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Abstract

Magnetic Resonance Spectroscopy affords the possibility of assessing in vivo the thermodynamic status of living tissues. The main
thermodynamic variables relevant for the knowledge of the health of living tissues are: AG of ATP hydrolysis and cytosolic [ADP], the latter
as calculated from the apparent equilibrium constant of the creatine kinase reaction. In this study we assessed the stoichiometric equilibrium
constant of the creatine kinase reaction by in vitro >'P NMR measurements and computer calculations resulting to be: logK ¢x=8.00+0.07 at
7=310 K and ionic strength /=0.25 M. This value refers to the equilibrium:

PCr*™ + ADP?~ + H' = Cr + ATP*"

We also assessed by computer calculation the stoichiometric equilibrium constant of ATP hydrolysis obtaining the value: 10gK arp_nya=
—12.45 at 7=310 K and ionic strength /=0.25 M, which refers to the equilibrium:

ATP*™ + H,0 = ADP*~ + PO~ +2H"

Finally, we formulated novel quantitative mathematical expressions of AG of ATP hydrolysis and of the apparent equilibrium constant of the
creatine kinase reaction as a function of total [PCr], pH and pMg, all quantities measurable by in vivo *'P MRS. Our novel mathematical
expressions allow the in vivo assessment of cytosolic [ADP] and AG of ATP hydrolysis in the human brain and skeletal muscle taking into
account pH and pMg changes occurring in living tissues both in physiological and pathological conditions.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In tissues with high energy demands such as muscle,
brain and kidney the adenosinetriphosphatase reaction (EC
3.6.1.3) is coupled to the creatine kinase reaction (EC
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2.7.3.2) which acts as an energy buffer promptly
replenishing the ATP consumed by cellular work. This
coupled system is also known as the Lohmann reaction.
All the phosphorylated components of the above bio-
chemical reactions exist in cells as mixed ionic species
being in equilibrium with their protonated forms and with
the complex forms bound to metal cations present in the
cell. Chemical equations are written in terms of specific
ionic and elemental species, whereas biochemical equa-
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tions are written in terms of reactants that often consist of
species in equilibrium with each other and do not balance
elements that are assumed to be fixed, such as hydrogen
at constant pH [1]. When the pH' and the free concen-
trations of certain metal ions are specified, the apparent
equilibrium constant K’ for a biochemical reaction is written
in terms of sums of species. Various metal ions may be
involved, therefore at specified chemical conditions the
value of the apparent equilibrium constant K’ will be
dependent on the concentration of H" and of those metal
ions that have been taken into account.

In the case of the hydrolysis of ATP (adenosinetriphos-
phatase reaction), the chemical equation is written as
follow:

ATP*" 4+ H,0 = ADP*~ + PO}~ +2H" (1)

whose equilibrium constant K, defined as stoichiometric
constant,” depends on temperature and ionic strength only,
being independent on H' and metal ions concentrations.
The biochemical equation for the same reaction is written
as:

ATP + H,0 = ADP + Pi (2)

where ATP refers to an equilibrium mixture of free and
protonated forms and of metal complex forms with the
main cations present in the cell (obviously the same is
referred to ADP and Pi).

Consequently all main Lewis acids present as free ions
in the cell cytosol such as H', Mg>", K", Na" (not Ca*"
as it is almost completely bound to proteins like
calmodulin and calbinding D-proteins) influence the
apparent equilibrium constants of most biochemical
reactions and in particular the reactions involved in
cellular bioenergetics.

In all tissues, the Gibbs free energy for cellular synthesis,
mechanical work, and active transport is calculated from the
adenosinetriphosphatase reaction as follows:

(3)

, ADP]|Pi
AGatp-hya = AGRTP-hya + RTIn <¢)

[ATP]

Phosphorus magnetic resonance spectroscopy (*'P MRS)
can be used to assess in vivo AG orp.nyq hydrolysis knowing
the AG {rp.nya and by measuring the total concentration of
the phosphorylated metabolites involved. However,
MgATP?™ is the active species in enzyme binding [2] and
the energy producing form in active transport [3,4] and
muscular contraction [5,6]. As a consequence, only the

! Here and elsewhere in this article pH is intended as negative decimal
logarithm of hydrogen ion molar concentration: pH=—log[H'], and in
analogy pMg=—log[Mg>"].

2 All the equilibrium constants reported in this article are expressed as a
function of concentrations and not of activities.

Gibbs free energy of hydrolysis of this ionic species of ATP
is relevant in describing the intracellular energetic status of a
tissue [7]:

MgATP?~ 4 H,0 = MgADP~ 4 H,PO; (4)

MgADP- ] [H,PO;
AGygaree = AGyigare- +RT1n<[ gADP) [ 4]>

[MgATP>"]
(5)

Therefore, to characterize the thermodynamic status of a
tissue in vivo one should measure the concentrations of
these specific species, which is impracticable, or alterna-
tively, formulate an equation in which AGpgarp:- is a
function of measurable quantities which in turn are
functions of these species concentrations.

Another problem connected with the in vivo assessment
of the thermodynamics of living tissues is the calculation of
[ADP] from the creatine kinase equilibrium. In vivo
assessment of [ADP] in the human brain and skeletal
muscle by *'P MRS is essential to the knowledge of the
functionality of mitochondrial respiration, hence of the
degree of “health” of the tissue [8,9]. However, [ADP]
cannot be directly measured in vivo by *'P MRS in whole
body magnets due to its low concentration in living tissues
and the relatively low spectral resolution of clinical
magnets. As a consequence, [ADP] is usually calculated
from the creatine kinase reaction [10-15]. Hence, exact
knowledge of the apparent equilibrium constant of the
creatine kinase reaction (K(y) is essential for accurate in
vivo quantification of [ADP].

Creatine kinase catalyzes the magnesium-dependent
reversible transphosphorylation between phosphocreatine
(PCr) and ATP according to the reaction:

PCr+ ADP = ATP + Cr (6)

where PCr, ADP and ATP denote the sum of all the ionic,
acidic and metal-complexed forms. To calculate the [ADP]
from Eq. (6) it is convenient to refer to the apparent
equilibrium constant K which takes into account the sum
of all forms. K(k is very useful operationally, but has the
drawback of being dependent on H' and on metal ion
concentrations. As a consequence, K (g needs to be defined
as a function of the concentration of all the Lewis acids to be
taken into account.

To date, the commonly used value of K(x assumes free
magnesium ion concentration of 1 mM to calculate [ADP]
[16]. However, in both human brain [17-20] and skeletal
muscle, the concentration of free Mg®" is far below 1 mM
[21-23], and in the human skeletal muscle [Mg”*] changes
during exercise and recovery from exercise [23]. Hence in
vivo *'P MRS assessment of [ADP] in the human brain and
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skeletal muscle suffers from the bias of not taking into
account values of [Mg*'] different from 1 mM [24].

The commonly used value of the K{ix=166 was
determined by Lawson and Veech [16], by enzymatic
assay methods at 7=311 K, pH=7, [=0.25 M and
[Mg?"]=1 mM and later confirmed by enzymatic assay
methods by Teague and Dobson [25]. Both studies used
an approach that takes into account only some of the
magnesium complexes and acidic forms of ATP, ADP and
PCr. However, in in vivo systems K" and Na® ions
participate in equilibria with ATP, ADP, and PCr, their
intracellular concentration being sufficiently high. There-
fore, a more exhaustive approach in the study of tissue
bioenergetics should start with the definition of the
chemical model best describing the multi-equilibrium
system present in the biochemical system under inves-
tigation, on which to base an accurate calculation of the
apparent equilibrium constants taken into consideration.

In this study we defined a chemical model which: (i)
takes into account more magnesium complexes and acidic
forms of ATP and PCr than the Lawson and Veech model
[16]; (i) takes into account the complexes formed by ATP,
ADP, Pi and PCr with Na" and K (iii) makes use of a set of
stability and protonation constants critically revised and/or
re-determined by potentiometric titration and NMR meas-
urements [20,26].

The aim of this study was the reassessment of K{k by in
vitro *'P NMR measurements and the formulation of
quantitative mathematical expressions of AGygarp2- and
K{k, based on the above chemical model, as a function of
quantities measurable by *'P MRS such as [PCr], pH and
pMg to afford accurate in vivo assessment of cytosolic
[ADP] and free energy of ATP hydrolysis in the human
brain and skeletal muscle at any pH and pMg.

