal , and 0.01=D H cal ; moisture con-r m r m

tent and impurities in the limiting reactants 0.002
Ž . Ž .= D H cal , 0.01 = D H cal , 0.002 =r m r m

Ž . Ž .D H cal , and 0.01=D H cal ; and correctionr m r m
Ž .for the amount of the side reaction 3 that ac-

Ž . Ž .companied reaction 4 , 0.02=D H cal . Theser m

estimates of possible systematic error are com-
Ž .bined as was done previously see above in order

Ž . Žto arrive at the final results: D H cal sy 74.5r m
. y1 Ž . Ž ."0.7 kJ mol for reaction 1 ; D H cal sr m

Ž . y1 Ž .y 12.1"0.6 kJ mol for reaction 2 ; D Hr m
Ž . Ž . y1 Ž .cal sy 46.9"1.2 kJ mol for reaction 3 ;

Ž . Ž . y1and D H cal sy 27.8"2.0 kJ mol for re-r m
Ž .action 4 .

3.4. Ionization constants

The pKs and standard molar enthalpies for the
proton dissociation reactions of the reactants and
of the other solutes in solution are needed to

Ž .relate the experimental results for reactions 1 ,
Ž . Ž . Ž .2 , 3 , and 4 to thermodynamic quantities for

Ž . Ž . Ž .the respective reference reactions 11 , 12 , 13 ,
Ž .and 14 . These pKs and standard molar en-

thalpies D HT are given in Table 4. Where nec-r m
essary, the values of the pKs and D HT s werer m
adjusted to Is0 by using an ‘ion-size’ parameter
of 1.6 kg1r2 moly1r2 in the extended Debye-

w xHuckel equation 28 to estimate the activity co-¨
efficients of the aqueous species in solution. The
sources of the values for the various ionizations

w xare: the evaluation of Tewari and Goldberg 12
for pyruvic acid0, L-tryptophanq, and L-

" w x ytryptophan ; Wagman et al. 29 for H PO and2 4
q w xNH ; and Martell et al. 30 for the L-serine and4

the pyridoxal 5-phosphate species. In the absence
T Žof a value of the pK or D H for either 1- indol-r m

. y3-yl glycerol 3-phosphate or D-glyceraldehyde
3-phosphatey, we have estimated values for these
quantities by using the existing tabulated results
w x30 for glycerol 1-phosphate and glycerol 2-phos-
phate. It is important to note that the structures
of the regions of the D-glyceraldehyde 3-phos-

Ž .phate and 1- indol-3-yl glycerol 3-phosphate from
Ž .which the ionization s occur are very similar.

Specifically, these structures differ only in that
Ž .different groups aldehyde and hydroxyl are at-

tached to the third carbon atoms removed from
the respective phosphate groups where the rele-
vant ionizations occur. Thus, one would expect
the values of the pKs and standard molar en-
thalpies for the ionizations of these two phos-
phates to be very nearly equal. This expectation is
supported by the closeness of the values of the
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pKs of two structurally related pairs of subs-
Ž Ž .tances: 4-oxopentanoic acid pKs4.50 and 4-

Ž .. Žhydroxybutanoic acid pK s 4.57 and 3-
Ž .aminopropylphosphonic acid pKs6.89 and DL-

Ž ..2-amino-4-phosphobutanoic acid pK s 6.90 .
w xThese pKs, which are from Martell et al. 30 ,

pertain to Ts298.15 K and I s0.1 mol dmy3.c

3.5. Heat capacities

Table 4 also contains standard molar heat-
capacity changes D CT for three ionizations.r p,m

The values of D CT for the ionization of H POy
r p,m 2 4

and NHq are based, respectively, on the heat-4
capacity measurements of Allred and Woolley
w x w x T31 and of Larson et al. 32 . The value of D Cr p,m
for the ionization of L-serineq is an estimate

w xbased on the result of Allred and Woolley 31 for
Ž .the ionization of acetic acid. Since reaction 2

was carried out at Ts308.15 K, a value of D CT
r p,m

Ž .for reaction 12 is also needed for the adjust-
ment of the results to Ts298.15 K. For L-serine",

