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E&&pies of pbospboryt&ion of &cose by adenosine S’-triphosphate have been measured as a function of concentra- 

uom ofmagnesium chIoride in TRIS/TRiS 9 HCL buffer in the pH ranq 8.64 to 8.98. These measurements are compared 

with the retits of cakuktions of these enthzdpies that use a coupled equiiiiriutn formalism with equilibrium data and 
enthalpy values selected from the literature. The experimental results span the range of ma@esium ion conccntrationS 1 X 
104 to 0.3 md !?-I and show a total variation in the enthalpy of reaction of almost 10 k.J mol-’ , with the most exothern 
reaction occ*urr& at a magnesium ion concentration of 6.0 X LO 4 mol E-‘. The ulculati enrhalpics OF reaction, except 

for the magnesium ion concentration range 4 X IO4 to S X LOG molt-t, are. within estimated uncertzinty intervals (0.8 
to 10.2 kJ mol-‘), in agreement with the measured values. 

1.ln&oduction * 

A detailed understanding of the thermodynamics of reactions in which ATP is a participant requires an under- 
standing of the effects on measurable quantities due to variations in $3 and pMg**. While in principle these effel 
may be calculated [l-4], we are aware of few instances where, for biochemical systems, comparisons have been 
made between the predictions of a coupled equilibrium formalism and experimental data. 

In this report, we have extended our previous measurements [S] of enthalpies of reaction for the hxokime 
catalyzed pbosphorylation of glucose by ATP by eXaminin g the efLects of varying concentrations of magnesium 
chloride. These measurements are then compared with the results of calculations that use a coupled equilibrium 
formalism and the appropriate pK and AH values from the literature as input data. 

A comparison of this sort is &O of importznce in that biochemical reactions may occur under a wider variety 
of conditions than can p~~ti~all~ be measured. However, if there exist reliable thermodynamic data for the spe- 
cific ionic reactions that contribute to the overall process, it then becomes possible to calculate the desired quan 
tities. 

2. Experimental 

The experimental procedures and materials used were the same as those used and more completely described 

previously [S] . The di-TRIS salt of ATP (from Sigma Chemical Company * , assay 97%) was used in all experimer 

l Abbreviations USed in this paper an?: ATE’. adenosine S*-tiphosphate; ADP. adenosine 5’+%phosphate; TRIS. %is(hydroxyme 
aminomethane; G6P. &cose C-phosphate. 

y pMg is defmed by the cehtionship: pMg = -Iog&dg*+)/mol Q-l. 
G=dGn CO~KIE&A rn~~riaIs and productr are identifiied in this paper in order to specify the experimental procedure adequal 
Such identiffcation does not imply recommendation or endorsement by the National Bureau of Standards. 
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Table 1 
Compositions of solutions with results of experiments and calculations on the ATPgluco~~hexoki reaction as a function of 
pMg. Temperature is 25.02~0.02~C 

-_._. -..-_.____-~_ --_ - 

Series Gluu~sc~) ATP TRIS &CIz Enzyme pH P”xALCa) ionic -d%BS --aH”OBS 
(mmoI/kg (mmol/kg (mol/kg (mmoilkg (g/kg strengtha) (measured@ ccalculated)a) 

solution) solution) solution) solution) solution) (moW W/m011 Wlmol) 

1 10.269 17-474 
2 a-7595 15.095 
3 10.858 18.230 
4 10.147 la.102 
5 7.4136 22.443 

6 14.01 I 19905 
7 12.429 19.476 
a 13.992 19.760 

9 7.7066 19.511 
10 13.266 19.733 
11 10.799 18.403 
12 11.799 18.474 

13 8.4565 18.707 
1s 10.677 19.311 
IS a.483 1 19.311 
16 14.178 21.332 

o-47843 322.45 2.841 
0.47802 257.91 1.183 
0.49663 156.69 0.9668 
0.50276 100.03 0.95 14 
0.48381 54.460 0.655 1 
O-49788 34.615 1.113 
0.49835 29.227 0.8475 
0.5’018 21.187 1.121 