2. Materials and methods

Adenosine diphosphate sodium salt, adenosine triphos-
phate disodium salt, phosphocreatine disodium salt (creatine
free) all with a purity > 99%, hepes buffer, and creatine
phosphokinase type 1 from rabbit muscle 310 units/mg
protein were purchased from Sigma Chemical Co. (St.
Louis, MO, USA); MgCl,, NaCl, NaOH, HCI, and D,0
(99% purity) were from Merck (Darmstadt, Germany).

2.1. Sample preparation for the calibration curve

Samples were prepared in hepes buffer at pa;=7 and at a
concentration of 0.2 M>. In all samples a fixed concentration
of total Mg®" of 10 mM was achieved adding a fixed
volume of a stock solution of MgCl, whose concentration

3 Here and hereafter pay is intended as the decimal negative logarithm of
hydrogen ion activity, defined as y[H"] where 7 is the activity coefficient of
the hydrogen ion.

was precisely determined by flame atomic absorption
spectroscopy at 285.2 nm. Different amounts of PCr and
ATP were added to have five samples containing PCr in the
range 420 mM and ATP in the range 1040 mM. An
appropriate variable amount of NaCl was added to each
solution to reach a final constant value of ionic strength of
0.25 M. A 20% D,O was added to provide the lock signal
and volume was adjusted to a final 3 mL by adding the
appropriate quantity of H>O to each sample. About 8 mg of
the enzyme creatine kinase was added to each sample to
make calibration samples as similar as possible to those for
experimental creatine kinase equilibrium constant determi-
nation. Total concentrations of Na" and Cl~ were precisely
calculated considering that both ATP and PCr were Na”
salts and considering the amount of NaOH, HCI, NaCl
added to adjust pay and ionic strength. The pay; value of the
buffer solution was measured at the same temperature as the
NMR experiments (7=310 K) and the pay of each sample
was controlled before and after NMR spectroscopy by a
Radiometer Model PHM26C pH-meter calibrated by stand-
ard buffer solutions at pay=7 and pay=4 with reference
values at 7=310 K.

2.2. Sample preparation for creatine kinase equilibrium
constant determination

Eight samples were prepared as for the calibration curve,
the only difference being that ADP instead of ATP was
added to PCr, initial PCr and ADP concentration varied in
the range 20-40 mM each and were added in molar ratio 1:1
in all samples, and the concentration of hepes buffer at
pay=7 was 0.4 M. The pay value of each sample was
accurately determined before and after spectroscopic meas-
urements at 7=310 K. About 8 mg of the enzyme creatine
kinase was added to the 3 mL sample volume to start the
reaction. Preliminary experiments were performed to
establish the time required to reach the equilibrium in these
experimental conditions. NMR spectra were recorded before
and about 5 min after the addition of the enzyme.

2.3. Sample preparation for pK, determination of ADP

A solution 8 mM of Na;sH; sADP was prepared in
(CH;3)4NCI with a final ionic strength of 250 mM. A 10% of
D,0 was added to provide the lock signal. The pay was
varied from about 5 to about 8 by adding a few pL of NaOH
2 M and it was measured at 7=310 K before and after NMR
spectra recording. The concentrations of all species present
were precisely determined taking into account the volumes
of NaOH added.

2.4. pK,, determination of ADP’
The value of the first protonation constant of ADP was

assessed using the computer program HypNMR2000 as
described elsewhere [27]. Briefly, the program minimizes by
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an iterative procedure the sum of square residuals between
observed and calculated chemical shifts and gives as output
the value of the equilibrium constant and the chemical shifts
of each species.

2.5. In vitro NMR measurements

NMR measurements were performed on an AMX-
400WB Bruker spectrometer operating at 9.395 T. Each
solution contained 10-20% of D,O to provide the lock
signal. I M methylendiphosphonate (MDP) was used as an
external standard for chemical shift reference using a
coaxial capillary. *'P spectra were acquired using the
WALTZ-16 sequence for proton decoupling with 161.8
MHz spectral frequency; 9800 Hz (60 ppm) spectral width;
32 K data points; 10 ps (60° flip angle) pulse width; 3 s
relaxation delay; 1.67 s acquisition time, 50 scans.
Dephosphorylation of PCr was negligible during calibration
curve samples acquisition, as no Pi signals were detectable
on the *'P NMR spectra during the whole session of
measurements. The precision of chemical shift measure-
ments was estimated at 0.002 ppm. FIDs were processed
with enhancement multiplication using a line broadening of
3 Hz. Peak areas were calculated using an ‘“‘automatic”
routine. A “manual” routine was also performed and the
means of three different determinations were compared with
those calculated with the “automatic” routine and differences
were within 2-4% depending on the peak profile.

2.6. Computer calculations

HYSS is a general computer program [28] for the
calculation of the concentration of all the species present
at equilibrium in a solution containing a number of
reactants. The input data are the formation constants of
the species formed in solution, their stoichiometries and
information about the composition of the solution. These
latter values can be entered as either the total analytical
molar concentration of the reactants or the negative
logarithm of the free reactant molar concentration. These
values can all be held constant (single data point) or some
of them can be varied within a predefined interval
(titration simulation). Accordingly the output will consist
of either a list of the equilibrium concentration of all the
species, for single data points, or distribution diagrams
and tables of the equilibrium concentration as a function
of the variable parameters.

2.7. Calculation of the stoichiometric constant of the
adenosinetriphosphatase reaction

The stoichiometric equilibrium constant of ATP hydrol-
ysis (K arp-nya) Was obtained by HYSS with a trial and error
procedure in such a way to have as a result the value of
apparent equilibrium constant of ATP hydrolysis reported
by Guynn and Veech [29]. We started with an arbitrary

value of K arp_nyq and changing it at the end of each loop,
we ran HYSS as many times as needed to obtain the value
of Karp.nya=1.63% 10° [29]. As a final result we obtained a
K ATp-hya=3.52% 10~ "3, This value is calculated at 7=310 K
and /=0.25 M.

2.8. Calculation of the coefficients of cubic equations

The calculation of the coefficients in the interpolation
equations derived in this work was performed using the
following procedure. The experimental data consisted of
the values of the stoichiometric equilibrium constants for
the reaction ADP* +PCr’ +H" = ATP* +Cr and ATP* +
H,O = ADP> +PO; +2H" and the cumulative formation
constants of the species reported in Table 1. The
concentrations of all the free and complex species present
in solution were calculated, using the program HYSS,
over a range of values of pH and pMg within the known
physiological limits. [PCr] was also used for the
calculation of AGpgarp2-. Values were calculated for
LogKtk, AGKrpanya and AGygarp:  corresponding to
each set of pH, pMg and [PCr] values. It was found
that these values could be fitted by least-squares to a
cubic polynomial. The number of significant figures given
for the coefficients are such that if the last digit is

Table 1

Cumulative formation constants (logf) at 7=310 K and /=0.25 M
Species logp Ref.
HATP?~ 6.79 [20,32]
H,ATP?~ 10.63 [20,32]
NaATP?~ 1.11 [32]
KATP3~ 0.98 [32]
MgATP*~ 4.60 [20,32]
Mg, ATP 6.21 [18]
MgHATP™ 8.93 [20,32]
Mg H,ATP 11.93 [18]
HADP*~ 6.54 This work
H,ADP~ 10.21 [32]
NaADP?~ 0.97 [32]
KADP>~ 0.85 [32]
MgADP~ 3.22 [32]
MgHADP 7.95 [32]

H PO%~ 11.69 [20,32]
H,PO; 18.43 [20,32]
H;PO, 20.64 [20,32]
Na PO3~ 0.67 [33]
Na HPO; 12.29 [33]

K PO3~ 0.52 [33]

K H PO; 12.12 [33]
Mg HPO, 13.76 [20,32]
HPCr~ 4.46 [34]
H,PCr 7.30 [34]
NaPCr~ —0.5 [26]
KPCr~ -03 [26]
MgPCr 1.43 [26]

References are given from which the reported values are corrected for
temperature and ionic strength by Van’t Hoff and Davies equation
respectively.
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removed the RMS error increases by 0.001 with LogK{k
and 0.01 with AGgrppya and AGygarpe-. The quality of
the calculated values depends on the quality of the values
of the stoichiometric equilibrium constants. These values
are known to a precision of about 2 decimal places in the
logarithm. The precision of the values of LogK({x may
therefore be assumed to be similar, that is, 2 decimal
places. The precision of AGRrp.pya and of AGygarpz- Will
be of the order of a single decimal place.