T y1 y1 w xC s114 J K mol from Hakin et al. 33p,2,m
and for NHq, CT s68 J Ky1 moly1 from Allred4 p,2,m

Table 3
Ž . Ž . Ž . Ž .Results of calorimetric measurements for biochemical reactions 1 , 2 , 3 , and 4 in phosphate buffer

3 3 3Ž . Ž . Ž . Ž . Ž . Ž . Ž .T K pH m Na HPO m H PO 10 =m PLP 10 =m L-serine 10 =m indole I D H cal2 4 3 4 m r m
y1 y1 y1 y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž . Ž .mol kg mol kg mol kg mol kg mol kg mol kg kJ mol

Ž . Ž . Ž . Ž . Ž .Reaction 1 : indole aq qL-serine aq sL-tryptophan aq qH O l2

298.15 7.01 0.09913 0.02275 0.0984 3.127 2.951 0.32 y74.15
298.15 7.01 0.09915 0.02275 0.0984 3.168 2.989 0.32 y74.53
298.15 7.01 0.09913 0.02275 0.0984 3.126 2.949 0.32 y74.28
298.15 7.01 0.09913 0.02275 0.0984 3.124 2.948 0.32 y74.84
298.15 7.01 0.09915 0.02275 0.0984 3.172 2.993 0.32 y74.75

y1² Ž .: Ž .D H cal sy 74.5"0.3 kJ molr m

Ž . Ž . Ž . Ž .Reaction 2 : L-serine aq spyruvate aq qammonia aq
3 3Ž . Ž . Ž . Ž . Ž . Ž . Ž .T K pH m Na HPO m H PO 10 =m PLP m CsCl 10 =m L-serine I D H cal2 4 3 4 m r m

y1 y1 y1 y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž . Ž .mol kg mol kg mol kg mol kg mol kg mol kg kJ mol

308.15 6.90 0.09679 0.02530 0.0980 0.0400 5.736 0.39 y10.97
308.15 6.90 0.09677 0.02530 0.0980 0.0407 5.661 0.39 y11.89
308.15 6.90 0.09667 0.02527 0.0979 0.0435 5.380 0.39 y12.32
308.15 6.90 0.09668 0.02527 0.0979 0.0431 5.419 0.39 y12.89
308.15 6.90 0.09674 0.02529 0.0979 0.0415 5.582 0.39 y12.76
308.15 6.90 0.09669 0.02528 0.0979 0.0428 5.448 0.39 y11.16
308.15 6.90 0.09673 0.02529 0.0979 0.0418 5.554 0.39 y12.35
308.15 6.90 0.09669 0.02528 0.0979 0.0427 5.457 0.39 y12.31

y1² Ž .: Ž .D H cal sy 12.1"0.5 kJ molr m

Ž . Ž . Ž . Ž . Ž .Reaction 3 : indole aq qL-glyceraldehyde 3-phosphate aq s1- indol-3-yl glycerol 3-phosphate aq
3 3Ž . Ž . Ž . Ž . Ž . Ž .T K pH m Na HPO m H PO 10 =m indole 10 =m DL-G3P I D H cal2 4 3 4 m r m

y1 y1 y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž .mol kg mol kg mol kg mol kg mol kg kJ mol

298.15 7.26 0.09770 0.01692 1.127 4.344 0.37 y46.85
298.15 7.26 0.09769 0.01692 1.147 4.421 0.37 y46.90
298.15 7.26 0.09769 0.01692 1.155 4.451 0.37 y47.08
298.15 7.26 0.09769 0.01692 1.147 4.421 0.37 y47.03
298.15 7.26 0.09764 0.01691 1.096 4.423 0.37 y46.58
298.15 7.26 0.09763 0.01691 1.113 4.490 0.37 y46.46
298.15 7.26 0.09763 0.01691 1.112 4.489 0.37 y47.56

y1² Ž .: Ž .D H cal sy 46.9"0.3 kJ molr m
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Ž .Table 3 Continued

