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The enthalpics of the !texok&ase-cataiyzed phosphorylation of g&~cosc, &mnose, and fructose by ATP to the respective 
hcxvsc 6-phosgbates bavc been measured ~lorimetri~~y in TRIS/TRIS - HCI buffer at 25.0,28.5, and 32.09C. The effects 
on the measured enrhaipy of thcglucose/l!exok&rase reaction due to variation of pH (over the range 6.7 to 9.0) and ionic 
stren@ (over the ranse 0.02 to 0.25) have been cxnmined. Correction for enthalpy of buffer protonation teads to Aff o 
and 4C~vaIues for the processes: eq-D-herrose + ATP4- = eq-Dhexose &phosphate*-+ ADP3-+ #- Results are Afio = 
-23.8 r 0.7 kJ-mof’ and ACp” = -156 r 280 J~rn~i-t+K-~ for glucose. AHo = -21.9 +- 0.7 kf -moi-t and A($= 
IO z 140 f -molet -K-’ for msnnosc, and AHo = -15.0 f; 0.9 kJ - moI”t and A$ = -41 2 160 J -mol-l-K_’ for frttct?se. 
Combination of these measured cnthaipies with Gibbs energy data for hydrolysis of ATP”and that for the hexose 6-phas- 
phatcs lead to ASa vnhrcs for the above hexokinme-catalyzed reactions. 

The Gibbs energy change (AG) of the hexok&zase- 
catdlyzed phosphoryfation of ghzcose by ATP * to &I- 
case 6-phosphate and adenosine 5”-diphosphate has 
been measured by Robbins and Boyer [ 1 ] and may 
aIso be calcuIated via thermochemical cycle type calcu- 
lations. Thus while at present there is a substantial 
body of Gibbs energy data for enzyme-catalyzed pro- 
cesses [2,3,4], there is contrastingiy little information 
[5 j on the enthatpy (AH) and entropy (AS) changes 
accompanying these reactions. in addition, even for 
those reactions where enthaIpy data do exist, to date 
there appear to be few systematic investigations as to 
the effects of variations of the relevant experiments 
parameters (e.g. pH, ionic strength, etc.), or as to the 
possible sources of systematic error that may occur in 

* This ivork was presented, in part, before the Minneapoiis, 
Minnesotn meeting of the Biophysical Society, June 3, 1974. 

* Abbreviations used in this paper are: ATP, adenosine 5’-tri- 
phosphate; ADP, adenosine 5’~~phosph~te~ TRIS, tris&y- 
droxymethyl) 3minomethane; G6P. giucose S-phosphate: 
M6P. mannose &phosphate; FSP, fructose 6-phosphate; 
H6P, hexose &phosphate; Ft, inorganic phosphate- 

such measurements. In view of these facts and because 
of the importance.of hexokj~rusecatalyzed reactions 
in intermediary metabolism, this investigation was un- 
dertaken to gain a more complete understanding of 
the thermodynamics of these processes_ Interest in a 
knowledge of the enthalpy changes of enzyme-czta- 
lyzed processes also stems from: (1) recent work on 
the use of heat measurements for bioanatyiical pur- 
poses [C-8], (2) possible applications to the field of 
muscle physiology [9] I and (3) relevancy to biochem- 
ical thermodynamics [ IO ] _ 

2. Materials and methods 

Reagents and their sources f were: crystaltine D- 
glucose, National Bureau of Standards, Standard 
Reference Material No. 917; crystalline D-mannose, 

* Certain commercial materials and products are identified in 
this paper to adequately specify the experimental procedure. 
Such ~denti~~tion does not imply recommendation or en- 
dorsement by the NationaI Bureau of Standards. 