3. Results

Fig. 1 reports the scheme of the chemical model used,
showing all species involved in the multi-equilibrium
system. Four ligands (ATP*~, ADP*~, PCr*~ and PO; )
and four Lewis acids (Na', K, Mg®" and H") were chosen
as basic species.

We considered all known possible equilibria giving rise
to a detectable concentration of product species.

NaATP>
Nay/ o, KATP?
At L gaTps HATP?
lMgz* lMgz* lMgu
MgATP> — 1 MgHATP-— F . MgHLATP
lMgZd—
Mg,ATP
NaPCr
Na} o KpCr
pce” — T mper — M. mpor
lMgh
MgPCr
NaADP>
Nay o~ KADP?
app+ . pgappe
lMgZd» lMg%
MgADP" MgHADP
NaPO2 11+ NaHPO,
W/. KPO,> H KHPO,”
po,” —H . gpo — 1L ppo, H,PO,
lMga
MgHPO,

Fig. 1. Scheme of the chemical model representing the main interactions
between the four ligands, ATP4’, ADP3’, PCrz’, PO?(, and the four Lewis
acids, HY, Mg®", K", Na", present in cell cytosol.

The cumulative metal stability constants and cumulative
proton association constants of the four ligands (Lewis bases)
taken into account in the chemical model are listed in Table 1.
The published values of equilibrium constants for the
reactions involved in the chemical model chosen were
carefully examined and, when needed, the values were
corrected for temperature and ionic strength by Van’t Hoff
and Davies equation respectively. Several of the metal
stability and proton association constants of ATP*~ and
PO; ™~ reported (see Table 1) were previously re-determined
by potentiometric titration as the results reported by the
literature did not exhibit satisfactory agreement [20]. All the
metal stability constants of PCr*~ were specifically assessed
and recently published [26]. The first proton association
constant of ADP*~ was re-assessed in this work by *'P NMR
measurements in (CH3)4NCIl solution with the aid of the new
computer program HYPNMR-2000 [27].

NMR measurements of the creatine kinase reaction
performed at equilibrium gave as a result a stoichiometric
equilibrium constant LogKx=8.00=0.07 which refers to
the equilibrium:

PCr*™ + ADP’~ + H' = Cr + ATP*" (7)

This is a stoichiometric equilibrium constant (molar con-
centration quotient) which was obtained at temperature
7=310 K and ionic strength /=0.25 M.

This value was obtained as follows: the total concen-
trations of PCr, and ATP at equilibrium ([PCrl, [ATP]i0r)
were assessed by NMR measurements. [Cr] was taken equal
to [ATP],,, and [ADP] was calculated as the difference
between [ADP] initial concentration and [ATP],,. Knowing
the value of the stability constants of all the interacting
species present in solution, we assessed by HYSS the
concentration of all free species at equilibrium. The values
in molar concentration of the species PCr?~, Cr, ADP*",
ATP*~ for each of the eight solutions tested, and the
logarithms of the stoichiometric equilibrium constants and
the [H'] obtained for each solution are reported in Table 2.
The [H'] reported was obtained by experimental pay
measurements corrected for the activity coefficient calcu-
lated by Davies equation for solutions having /=0.25 M for
which: pH=pay—0.13.

Values of K¢k obtained for each solution are all in good
agreement but solution 1 which, being the most diluted, it is
likely to carry a higher bias. Therefore, this measure was
rejected and the final value of K¢ results from the average
of the other seven measurements.

The apparent equilibrium constant of the creatine kinase
reaction K{-x was calculated by HY'SS at different proton and
metal ion concentrations, using the stoichiometric equili-
brium constant previously determined. Kk is defined as:

K¢ = [ATP][Cr]/[ADP][PCr]

where [ATP], [ADP], [PCr] are the sum of the concentrations
of all ATP, ADP and PCr containing species, which, in our
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Table 2

Equilibrium concentration (mM) of reactants and stoichiometric equili-
brium constant of creatine kinase reaction obtained for each of the 8
solutions used in the *'P NMR experiments

Solution [ATP*"] [Cr] [ADP*] [PCr*] [H']
(mM) (mM) (mM) (mM) (M)

Log Kcx

1 2.04 17.61 0.66 5.54 3.72x107% 8.42
2 2.19 1777 1.46 5.80 3.72x107% 8.09
3 231 17.83 220 6.50 3.72x107% 7.89
4 2.98 19.87 2.43 7.22 3.72x107% 7.96
5 3.62 21.61 2.77 8.43 3.72x107% 7.96
6 447 23.93 291 9.78 3.72x107% 8.00
7 4.85 26.00 3.10 11.28 3.72x107% 7.99
8 5.39 28.63 3.12 11.14 3.72x107% 8.08

experimental conditions, are those reported in the chemical
model of Fig. 1.

Program HYSS can work only with stability constants,
which means that any equilibrium has to be rearranged having
only one product. In the creatine kinase equilibrium this
condition was achieved taking Cr as a complex species, as this
molecule does not interact with any Lewis acids of the
chemical model considered. Therefore the equilibrium (7) has
to be written as the formation reaction of creatine as follows:

PCr’~ + ADP*~ + H" — ATP*” =Cr (8)

and the stoichiometric coefficients to be used in the
calculations by HYSS are +1 for PCr*~, ADP*", and H"
and —1 for ATP*".

Fig. 2 reports four different patterns of K{k plotted as a
function of pMg at pH=7 obtained according to the different
approach and/or chemical model used. Pattern A was
obtained using the Lawson and Veech model [16] which
takes into account only the first association constant of ATP,
ADP and PCr with Mg®" and H'. Pattern B was obtained as A
using a set of equilibrium constants revised and corrected
from those reported in Table 1. Pattern C was the result of our
model which in addition takes into account the binding of
ATP, ADP and PCr to K* and Na' and more association
constants of ATP and ADP with Mg”* and H". Pattern C was
obtained at [Na];,=50 mM and [K],=150 mM. Pattern D
shows the behavior of K{x when in our model the complex
Mg, ATP was neglected.

Fig. 3 reports K( as a function of pH plotted at different
values of pMg, [Na]i, and [K]ior.

To take into account the concomitant influence exerted
by pH and pMg on the Kk, we searched for the simplest
equation best fitting a set of 189 data values of K¢k obtained
by HYSS in the pH range 5-8 and pMg range 2—4. A cubic
equation was found which well describes how the apparent
equilibrium constant of creatine kinase changes as a
function of pH and pMg at fixed [Na] and [K]o:

LogKJCK =a+bx+cy+dd +exy+1y +gx’

+ hxzy + ixy2 Jrjy3 9)

180+

140

5 100
‘x _‘_

60 -

20
3.

300+~

2004

K'ek

100+

pMg

Fig. 2. Apparent equilibrium constant of the creatine kinase reaction (K ¢)
plotted as a function of pMg at pH=7. A. Obtained by using the Lawson
and Veech model; B. Obtained as panel A using a set of equilibrium
constants revised and corrected from those reported in Table 1; C. Obtained
by our model at [Na];,=50 mM and [K],~=150 mM. D. Pattern shows the
behaviour of K{x when in our model the complex Mg, ATP is neglected.
(a) Pattern of K¢ in the physiological range of pMg.

where: x=pH, y=pMg. Table 3 reports the coefficient
values obtained at [Na],=10 mM and 50 mM, and [K],=
150 mM.

The root mean square errors (RMSE) of the cubic
equations were 0.020 and 0.019 for [Na],; 10 and 50
mM, respectively. In both cases only three data points gave
a higher deviation comprised between 0.05 and 0.08 and
precisely the values pH-pMg of: 82, 7.85-2, and 5-3.75.