0.50079 18.708 0.9617 
0.5 1059 18.040 1.199 
051153 15.560 1.0918 
o-51121 14.020 0.7699 

0.50299 lo.589 0.8269 
051234 4.5303 OX654 
0.48827 1.2736 1.040 

0.51167 0.270d) 1.879 

8.85 051 1.01 
890 0.62 0.78 
8.86 0.90 O-45 
8.90 1.17 027 
892 1.8iSO.02 0.11 
8.86 2.3620.07 0.09 
8.87 259=0.08 0.09 
a.88 3.02=0.08 0.10 
8.90 3.1O~O.QS 0.10 
a.89 3.22eO.07 0.10 
8.64 3.3750.07 0.15 
892 3.55+0.07 0.11 
a.92 3.9720.06 0.11 
893 4.64%0.08 0.14 
8.98 5.45+0.09 0.15 

8.98 6.01’0.08 0.16 

67.78r0.10 
67.02+0.52 
699IhO.29 
71.29+0.64 
73.88~0.16 
74.72+0.05 
75.211-0.21 
76.57?0.13 
76.72~0.17 
76.74r0.13 
76.39rO.14 
75.62-0.22 
73.9320.26 
72.6220.25 
72.29+0.14 
71.73’054 

67.7r10.2 
67.7+10.1 
67X+10.1 
68_ls_lOQ 
69.9+ 9.1 
72.&z 7.7 
745% 6.8 
78-l= 5.0 
78.8t 4.7 
79.8= 4.2 
80.45 3.7 
s19+ 3.0 
82.7= 1.9 
785% 1.4 
73.2~ 09 
71.9% 0.8 

a) Calculated quantities, See section on Results and Discussion for method of computation and basis of estimated uncertainties. 
If for the quantity phfxA=, no uncertainty is given, the total uncertainty was estimated ta be less than 0.01 phfg unit For ali 
calctited quantities, the nnmeriwl results refer to the conditions existing in the solutions following reaction. 

b, The solution compositions in this table (columns 2 to 6) have, except for column 6, units of moI/(kg solution) and may be re- 
lated to the molarity scale of concentration by multiplication by the densities of the respective solutions, which were found to 
vary from I.026 g ml-’ for zero magnesium chloride to 1.050 g ml-’ at a magnesium chloride concentntion of 0.33 mol/(kg 

solution). hfolarities were used in the computation of phf&-ALc, ionic strength, and AHoBS (calcuJ&ed). 
c, Stated uncertainty is the imprecision caltulated on the basis of two estimated standard deviations of the mean. Total systematic 

error in the heat measurements is estimated to be no greater than 0.3 percent of the total heat measured. Thsee measurements 
were performed for each series, except for series 2,9, and 12 where two measurements were performed. 

d, Estimated on basis of results of atomicabsorption analyses [5 1. 

in order to avoid complications due to the presence of metal ions other than magnesium. Due to its possible insta- 
bility, samples were always used within a month of receipt. Fisher certified magnesium chloride hexahydrate 
(assay 98.7%, major impurity excess moisture) and TRIS were used throughout, as was lyophilized yeast hex&tie 
from Calbiochem. All measurements were performed in aqueous solution at a temperature of 25.01 q.02°C. 

The experimental data are presented in detail in table 1. The data in columns 2 thru 5 give the compositions 
of the substrate solutions prior to reaction; as before [5], for each substrate solution, an enzyme solution was pre- 
pared by pre-reaction of a portion of the substrate solution by introducing a measured quantity of Frexokinare 
(see column 6). The quantities of these two soIutions reacted in the calorimeter, although not given in table 1, were 
similar to those used in the prefious report [S] . The columns labeled “pMg” and “I” (ionic strength) refer, respec- 
tively, to values of these parameters calculated using pK values selected from the literature and a combined-iterative 
computational procedure (see section 3). Attempts to perform measurements at values of pMg less than 0.5 were 
not successful due to serious Ioss of enzymatic activity. This observation is consistent with both the existence of 
the Mg2AW” species [6] and the hypothesis that, for this system, the active species of ATP is the ion MgATFz- 
(as was found to be the case for the creatine kinase reaction [7]). It should be noted &at ail measurements were 
carried out at sufficiently high pH that minor variations in pfi should not significantly af?fect the quantity AHosS. 