R.N. Goldberg/Thermodynamics 193 

samples from Pfanstiehl Laboratories, Inc. and Calbio- 
them; crystalline D-fructose, samples from Pfanstiehl 
Laboratories, Lnc. and Calbiochem; lyophilized yeast 

heuokimzse, Calbiochem (two different lots) and 
Worthington Biochemical Corporation; magnesium 
chloride hexahydrate, Allied Chemical Co.; TRIS, 
Eastman Organic Chemicals and Fisher Scientific 
Company (Fisher certified primary standard); concen- 
trated hydrochIoric acid, Maliinckrodt Chemical Co. 
and Allied Chemical Co.; di-sodium salt of ATP, Cal- 
biochem and Sigma Chemical Co.; di-TRIS salt of 

ATP, Sigma Chemical Co.; distilled water, stock sup- 
ply at the National Bureau of Standards. 

The D-glucose is a well characterized material, 
having a certified [1 l] purity of99.9 percent. Addi- 
tional information provided by the suppliers on the 
characterization of the other reagents is as follows: 
PfanstiehJ D-mannose, purity 99%, specific rotation 
i-14.2 C 0.4O at 20°C, residue after ignition less than 
O-OS%, moisture content 0.1%: Calbioche,m D-mannose, 
specific rotation of 14.3’ at 22OC, chromatographical- 
ly homogeneous in three different solvent systems; 
Pfanstiehl D-fructose, purity 99+%, specific rotation 
-92-l”, residue after ignition O.OS%, moisture content 
of less than 0.1%; hexukinase, contaminating activities 
are glufatirione reducrase (Calbiochem lot A, 0.00 l%, 

Calbiochem lot B, 0.02%. Worthington, 0.02%) phos- 
phogkwose isomerase (Calbiochem lot A, O-007%, 
Calbiochem lot B, 0.035%, Worthington, none detect- 
able), adenylate kinase (Calbiochem lot A, 0.00 1%; 
Calbiachem lot B, O.f~003%; Worthington, negligible), 
6-phosphogfuconic dehydsvgetmse (Calbiochem lot A, 
0.0015, Calbiochem lot B, negligible, Worthington, 
negligible), and glucose 6-phospttate dehydrogetzase 

(Calbiochem lot A, 0.004%, Calbiochem lot B, 
0.0038%, Worthington, 0.06%); di-sodium salt of ATP 
(Calbiochem), contaminants are inorganic phosphate 
0.16% and calcium 0.9%; di-sodium salt of ATP (Sig- 
ma), purity of 99% when prepared, major impurity is 
ADP; di-TRJS salt of ATP (Sigma), purity of 97% 

when prepared, sodium content O-3%, major impurity 
is ADP. 

Analysis fi>r moisture content on the hexose sam- 
ples was performed by the Karl Fischer method. Re- 
sults indicated that in ah cases moisture content was 
less than 0.2% and no corrections for moisture are ap- 
plied to the final results. 

Analysis for total magnesium in several of the sam- 

ples was kindly performed by T.C. Rains of the Ana- 
lytical Chemistry Division of the National Bureau of 
Standards by means of atomic-absorption spectrome- 
try. The results of these analyses, expressed as c(g 

magnesium per gram of sample, were as follows: TRIS 
(Eastman), 0.12; di-sodium salt of ATP (Calbiochem), 
5:s; hexokinuse (Calbiochem lot A), 3500; D-glucose 
(NBS), 0.37; Pfanstiehl D-mannose, 10.5; and 
Pfanstiehl D-fructose, 0.05. 

Polarimetric measurements were perfomled in or- 
der to determine that in solution the equilibrium mix- 

ture of aqueous hexoses was present. The results of 
the measurements showed that in TRIS/TRIS - HCl 
buffer at pH 8.7, the mutarotation processes were es- 
sentially complete within 1; h following the solution 
of the respective hexoses in the buffer. 

2.2. Calorimetric tneasuretnents 

Heat measurements were performed using a heat- 
conduction microcalorimeter similar to one previous- 

ly described [ 121 in which two separate solutions, 

designated as enzyme solution and substrate solution, 
respectively, are mixed by rotation of the calorimetric 
heat sink. The heat sink accommodates a sin@ bicom- 
partmental reaction vessel (t 2 ml total volume) which 

is constructed of high-density polyethylene_ The cah- 
bration constant of the instrument used in this inves- 
tigation has been measured by direct electrical calibra- 

tions, including heater-placement tests, repeated at pe- 
riodic intervals before, during, and after this investiga- 
tion was concluded, and is 17.57 W-V-J at 25OC. -The 

