Biophysical Chemistry 3 (1975) 192205
© Norsh-Holland Publishing Company

THERMODYNAMICS OF HEXOKINASE-CATALYZED REACTIONS '

Robert N. GOLDBERG

Institute for Materiagls Research, Notional Bureau of Standards, Washington DC 20234, USA

Received 27 December 1974
Revised manuscript received 24 March 1975

The enthalpies of the hexokinase-catalyzed phosphorylation of glucose, mannose, and fructose by ATP to the respective
hexuse 6-phosphates have been measured calorimetrically in TRIS/TRIS - HCI buffer at 25.0, 28.5, and 32.0°C. The effects
on the measured enthalpy of the glucosef/hiexokinase reaction due to variation of pH (over the range 6.7 to 9.0) and fonic
strength (over the range 0.02 1o (0.25) have been examined. Correction for enthalpy of buffer protonation leads to aAH®
and .ACPQ values for the processes: eq-D-hexose + ATP%™ = eq-D-hexose §-phosphate?” + ADP3™ + H*. Results are AH® =
~23.8 £ 0.7kJ-mol™? and ACH = —156 = 280 J-mol™ +K™! for glucose, AH® = ~21.9 £ 0.7 kI -moi ! and ACH =
10 £ 140 J+mol ™! - X! for m;muosc and AH®=-150 2 0.9 kI -mol™ and ACg = ~41 + 160 J-mol ™} -K ! for fructase.
Combination of these measured enthalpies with Gibbs encrgy data for hydrolysis of ATP% and that for the hexose 6-phas-
phates lead to AS© values for the above kexokinase-catalyzed reactions.

1. Introduction

The Gibbs energy change (AG) of the hexokinase-
catalyzed phosphorylation of glucose by ATP *to glu-
cose 6-phosphate and adenosine 5'-diphosphate has
been measured by Robbins and Boyer [1] and may
also be calculated via thermochemical cycle type calcu-
Iations. Thus while at present there is a substantial
body of Gibbs energy data for enzyme-catalyzed pro-
cesses [2,3,4], there is contrastingly little information
{5] on the enthalpy (AH) and entropy (AS) changes
accompanying these reactions. In addition, even for
those reactions where enthalpy data do exist, to date
there appear to be few systematic investigations as to
the affects of variations of the relevant experimental
parameters (e.g. pH, ionic strength, etc.), or as to the
possible sources of systematic error that may occur in

! This work was presented, in part, before the Minneapolis,
Minnesota meeting of the Biophysical Socicty, June 3, 1974,

* Abbreviations used in this paper are: ATP, adenosine 5'-tri-
phosphate; ADP, adenosine 5’-diphosphate; TRIS, tristhy-
droxymethyl) aminomethane; G6P, glucose §-phosphate;
M6P, mannose §-phosphate; F6P, fructose 6-phosphate;
H6P, hexose 6-phosphate; Py, inorganic phosphate.

such measurements. In view of these facts and because
of the importance.of Aexokinase-catalyzed reactions
in intermediary metabolism, this investigation was un-
dertaken to gain a more complete understanding of
the thermodynamics of these processes. Interestina
knowledge of the enthalpy changes of enzyme-cata-
lyzed processes also stems from: {1) recent work on
the use of heat measurements for bioanalyiical pur-
poses [6—-8], (2) possible applications to the field of
muscle physiology [9], and (3) relevancy to biochem-
ical thermodynamics {10].