- I-NaJl-\l =0; I-KJlm =0, ng =3

800 - ---- [Na],, = 50 mM; [K],, = 50 mM; pMg =3
- [N&]lm =0 [K]l(u =0 ng =4

600 . -~ [Na],, =50 mM; [K],, = 50 mM; pMg =4

8
< 4001
200 £~
0 . . | | |
6.0 8.2 684 66 o 4

pH

Fig. 3. K¢k as a function of pH plotted at different values of pMg, [Na];
and [KJio.
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Table 3

Coefficient values at [Na];,=10 mM and 50 mM, and [K];,=150 mM of the cubic equation (9) describing the apparent equilibrium constant of creatine kinase

in the pH and pMg range 5-8 and 2—4 respectively

[NaJor a b c d e f g h i j
10 mM —0.621 3.2245 —0.9316 —0.5517 0.1347 —0.0341 0.0175 0.03869 —0.1098 0.07188
50 mM —1.428 3.4744 —0.579 —0.5838 0.0922 —0.0445 0.01925 0.03888 —0.10427 0.07778

Restricting the variation range of pH and pMg to 6-7.2
and 3-3.7 respectively, which is more representative of the
pH and pMg physiological fluctuation, and best fitting a set
of 36 data values of K{k , we obtained the coefficient values
reported in Table 4, with RMSE of 0.0011 and 0.0010 for
[Nalie 10 and 50 mM respectively, and all data points
giving a deviation below 0.003 in both cases.

Fig. 4 reports three-dimensional and curve level plots of
the cubic equation obtained in the pH and pMg range 5-8 and
2—4 respectively and at [Na],=50 mM and [K],, =150 mM.

As it was impossible to determine the equilibrium
constant of the reaction of ATP hydrolysis directly, as only
traces of ATP would remain at equilibrium, we calculated the
apparent equilibrium constant of ATP hydrolysis (K Atp-nyd )
using a different approach. The stoichiometric equilibrium
constant of ATP hydrolysis (K arp-nya) needed to calculate
K Atp-nyqas a function of pMg and pH was obtained by HYSS
with a trial and error procedure using the experimental value
of apparent equilibrium constant reported by Guynn and
Veech [29] as described in Materials and methods. As a final
result we obtained a K ATp_hyd:3.52><10713 . This value is
calculated at 7=310 K and /=0.25 M.

For the same reasons reported for the creatine kinase
reaction, the equilibrium:

ATP*” 4 H,0 = ADP*™ 4 PO; ™ +2H" (1)

was set up as follows:
ATP*” — PO}~ — 2H" = ADP*~ (10)

and the stoichiometric coefficients to be used in the cal-
culations by HYSS are +1 for ATP*~, —1 for POZ ~,and —2
for H'.

By the value of the stoichiometric constant obtained, we
calculated KArp.nyq at different proton and metal ion
concentrations, and derived the values of AG{Tp.hya as a
function of pMg and pH.

Figs. 5 and 6 show plots of AG{rp.nyq as functions of
pMg and pH respectively, obtained at different [Na],, and

[K]tot-

Table 4

Similarly to the creatine kinase equilibrium we obtained
a cubic equation fitting 176 data values of AGXrp.nya (kJ
mol ") obtained by HYSS in the pH range 5-8 and pMg
range 2—4:

AGR1p-_hya = a+ bx+cy + dx® + exy + fy?
+ gx?y 4+ hxy? +iy? (11)

where: x=pH, y=pMg.

Table 5 reports the coefficient values obtained at
[Na]i=10 mM and 50 mM, and [K],,=150 mM.

The RMSE of cubic equations were 0.18 and 0.17 for
[Na]: 10 mM and 50 mM, respectively. The residuals of
166 data points were below 0.3. The introduction of the
term x> does not decrease the RMSE.

Restricting the variation range of pH and pMg to 6-7.4
and 3-4 respectively, and best fitting a set of 48 data
values of AGirpnya, we obtained a slightly different
equation:

AGRTp_hyd = a + bx + ex? +dy? +ex® + fx?y

+ gxp? + hy? (12)
with the coefficient values reported in Table 6.

The RMSE of cubic equations were 0.016 and 0.015 for
[Na]i: 10 mM and 50 mM, respectively. All residuals were
below 0.35. The introduction of the terms y and xy does not
decrease significantly the RMSE.

Fig. 7 reports three-dimensional and curve level plots
of the cubic equation obtained in the pH and pMg range
5-8 and 2-4 respectively, at [Na],=50 mM and
[K]io=150 mM.

Finally, we derived an expression of AGpygarp> as a
function of [PCr], pH, pMg, all quantities directly meas-
urable by in vivo *'P MRS, to provide a tool to asses the
energetic status of intact tissues in vivo. We started from the
reaction:

MgATP?~ + H,0 = MgADP™ + H,PO; (4)

since MgATP?~ is the active reactant in enzyme binding
and therefore only the free energy of the hydrolysis of

Coefficient values obtained at [Na];,=10 mM and 50 mM, and [K],=150 mM of the cubic equation (9) describing the apparent equilibrium constant of

creatine kinase in the pH and pMg range 6-7.2 and 3-3.7 respectively

[Naio a b c d e S/ g h i J
10 mM —9.939 6.264 1.1803 —0.9508 0.0261 —0.5322 0.030367 0.068724 —0.14622 0.1505
50 mM —11.076 6.5523 1.8084 —0.97275 —0.09749 —0.612 0.031925 0.06872 —0.129047 0.1494
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Fig. 4. Three-dimensional and a curve level plots of the cubic equation
expressing log K¢k as a function of pH and pMg obtained at [Na];,=50
mM and [K];,=150 mM.

this particular ionic state of ATP is relevant for describing
the intracellular energy status of a tissue [7].

Reaction (4) results from the combination of the
following reactions:

ATP*” + H,0 = ADP’~ + PO} +2H" (13)
logK = —12.45

ATP*™ + Mg?>" = MgATP?*~ (14)
logf; = 4.60

ADP*~ + Mg*" = MgADP~ (15)
logp =3.22

PO;” +2H" = H,PO, (16)
logff = 18.43

— [Na],, = 10mM [K],, =150 mM
--- [Na],,, =50 mM [K]_, = 150 mM

--- [Na], =0 [K], =0
_31_7"""-"“‘ a|
g -334
2
& -351
<]
37+ T
20 25 3.0 35 4.0

pMg

Fig. 5. AG irp_nya as a function of pMg, obtained at pH=7 and at different
[Na]io and [KJior.

where (4)=(13)—(14)+(15)+(16). Therefore, the logK of
reaction (4) is: —12.45—4.60+3.22+18.43=4.60 and the
AG® of reaction (4) is —27.31 kJ mol™' at 7=310 K and
1=0.25 M.

The AGygarp:- of the hydrolysis of MgATP?~ is given
by:

MgADP™ | |H,PO,
AGMgATP} = AGl\?[gATPZf + RTIn <[ g ][ 2 4] )

[MgATP*"]
(5)

Using the chemical model reported in Fig. 1 and the
metal stability and proton association constants reported
in Table 1, we obtained the concentration of MgADP ™,
H,PO*~, MgATP*~ by HYSS at different values of pMg
(2.0, 2.5, 3.0, 3.5 and 4.0), pH (5.0, 5.5, 6.0, 6.5, 7.0,
7.5, and 8.0) and total PCr mM concentration (36, 32,
26, 20, 12, and 6), which are values within the range of
the metabolic fluctuations of the human skeletal muscle,
for a total of 210 data points. The calculations were
carried out at [Na],,=10 mM and 50 mM and [K],=150

— [Na],, =10 mM [K],, =150 mM
--— [Na],, =50 mM [K], =150 mM
S [Na]lo[ =0 [K]lm =0

AG®' (kJ mol")

B39t
50 55 60 65 70 75 80
pH

LI S S e e e e |

Fig. 6. AG ATp_nya as a function of pH, obtained at pMg=3 and at different
[Na]io; and [KJior.
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Table 5

Coefficient values obtained at [Na]i, =10 mM and 50 mM, and [K],,=150 mM of the cubic equation (11) describing AG grp.hyq in the pH and pMg range 5-8

and 2—4 respectively

[Na ot a b c d e f g h i

10 mM —74.071 21.3814 —13.723 —2.4018 2.1238 1.3501 0.24662 —0.867 0.44423
50 mM —75.797 21.454 —11.524 —2.3753 1.8502 0.8782 0.24265 —0.82253 0.47264
Table 6