imprecision of reaction-heat measurement, as estab!ish- 
ed by measurements of the enthalpy of reaction of hy- 
drochloric acid with. excess sodium hydroxide has been 
found to be as good as 0.07% (estimated standard dcvi- 
ation of a measurement) at a total heat input of 
==900 mJ for a rapid chemical reaction. Total in;lccu- 
racy of heat measurement is estimated to be no greater 
than 0.3%. The half-response time of the instrument is 

in the range 60 to 90 sec. The amplified thermopile 
voltage was recorded in digital form and the peak area 
associated with the chemical-reaction energy was cd- 
culated by numerical integration of the time-voltage 
data. The temperature of reaction was determined 
with either an NBS-calibrated platinum resistance 

thermometer or a copper/constantan thermocouple 
referenced against an ice-water mixture, and the 



measured heat refers to the isothermal change in inter- 
rut energy (AU) of the system at the specified remper- 
ature. Since the reactions being studied in this investi- 
gation occur in the condensed phase, the difference be- 
tween AU and .&H will be relatively smafi [f 31 and 
hence will be neglected. 

The substrate solution consisted of gravimetricaliy 
measured .luantities of hexose (the Iimiting reactant), 
ATP, MgQ, (in a few experiments), and aqueous 

TRXSfTRIS- ;fCt buffer adjusted with HCI to a known 
pH vtlluc. The enzyme solution was prepared by pre- 
reacting a portion of the previously prepared substrate 
solution with a known quaatity of ityophilized ~L?YO- 
t’cinase. With the emeptiun ofordy one experiment 
(appendix. table A2, no. 34), alI heat measurements 
-were completed within a period v;lrying from I00 ruin 
to 8 h following preparation of the sofutions. 

~~easurelnen~s of the pH of the reacting sofutions 
were performed using a Corning Model 12 pH meter 
with a Fisher Scientific Co, gIass/calomel combination 
m~cro~~ectrode, the system being calibrated using 
standard buffers at pH 7.00 (Fishu,r-certified buffer), 
7.41 (NBS-certified buffer fl4j), and 8.flU (Fisher- 
cei:tified buffer}_ Ali pH me~urements reported here- 
in are judged to be accurate to within 20.03 pH units. 

The molar enth~~py of reaction (Qtir,,,) is taken as 
the quantity -Qmeas/n, where Qmeas is the measured 
heat of reaction under the specified set of conditions 
and if is the number of moles of ht?XoSt? pG?SerIt in the 

substrate solution. Relative molecular masses are based 
on the I969 scdie fl5]. 

C~~~~~atjon of ionic strength (1) was performed by 
considering contributions from the ions ATP4-- 
HATP3-, TRJS- H*, Na+, and Cl- with the usual rela- 
tionship I = $&~B~z$ where mzi is the molality of 
the ith ion and Zi is its signed charge. 

Statisticat measures of imprecision used in this pa- 
per ars: computed according to the relationships given- 
in ref_ [lG]_ Ah tests of significance applied herein re- 
fer to the uncertainty interval equal to twice the esti- 
mated standard deviation of the mean, which is ap 

proximately at the 95% confidence limit. Least- 
squares computations were performed using 
~M~~TA~ statistical procedures 117) _ 

3_ Results and discussion 

The reaction of a D-hexose with ATP may be repre- 
sented as 

eq-D-hexose + c ATE’ 

= Z)eq-D-H6P + CADP + R,H’ , IN 

where the symbol x indicates that there may exist dif- 
ferent ionic and metal bound states (e.g. AT@-, 
HATP3”, MgATP2-, NaATP3”, etc.), and “H is the 
num.E,ar of protons liberated in the reaction. The 
hexoses are taken to be present in their equilibrium 
conformational mixtures (designated by the symbol 
‘eq’ above). Far aqueous glucose and mannose only 
the (Y and @ forms need be considered present, while 
for fructose there is a&a present a fura~ose/pyr~nose 
equilibrium. It is undemtood that the reaction is UC- 
curring in an aqueous medium at concentrations and 
ionic strengths to be specified for each experiment 
performed, 