As previously, we have presented the experimental results in detail so that the data may still be reevaluated if addi- 
tional information bearing on its interpretation later comes available. 



Table 2 
Selected values of thermodynamics constants used in wlculation.s. Tempenture is 25.O”C 

PrOCSS Coilstallt AH"(kJ mal-‘) References 

HATP3-= I%?+ Ati- 
Hz ATP*-= H++ HATP3 - 
HADP”-= H?+ ADP3- 
HZADP’-= H+tHADPZ- 
HtXP’-= H?+ G6P2- 

KtATP 
KZATP 
KlADP 
K~ADP 

KG6P 

(7.68 -33961’R+4.90f)~0.04 
&oO+o.lobl in 0.15 hf Nacl 
(7.20-22.541’n~3.&41)+0.~ 
3.95+o.1ob)ino.lshi~acI 

6.X=0.2 zt I=0 

- 7.0 +1.3A [121 
0 t4 b)A PI 

- 5.7 +1_3A 1121 
+ 1.0 ?4WA (21 
- 1.8 *4.0b)A Estimated [8 

MgATP’-= hIg*+tA~- 
2.MP 

&fgATP 5.83 --6:10f1R+8.74f- L+6_021,R 50.10 
) 

-18.7 rl.Ob)B [12.131 

hfgHATP’-= Mgzc+HATP3- &$fgHATp 
( 

359 -4.061’R+6.36f- 
2.04P 

lc6.021*n 'o-L2 ) 
- 9.2 +5.2A rlil 

hflgl Aw = hfg*++ hf gfin*- &,faA~p 2.61'O.LO'J)(f=O.O05 toO.lO) -3d (estimated. 161 
see results and Dis- 

cussion) 

hfgADP’-= Mg2ft _ADp3- KhlgADP 
( 

4.27 -4.061’“+6.36I- 
2.04F 

~c6.02[‘R “-” ) 
-13.2 ,l.ob)A [12.131 

MgHADP’ =h¶g’++HADP’- Kbtg~~~p 
( 

2-45 - 2.031’n+ 3.341~ 
2.04f’R 

a0.20 - 3.8 55.9A 
1+6.021tR 

[121 

MgG6P = big’++ G6P2- 2.48 50.2 at I= 0 -12.2 r2.0b)A Estimated [’ 
TRIS . H+ = H++ TRIS” 

Khf&6P 
KTRIS 8.072cO.llM at I=0 47.48~0.03B [14,15,16] 

Glucose+ ATP+=G6P*-+ K, AG"= +16.7klmol-5 -23.8 kO.70 151 
AD+-i-Hi+ 

d PK = -_I ogto K, where K has units of mol Q-I. 

b, Imlicates estimate of uncertainty on the part of this author. 

* \‘a& Hoff en&-&y. B Calorimetric enthalpy. 

3_ Results and discussion 

3. I. Coupled equilibrium analysis 

For the process 

eq-D-glucose f ZATP = Zeq-DG6P f IQUIP f nHHf , 

accurring in the presence of magnesium ions, it is possible to show that Ati, is given by the relationship (see 
2 and below for explanation of notation): 
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AH: is the molar enthaipy change for the reference reaction 

eq-D-glucose + A@-= eq-D-G6P2- + ADP3- f H* . 03 

The fractions of ATP, ADP, and G6P existing in the most basic forms (i-e., A@-, MP3-. ad G6P2-) are 

The number of hydrogen ions produced is 

In a buffered medium, the enthalpy change (AH&& is given by* 

AH&= AH;+nHAflC, 

where AtiC refers to tbr: enthalpy change for the buffer protonation process: 

TRIS+H+=TRIS-I-i+ _ 

(3) 

(6) 

0 

It should be noted tT.,lt eqs. (1) to (5) are similar to ALbertyS [2] eqs. (221) to (23) and (26), which apply to the 
hydrolysis reaction of ATP, with the exception of the addition of terms to account for the presence [6] of MgzATP 
and the various G6P species. As has been pointed out previously [23, in spite of its apparent complexity, the only 
function of eq. (1) is to weight appropriate enthaipies for specific ionic reactions properly in correct proportions 
to the actual ionic populations [given by eqs. (2) to (4)] present in a given system. 