Coefficient values obtained at [Na],, =10 mM and 50 mM, and [K],,=150 mM of the cubic equation (12) describing AG {rp.nyq in the pH and pMg range 6-7.4

and 3—4 respectively

[Na ot a b c d e f g h
10 mM —195.645 67.143 —8.27476 —1.0172 0.23223 0.44857 —0.9072 0.70664
50 mM —203.932 71.718 —9.0517 —1.1081 0.28178 0.40478 —0.8273 0.6767

mM. Creatine and inorganic phosphate mM concentra-
tions were set up to satisfy the following conditions:
[Cr+PCr]i,=42.5 mM, [ATP],=8 mM according to [30],
and [Pi+PCr],=38.0 mM to take into account the
stoichiometric relationship between the variations of

AG® (kJ fmol)

8.0

_39%
TS -38_|
-33 Y
| 37_|
7.0 BN
-35
34
85
T
[=%
-32
6.0
=31
-2
5.5
-30
—/_‘_‘_—___4
5.0 T T T T T =2 T
2.0 25 3.0 35 4.0

pMg

Fig. 7. Three-dimensional and a curve level plots of the cubic equation
expressing AG Xrp.nya as a function of pH and pMg obtained at [Na]i,=50
mM and [K],=150 mM.

PCr and Pi occurring in vivo in the human skeletal
muscle in different metabolic conditions [31]. Then, on
the basis of Eq. (5), we calculated the values of AG (kJ
mol ") for all 210 data points. All the values of AGyigarp2-
obtained were fitted by a cubic equation as a function of pH,
pMg, and [PCrliy:

AGMgATsz =1 4 cox + 3y + caz + 5y + cz> + crxy
+ 08x3 + ng3 + 01023 + cuxzz + clzxy2
(17)

where: x=pH, y=pMg, z=[PCr];,; (mM).

We derived the above 12 parameters cubic equation
starting from the general 20 parameters cubic equation (i.e.
containing all possible terms) obtained after a minimization
procedure that gave an RMSE=0.16 with all residuals below
0.37. Then we dropped the parameters with the highest
standard deviation, launched the minimization procedure
again and checked whether the RMSE were affected
significantly or not. We repeated this loop as many times
as to reach the minimum number of parameters that left the
value of RMSE not significantly affected.

An analogous 12 parameters cubic equation was
obtained for a restricted range of pH and pMg having an
RMSE=0.12 with all residuals below 0.22. This equation
was obtained performing the calculation on a set of 288
data.

The coefficients of the two equations obtained for two
different ranges of pH and pMg and for two values of [Na],
are reported in Table 7.

Some of the values obtained using the equation for the
restricted interval at [Na];,=50 mM are shown as an example
in Table 3 where the corresponding values of [PCrl,, pH,
pMg used are also reported, together with the [ADP],, and
Kk calculated using Eq. (9) and AG Rrp.hyqusing Eq. (12)
for the restricted interval at [Na],, =50 mM.

We also derived an equation of AGygarp>- as a function
of pH, pMg, and [PCr], suitable for the human brain by
calculating the concentration of MgADP~, H,PO*" and
MgATP?~ by HYSS in the range values: pMg=3.6-4.0; pH
6.8-7.2; and [PCr];,=1-5 mM for a total of 125 data sets.
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Table 7

Coefficient values obtained at [Na],=10 mM and 50 mM, and [K],=150 mM of the cubic equation (17) describing AGyigarp- in the human skeletal muscle

for different pH and pMg ranges

S<pH=<8,2<pMg=<4

6<pH=<74,3<pMg=<4

[Na];o=10 mM [Na]i=50 mM [Na]io=10 mM [Na]o=50 mM
c —80.605 —81.042 —98.61 —98.018
e 7.423 7.5247 11.026 10.915
3 —7.652 —7215 —3.1837 —2.877
s —1.0014 —1.0012 —1.0005 —1.000
cs 0.86547 0.83525 0.203 0.188
co 0.038867 0.03887 0.03886 0.03886
¢y 1.417 13115 0.70635 0.6307
cs —0.05439 —0.054377 —0.07296 —0.071952
Co 0.03573 0.0302 0.03245 0.02827
1o —0.75623x10* —0.7563%x10 7 —0.7561x10° —0.7562%x10 3
cn —0.0205x1073 —0.02926x1073 —0.0364x1073 —0.05010x1073
c1a —0.19564 —0.18113 —0.0879 —0.07817

The calculations were carried out at [Na],,=10 mM and 50
mM and [K];,=150 mM. Cr and Pi mM concentrations were
set up to satisfy the following conditions: [Cr+PCr]i—=11
mM and [ATP],=3 mM according to [32,33]. The resulting
seven parameter equation had an RMSE=0.016 and all
residuals below 0.03. Likewise to the equation obtained for
the muscle, we started from the general equation containing
all 20 terms until reaching an equation with the minimum
number of terms and the same RMSE:

AGMg ATp- =C1 + 2z + e3x> + cuZ? + e + ¢ + C7x2y
(18)

where: x=pH, y=pMg, z=[PCr],, (mM).

The coefficients of the equation for two values of [Na],
are reported in Table 8.

Egs. (9), (12), (17), (18) and their different variants were
all implemented in a Visual Basic program freely available
at www.unibo.it/bioclin.

4. Discussion

Our present study provides novel quantitative mathemat-
ical equations for in vivo >'P MRS assessment of the
apparent equilibrium constant of creatine kinase reaction
(Kéx) and AG of ATP hydrolysis in the human brain and
skeletal muscle, taking into account the pH and pMg
changes occurring in living tissues both in physiological and
pathological conditions.

First, we defined a chemical model taken as repre-
sentative of the main interactions between the phosphory-
lated species involved in the creatine kinase and

adenosinetriphosphatase reactions and the main Lewis
acids present in the cell cytosol such as H, Mg®", K,
Na® (Fig. 1).

We assessed the stoichiometric equilibrium constant of
the creatine kinase reaction, which is function of the free
species only, measuring by in vitro *'P NMR experiments
the total concentrations of species at equilibrium, and
obtaining the equilibrium concentrations of the free species
by computer calculations. By this approach we derived the
stoichiometric equilibrium constant which in turn allowed
the calculation of the apparent equilibrium constant of the
creatine kinase reaction (K¢ ) at varying pH and pMg. As
far as ATP hydrolysis is concerned, we derived the
stoichiometric constant from the experimental data given
by Guynn and Veech [29] and then calculated Kxrp.nyq at
varying pH and pMg.

All the calculations were performed by HYSS [28]
software which, given a set of stability and protonation
constants, allows the calculation of concentration of all
species at equilibrium. This approach requires a reliable set
of stability and protonation constants for any of the equlibria
of the chemical model taken into account. Therefore, all the
values of stability and protonation constants chosen were
critically revised being the result of an accurate selection
among (i) those reported in the NIST database [34], (ii)
those reported in the literature by other authors [18,35,36],
and (iii) those determined by our group by potentiometric
titration [20] and NMR measurements [26]. The stability
constant values of phosphocreatine with Mg>*, K™ and Na*
were specifically assessed for this purpose and recently
published [26] as no data were reported in the literature. We
also reassessed the protonation constant of ADP*~ by NMR
at 7=310 K. In addition, we investigated whether the

Table 8

Coefficient values obtained at [Na],=10 mM and 50 mM, and [K];, =150 mM of the cubic equation (18) describing AGyigarp:- in the human brain
[Na]ioc cy c c3 c4 Ccs ce ¢y

10 mM —82.8600 —3.5520 1.56370 0.6210 —0.13810 —0.04970 0.710x1073
50 mM —81.3849 —3.5528 1.48024 0.6211 —0.13093 —0.04969 0.645%103
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Table 9
AGjgarp>- values of human skeletal muscle obtained using Eq. (17) at
[Na];o=50 mM and the relative values of [PCrl, pH, pMg

[PCrloe pH pMg K¢k [ADPlyy [ADPli® AGATpnya  AGwigare:

(mM) (uM) (LM) (kI mol™")  (kJ mol™")
34 7030 8 22 9 —33.1 —63.0
34 7.0 35 45 44 15 —349 —63.0
34 6.5 3.0 245 8.2 4 -31.6 —64.2
34 6535 123 16 7 —33.4 —64.1
6 6.5 3.0 245 200 126 -31.6 —50.1
6 6.5 3.5 123 400 217 —33.4 —50.0
6 7.0 3.0 89 540 288 —33.1 —48.9
6 7.0 3.5 45 1081 504 —349 —48.9

¢k and [ADP],, were calculated using Eq. (9) and AG {rp.nyq using Eq.
(12) at [Na]o=50 mM.
[ADP];* are the values calculated by using the Lawson and Veech’s model
and reported for comparison.