Reactions of the above type involving caupled 
equ~Iibr~~ are characteristic of many b~ocherni~~ pro- 
cesses and formalisms suitabte for their treatment have 
previously been applied [l&-20] to the hydrolysis 
reaction of ATP: 

CATP + H,O = CADP + CP,- f n,W+. 09 
Since reaction (A) is very similar to (S) it is passibie to 
appfy previously derived equations with ordy minor 
modifications. Hence, in the absence of meiaf ions 

binding to the reactants and products, and fo~~~w~ng 
the notation of Alberty [ 19 1, AH: is given by: 

.&Hi = AH: 



products. However, it does require a large correction 

to be made for the t&thalpy af buffer protonr\tiun, 

which is nevertheless Mel\ known. 
Both, ~~u~~b~urn m~sureme~~s f I 1 and quenching 

experiments [a$ f shoxv that the reactions studied in 
this investigation proceed essentially to conpietir~n. 

eor_.T__ ____I. i-__. T .- f i 
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Fig_ 2. Pbor of dHabs for the @ucasefhexc?kiruIse reaction in 
TRISITRE-Hfll buffer as a function af the square root of 
the camputed iclnic strength. pH is from 8.64 to 8.72. lnciudcd 
in the figure 3163 dsu from the appendix, table A3 that ate in 
this srtme pH range (experiments nos. 23-46). The leqth of 
the error bars drwrn in this figure is based on the same scheme 
as that used in fig_ 1. 

~uco~e/~r~uk~~~s~ reaction using the di-TRIS salt af 
ATP: table AS, data for the mannose/irexokinme reac- 
tion; table A6, data for the fructose/hexoki!rase reac- 
tion: table A7, data for the ~uc#se~~r~ok~~ase, 
mannose/kwk, and f~ctose~~~~oki~~s~ reac- 
tions at 38.5 and 3ZO”C. We have been detailed in the 
pre~ntation of experimental results so that if addi- 
tional information bearing on their interpretation later 
becomes available, the data may be reevaluated. 

The average of four heat measurements involving 
zero reacting hexose is 0.24 mJ with an estimated 
standard deviation of the mean of 1.61 mJ. Since the 
average does not vary significantly from zero, we ap- 
ply no correction for ‘blank’ heat effects to our meas- 
ured reaction enthaipies. 

3.4. AhHo,,, as a fuircrion of pH 

The results of measurements of Ai!& as a fuac- 
tion of pH are shown in fig. 1. ff in the pK range 8.0 
to 9.0, the variation of A&,,, with pH is assumed to 
fit the equation &&,s (kJ=mO1-I) =d + B (ps), 
where A and B are coefficients to be obtained by sta- 
tistical procedures, least-squares computation of A and 
B (using experiments no-17 to 5 1 in the appendix, 
table AZ) yields the following results: A = -57.30 and 

B = - I.64 (the estimated standard deviations of the$e 
coeffcients are 76 and 0.89, respectively). Therefore, 
in the pH range 8.0 to 9.0, AI&,, may be considered 
to be a constant within the imprecision of our meas- 
urements and is 7 1.34 M l molMf (estimated standard 
deviation of the mean is 0.26 kl l moI_1). Hence, we 
feel confident that in this pH range, AH, may be ob- 
tained from AHot,s without the use of correction 
terms calculated using eqs. (l-5) and the Gibbs ener- 
gies and enthalpies of ionizatian of the reactants and 
products. 