2. Materials and methods
2. 1. Marerials

Reagents and their sources ¥ were: crystalline 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 identification does not imply recommendation or en-
dorsement by the National Bureau of Standards.
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samples from Pfanstiehl Laboratories, Inc. and Calbio-
chem; crystalline D-fructose, samples from Pfanstiehl
Laboratories, Inc. and Calbiochem; lyophilized yeas.
hexokinase, 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 hydrochloric acid, Mallinckrodt 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 [11] purity of 99.9 percent. Addi-
tional information provided by the suppliers on the
characterization of the other reagents is as follows:
Pfanstichl D-mannose, purity 99+%, specific rotation
+14.2 £ 0.4° at 20°C, residue after ignition less than
0.05%, moisture content 0.1%; Calbiochem D-mannose,
specific rotation of 14.3° at 22°C, chromatographical-
ly homogeneous in three different solvent systems;
Pfanstichl D-fructose, purity 99+%, specific rotation
—92.1°, residue after ignition 0.05%, moisture content
of less than 0.1%; hexokinase, contaminating activities
are glutathione reductase (Calbiochem lot A, 0.001%,
Calbiochem lot B, 0.02%, Worthington, 0.02%), phos-
phoglucose isomerase (Calbiochem lot A, 0.007%,
Calbiochem lot B, 0.035%, Worthington, none detect-
able), adenylate kinase (Calbiochem lot A, 0.001%;
Calbiachem lot B, 0.0003%; Worthington, negligible),
6-phosphogluconic dehydrogenase (Calbiochem lot A,
0.001%, Calbiochem lot B, negligible, Worthington,
negligible), and glucose 6-phosphate dehydrogenase
(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-TRIS salt of ATP (Sigma), purity of 97%
when prepared, sodium content 0.3%, major impurity
is ADP.

Analysis for moisture content on the hexose sam-
ples was performed by the Karl Fischer method. Re-
sults indicated that in all 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 ug
magnesium per gram of sample, were as follows: TRIS
(Eastman), 0.12; di-sodium salt of ATP (Calbiochem),
5.5; kexokinase (Calbiochem lot A), 3500; D-glucose
(NBS), 0.37; Pfanstiehl D-mannose, 10.5; and
Pfanstiehl D-fructose, 0.05.

Polarimetric measurements were performed 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 - HCI1
buffer at pH 8.7, the mutarotation processes were es-
sentially complete within l% h following the solution
of the respective hexoses in the buffer.

2.2, Calorimetric measurements

Heat measurements were performed using a heat-
conduction microcalorimeter similar to one previous-
ly described [12] 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 single bicom-
partmental reaction vessel (=2 ml total volume) which
is constructed of high-density polyethylene. The cali-
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~1 at 25°C. The
imprecision of reaction-heat measurement, as establish-
ed by measurements of the enthalpy of reaction of hy-
drochloric acid with excess sodium hydroxide hasbeen
found to be as good as 0.07% (estimated standard devi-
ation of a measurement) at a total heat input of
2==900 mJ for a rapid chemical reaction. Total inaccu-
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 cal-
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
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measured heat refers to the isothermal change in inter-
nal energy (AU) of the system at the specified temper-
ature. Since the reactions being studied in this investi-
gation occur in the condensed phase, the difference be-
tween AU and AH will be relatively small {13] and
hence will be neglected.

2.3. Preparation of solictions

The substrate solution consisted of gravimetrically
measured quantities of hexase (the limiting reactant),
ATP, Mg(t, (in a few experiments), and aqueous
TRIS/TRIS - (ACl buffer adjusted with HCl to a known
pH value. The enzyme solution was prepared by pre-
reacting a portion of the previously prepared substrate
solution with a known quaptity of lyophilized fexo-
kinase. With the exception of only one experiment
(appendix. table A2, no. 34}, all heat measurements
were completed within a period varying from 100 min
1o 8 h following preparation of the solutions.

Measurements of the pH of the reacting solutions
were performed using a Corning Model 12 pH meter
with a Fisher Scientifiz Co. glass/calomel combination
micra-electrode, the system being calibrated using
standard buffers at pH 7.00 (Fishzr-certified buffer),
7.41 (NBS-certified buffer {14]), and 8.00 (Fisher-
certified buffer). All pH measurements reported here-
in are judged to be accurate to within £0.03 pH units.

2.4, Calculations

The molar enthalpy of reaction (AH ) is taken as
the quantity —Q aas/7, Where Q.. is the measured
heat of reaction under the specified set of conditions
and 1 is the number of moles of hexose present in the
substrate solution. Relative molecular masses are based
on the 1969 scale {15).