HEPES buffer used in our experiments displayed any
affinity binding to Mg?', an issue that has not been
thoroughly investigated, but we did not obtain any
significant value of stability constant.

We compared the pattern of Kk as a function of pMg
obtained by our chemical model (Fig. 2, C) with the one
obtained by using the Lawson and Veech model [16] (Fig. 2,
A). It is useful to recall that our model differs at three levels:
(1) it takes into account more magnesium complexes and
acidic forms of ATP and PCr, (ii) it takes into account the
complexes formed by ATP, ADP, Pi and PCr with Na" and
K", (iii) it makes use of a different set of stability and
protonation constants. Comparison displayed two main
differences. First, our model gives systematically lower
values of K(x in the pMg range 2-4, which is physiolog-
ically relevant. This result is only partially due to different
values of protonation and stability constants used in our
calculations, as shown by comparing pattern C with pattern
B of Fig. 2, where the latter is obtained by using the Lawson
and Veech model with the same values of stability and
protonation constants used in our model. This shows that
taking into account more complexed species, the resulting
values of K{ are lower in the pMg range 2—4. As pointed
out by Kushmerick [37], the importance of K influence
(Fig. 3) must be emphasized proving in our calculations to
be much stronger than that of Na’. Second, our model
shows a quasi-linear increase at decreasing pMg (i.e.
increasing free [Mg”"]) instead of reaching a maximum
centred at about pMg=2 as in the Lawson and Veech model.
This result can be explained by looking at pattern D of Fig.
2, obtained neglecting the complex Mg, ATP in our model,
which also shows a maximum around pMg=2. That such a
feature was the result of the influence exerted by Mg, ATP
was one of the hypotheses put forward by Lawson and
Veech to explain the discrepancy they obtained between the
theoretical curve model and the experimental data at high
[Mg>"] [16]. The Lawson and Veech hypothesis is
confirmed by our results, which also discard Lawson and
Veech’s alternative hypothesis that this feature could be due

to proton stoichiometry in creatine kinase reaction which is
not unity.

The commonly used value of K(k to calculate [ADP] in
living tissues by in vivo *'P MRS (see Ref. [11] for a
review) is the one determined by Lawson and Veech at
[Mg?"]=1 mM [16]. However, the concentration of free
Mg>" is far below 1 mM both in human brain [17-20] and
skeletal muscle [21-23] where, in addition, it changes
during exercise and recovery [23]. The variation of free
[Mg?*] in human skeletal muscle during exercise has been
reported to be in the range of 0.3— 0.6 mM [23]
corresponding to the pMg range of 3.5-3.2, which in turn
corresponds to Kk values from about 40 to 70 at pH 7
according to our present results (Fig. 2a). Moreover, pH
changes also affect the K{k, as shown in Fig. 3, with K
increasing at decreasing pH. As a consequence, since a pH
decrease during exercise has been shown to be accompanied
by an increase in free [Mg®'] [23], at the end of a muscular
exercise, K{x can increase even more than threefold
compared to rest. Therefore, for accurate >'P MRS in vivo
assessment of cytosolic [ADP] in living tissues, both free
[Mg”*] and pH variations must be taken into account, and
the appropriate value of K{x chosen accordingly. It is
interesting that increases of K{x result in decreases of
[ADP], thus suggesting that changes in both pH and free
[Mg”*] occurring during muscle exercise tend to counteract
the [ADP] increase due to [PCr] depletion.

We searched for a mathematical expression which, taking
into account the concomitant pH and pMg influences allows
a direct assessment of K(lg, in any physiological and
pathological condition. We found that a cubic equation best
fits the K{k variations as functions of pH and pMg in the
range of 5-8 and 2—4 respectively. The equation obtained by
fitting 189 K(k values has an RMSE sufficiently low to give
results with an uncertainty within the experimental error of
the stoichiometric equilibrium constant of creatine kinase
used in the calculation of K¢k. This means that virtually no
extra errors are added in the calculation of K{k by using the
cubic equation, instead of calculating the value directly by
HYSS, thus providing a simple tool to obtain K(k at a given
pH and free [Mg®"]. In addition by restricting the range of
variation of pH and pMg to 6-7.2 and 3-3.7, the key
physiological values, we obtained an equation with an even
lower RMSE.

We checked the potential influence exerted by Pi
increases in the assessment of K{y, as Pi accumulation
occurring in skeletal muscles during exercise represents an

Table 10
AGygatp2- Values obtained using Eqgs. (17) and (18) for the restricted
interval at [Na],,=50 mM and the relative values of [PCr], pH, pMg

Metabolic condition [PCrlioy (mM) pH pMg AG\igatp2
(kJ mol™")
Resting muscle 34 7.0 3.5 —63.0
Working muscle 6 6.5 32 —50.1
Brain 5 7.0 3.8 —62.1
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additional binding site for the Lewis acids H", Mg>*, K,
and Na' taken into account in our chemical model.
Therefore, changes in [Pi] might interfere indirectly with
the assessment of the K¢k, although Pi does not take part in
the creatine kinase reaction. Interestingly, including Pi in the
calculation of K¢ by HYSS and increasing Pi concentration
in the range of the physiological values usually reached
during muscle exercise, the resulting values of Krx
calculated by HYSS were not significantly affected in the
pH and pMg range studied. This is due to the counterplay of
the different Lewis acids in the binding of Pi, resulting in a
final null effect. This is only the result of a coincidence,
which avoided us introducing another variable in the cubic
equation of K¢ to take into account Pi changes.

We also studied the variation of the AG® of ATP
hydrolysis as a function of pH and pMg, and provided an
equation analogous to that obtained for the creatine kinase
reaction. The influence of pH and pMg was stronger at values
above 6 and 3 respectively, with a decrease of AGip_pyq as
pH and pMg increase. The influence of K was stronger than
that of Na* both tending to decrease the AG3rp.nya in the
whole range of pH and pMg studied.

In the cell cytosol the creatine kinase reaction is
assumed to be at near equilibrium even in exercising
muscles if they are in steady state conditions [11]. This
hypothesis was for the first time experimentally confirmed
by an elegant study performed by *'P NMR magnetization
transfer experiments on perfused beating rat heart [38]
showing that a requisite for the transfer of energy from
mitochondria to ATPase carried out by PCr is the existence
of a cytosolic CK functioning at equilibrium. On the other
hand, ATP hydrolysis must be far from equilibrium by
definition, otherwise no work could be extracted from the
reaction to allow the living organisms to survive. Therefore
the AGarp.nya is the thermodynamic quantity relevant in
assessing the energetic status of a cell in living tissues. >'P
MRS can be used to assess in vivo AGarp.nya by
measuring the total concentration of the phosphorylated
metabolites involved. However, MgATP?~ is the active
species in enzyme binding [2] and, relevant to our
discussion, the energy producing form in active transport
[3, 4] and muscular contraction [5,6]. As a consequence,
only the Gibbs free energy of hydrolysis of this ionic
species of ATP is appropriate in describing the intracellular
energetic status of a tissue [7]. In the present work, we
derived an expression of AGpgarp2- as a function of
[PCrliot, pH, pMg, all quantities directly measurable by in
vivo *'P MRS, to provide a tool by which it is possible to
characterize in vivo the energy status of intact tissues, also
taking into account the possible metabolic fluctuations
occurring in skeletal muscle during exercise.