To calculate the variation of A&,, with pH we 
have used eqs. (l-5) with the following data: 
PK~AT~Y = 6.95, #&~p = 4.06, +l~Dp = 6.86, 
pK,ADP = 3.93, AHFAT, = -7.03 kJ-mol-I, 
A&An = 0.0 M*mol-1. AHy&,p = -5.73 
kJ -moI-1, and AH;kDP = 4.18 kJ-moFL from ref. 
[ 191; pQ6, = 6.03 [2lj ; an estimated AE$&, = 0.0 
icJ*mol-l;AHt =I -23.8 kJ - mol-I (obtained later 
in thii paper): and AH; = 47.48 kJ * mol-* [223. 
The result obtained using these input data is shown in 
fig. 1 (curve A). Since the above data may have inaccu- 
racies associated with them, it is of interest to generate 
other curves by variatian of the above input data, and 
these curves are also shown in fig. 1. The calculated 
variation of Affobs with pH is seen not to agree with 
the experimental data at the tower pH values. Lf we as- 
sume that the experimental data are ccxxct, this dis- 
crepancy may be accounted for by either the input 
data possessing larger systematic errors than one 
should expect, or, possibly, neglect of additional 
terms in eqs- (l-5) for sodium-binding or ionic- 
strength effects. We note that the results of this com- 
putation are most sensitive to the values selected for 
the quantities pK,,,, pXlftDP, and pI&,_ This sen- 
sitivity is attributable to the fact that the quantity 
tzH A&$ is determined almost entirely by these pK 
values, and it, in turo, makes-the largest sir&e contri- 
bution to AHo,,. While a resolutioti of these discrep- 
ancies is of some interest, it is of only tangential im- 
portance to the determination of accurate vaiues for 
AH:. The results of the compuiation do also show, 
however, that the ionization corrections to be applied 
to QHobs, in order to obtain an accurate value for 
AH:, are negligible at pH values greater than 8.0. 
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root of the computed ionic strength, the pH range be- 
ing from 8.64 to 8.72. If we assume that for this data 
AE& (kJ *maI-t ) = C f D(l)ur, least-squares com- 
putation of C and D (using experiments no. 3 1 to 46 
in the appendix, table A2, and all of the experiments 
in the appendix, table A3) yield C = -69-72 and D = 
4.84 (estimated standard deviations of these coeffi- 
cients are O-93 and 2.9, respectively). Since D does 
not vary significantly from zero we conclude that, 
within our experimental imprecision, AH,,bs does not 
vary over the range of ionic strength investigated_ We, 
therefore, average these results and take AH,,b, equal 
to -7 1 .I9 kJ* mol-t (estimated standard deviation 
of the mean equal to 0.30 kJ - mol-1) over the range 
of ionic strength investigated- 

Available information [23] on the heats of dilution 
of electrolyte solutions having the same charge type as 
the reactants and products may be used to estimate 
the magnitude of the dilution correction from I=O-01 
to I = 0. Doing this, an estimated correction to infinite 
dilution of = fl.4 kJ - mol-’ is obtained- However, in 
the absence of experimental data on the actual mate- 
rials, we choose to make no correction for the heats 
of dilution, but nevertheless associate our AHobs with 

AH%,- Should these data later become available, our 
results are presented in sufficient detail that the proper 
corrections may be applied- 

3.6. di-TRIS ATP measuremenis 

The experiments summarized above were all per- 
formed using the di-sodium salt of ATP and with only 
catalytic quantities of magnesium present. Hence, 
there exists the possibility that AIf: may have been 
affected by sodium binding 1241 to the reactants and 
products- Therefore, some experiments were perform- 
ed (see appendix, table A4) using the’di-TRIS salt of 
ATP- Since the average of these results -70.87 
w - mo1- ’ (estimated standard deviation of the mean 
of 0.52 kJ - mol-1) d oes not differ significantly from 
the above results, we conclude that the effect of so- 
dium binding to the reactants and products is not a 
large one and no serious error is incurred in extracting 
a value of AH: from our average AHibs obtained in 
the pli range 8-O to 9.0 and using the di-sodium salt 
of ATP- 

3.7. Mzrmase and fructose results 

The mannose and fructose results arc shown in the 
appendix, tables A5 and A6, respectively. Note that 
in each case two different samples of hexose were 
used as the limiting reactant_ Since no significant dif- 
ferences between the different samples was calculated, 
we average the six results to obtain AH,&mannose) = 
-69-32 kJ - moi-l and AH,,,s(fructose) = -62.45 
kJ - mol-t with estimated standard deviations of the 
mean being 0.35 and 0.43 kJ - mol- t , respectively_ As 
in the case of the glucose results, WC take AHubs equal 
to AN& Since the pK value for F6P is very nearly 
identical to that for C6P [? l] and since experiments 
were performed at pH = 8.6, no ionization corrections 
need be applied to the results obtained for the fructose/ 
hexokinase reaction. On the basis of structural similar- 
ity, we judge the same to be true for the mannose/ 
heXCkinase reaction. 