Ž . Ž . Ž . Ž . Ž . Ž . Ž .Reaction 4 : L-serine aq q1- indol-3-yl glycerol 3-phosphate aq sL-tryptophan aq qD-glyceraldehyde 3-phosphate aq qH O l2
3 3 aŽ . Ž . Ž . Ž . Ž . Ž .T K pH m Na HPO m H PO 10 =m L-serine 10 =m IGP I D H cal2 4 3 4 m r m

y1 y1 y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž .mol kg mol kg mol kg mol kg mol kg kJ mol

298.15 7.57 0.08853 0.01533 1.285 2.012 0.36 y27.0
298.15 7.57 0.08853 0.01533 1.283 2.008 0.36 y29.2
298.15 7.57 0.08855 0.01534 1.278 2.001 0.36 y30.1
298.15 7.57 0.08579 0.01486 1.967 2.063 0.37 y25.7
298.15 7.57 0.08572 0.01485 1.989 2.087 0.37 y27.4
298.15 7.57 0.08588 0.01487 1.940 2.035 0.37 y27.6

y1² Ž .: Ž .D H cal sy 27.8"1.3 kJ molr m

The molalities m are those obtained after mixing of the enzyme and substrate solutions and prior to any reaction. All molalities are
Žequal to the sums of the molalities of the indicated substances in their various ionic forms. Pyridoxal 5-phosphate, 1- indol-3-

. Ž .yl glycerol 3-phosphate, and DL-glyceraldehyde 3-phosphate are designated, respectively, as PLP, IGP, and DL-G3P. D H cal isr m
Ž .the calorimetrically determined molar enthalpy of reaction. The ionic strengths I are calculated see Section 3.6 . The a bm 2 2

Ž . Ž . Ž . Ž .complex of tryptophan synthase was used to catalyze reactions 1 , 3 , and 4 ; the b subunit was used for reaction 2 . The2
Ž . Ž .respective mass fractions w of these enzymes in solution were, respectively, 0.0004, 0.0003, 0.0003, and 0.0006 for reactions 1 , 2 ,

Ž . Ž .3 , and 4 . The uncertainties are equal to two estimated standard deviations of the mean.
a Ž .The fraction of 1- indol-3-yl glycerol 3-phosphate converted to indole was 0.128 in the first three experiments and 0.023 in the last

Ž . Žtwo experiments. Therefore, the values of D H cal include a correction for the formation of indoleqD-glyceraldehyder m
. Ž . Ž . y1 Ž .3-phosphate from 1- indol-3-yl glycerol 3-phosphate. A value of D H cal sy46.9 kJ mol for reaction 3 was used for ther m

correction of the measured enthalpies.

w xand Woolley 31 . In the absence of data for
pyruvatey, we obtain CT s115 J Ky1 moly1

p,2,m
for pyruvic acid0 by using the estimation method

w x Tof Cabani et al. 34 . Then, with D C fromr p,m
w xAllred and Woolley 31 for the ionization of

acetic acid, we estimate D CT sy143 J Ky1
r p,m

moly1 for the reaction

0 y qŽ . Ž .pyruvic acid spyruvate qH aq 22

This leads to CT sy28 J Ky1 moly1 forp,2,m
pyruvatey and D CT sy74 J Ky1 moly1 forr p,m

Ž .reaction 12 .