Unlike the equations obtained for K¢k and AG ATp.nyd»
which are applicable to any tissue being related to
equilibrium constants, the equation for AGygarp>- must be
calculated satisfying the different conditions of [ATP]y,
[PCr+Pi];o, and [PCr+Cr]y,; which are tissue specific.

Therefore we derived two different equations suitable for
human brain and skeletal muscle allowing the calculation of
AGngatp2- as a function of [PCrli, pH, pMg.

All the equations for K¢k, AGarpnya and AGygarp:-
were obtained for concentrations of [K],=150 mM and
[Na],o=10 mM and 50 mM. This choice was made
according to the values currently reported in the literature
for brain and muscle tissues, which are concordant for
[K]iot, but variable for [Na],,; which ranges between 10 mM
and 50 mM irrespective of the tissue investigated [39—46].
Since the influence of [Na],,, on the values obtained for
Kék, AGirpnya and AGygarpe- was limited, we decided
not to introduce a further variable to take into account
possible different values of [Na]; in the range 10-50 mM.
Therefore, to calculate the values of K¢k, AGarp.nya and
AGyigarp:- for any [Na],, value within the above range it is
reasonable to perform a linear interpolation.

It must be underlined that we obtained these equations
following a heuristic procedure, therefore all the coefficient
values obtained for each equation do not have any specific
physical meaning. These equations just allow the calculation
of the values of K(x, AGArp.nya and AGygarpe- at the
specified conditions.

We also found that [PCr], is the variable mainly
influencing the AGpjgarp>- much more than pH and pMg,
the latter showing little influence (Table 9). As a conse-
quence, the depletion of [PCr], occurring during muscle
contraction strongly affects AGygarp2-, Which for a
depletion of [PCrl;,; above 80%, can reach values of —50
kJ/mol independently on the pH and pMg (Tables 9 and 10).
This is a surprising result as AGarp.nyq Was in fact more
affected by both pH and pMg. This result reinforces the
concept that the cytosolic AGygarpe- is a tightly controlled
variable [7] and becomes even more evident if we compare
the AGwgarp>- values calculated for the human resting
skeletal muscle and brain by Eqgs. (17) and (18), which are
—63.0 kJ/mol and —62.1 kJ mol~" respectively (Table 10),
thus being very similar although the [PCr];, is much lower
in the brain than in the skeletal muscle. The similarity
between the AGpjgarp2- values obtained in human skeletal
muscle and brain agrees with the calculation made by Roth
and Weiner [7], although they obtained slightly different
values of AGygarp> and assumed a [Mg>]=1 mM both in
brain and in skeletal muscle. On the other hand, the change
of AGpigarp2- over 20% that we found in the skeletal muscle
after heavy exercise largely differs from their calculations
which predicted changes around 5% [7].

On the basis of these results and with the aim of this new
equation it will be interesting to investigate the relationship
between AGyigarp2- and fatigue in future studies.

Acknowledgements

The in vitro NMR measurements were performed at the
“Centro Interdipartimentale Grandi Strumenti”’, University



176 S. lotti et al. / Biochimica et Biophysica Acta 1708 (2005) 164—177

of Modena. This work was supported by Ricerca Fonda-
mentale Orientata (ex quota 60%). We thank Prof. Richard
L. Veech of the Laboratory of Membrane Biochemistry and
Biophysics, National Institutes of Alcoholism and Alcohol
Abuse Rockville, for fruitful discussion and helpful
suggestions.

References

[1] TUBMB-IUPAC Joint Commission on Biochemical Nomenclature,
Recommendations for nomenclature and tables in biochemical
thermodynamics: Recommendation 1994, http://www.chem.qmul.
ac.uk/iubmb/thermod/).

[2] S.A. Kuby, E.A. Noltman, ATP-creatine transphosphorylase, in: P.D.
Boyer (Ed.), The Enzymes, vol. 6, 2nd ed., Academic Press, New
York, 1959, pp. 515-603.

[3] J.C. Skou, The sodium-potassium ATPase: coupling of the reaction
with ATP to the reaction with sodium ion and potassium ion, Ann. N.
Y. Acad. Sci. 402 (1982) 169—184.

[4] K.R.H. Repke, On the mechanism of energy release, transfer, and

utilization in sodium-potassium ATPase transport work: old ideas and

new findings, Ann. N. Y. Acad. Sci. 402 (1982) 272-286.

F. Ramirez, J.F. Marecek, Coordination of magnesium with adenosine

5'-diphosphate and triphosphate, Biochim. Biophys. Acta 589 (1980)

21-29.

J.A. Wells, C. Knoeber, M.C. Sheldon, M.M. Werber, R.G. Yount,

Cross-linking of myosin subfragment: 1. Nucleotide-enhanced mod-

ification by a variety of bifunctional reagents, J. Biol. Chem. 255

(1980) 11135-11140.

[7] K. Roth, M.W. Weiner, Determination of cytosolic ADP and AMP
concentrations and the free energy of ATP hydrolysis in human
muscle and brain tissues with phosphorus-31 NMR spectroscopy,
Magn. Reson. Med. 22 (1991) 505-511.

[8] D.L. Arnold, P.M. Matthews, G.K. Radda, Metabolic recovery after
exercise and the assessment of mitochondrial function in vivo in
human skeletal muscle by means of >'P NMR, Magn. Reson. Med. 1
(1984) 307-315.

[9] B. Chance, J.S. Leigh Jr., J. Kent, K.K. McCully, S. Nioka, B.J. Clark,
J.M. Maris, T. Graham, Multiple controls of oxidative metabolism in
living tissues as studied by phosphorus magnetic resonance, Proc.
Natl. Acad. Sci. U. S. A. 83 (1986) 9458—-9462.

[10] S.M. Eleff, P.B. Barker, S.J. Blackband, J.C. Chatham, N.W. Lutz,

D.R. Johns, R.N. Bryan, O. Hurko, Phosphorus magnetic resonance

spectroscopy of patients with mitochondrial cytopathies demonstrates

decreased levels of brain phosphocreatine, Ann. Neurol. 27 (1990)

626—-630.

G.J. Kemp, G.K. Radda, Quantitative interpretation of bioenergetic data

from *'P and 1H magnetic resonance spectroscopic studies of skeletal

muscle: an analytical review, Magn. Reson, Q. 10 (1994) 43-63.

G.J. Kemp, A.L. Sanderson, C.H. Thompson, G.K. Radda, Regulation

of oxidative and glycogenolytic ATP synthesis in exercising rat

skeletal muscle studied by >'P magnetic resonance spectroscopy,

NMR Biomed. 9 (1996) 261-270.

R. Lodi, G.J. Kemp, S. Iotti, G.K. Radda, B. Barbiroli, Influence of

cytosolic pH on in vivo assessment of human muscle mitochondrial

respiration by phosphorus magnetic resonance spectroscopy, Magma 5

(1997) 165—-171.

[14] S. Bluml, E. Zuckerman, J. Tan, B.D. Ross, Proton-decoupled 3ip
magnetic resonance spectroscopy reveals osmotic and metabolic
disturbances in human hepatic encephalopathy, J. Neurochem. 71
(1998) 1564—1576.

[15] B. Barbiroli, S. Iotti, P. Cortelli, P. Martinelli, R. Lodi, V. Carelli, P.
Montagna, Low brain intracellular free magnesium in mitochondrial
cytopathies, J. Cereb. Blood Flow Metab. 19 (1999) 528—-532.

[5

[t}

(6

)

[1

—

[12

—

[13

—

[16] R.W.J. Lawson, R.L. Veech, Effects of pH and free magnesium ion on
the Keq of the creatine kinase reaction and other phosphate
hydrolyses and phosphate transfer reactions, J. Biol. Chem. 254
(1979) 6528—6537.

[17] J.S. Taylor, D.B. Vigneron, J. Murphy-Boesch, S.J. Nelson, H.B.
Kessler, L. Coia, W. Curran, T.R. Brown, Free magnesium levels in
normal human brain and brain tumors: phosphorus-31 chemical-shift
imaging measurements at 1.5 T, Proc. Natl. Acad. Sci. U. S. A. 88
(1991) 6810—-6814.

[18] H.R. Halvorson, A.M.Q. Vande Linde, J.A. Helpern, M.A. Welch,
Assessment of magnesium concentrations by *'P NMR in vivo, NMR
Biomed. 5 (1992) 53-58.

