
Skeletal muscle can undergo large changes of ATP
turnover rate, and how this is controlled continues to
attract interest. Earlier work on the control of glycolysis
stressed the role of key enzymes such as phosphorylase
and phosphofructokinase: for phosphorylase, the Ca2+-
dependent conversion of phosphorylase b to the more
active phosphorylase a, and the increase in inorganic
phosphate (Pi) concentration consequent on phospho-
creatine (PCr) splitting (Griffiths, 1981; Chasiotis, 1983;
Connett, 1987); for phosphofructokinase, the role of
activators such as AMP (Connett, 1987). In the control of
tissue respiration, during e.g. aerobic exercise, attention
has focused mainly on the role of the adenine nucleotide
translocase and its ADP sensitivity (Chance et al. 1985;
Meyer, 1988; Jeneson et al. 1996; Harkema & Meyer,
1997; Paganini et al. 1997). However, current theory

stresses that large changes in flux can be achieved with
rather small changes in concentrations of pathway
metabolites, which implies that many, perhaps most,
enzymes must be regulated by extra-pathway factors
(Fell & Thomas, 1995). In the field of mitochondrial
control, this objection takes the form of the argument
that control dominated by the feedback effects of ADP
cannot explain the range of ATP turnover rates observed
in vivo – a dynamic range problem (Korzeniewski, 1998);
conversely, it is argued that the key relationship –
between oxidative ATP synthesis rate and [ADP] –
exhibits cooperativity (Jeneson et al. 1996). In glycolysis,
the argument concerns the degree to which flux correlates
with key metabolite concentrations or with contraction
events per se (Conley et al. 1997). To a large extent these
arguments are about concepts. However, more data are
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1. In ischaemic exercise ATP is supplied only by glycogenolysis and net splitting of
phosphocreatine (PCr). Furthermore, ‘proton balance’ involves only glycolytic lactate/H+

generation and net H+ ‘consumption’ by PCr splitting. This work examines the interplay
between these, metabolic regulation and the creatine kinase equilibrium. 

2. Nine male subjects (age 25–45 years) performed finger flexion (7 % maximal voluntary
contraction at 0.67 Hz) under cuff ischaemia. 31P magnetic resonance spectra were acquired
from finger flexor muscle in a 4.7 T magnet using a 5 cm surface coil. 

3. Initial PCr depletion rate estimates total ATP turnover rate; glycolytic ATP synthesis was
obtained from this and changes in [PCr], and then used to obtain flux through ‘distal’ glycolysis
(phosphofructokinase and beyond) to lactate; ‘proximal’ flux (through phosphorylase) was
obtained from this and changes in [phosphomonoester]. Total H+ load (lactate load less H+

consumption) was used to estimate cytosolic buffer capacity (b). 

4. Glycolytic ATP synthesis increased from near zero while PCr splitting declined. Net H+ load
was approximately linear with pH, suggesting b = 20 mmol l_1 (pH unit)_1 at rest, increasing
as pH falls.

5. Relationships between glycolytic rate and changes in [PCr] (i.e. the time-integrated mismatch
between ATP use and production), and thus also [Pi] (substrate for phosphorylase), suggest that
increase in glycolysis is due partly to ‘open-loop’ Ca2+-dependent conversion of phosphorylase b
to a, and partly to the ‘closed loop’ increase in Pi consequent on net PCr splitting. 

6. The ‘settings’ of these mechanisms have a strong influence on changes in pH and metabolite
concentrations.
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also needed. Understanding metabolic control in vivo
requires at least some data on fluxes and concentrations
under at least some conditions in vivo, and although a rich
dataset to be tested against a detailed theory is some
years away in human muscle, there are ways of
approaching the problem.