Calculation of jonic strength (/) was performed by
considering contributions from the ions ATP4".
HATP3", TRIS- H*, Na*, and CI~ with the usual rela-
tionship f= %E;m‘-z}z where m; is the molality of
the 7th ion and z; is its signed ~harge.

Statistical measures of imprecision used in this pa-
per are computed according to the relationships given
in ref. {14]. All 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
OMNITAB statistical procedures [17].

3. Results and discussion
3. 1. Specificarion of the reactions occurring

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

eg-D-hexose + EA’TP
= 3 7eq-D-H6P + 2 ADP + ngH* , A

where the symbol Z indicates that there may exist dif-
ferent ionic and metal bound states (e.g. ATPY",
HATP3", MgATP?", NaATP3", etc.), and ny is the
naumkar of protons liberated in the reaction. The
hexoses are taken to be present in their equilibrium
conformational mixtures (designated by the symbol
‘eq” above). For aqueous glucose and mannose only
the a and @ forms need be considered present, while
for fructose there is also present a furanose/pyranose
equilibrivm. It is understood that the reaction is ac-
curring in an aqueous medium at concentrations and
ionic strengths to be specified for each experiment
performed.

Reactions of the above type involving coupled
equilibria are characteristic of many biochemical pro-
cesses and formalisms suitable for theii treatment have
previously been applied {18-20] to the hydrolysis
reaction of ATP:

ZIATP + HyO = 27 ADP + 2JP; + ngH* ®)

Since reaction (A) is very similar to {B) it is possible to
apply previously derived equations with only minor
modifications. Hence, in the absence of metal ions
binding to the reactants and products, and following
the notation of Alberty [19], AH} is given by:

AHZ = AHS
— fape HH)K  sppt AHD s pe + (H* Y& apeKaape}
X (AHTapp ~ AH3app 11— Fuep {(H")/Kygp} AHgep]
+ fare HHYK  axvel AHTaTe
+{(H)Y/K arpKoate} (AH a1 +AHa0). (D)
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AHZ is the molar enthalpy change under standard-
state conditions for the reference reaction involving
specific ionic forms:

eq-D-hexose + ATPH™ = eq-D-H6P2™ + ADP3™ + H*. (C)

In this investigation we have taken our standard state
to be the hypothetical ideal solution of unit maolality,
which for the enthalpy of reaction corresponds to that
enthalpy which would be measured in the infinitely di-
lute veal solution. The fractions of ATP, ADP, and
HOP existing in the most basic forms are given by

fate = (ATPY) AT
=L+ {HYK appt [T+ EKpa e,

fape = (ADP3") 27ADP
= [+ {(H YK gpet 1+ Y Kopppll ™, ()
and
face = (HEP2")Y Zieq-D-HEP = [1 + (H")Kpepl ™ -(4)
The number of protons produced is
= 1= IHYK  app + 2K App Kaapel Fape
— [(H")/Kygpl Fuse
+ [(HYK aqe + 2(H)2K qp Kzatel fate- ©5)

The molar-enthalpy change messured when the
reaction occurs in a buffered medium is given by

AHG = AHZ + ny AHY . (6)

where AH is the molar enthalpy of reaction far pro-
cess (A) in the absence of any buffer protonation pro-
cesses and AHp, is the enthalpy change for the buffer
protonation reaction, e.g.

TRIS + HY = TRIS-H" . (D)

Since AH,, will vary with pH and metal-ion con-
centration {which makes for even more complex equa-
tions), if one wishes to obtain a teliable value for AHT,
it is best to perform measurements under conditions
where AH gy, daes not vary with pH (i.e. in 2 pH range
well separated from the pK values of the reactants and
products, thus eliminating the necessity for jonization
corrections) and with only frace quantities of magne-
sium present to insure sufficient enzymatic activity.
The presence of a buffer is also desirable in order to
define adequately the ionic states of the reactants and

products. However, it does require a large correction
10 be made for the cathalpy of buffer profonation,
which is nevertheless well known.

Both, equilibrivm measurements {1} and quenching
experiments [8], show that the reactions studied in
this investigation proceed essentially to completion.