3.6. Equilibrium model

The equilibrium model used for the calculation
of equilibrium constants and standard molar en-
thalpies for the reference reactions has been de-

w xscribed previously 28 . This model has been mod-
ified recently so that it now utilizes the Mathe-

w xmatica 35 computer code of Alberty and Kram-
Ž .beck personal communication; in review to solve

the simultaneous non-linear equations that de-
scribe the various equilibria in these solutions.
We have extended this Mathematica code so that

the calculations include corrections for non-ideal-
w xity and are made self-consistent 28 in regards to

the ionic strength I . The non-ideality correc-m
tions are based on the extended Debye-Huckel¨
equation in which the ‘ion-size’ parameter has
been set at 1.6 kg1r2 moly1r2. In the most recent
implementation of the model, values of the stan-
dard transformed molar enthalpy of reaction

XT w xD H 36 are calculated by using the relation-r m
ship

XT 2 Ž . Ž .D H sRT ­ ln K 9r­ T 23P , I , p X/Hr m

Specifically, values of K 9 are first calculated at
temperatures at and near the reference tempera-

Ž .ture 298.15 K; ­ ln K 9r­ T is then calculated asP
a numerical derivative. Similarly, values of the

Ž q.changes in binding of the hydrogen ion D N Hr
are calculated by using

Ž q. Ž . Ž .D N H sy ­ ln K 9r­ pH 24T , P , I , p X/Hr

We have used the equilibrium model to calcu-
Ž . 4late Ks 1.2"0.2 =10 for the reference reac-

Ž .tion 13 at Ts298.15 K and I s0. The fol-m
lowing values of D HT , the standard molar en-r m
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Table 4
Thermodynamic quantities for the aqueous proton dissociation reactions of substances pertinent to this study at Ts298.15 K and
I s0m

T T TReaction pK D H D S D Cr m r m r p,m
y1 y1 y1 y1 y1Ž . Ž . Ž .kJ mol J K mol J K mol

y 2y qH PO sHPO qH 7.21 4.2 y124 y2202 4 4
q qNH sNH qH 9.25 52.22 y2 74 3

y 2y q a a a
D-G3P sD-G3P qH 6.6 y2.0 y133

y 2y q a a aIGP sIGP qH 6.6 y2.0 y133
0 y qPLP sPLP qH 4.05 16.4 y23
y 2y qPLP sPLP qH 6.46 y5.8 y143
2y 3y qPLP sPLP qH 8.89 23.1 y93

0 y q aPyruvic acid spyruvate qH 2.56 12.1 y8 y143
q " q

L-serine sL-serine qH 2.19 5.0 y25
" y q

L-serine sL-serine qH 9.21 42.4 y34
q " q

L-tryptophan sL-tryptophan qH 2.19 5 y25
" y q

L-tryptophan sL-tryptophan qH 9.60 43 y40

Ž .The sources of the values of these quantities are given in the text see Section 3.4 . The substances D-glyceraldehyde 3-phosphate,
Ž .1- indol-3-yl glycerol 3-phosphate, and pyridoxal 5-phosphate are designated, respectively, as D-G3P, IGP, and PLP.

a Ž .Estimated see Section 3.4 .

thalpy for the reference reactions at I s0 andm
Ts298.15 K, were also calculated: D HT sr m
Ž . y1 Ž . Ty 74.3"0.7 kJ mol for reaction 11 ; D Hr m

Ž . y1 Ž .s y 12.2 " 0.6 kJ mol for reaction 12 ;
T Ž . y1 Ž .D H sy 46.9"1.2 kJ mol for reaction 13 ;r m

T Ž . y1and D H sy 27.1"2.0 kJ mol for reactionr m
Ž .14 . Calculated values of the changes in binding

Ž q.of the hydrogen ion D N H in the calorimetryr
experiments were 0.0052, 0.0062, 0.000, and 0.0185

Ž . Ž . Ž . Ž .for the biochemical reactions 1 , 2 , 3 , and 4 ,
respectively. Thus, the buffer protonation correc-
tions used to obtain values of D HT from ther m

Ž .measured values of D H cal were relativelyr m
Ž y1 .small F0.10 kJ mol .