Intracellular metabolism can be monitored in vivo by
needle biopsy techniques or non-invasively by magnetic
resonance spectroscopy (MRS). Biopsy has the major
advantages that in principle any metabolite can be
measured in, if necessary, separate fibre types; the
analytical scope of MRS is more limited, although the
time resolution is generally better, at least over sustained
periods. Key measurements in the study of ATP turnover
are of phosphocreatine (PCr), lactate and pH. Muscle pH
and PCr concentration can be measured by needle biopsy
or 31P MRS (Bangsbo et al. 1993; Constantin Teodosiu et
al. 1997), and pH also by 1H MRS (Pan et al. 1991).
Lactate concentration can be measured by needle biopsy
(Sahlin, 1978) or (with some difficulty) directly by 1H
MRS (Pan et al. 1991; Jouvensal et al. 1997; Hsu &
Dawson, 2000), although the commonest MRS approach is
indirect (Boska, 1994; Kemp et al. 1994; Wackerhage et
al. 1996; Conley et al. 1997), as in the present work. Of
the traditional ‘regulatory’ metabolites, Pi is readily
measured by 31P MRS, or else inferred from changes in
organic phosphates measured by biopsy (Chasiotis et al.
1982), and free ADP and AMP can be calculated from 31P
MRS measurements of pH and PCr concentration (Roth &
Weiner, 1991; Harkema & Meyer, 1997; Kushmerick,
1997), using assumed or measured concentrations of ATP
and total creatine. 

Metabolic control is partly about relationships between
fluxes and concentrations. The constraints imposed by the
creatine kinase equilibrium have consequences both for the
control of oxidation in aerobic exercise (Meyer, 1988; Kemp,
1994, 2000) and the control of glycogenolysis in ischaemic
exercise (Kemp, 1997). Relationships between pH, PCr and
lactate in exercise (Sahlin, 1978) result from several
interrelated factors, including the balance between
glycogenolytic and non-glycolytic ATP synthesis, the
stoichiometry of the processes resulting in net production
and buffering of H+, the role of Pi in the control of
glycogenolysis, and the creatine kinase equilibrium.
Metabolic control is also about enzyme activity; this is
unavailable by MRS, while biopsy allows measurements of
the activation state of glycogen phosphorylase (Aragon et
al. 1980; Chasiotis, 1983; Ren & Hultman, 1989, 1990) and
pyruvate dehydrogenase (Putman et al. 1995), among
others.

The present work is a 31P MRS study of ischaemic
exercise. Unlike ‘mixed’ (oxidative/glycogenolytic)
exercise, in ischaemic exercise ‘ATP balance’ calculations
need take account only of glycogenolysis and net splitting
of PCr, and ‘proton balance’ involves only lactate/H+

generation by glycogenolysis and net H+ ‘consumption’ as
a consequence of PCr splitting. Nevertheless, much
remains to be learned about H+ buffering, the control of
glycogenolysis, and their interplay with the creatine
kinase equilibrium constraints (Conley et al. 1997; Kemp,
1997). The aims of the present work are to study (a) the
relationships between metabolic fluxes and metabolite
concentrations, and (b) the processes of cellular buffering
in more detail than hitherto: with better time resolution,
taking full account of recent advances in understanding
of the relevant stoichiometry (Harkema & Meyer, 1997;
Kushmerick, 1997), and more detailed analysis of some of
the relevant technical factors. Parts of this work have
been presented in preliminary form (Roussel et al. 1998,
1999).

METHODS
Subjects

The study was conducted on the dominant forearm of nine male
volunteers aged 25–45 years. Subjects were not involved in any arm
training and had no physical limitation to exercise. Their informed
written consent was obtained for the study, which was approved by
the local Ethics Committee, and carried out in accordance with the
Declaration of Helsinki (1989) of the World Medical Association.

Exercise protocol

During training sessions performed several days before actual MRS
studies, the subjects were asked to adjust the maximal value of
isometric force developed by their finger flexor muscles of the
forearm. Maximal force measurements were repeated until three
reproducible values were sustained for 3 s. 31P MRS investigations
were carried out as previously described (Bendahan et al. 1990) using
a Bruker 47/30 Biospec spectrometer interfaced with a 30 cm bore,
4.7 T superconducting magnet. Subjects remained sitting on a chair
by the magnet with their dominant arm resting in the magnet bore,
approximately at shoulder height, restrained with Velcro straps to
prevent forearm movements. Magnetic field homogeneity was
optimised by monitoring the signal from the water and lipid protons
at 200.14 MHz. Pulsing conditions (1.9 s interpulse delay, 120 µs
pulse length) were chosen to optimise the 31P signal obtained with a
50 mm-diameter double-tuned surface coil positioned over the belly
of the flexor digitorum superficialis muscle. Spectra were time
averaged over 15 s (8 scans) and sequentially recorded during 5 min
of rest followed by a 3 min ischaemic-exercise period. The cuff was
released at the end of exercise.