Values of AH: for glucose, mannose, and fructose 
ate obtained by application of cq. (6) with ‘Ii1 taken 
equal to unity. For Affs we use the value of 
47.48 + 0.03 kJ - mol-’ from ajelund and Wads6 
1221. This value is in excellent agreement with the val- 
ue of 47.46 kJ - mol-l that may be calculated from 
the results of Prosen and Kilday [25] _ AH,, should 
show only negligible dependence on ionic strength 
[22]. Combination of our experimental results with 
the above value for AHE yields the following: 
AHE (glucose) = -23.8 kJ * mol- ’ , AH: (mannose) = 
-21.9 k.J-mol-l, and AHF(fructose) = -15.0 
kJ-mol-I. 

Results of measurements performed at tempera- 
tures higher than 25°C are given in the appendix, 
table A7. Measurements were also attempted at 35 
and 37”C, but loss of enzymatic activity at these tem- 
peratures precluded measurements with any degree of 
precision. Least-squares computation of AC; from the 
measured data and the usual relationship AC: = 
(aAH”/a TJ, yields the following results (all in TRIS/ 
TRIS - HCl buffer): AC’: = -206 f 280 J l mol-’ * EC-’ 
for the glucose/Irexokitrase reaction; AC: = 60 * 40 
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J - mol-l* K-t for the mannose{hexokizzme reaction; 
and AC; = -9 i f I60 J - moF1 - K-l for the fructose/ 

tzexokinase reaction. The stated uncertainties are twice 
the estimated standard deviations of the coefficients 
obtained from the least-squares computation. 

AC; values for the processes (C) are calculated by 
using the value AHi = 47.48 kJ.mol-t at 25.O”C 
1221 and AC; = 50 f 5 J l mot-t. K-I for process (D) 

which is calculated from the data given by Prosen and 
Kilday [Xi] _ The AC; values calculated for the pro- 
cesses (C) are: AC’, = - I56 e 280 J=mol-I-K-l 
eIucose/lzexoki~~~e); AC’p” = 10 + 140 J - moI_t - K-l 
(mannose/lzcxokitzuse); and ACp” = -41 f 160 
J - moi- * - KS I (fructose/ttexokinose). 

3.10. Itrzprecisiorz and irzacczinzcy of nzeaszzz-emenls 

We note that the imprecision of our enzymatic heat 
measurements is larger than is obtained when measur- 
ing a ‘clean’ chemical reaction such as the neutraliza- 

tion of HCI with excess of NaOH. This is, in part, attri- 
butable to the slow rate of reaction observed in many 
experiments (some experiments lasted over three 
hours), particularly those at low pH v&es. This slow 
rate of reaction, in contrast to rapid rates observed in 

a previous investigation [7], is probably attributable 
to the fact that now only trace quantities of magne- 
sium are present. 

In table 1 we estimate reasonable upper limits for 

Table 1 
3ud,gnent of possible sources cf systematic error. 

- 

Source of error Estimate of emor 
(kJ - moT’) 

Heat-measurement error 0.21 
Impurities in hexoses 

glucose 0.07 
mannow and fructose 0.15 

Enzymatic impurities 0.10 
Ionization corrections for 

reactants and products 0.10 
Mctai-ion binding to reactants 

and products 0.30 
Buffer protonation correction 0.10 
Correction to standard state 0.50 
Incomplete mutarotation 0.05 
Incomplete reaction 0.01 

Total: 0.7 
-~ _-__ _c- 

possible sources of syste_matic error in our measure- 
ments. We take our total estimate of systematic error 

to be the square root of the sums of the squares of 
the estimated sources of error given in table 1 and 
obtain a value of 0.7 kJ . mol-l for the three reactions 
studied herein, with the largest contribution coming 
from the uncertainty associated with the dilution cor- 
rections. Since the estimated systematic error is with- 
in the imprecision of our measurements, we take our 
final assigned uncertainty to be twice the estimated 

standard deviations of the mean for the three hexoses 
studied herem. 