The uncertainties in the calculated values of
the thermodynamic quantities for the reference

Ž . Ž . Ž . Ž .reactions 11 , 12 , 13 and 14 have two com-
ponents: the experimental uncertainties in the

Žmeasured quantities i.e. the apparent equilib-
Ž . Ž .rium constant for reaction 3 and D H cal forr m

Ž . Ž . Ž . Ž ..reactions 1 , 2 , 3 , and 4 and possible errors
in the quantities used in the equilibrium model.
This latter component of uncertainty was ex-
amined by perturbing the various quantities in
the model by their assumed possible errors.

Ž .Specifically, the appropriate pKs see Table 4
were perturbed by "0.1, the value of D HT forr m
the ionization of H POy by "0.1 kJ moly1, and2 4

the ‘ion-size’ parameter used in the activity coef-
ficient model by "0.3 kg1r2 moly1r2. The effects
on the calculated quantities due to these pertur-
bations were then combined in quadrature with
the experimental uncertainties to obtain the final
uncertainties assigned to the thermodynamic

Ž . Ž .quantities for the reference reactions 11 , 12 ,
Ž . Ž .13 , and 14 . In all cases, the combined effects
of the perturbation of the various quantities in
the equilibrium model were much smaller than
the experimental uncertainties. Because the ex-
perimental and the model uncertainties were
combined in quadrature, the final uncertainties in
the calculated values of the thermodynamic quan-
tities are the same as the experimental uncertain-
ties.

3.7. Thermochemical cycles

As mentioned in Section 1, it is possible to use
thermochemical cycles to check the accuracy of
the results. We do this in terms of the chemical

Ž .reference reactions; namely, reaction 11 s
� Ž . Ž .4 � Ž .reaction 13 qreaction 14 s reaction 12 y

Ž .4 T Žreaction 15 . Thus, by using D H sy 46.9"r m
. y1 Ž . T1.2 kJ mol for reaction 13 and D H sr m
Ž . y1 Ž .y 27.1"2.0 kJ mol for reaction 14 , we cal-

T Ž . y1culate D H sy 74.0"2.4 kJ mol for reac-r m
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Ž . Ttion 11 . All these values of D H refer tor m
Ts298.15 K and I s0. Similarly, we use D HT

m r m
Ž . y1 Ž .s y 12.2 " 0.6 kJ mol for reaction 12

T Ž . y1together with D H s 62.0"2.3 kJ mol forr m
Ž .reaction 15 from the earlier study of Tewari and

w x T Ž .Goldberg 12 to calculate D H sy 74.2"2.4r m
y1 Ž .kJ mol for reaction 11 . Both of the calculated

values of D HT are in excellent agreement withr m
T Ž .the measured result of D H sy 74.3"0.7 kJr m

moly1. This agreement lends a confidence to the
correctness of the calorimetric measurements.
These comparisons are summarized in Table 5.

3.8. Comparison with ¨alues in the literature

We now consider previously reported thermo-
dynamic results on the reactions of interest in this

w xstudy. Weischet and Kirschner 7 measured an
Ž .apparent equilibrium constant for reaction 3 .

The procedure they used was to add tryptophan

synthase to synthetic mixtures containing known
molalities of indole, D-glyceraldehyde 3-phos-

Ž .phate, and 1- indol-3-yl glycerol 3-phosphate. The
reaction was followed spectrophotometrically at
ls290 nm. It was found that there was no change
in the absorbance for a solution having concen-
trations of indole, D-glyceraldehyde 3-phosphate,

Ž .and 1- indol-3-yl glycerol 3-phosphate equal to,
respectively, 0.53 mol dmy3, 0.47 mol dmy3, and
2.00 mol dmy3. This result corresponds to K 9s

3 Ž .8.03=10 for reaction 3 . The reaction was car-
Ž y3ried out in Tris buffer cs0.05 mol dm , pHs

.7.8 at Ts298.15 K. From the stated concentra-
tions of the buffer and substrates, we calculate
that the ionic strength of the reaction mixture
was 0.037 mol dmy3. With the equilibrium model,