2.2, Experimentat data

The experimental data are presented in the appen-
dix as follows: table Al, *blank” heat effects; table &2,
data for the glucose/fiexokingse reaction at various pH
values from 6.7 to 9.0 (see also fig. 1); table A3, data
for the glucosefhexokinase reaction as a function of
ionic strength (sec also fig. 2); table A4, data for the
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Fig. 1. Plot of AH 4 for the glucose/hexokinzse reaction in
TRIS/TRIS - HCL busler as a funetion of pH. lonic suengtht is
from 0.093 10 0.477. Temperature = 25.0°C. Half the length
of a drawn exvor bar is twice the estimated standard deviation
of the mean for replicate measurements madc at the same pH
(indicated in the fgure by ¢ ). For individual measurements
(indicated by ¥) half the length of a drawn efrof bar is twice
the pooled standard deviation caleulated from replicate meas-
urements performed in the same pH range. Also shown are
four curves calculated using egs. (1--5). Curve A is obtained
using the data given in the text (see section on affgpeasa
funetion of pH). The other eurves are obtained by changing
only one pX value, namely, curve B is obtained using pK 4 7p =
7.05;curveC, pX 4 pp= 6.983a0d Tor curve D, pKyyap = 6.60.
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Fig. 2. Plot of AH ¢ Tor the glucose/fexokinase reaction in
TRIS/TRIS « HCl buffer as a function of the square root of

the computed ionic strength. pH is from 8.64 to 8.72. Included
in the figure are data from the appendix, table A3 that are in
this same pH range (experiments nos. 23-46). The length of
the error bars drawn in this fizure is based on the same scheme
as that used in fig. 1.

glucose/hexokinase veaction using the di-TRIS salt of
ATP: table AS, data for the mannosefhexokinase reac-
tion; table A6, data for the fructose/hexokinase reac-
tion; table A7, data for the glucoseffiexokinase,
mannosefhexckinase, and fructosefhtexokinase veac-
tions at 28.5 and 32.0°C. We have been detailed in the
presentation of experimental results so that if addi-
tional information bearing on their interpretation later
becomes available, the data may be reevaluated.

3.3. ‘Blank’ heat effects

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 ml. Since the
average does not vary significantly from zero, we ap-
ply no correction for ‘blank” heat effects to our meas-
ured reaction enthalpies.

3.4. AH ¢ as a function of pH

The results of measurements of AH g as a func-
tion of pH are shown in fig. 1. If in the pH range 8.0
t0 9.0, the variation of Af;,; with pH is assumed to
fit the equation AH p, (kJ-mol~1)=4 + B (pH),
where 4 and B are coefficients to be obtained by sta-
tistical procedures, least-squares computation of A and
B (using experiments no.17 to 51 in the appendix,
table A2) yields the following resulis: 4 =—57.30 and

B = 1 64 (the estimated standard deviations of these
coefficients are 7.6 and 0.89, respectively). Therefore,
in the pH range 8.0 to 9.0, AH;,; may be considered
to be a constant within the imprecision of our meas-
urements and is 71 34 kJ - mol~! (estimated standard
deviation of the mean is 0.26 kJ - mol—1). Hence, we
feel confident that in this pH range, AH, may be ob-
tained from AH ;,, without the use of correction
terms calculated using eqs. (1—5) and the Gibbs ener-
gizs and enthalpies of ionization of the reactants and
praducts,

To calculate the variation of AH ,, with pH we
have used egs. (1—5) with the following data:
PKyate =695, pKosrp = 4.06, pKjspp = 6.86,
pKsapp =393, AH stp = —7.03 KI-mol—t,
AHSpp =00 kI -mol-1, AHspp = ~5.73
ki-mol~!,and AH3,pp = 4.18 kI -mol~! from ref.
[19]: pKyep = 6.03 [21]; an estimated AHGep = 0.0
kI-mol-1; AH = —23.8 kJ-mol~! (obtained later
in this paper); and AHp = —47.48 kJ-mol—! [22].
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 variation of the above input data, and
these curves are also shown in fig. 1. The calculated
variation of AH ;, with pH is seen not to agree with
the experimental data at the lower pH values. If we as-
sume that the experimental data are correct, 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 egs. (1-5) 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; s vp, P12 pp» and pKygp- This sen-
sitivity is attributable to the fact that the quantity
ny AHp is determined almost entirely by these pK
values, and it, in turn, makes the largest single contri-
bution to AH ;.. While a resolution of these discrep-
ancies is of some interest, it is of only tangential im-
portance to the determination of accurate values for
AH?. The results of the computation do also show,
however, that the ionization corrections to be applied
to AH ., in order to obtain an accurate value for
AHZ, are negligible at pH values greater than 8.0.