3. II. Comparisotz wit/z other measzuemerzts 

Heat measurements on the glucosefh&okinase 
reaction have been performed in conjunction with 
analytical applications [7,8]. To compare the result 
of -61.4 kJ - mol-1 (ATP to magnesium ratio of 2.5 
to 1 .O, pH in the range 7.1 to 7.4, temperature equal 
to 30.8”C) with the value of -71.2 kJ.mol-l (trace 
magnesium present, pH in the range 8.0 to 9.0, tem- 

perature equai to 25.0°C) requires correction for the 
effects of magnesium, pH, and temperature. We use 

our experimental plot of AH,,, as a function of pH 
(tig. 1) to obtain a correction of -8.2 I 4.0 kJ - mol-L 
for the effect of pH (the estimated uncertainty assaci- 
ated with this correction is attributable to (1) the 
scatter inherent in the data shown in fig. I and (2) un- 
certainty as to the precise pH of the reacting solution 
used in ref. [7]); enthalpies of binding of Mg2+ to 

ATP” and ADP3- [26] to obtain a correction of 
+I -4 kJ * mol-” for magnesium binding; our AC; of 
-206 ? 280 J - mol-l- K-l in obtaining a correction 
of tl.2 kJ - moI_’ for the effect of temperature. The 
adjusted result of -67 f 4 kJ - mol-1 is, within the 
given uncertainties, in agreement with the result of 
-71.3 f 0.7 kJ*mol-l. 

McGIothIin and Jordan [S] report a value of 

AHobs = -74.9 f 1.5 kJ - mol-l far the glucose/hexo- 
kiizme reaction in TRIS/TRIS * HCl buffer @H = 8.0, 
total magnesium equal to total ATP concentration, 
temperature equal to 25.O”C). Using enthalpies of 
binding of Mg2+ to ATP4- and ADP3- 126 ] we apply 

a correction of -53.4 kJ - mol-l to their reported value 
and obtain a value of -7 1 S t- 1.5 kJ - mol-’ which is 
in excellent agreement with our result of -71.3 
kJ-mol-l. 
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Table 2 
nermodynamics of hexokjnuse-catalyzed reactions at 25.O”C. Standard state is the hypothetical ideal solution of unit molality 

for all reactants and products. 

eq-D-Glucose f ATP4- = 
cq-DG6PZ- + ADP’- f H+ 

eq-D-Mannose + ATP4- = 

AGO (kJ . mar’ ) AffO(kJ- mol-‘) Aso (J - mol-’ - K-l l , AC: (J - mol-* - K-*) 

eq-D-M6PZ- f ADP3- + Hc 
eq-D-Fructose f ATPs- = 

t16.7 a) 

+15.7 4 

-23.8 5 0.7 b) 

-21.9 + 0.7 61 

-136 

-126 

-156 + 280 b) 

lo 5 140 b! 

eq-D-F6P2- i- ADP3- f H+ w.7 a) - 15.0 + 0.9 h) -113 -115 160 b) 

a) Calculated by combination of averaged results of Guynn and Veech [281 and Benzinger et al. [29 1 with results of Mcyerhof 
and Green 127 1. 

bl This work. 

3.12. Gibbs energy change and AS0 values 

Robbins and Boyer [I] obtained an experimental 

table 2. AS0 values are obtained by combination with 
the measured enthalpies. 

equilibrium quotient for the gIucose/hexokhase reac- 
tion at pH 6.0 and applied large ionization corrections 
to arrive at a result of AGO = +5.05 kcal- mol-l = 
+21.1 kJ.mol-’ at 30°C for reaction (C) invoIving 
glucose. We use this result in combination with the 
data of Meyerhof and Green [27] to calculate * AG3 = 
+3.6 kJ - mol- 1 for the process 

ATP4- f Hz0 (iiq) = ADP3‘ f HPOi- + H+ . W 
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