The equilibrium constant for (A) is given by 

K 
ww@5P)r K3fATP 

OBS= (ATP), (G~UCOS)T = fADpf&p(H*) ’ 
0) 

where (ATP)T, (ADP)T, (Glucoseh, and (CXP), are, respectively, the total concentrations of ATF, ADP, Glucose, 
and G6P present in a given system and KB is the equilibrium constant for reaction (B). For the experiments reported 
herein, KOss was computed to be suffkiently large that no corrections need be made for incomplete reaction_ 

3.2. 73errnadynamic consmzfs used k coupled equiiibnicm analysis 

The pK and enthalpy values used in our computation are given in table 2. The numerical values ofpE&p and 
AHccp given in table 2 are estimated from existing data for ribose S-phosphate [S] and glucose 1 -phosphate [9] ; 
the estimated values for p&&6p and A&-p are based on data for the magnesium complex of glucose l-phos- 

* The subscript OBS refers to an observable entialpy of reaction which may either be CaIcuIated using eqe (I) to (6) or measured. 
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phate [IO]. The value given for AfY&,,, is estimated using the selected values for pKhlg,ATP and AS{fg~v. 
A summary of pK values from the literature (thru 1965) for the other ATP and ADP species may be found in the 
review by Phillips Ill]. The uncertain&s given in table 1 take on a particular significance, in that they are subse- 
quently to be used in order to estimate inaccuracies in other quantities- 

3.3. CSlCcuZation of pMg and ionic strength 

The total concentration of magnesium ((hlg)T) present in a given solution is given by 

@I&)~ = (Mg2’) t (MgADPl-) + (MgH_4DP0) + (MgG6P”) + (MgATP2-) + (MgHATP’-) + 2(Mg2ATP”). 
@ 

Making use of the appropriate equilibrium constants, it is a straight-forward procedure to show that 

(9 

Hence, (Mg2’-) may be solved for by an iterative calculation using eq. (9) and the experimentally known values 01 
(Mg)T. The ionic strength is calculated using the concentrations of the relevant ions, which in turn are computed 
from the experimental concentraCons and previously reported equilibrium constants (given in table 2). A compli 
cation is introduced in that many of these equilibrium constants are functions of ionic strength. Hence, a combin 
and iterative computation of both ionic strength and (Mg2’) was empIoyed in this work, using initial guesses oft 
ionic stiength to solve for (Mg*‘), which is then used to recalculate the ionic strength in the next iteration- This 1 
cedure is continued until a self-consistent set of sotutions for these equations is obtained. 

In order to estimate uncertainties to be associated with the values of pM_qALC, the effects of variations due t’ 

the possible inaccuracies (given in table 2) in the assumed thermodynamic constants were calculated. The total 
estimate of uncertainty was then obtained by combining, in quadrature, the effects due to variations in the indiv 
parameters. The results of these calculations are the basis for the stated uncertainties given for the pMg values in 
table 1. Using a similar procedure, it was found that the corneated ionic strength was insensitive to similar varia- 
tions in the thermodynamic constants, i-e., the total estimate of uncertainty was less than 0.01 unit of ionic strew 
in all cases. The results of these calculations are given in table 1 _ 

Given in table 1, and shown graphically in fig. 1, are values of A&B, calculated using eqs. ( I ) to (6) and the 
thermodynamic constants from table 2. Also given in table 1 are uncertainties to be associated with the calculate 
values of A&,, that wete estimated by means of a scheme like that used in obtaining the uncertainties for 
pMkALC. In fig. 2 the differences, A&-,= (calculated) - ANOBS(measured), are plotted as a function of p&l& 
It is thus seen that within the indicated uncertainties, AH OB~ (calculated) agrees with AHoas (measured) except 
for the range pMg = 3.3 to 5.4, although the uncertinties become progressively larger as pMg decreases. 