After eight spectra recorded at rest, a pneumatic cuff, positioned
around the upper arm, was inflated above the systolic arterial
pressure of each subject for 3 min, sufficient to deplete oxygen stores
(Conley et al. 1997). Then subjects performed finger flexions, under
ischaemic conditions, at 1.5 s intervals for 3 min lifting a weight
adjusted to 7 % maximal voluntary contraction force (MVC). The
sliding amplitude of the weight was recorded using a displacement
transducer connected to a personal computer. Amplitude of each
flexion and frequency of exercise were measured using ATS software
(Sysma, France), and results expressed as power output (W) for each
minute of exercise.

Analysis of raw MRS data

Raw MRS signals were transferred to an IBM RISC 6000 workstation
and processed using the NMR1 spectroscopy processing software
(New Methods Research, Inc., USA). After deconvolution of free
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induction decays (corresponding to a line broadening of 15 Hz) and
Fourier transformation, baseline correction was performed as
previously described (Mazzeo & Levy, 1991). Metabolite peak areas
were measured by curve fitting of the spectrum signals to a
Lorentzian shape (Mazzeo & Levy, 1991). 

Timing

Because of rapid sampling of data, the first (resting) spectrum was
discarded to eliminate intensity distortions due to longitudinal, spin-
lattice (T1) relaxation effects. The values measured at rest were
averaged over the last seven spectra recorded before the ischaemic
period. Data from each spectrum were assigned to its midpoint. Thus
the the first exercise spectrum was assigned to time t = 0.125 min
(7.5 s) (as no significant changes occur during the collection of the
preceding resting spectrum), while subsequent spectra were assigned
at intervals of 0.25 min (15 s).

Abbreviations and symbols

Abbreviations: HMP, hexose monophosphates; PME, phosphomono-
ester; CK, creatine kinase. 

Rates and fluxes: GP and GD, carbon flux through glycolysis pre- and
post-phosphofructokinase; L and F, rates of glycogenolytic and total
ATP synthesis; D, rate of PCr depletion; GMAX ≈ notional maximal
activity of phosphorylase a. (See ‘A note on units’, below.)

Differences: ∆x, cumulative whole-exercise change in a variable x
(except ∆GATP, the free energy of ATP hydrolysis); dx, difference in x
between consecutive spectra; P, net proton load. 

Affinity/equilibrium constants: KPi
= affinity of phosphorylase for

Pi; KCK
app, KAK

app, KATP
app, apparent equilibrium constants of creatine

kinase, adenylate kinase and ATP hydrolysis. 

Ratios: q, Pi monoanion fraction; b, buffer capacity (bP, Pi and PME,
bC, true cytosolic); y, a, s, Q, stoichiometric coefficients; Ω,
glycolytic fraction of ATP. 

Other symbols are defined in the Appendix and Table 1.

Calculation of pH and concentrations of PCr, Pi and PME

Pi, PCr and PME peaks are directly visible in the 31P MRS spectrum.
Absolute concentrations of these metabolites were calculated from
the ratio of their peak areas to that of b-ATP, after correction for
differential magnetic saturation effects (Bendahan et al. 1990), and
making the conventional assumption of [ATP] = 8.2 mmol (l
intracellular water)_1 on the basis of biopsy data from quadriceps
(Harris et al. 1974). Intracellular pH was calculated from the
chemical shift of Pi relative to PCr (h, measured in parts per million)
(Moon & Richards, 1973; Arnold et al. 1984), as: 

pH = 6.8 + log10[(h _ 3.27)/(5.69 _ h)].

For some purposes, Pi was partitioned into the monoanion (H2PO4
_)

and the dianion (HPO4
2_) forms: the monoanion fraction is given

approximately by q = 1/[1 + 10(pH_pK)] where pK = 6.8 (Conley et al.
1997), but the more complete analysis used here is given in the
Appendix.