Ž .we calculate K Ts298.15 K, I s0 s8.03=m
3 Ž . w x10 for reaction 13 . Weischet and Kirschner 7

judged their results to be reliable within "0.1=
K 9. Thus, their result is not in agreement with the

Table 5
Thermodynamic quantities for the chemical reference reactions in aqueous solution at Ts298.15 K, pressure Ps0.1 MPa, and
I s0m

T T TReaction K D G D H D Sr m r m r m
y1 y1 y1 y1Ž . Ž . Ž .kJ mol kJ mol J K mol

0 " " 12Ž . Ž . Ž .11 Indole qL-serine sL-tryptophan qH O l 9.2=10 y74.0 y 74.3"0.7 y1.02
aŽ .y 79.7"4.6

" y q 8Ž . Ž .12 L-serine spyruvate qNH 9.3=10 y51.2 y 12.2"0.6 130.54
aŽ .y 7.0"0.4

0 2y 4Ž . Ž . Ž . Ž . Ž .13 Indole qD-glyceraldehyde 3-phosphate s 1.2"0.2 =10 y 23.3"0.5 y 46.9"1.2 y 79"5
2y aŽ . Ž .1- indol-3-yl glycerol 3-phosphate y 33.8"2.5

" 2y 8Ž . Ž . Ž .14 L-serine q1- indol-3-yl glycerol 3-phosphate s 7.6=10 y50.7 y 27.1"2.0 79
" 2y aŽ . Ž .L-tryptophan qD-glyceraldehyde 3-phosphate qH O l y 26.0"5.62
" 0 y qb y4Ž . Ž . Ž .15 L-tryptophan qH O l s indole qpyruvate qNH 1.05"0.13 =10 22.7"0.3 62.0"2.3 132"82 4

TValues of D H obtained from thermochemical cycle calculationsr m
cŽ . Ž . Ž . Ž .Reaction 11 sreaction 13 qreaction 14 y 74.0"2.4
dŽ .y 59.8"6.2
eŽ . Ž . Ž . Ž .Reaction 11 sreaction 12 yreaction 15 y 74.2"2.4

Ž .fy 69.0"2.3

T T Ž . Ž .The standard state is the hypothetical ideal solution of unit molality. The values of K, D G , and D S for reactions 11 , 12 , andr m r m
Ž . Ž .14 were calculated by using thermochemical cycles see Section 3.7 . The basis of the uncertainties is discussed in the text.
a w xValue calculated from the results of Wiesinger and Hinz 8 .
b w xThe results for this reaction are from Tewari and Goldberg 12 .
c Value calculated from the results of this study.
d w xValue calculated from the results of Wiesinger and Hinz 8 .
e Ž . w x Ž .Value calculated from the results of this study for reaction 12 and the result of Tewari and Goldberg 12 for reaction 15 .
f w x Ž . w xValue calculated from the result of Wiesinger and Hinz 8 for reaction 12 and the result of Tewari and Goldberg 12 for

Ž .reaction 15 .
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Žresult of the present study, namely K Ts298.15
. Ž . 4K, I s0 s 1.2"0.2 =10 . Nevertheless, wem

judge the chromatographic method that was used
in this study and that involves the separation of

Ž .the 1- indol-3-yl glycerol 3-phosphate and the in-
dole to be advantageous over the spectrophoto-
metric method where these substrates are not
separated.

w xWiesinger and Hinz 8 reported values of
Ž . Ž . Ž . ŽD H cal sy 80.3"4.6 , y 7.3"0.4 , y 54.0r m
. Ž . y1 Ž ."2.5 , y 13.4"5.6 kJ mol for reactions 1 ,

Ž . Ž . Ž .2 , 3 , and 4 , respectively. However, the en-
Ž . Ž .thalpies they reported for reactions 3 and 4

also included corrections for the hydration of the
aldehyde form of D-glyceraldehyde 3-phosphate
to its diol form. In the absence of these correc-