3.5. AH y, as a function of ionic strength

Fig. 2 is a plot of AH ;; 2s 2 function of the square
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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
AH_p (kF-mol~1) =C + D([)V?2, least-squares com-
putation of C and D (using experiments no. 31 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 0.93 and 2.9, respectively). Since D does
not vary significantly from zero we conclude that,
within our experimental imprecision, AH ,, does not
vary over the range of ionic strength investigated. We,
therefore, average these results and take AH ,  equal
to —71.19 kI~ mol~! (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 7=0.01
to I = 0. Doing this, an estimated correction to infinite
ditution of =~+0.4 kJ - mol~1! is obtained. However, in
the absence of experimental data on the actual mate-
rials, we choose to make no coirection for the heats
of dilution, but nevertheless associate our AH ,; with
AHG, . 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 measurements

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 AH_ may have been
affected by sodium binding [24] 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
kJ-mol~! (estimated standard deviation of the mean
of 0.52 kJ - mol—!) does 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 AH g,  Obtained in
the pH range 8.0 to 9.0 and using the di-sodium salt
of ATP.

3.7. Mannose and fructose results

The mannose and fructose results are 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 -mol~! and AH , (fructose) = —62.45
kJ-mol~! with estimated standard deviations of the
mean being 0.35 and 0.43 kI -mol~1, respectively. As
in the case of the glucosc results, we take AH ;) equal
to AHG, . Since the pK value for F6P is very nearly
identical to that for G6P [21] 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.

3.8. Buffer protonation carreciion

Values of AH_ for glucose, mannose, and fructose
are obtained by application of eq. (6) with rny; taken
equal to unity. For AHp we use the value of
~47.48 = 0.03 kJ-mol—! from Ojelund and Wadsé
[22). This value is in excellent agreement with the val-
ue of —47 46 kJ-mol~! 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 AHp yields the following:

AHZ (glucose) = —23 8 kJ - mol~! | AH (mannose) =
~219 kI-mol~1, and AH (fructose) = —15.0
k¥-mol~!.

3.9. AC;' for the hexokinase reactions

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 ACS =
(3AH®/D T)p yields the following results (all in TRIS/
TRIS - HCl buffer): ACS = —206 + 280 J »mol~!- K1
for the glucose/hiexokinase reaction; ACS =60 +40
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J-mol~1- K~1 for the mannose/hexokinase reaction;
and ACy =—91 + 160 J-mol~!- K1 for the fructose/
hexokinase 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 AHp = —47.48 kJ - mol~1 at 25.0°C
[22] and AC, =50 £5 J-mol~1-K~! for process (D)
which is calculated from the data given by Prosen and
Kilday [26]. The AC values calculated for the pro-
cesses (C) are: AC; = —156 + 280 J-mol~1-K~1
(glucose/hexokinase); AC;’ =10+ 140 J-mol~1-K-1
({mannose/hexokinase); and ACS =—41 £ 160
J-mol~1-K-1 (fructose/hexokinase).

3.10. Imprecision and inaccuracy of measurements

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 values. This slow
fate 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
Judgment of possible sources cof systematic error.

Source of error Estimate of ertor

(kJ -mol!)

Heat-measurement error 0.21
Impurities in hexoses

glucose 0.07

mannos: and fructose 0.15
Enzymatic impurities 0.10
lonization corrections for

reactants and products 0.10
Meral-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

possible sources of systematic 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 1 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 thiee hexoses
studied herein.