Calculation of [AMP], [ADP] and free energy of ATP
hydrolysis (∆GATP)

These are calculated from pH and [PCr], making the conventional
assumption of 42.5 mmol l_1 total creatine (Arnold et al. 1984), based
on biopsy data from quadriceps (Harris et al. 1974). The estimation of
free [ADP] and ∆GATP assumes that creatine kinase is at equilibrium,
and that of free [AMP] additionally assumes the same for adenylate
kinase (myokinase). (By contrast, ATP hydrolysis is far from
equilibrium.) There are several approaches to these calculations, but
here we use a modified version of Harkema & Meyer (1997). The

principles are described here, and the details are given in the
Appendix.

Calculation of ADP concentration. In general, reactions can be
written in two ways: ‘chemically’, in terms of defined ionic species,
and ‘biochemically’, in terms of the sums (∑) of all ionic species of
each metabolite (Alberty, 1990) (apart from creatine, which is
uncharged). The creatine kinase reaction can be written (Golding et
al. 1995; Harkema & Meyer, 1997) in chemical terms as: 

PCr2_ + ADP3_ + H+ µ creatine + ATP4_, 

and in biochemical terms as:

∑PCr + ∑ADP + H+ µ creatine + ∑ATP,

We wish to calculate [∑ADP]. The equilibrium expression for the
biochemical reaction is:

[∑ATP][creatine]/([∑ADP][∑PCr][H+]) = KCK
app,

where KCK
app is an apparent equilibrium constant. From this, given

that total creatine (TCr = PCr + creatine) remains constant on this
time scale, ADP concentration is given by 

[∑ADP] = [∑ATP]{([∑TCr]/[∑PCr]) _ 1}/(KCK
app[H+]). (1)

Near pH 7, KCK
app ≈ 1.66 w 109 l mol_1 (Veech et al. 1979; Masuda et al.

1990; Harkema & Meyer, 1997). A more accurate estimate must allow
for the fact that KCK

app is itself a function of the binding of H+, K+ and
Mg2+, which is in turn a function of pH. The method is explained in
the Appendix. 

Calculation of AMP concentration. The adenylate kinase
chemical reaction can be written (Roth & Weiner, 1991; Golding et
al. 1995) as:

ATP4_ + AMP2_ µ 2ADP3_ in chemical terms,

∑ATP + ∑AMP µ 2∑ADP in biochemical terms.

Thus the concentration of AMP can be obtained from:

[∑AMP] = KAK
app [∑ADP]2/[∑ATP] , (2)

where K AK
app is an apparent equilibrium constant. At pH 7,

KAK
app ≈ 1.12 (Veech et al. 1979): again the Appendix gives a correction

for pH.

Calculation of ∆GATP. This is the free energy of ATP hydrolysis,
which can be written (Golding et al. 1995; Harkema & Meyer, 1997)
as:

ATP4_ + H2O ⁄ ADP3_ + HPO4
2_ + H+ in chemical terms,

∑ATP + H2O ⁄ ∑ADP + ∑Pi in biochemical terms.

To a first approximation ∆GATP is given by:

∆GATP = ∆G 0
ATP + RT ln{[∑ADP][∑Pi]/[∑ATP]), (3)

where ∆G 0
ATP is the standard free energy of ATP hydrolysis, the gas

constant R = 8.3145 K_1 mol_1 and the absolute temperature
T = 310 K. At pH 7, ∆G 0

ATP = _32 kJ mol_1 (Golding et al. 1995;
Harkema & Meyer, 1997). However, ∆G 0

ATP is pH dependent, and
again the Appendix gives a correction for this. 

Calculation of metabolic fluxes

We now turn to the estimation of rates of ATP turnover. The model
underlying these calculations is summarised in Fig. 1. We will deal in
turn with ATP production at the expense of PCr, with ATP
production by glycolysis, and lastly carbon fluxes in glycolysis. 

Measuring ATP production via creatine kinase. In terms of
‘energy balance’, ATP hydrolysis by the myosin ATPase is used to
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do mechanical work, ATP ⁄ ADP + Pi, while creatine kinase allows
near-simultaneous rephosphorylation of ADP at the expense of PCr:

PCr + ADP ⁄ ATP + creatine.