Ž . Ž .tions, the values of D H cal for reactions 3r m
Ž . Ž . y1and 4 are, respectively, y 33.8"2.5 kJ mol
Ž . y1 Žand y 34"7 kJ mol H. Wiesinger, personal

.communication . These values, which will be used
in the discussion that follows, pertain to the equi-
librium mixture of the aldehyde and diol forms of
D-glyceraldehyde 3-phosphate. All of the results

w xof Wiesinger and Hinz 8 pertain to Ts298.15 K
Ž .except for the result for reaction 2 which per-

tains to Ts308.15 K. Excluding only one individ-
Ž .ual experiment for reaction 1 , the buffer was

Ž y3 .sodium diphosphate cs0.1 mol dm , pHs7.5 .
On the reasonable assumption that the concen-
trations of the substrates were negligible in com-
parison to the concentration of the sodium
diphosphate buffer, the ionic strength to which
these calorimetric enthalpies pertain is 0.78 mol
dmy3. With the equilibrium model, these calori-
metric enthalpies lead to values of D HT sr m
Ž . Ž . Ž . Žy 79.7"4.6 , y 7.0"0.4 , y 33.8"2.5 , y 33
. y1"7 kJ mol at Ts298.15 K and I s0 for them

Ž . Ž . Ž . Ž .reference reactions 11 , 12 , 13 , and 14 , re-
spectively. In performing these calculations, we
used pKs of 6.69 and 9.42 and values of D HT sr m
1.0 kJ moly1 and 0.4 kJ moly1 for the respective
ionizations of H P O2y and HP O3y at Ts2 2 7 2 7

w x298.15 K and I s0 30 . These calculated valuesm
of D HT for the reference reactions can be com-r m
pared with the values of D HT that were ob-r m
tained in this study and that are summarized in

Ž . Ž .Table 5. The results for reactions 11 and 14
can be considered to be in agreement. However,

Ž . Ž .the results for the reactions 12 and 13 differ
from our results by amounts that are outside the
assigned uncertainties.

We now use the values of D HT for the chemi-r m
cal reference reactions that were calculated from

w xthe results of Wiesinger and Hinz 8 in the same
thermochemical cycle checks that were used
above. With the Wiesinger and Hinz results for

Ž . Ž . Treactions 13 and 14 , we calculate D H sr m
Ž . y1 Ž .y 67"8 kJ mol for reaction 11 at Ts

298.15 K and I s0. Similarly, with the Wiesingerm
Ž .and Hinz result for reaction 12 and the result of

w x Ž .Tewari and Goldberg 12 for reaction 15 , we
T Ž . y1calculate D H sy 69.0"2.3 kJ mol for re-r m

Ž .action 11 . Thus, these calculated results for
T Ž .D H for reaction 11 are in agreement withr m

each other. However, they do not agree either
T Ž . y1with the value D H sy 79.6"4.6 kJ molr m

w xobtained by Wiesinger and Hinz 8 for this reac-
T Ž .tion or with the value of D H sy 74.3"0.7r m

kJ moly1 obtained in the present study.

3.9. Calculation of additional equilibrium constants

We now consider two thermochemical cycles
that allows us to calculate the equilibrium con-
stants that we were unable to measure in this
study. The first cycle uses previously tabulated
w x12 standard partial molar entropies of several of
the reactants and the following experimental re-

Ž .sults for L-serine s from the literature: a third
law standard molar entropy ST s149.16 J Ky1

m
y1 w x Ž .mol 37 ; a saturation molality m sat s4.02

y1 w xmol kg 38 ; a mean ionic activity coefficient
w xg s0.603 at the saturation molality 38 ; and a"

standard molar enthalpy of solution D HT s2.8sol m
y1 w xkJ mol 39,40 . These properties, which pertain

to Ts298.15 K, lead to a standard partial molar
entropy ST s 165.9 J Ky1 moly1 for L-2,m