3.11. Comparison with other measurerments

Heat measurements on the glucosef/hexokinase
reaction have been performed in conjunction with
analytical applications [7,8]. To compare the result
of —61.4 kJ - mol—! (ATP to magnesium ratio of 2.5
to 1.0, pH in the range 7.1 to 7.4, temperature equal
to 30.8°C) with the value of —71.2 kJ-mol—! (trace
magnesium present, pH in the range 8.0 to 9.0, tem-
perature equal 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
(fig. 1) to obtain a correction of —8.2 + 4.0kJ-mol~1
for the effect of pH (the estimated uncertainty associ-
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
ATP4% and ADP3 [26] to obtain a correction of
+1.4 kJ mol~! for magnesium binding; our AC’° of
—206 +280 J-mol~!-K~! in obtaining a correction
of +1.2 k¥ -mol~! for the effect of temperature. The
adjusted result of —67 £ 4 kJ -mol~1 is, within the
given uncertainties, in agreement with the result of
-71.3 £0.7kJ-mol~1.

MecGilothlin and Jordan [8] report a value of
AH o = —74.9 % 1.5 kI -mol~! for the glucosef/hexo-
kinase reaction in TRIS/TRIS - HC! buffer (pH = 8.0,
total magnesium equal to total ATP concentration,
temperature equal to 25.0°C). Using enthalpies of
binding of Mg2* to ATP4™ and ADP3" [26] we apply
a correction of +3.4 kJ - mol~1 to their reported value
and obtain a value of —71.5 + 1.5 kJ -mol—! which is
in excellent agreement with our result of —71.3
KJ-mol—L.
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Table 2

Thermodynamics of kexokinase-catalyzed reactions at 25.0°C. Standard state is the hypothetical ideal solution of unit molality

for all reactants and products.

AGO (k] ~mol!) AHO (k) -mol™!) ASC(J-mol”l-K1} acga- mol~t-K~1)
eq-D-Glucose + ATP3" =
€q-D-G6P2~ + ADP3” + H* +16.7 3) —238+0.7b) ~136 —156 + 280 b)
eq-D-Mannose + ATP4™ =
eq-D-M6P2™ + ADP3~ + H* +15.7 ) —21.9:+0.79) —126 10 + 140 b}
eq-D-Fructose + ATP% ™ =
eq-D-F6P?~+ ADP3” + H* +18.7 3) -15.0+ 0.9 b) —-113 —41+ 160 V)

a) Calculated by combination of averaged results of Guynn and Veech {28] and Benzinger et al. [29] with resuits of Mcyerhof

and Green [27].
b) This work.

32.12. Gibbs energy change and AS° values

Robbins and Boyer [I] obtained an experimental
equilibrium quotient for the glucose/hexokinase reac-
tion at pH 6.0 and applied large ionization corrections
to arrive at a result of AG° = +5.05 kcal-mol~1 =
+21.1 kJ - mol~1 at 30°C for reaction (C) involving
glucose. We use this result in combination with the
data of Meyerhof and Green [27] to calculate * AG®° =
+8.6 kI - mol—! for the process

ATP# + H,0(liq) = ADP3~ + HPOJ™ + H* . (E)

Recently, Guynn and Veech [28] have summarized
the results of various thermodynamic pathways leading
to AG® for the hydrolysis of ATP4". Adjusting the
above AG° value of +8.6 kJ-mol—! to the conditions
used by Guynn and Veech in their table IV (T'=37°C,
hypothetical one-molal standard state for all reactants
and products, with the exception of the hydrogen ion
which is at pH 7), we arrive at a value of —31.8

kJ - mol—1! which is near the lower end of their tabu-
lated values. Because the final resudt of Robbins and
Boyer is largely dependent on large and somewhat un-
certain fonization corrections and also since we feel
that an average value obtained from the investigations
of Guynn and Veech [28] and Benzinger et al. [29] is
presently the most reliable for process (E), we choose
to use it in conjunction with the results of Meyerhof
and Green [29] and calculate the AG ° values given in

* In making temperature corrections to the measured equilib-
rium data, the AH© values used were from Kitzinger and
Benzinger [30] and our own measurements.

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