[19] P.B. Barker, E.J. Butterworth, M.D. Boska, J. Nelson, K.M.A. Welch,
Magnesium and pH imaging of the human brain at 3.0 Tesla, Magn.
Reson. Med. 41 (1999) 400—406.

[20] S. Iotti, C. Frassineti, L. Alderighi, A. Sabatini, A. Vacca, B. Barbiroli,
In vivo assessment of free magnesium concentration in human brain
by *'P MRS. A new calibration curve based on a mathematical
algorithm, NMR Biomed. 9 (1996) 24-32.

[21] K.M. Ward, S.S. Rajan, M. Wysong, D. Radulovic, D.J. Clauw,
Phosphorus nuclear magnetic resonance spectroscopy: in vivo
magnesium measurements in the skeletal muscle of normal subjects,
Magn. Reson. Med. 36 (1996) 475-480.

[22] A.B. Irish, C.H. Thompson, G.J. Kemp, D.J. Taylor, G.K. Radda,
Intracellular free magnesium concentrations in skeletal muscle in
chronic uraemia, Nephron 76 (1997) 20-25.

[23] S. Iotti, C. Frassineti, L. Alderighi, A. Sabatini, A. Vacca, B. Barbiroli,
In vivo 31P-MRS assessment of cytosolic [Mg®'] in the human
skeletal muscle in different metabolic conditions, Magn. Reson.
Imaging 18 (2000) 607—-614.

[24] S. lotti, G. Gottardi, B. Barbiroli, Influence of cytosolic free [Mg?']
on [ADP] assessed in vivo by *'P MRS in the human calf muscle,
Proceedings of the International Society for Magnetic Resonance in
Medicine, 6th Scientific Meeting, Sidney, 1998, p. 1796.

[25] W.E. Teague Jr., G.P. Dobson, Effect of temperature on the creatine
kinase equilibrium, J. Biol. Chem. 267 (1992) 14084 —14093.

[26] F. Cecconi, C. Frassineti, P. Gans, S. Iotti, S. Midollini, A. Sabatini, A.
Vacca, Complex formation equilibria of phosphocreatine with sodium,
potassium and magnesium ions, Polyhedron 21 (2002) 1481—1484.

[27] C. Frassineti, L. Alderighi, P. Gans, A. Sabatini, A. Vacca,
Determination of protonation constants of some fluorinated poly-
amines by means of 13C NMR data processed by the new computer
program HypNMR2000. Protonation sequence in polyamines, S.
Ghelli, Anal. Bioanal. Chem. 376 (2003) 1041-1052.

[28] L. Alderighi, P. Gans, A. Ienco, D. Peters, A. Sabatini, A. Vacca,
Hyperquad simulation and speciation (HySS): a utility program for the
investigation of equilibria involving soluble and partially soluble
species, Coord. Chem. Rev. 184 (1999) 311-318.

[29] R.W. Guynn, R.L. Veech, Equilibrium constants of the adenosine
triphosphate hydrolysis and the adenosine triphosphate—citrate lyase
reactions, J. Biol. Chem. 248 (1973) 6966—-6972.

[30] R.C. Harris, E. Hultman, L.O. Nordesjo, Glycogen, glycolytic
intermediates, and high-energy phosphates determined in biopsy
samples of musculus quadriceps femoris of man at rest. Methods
and variance of values, Scand. J. Clin. Lab. Invest. 33 (1974)
109-120.

[31] S. Totti, R. Lodi, C. Frassineti, P. Zaniol, B. Barbiroli, In vivo
assessment of mitochondrial functionality in human gastrocnemius
muscle by phosphorus-31 MRS. The role of pH in the evaluation of
phosphocreatine and inorganic phosphate recoveries from exercise,
NMR Biomed. 6 (1993) 248-253.

[32] O.A.C. Petroff, T. Ogino, J.R. Alger, High-resolution proton magnetic
resonance spectroscopy of rabbit brain: regional metabolite levels and
postmortem changes, J. Neurochem. 51 (1988) 163—171.

[33] P.A. Bottomley, C.J. Hardy, Rapid, reliable in vivo assays of human
phosphate metabolites by nuclear magnetic resonance, Clin. Chem. 35
(1989) 392—-395.


http://www.chem.qmul.ac.uk/iubmb/thermod/

S. lotti et al. / Biochimica et Biophysica Acta 1708 (2005) 164—177 177

[34] R.M. Smith, A.E. Martell, NIST Critical stability Constants of Metal
Complexes Database, vol. 20899, U.S. Department of Commerce,
Gaithersburg, MD, 1993.

[35] P.G. Daniele, M. Grasso, C. Rigano, S. Sammartano, The formation of
proton- and alkali metal complexes with ligands of biological interest
in aqueous solution. Formation constants of hydrogen, lithium,
sodium, potassium ions-phosphate complexes and their dependence
on ionic strength, Ann. Chim. (Rome) 73 (1983) 495-515.

[36] A. Gianguzza, G. Dia, S. Sammartano, C. De Stefano, Mixed-metal
complexes in solution. Formation and stability of homobinuclear and
heterobinuclear species in the calcium-magnesium ATP system,
J. Chem. Res., Synop. (1988) 12—13.

[37] M.J. Kushmerick, Multiple equilibria of cations with metabolites in
muscle bioenergetics, Am. J. Physiol. 272 (1997) C1739-C1747.

[38] F. Joubert, J.L. Mazet, P. Mateo, J.A. Hoerter, 3P NMR detection of
subcellular creatine kinase fluxes in the perfused rat heart:
contractility modifies energy transfer pathways, J. Biol. Chem. 277
(2002) 18469—18476.

[39] A.J. Hansen, Effect of anoxia on ion distribution in the brain, Physiol.
Rev. 65 (1985) 101—-148.

[40] 1. Dorup, K. Skajaa, T. Clausen, A simple and rapid method for the
determination of the concentrations of magnesium, sodium, potassium

and sodium, potassium pumps in human skeletal muscle, Clin. Sci.
(London) 74 (1988) 241-248.

[41] L Dorup, K. Skajaa, T. Clausen, K. Kjeldsen, Reduced concentrations
of potassium, magnesium, and sodium-potassium pumps in human
skeletal muscle during treatment with diuretics, Br. Med. J. (Clin. Res.
Ed.) 296 (1988) 455—-458.

[42] A.M. Forsberg, E. Nilsson, J. Werneman, J. Bergstrom, E. Hultman,
Muscle composition in relation to age and sex, Clin. Sci. (London) 81
(1991) 249-256.

[43] M.S. Djurhuus, N.A. Klitgaard, C. Tveskov, K. Madsen, B. Guldager,
R. Jelnes, P.H. Petersen, H. Beck-Nielsen, Methodological aspects of
measuring human skeletal muscle electrolyte content and ouabain
binding capacity, Anal. Biochem. 260 (1998) 218—-222.

[44] X.M. Yu, M.W. Salter, Src, a molecular switch governing gain control
of synaptic transmission mediated by N-methyl-D-aspartate receptors,
Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 7697—-7704.

[45] M.S. Djurhuus, A. Vaag, N.A. Klitgaard, Muscle sodium, potassium,
and [*H]ouabain binding in identical twins, discordant for type 2
diabetes, J. Clin. Endocrinol. Metab. 86 (2001) 859—866.

[46] E.W. Yeung, H.J. Ballard, J.P. Bourreau, D.G. Allen, Intracellular
sodium in mammalian muscle fibers after eccentric contractions,
J. Appl. Physiol. 94 (2003) 2475—2482.



	Quantitative mathematical expressions for accurate in vivo assessment of cytosolic [ADP] and DeltaG of ATP hydrolysis in the human brain and skeletal muscle
	Introduction
	Materials and methods
	Sample preparation for the calibration curve
	Sample preparation for creatine kinase equilibrium constant determination
	Sample preparation for pKa determination of ADP
	pKa determination of ADP3
	In vitro NMR measurements
	Computer calculations
	Calculation of the stoichiometric constant of the adenosinetriphosphatase reaction
	Calculation of the coefficients of cubic equations

	Results
	Discussion
	Acknowledgements
	References