It should be noted that the calculated values of AN 0~s show an almost total insensitivity to those thermodyr 
mic parameters involving protonation processes, namely: PK LATP~P~zA~.PK~ADP~P~G~P~PK~~~~~~ PKxld 
and the corresponding enthalpies. Hence, any lack of agreement between A&sS (calculated) and AHoss (meaa 
assuming nt@igible errors in AHo&measured), must be ascribed either to inaccuracies in the other thermodyna 
parameters, or, less likely, to some serious shortcoming in the coupled equilibrium analysis used herein. Since th 
remain eight thermodynamic parameters (PK hl&YIp P&&DP g PKM~;CP. eKhf,A, 1 and the corresponding en 
thalpies) wherein the inaccuracies responsible for any discrepencies may reside, it does not appear to be possible 
assign the inaccuracies to any of one of these parameters. Worthy of further inquiry, however, are the following: 
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2 4 6 
PM9C,l, Fig. 2. Plot of the differences, [AHog&Ckulated) - AHoBs 

(measured)]. as 3 function of phfgcALc_ the length of a dsawn 
bar is determined by the Rrm of the estimated uncertainties for 
the e&&ted and mwsuxcxl eathzIpies_ 

Fig. 1. Plot of AHOes. mea~red 0ndicated by circles) and 
c&Mated (indicated by Criangleo), as a function of plclg,,,,. 

the previous investigations that have led to values for pK,,@, and AH;&- do not appear to have taken into ac- 

count the presence of the species MgzATP=, which has only recently been reported to exist in any meaningFu1 quan- 
tities 161; it was necessary to estimate values for AHifgz,,, pKhfeP, and A$&,,,; and most of the enthalpy 

data in table 2, with the exception of AHif8ATp and AH&Dp , were b.ased on equilibrium constants determined 

at several temperatures. Calorimetric measurements of these quantities wouId be desirable. 

3.5. i’Rennochemi2a~ implications 

Fig. 1 and eqs. (1) to (6) have important implications for the experimentalist. Thus, if an enthalpy of-reaction 
corresponding to defmite ionic species is desired, it is n~~ssary either to perform measurements under v&y care- 

fully selected conditions, or to be prepared to make the appropriate corrections. At pMg > 6, the measuied entkralpy 
of reaction corresponds to the enthalpy change for process (E), whife at pMg d 0.5, the measured enthal@y change, 
corrected for buffer protonation, corresponds to the process 

eq-DgIucose f Mg2ATP” = eq_D-MgG6P” + MgADPl- + H” , 

and is approximately ecjua.I to -19.9 W rn01-~. 

@I 

Using our seIf-co&itent procedure for cahzulating free magnesium ion concentration, we calculate, neglecting 
the of ion to and that tl;e conditions by 

and [ their performed at pMg = l-61 and 3.65 _ They report 

a AHOBS = -74.951 S kJ mol-l in TRWTRIS l HCI buffer (pH = 8.0, ionic strength = 03, T= 25.O”C) under 
both sets of conditions, finding no significant difference in their measured enthalpies within their experimental 
imprecision. ‘J&g the experimental enthatpy data reported herein (see fig_ I), we obtain AH0, = -75350.3 

l McGtothlin and Jordan used two different sets of experimen’al conditions. In one, AW and magnesium chloride werepresent in 
the mass ratio 1: 1, while in the sewnd the molar ratio of f&ese two mate&k was 1: I [lS]. 
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kJ mol-l at pMg = 1.61 and AHosS = -72.8ti-3 kJ mol-1 at pMg = 3.65. The former value is in exceller 
ment with the value of McGlothlin and Jordan. while the latter value differs from their result by an amour 
lies only slightly outside the given uncertainty intervals. 
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