"Ž . Tserine aq at Ts298.15 K. This value of S is2,m
in accord with the values of ST for structurally2,m

w xsimilar amino acids 41 . With the previously tabu-
w x T Ž .lated 12 values of S for indole aq , L-tryp-2,m

"Ž . yŽ . qŽ .tophan aq , pyruvate aq , NH aq , and4
Ž . TH O l we can now calculate values of D S for2 r m

Ž . Ž . Treactions 11 and 12 . These values of D S arer m
then combined with the respective values of D HT

r m
obtained in this study to give values of D GT andr m
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the equilibrium constants for these two reactions.
T Ž .The second cycle uses the relationship D G 14r m

T Ž . T Ž . TsD G 11 yD G 13 which leads to D G sr m r m r m
y50.7 kJ moly1 and Ks7.6=108 for reaction
Ž .14 at Ts298.15 K. These calculated values are
given in Table 5 together with the experimental
results obtained in this study. These calculated
values are consistent with the experimentally es-

Ž .tablished lower limits see above on the values of
the apparent equilibrium constants for reactions
Ž . Ž . Ž .1 , 2 , and 4 .

3.10. Apparent equilibrium constants under
approximately physiological conditions

It is also desirable to have values of apparent
equilibrium constants K 9 for these several reac-
tions under approximately physiological condi-
tions. Here, physiological conditions are taken to

w xbe 42 : Ts311.15 K, pHs7.0, pMgs3.0, and
I s0.25 mol kgy1. With the thermodynamicm
quantities obtained in this study for the reference
reactions and with the equilibrium model, the
following values of the apparent equilibrium con-

Ž . Ž . Ž . Ž . Ž .stant K 9 for reactions 1 , 2 , 3 , 4 , and 5 ,
respectively, are calculated for these conditions:
2.6=1012, 1.5=109, 5.5=103, 4.8=108, and 5.5
=10y4. The standard transformed Gibbs free
energy changes D GXT for these biochemical re-r m

Žactions are, respectively: y74.0, y54.6, y22.3,
. y1y51.7, and 19.4 kJ mol . In performing these

calculations, we assumed that the neutral species
and those species having charge numbers of y1

2qŽ .do not bind to Mg aq and that there was a
Ž . Ž .cancellation of effects in reactions 3 and 4 due

2q Žto the possible binding of Mg to the 1- indol-3-
.yl glycerol 3-phosphate and D-glyceraldehyde 3-

phosphate species.

3.11. Summary

The thermodynamic quantities obtained in this
study provide the essential information needed to
calculate the position of equilibrium of the over-

Ž . Ž .all biochemical reactions 1 to 5 as a function
w xof temperature, pH, and ionic strength 28,43 .

This information must ultimately be integrated
with thermodynamic results on the binding of the

w xsubstrates to the enzymes 44,45 and, via Hal-
dane-type relations, to the kinetic constants for
the various reactions studied herein. One qualita-
tive application of the results of this study gives
some insight into the operation of the metabolic
pathway leading to the synthesis of L-tryptophan.

Ž .In this pathway, reaction 3 proceeds in the
direction of formation of indole and D-

Ž .glyceraldehyde 3-phosphate see Fig. 1 even
though the apparent equilibrium constant greatly
favors the reverse direction, i.e. the formation of
Ž .1- indol-3-yl glycerol 3-phosphate. The reason for

this is that the indole that is formed reacts with
L-serine to form L-tryptophan and water. Since
the apparent equilibrium constant for this final
reaction in this metabolic pathway is so large
Ž 11 .K 9s1.1=10 at Ts311.15 K and pHs7.0 ,
the indole that is formed is removed. Thus, reac-

Ž .tion 3 is made to operate the way it does in the
metabolic pathway because of Le Chatelier’sˆ
principle. Clearly kinetic factors can also play a
role in what happens under actual physiological
conditions.
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