The sum of these two processes is the apparent net hydrolysis
(‘splitting’) of PCr, the Lohmann reaction (Kushmerick, 1997):

PCr ⁄ Pi + creatine,

which supplies 1 ‘ATP unit’ of energy per PCr. Thus creatine kinase
‘buffers’ ATP against temporal change, maintaining a near-constant
concentration, while the much lower concentration of ADP
undergoes proportionally large changes (Connett, 1988; Kemp,
1994). (This temporal buffering action is in addition to the ‘spatial
buffering’ action of creatine kinase, which minimises spatial
concentration gradients; Meyer et al. 1984.) 

This system ensures, as a simple matter of chemical equilibrium, that
PCr splitting automatically accompanies any mismatch between
ATP use and ‘metabolic’ ATP supply (Kemp, 1994); furthermore the
rate of PCr depletion (D = _d[PCr]/dt) is a quantitative measure of
this mismatch (no. 2 in Fig. 1). In ischaemic exercise the sole
‘metabolic’ source of ATP is glycogenolysis to lactate, while in ‘pure’
aerobic exercise oxidative metabolism to CO2 makes by far the largest
contribution, and of course all intermediate cases exist. In any case,
at the start of exercise, the initial PCr depletion rate is an estimate of
the ATP turnover rate (F) (Foley & Meyer, 1993) (see eqns (22)–(31)

below for how initial D is estimated). This is used to calculate ATP
turnover throughout exercise (Conley et al. 1997; Kemp, 1997) (no. 1
in Fig. 1), by taking account of work rate (power). At any time:

F = (initial D) w power/(initial power), (4)

based on the reasonable assumption that contractile efficiency is
constant with time (see Discussion). 

Measuring the rate of glycolysis. In general, glycolytic rate in
ischaemic exercise can be estimated using 31P MRS in two ways.
First, we can assume we understand proton handling and use this to
estimate lactate accumulation, and thus glycolytic ATP synthesis
(Kemp et al. 1994; Conley et al. 1997). However, we wish to study
proton handling rather than assume it, and so we use a second
approach: we assume we understand the relationship between work
rate and ATP turnover, and use this to estimate glycolytic ATP
synthesis and thus lactate accumulation (Wackerhage et al. 1996;
Conley et al. 1997). We proceed as follows.

We saw above how to use initial PCr depletion rate and measured
work rate to estimate total ATP turnover rate at each point (eqn (4)).
This is the sum of the rates of ATP generation by glycolysis (L) and
by PCr splitting (D), so by measuring D at each point, we can
estimate glycolytic ATP synthesis rate (no. 3 in Fig. 1) as: 

L = F _ D. (5)
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Figure 1. Diagrammatic summary of the calculations and the arguments

The system is as follows: proximal glycolysis (glycogen to HMP) includes glycogen phosphorylase (two
forms, a and b); distal glycolysis (HMP to lactate) includes phosphofructokinase (PFK). ATP and
ADP + Pi are exchanged between glycolysis and the myosin ATPase; ATP is buffered by creatine kinase
(CK) at the expense of PCr, the net process consuming protons. Letters refer to regulatory influences (see
Discussion). The signal which activates contraction (A) may stimulate glycolysis either by a closed-loop
feedback mechanism (B) (e.g. via ADP, Pi, AMP or ∆GATP, which increase as ATP supply–demand
mismatch lowers PCr), or by open-loop parallel activation (C). Numbers refer to calculations employed in
this paper (see Methods). From the work rate (1) and the rate of PCr splitting (2), we infer glycolytic ATP
synthesis (3); from this we obtain the distal glycolytic rate (4), and using changes in HMP (5) we obtain
from this the proximal glycolytic rate (6). The distal glycolytic rate (3) gives lactate production, and by
subtracting the proton consumption by PCr splitting (7), we calculate the net proton load (8) available to
acidify the cytosol, and thus the buffer capacity. The diagram also shows (9) the contributions of ADP,
ATP and Pi to the free energy of ATP hydrolysis (∆GATP), and (10) the equilibrium between AMP, ADP
and ATP catalysed by adenylate kinase (AK). ADP concentration is calculated from the creatine kinase
equilibrium, AMP from the adenylate kinase equilibrium.



Glycolytic ATP production is related to lactate synthesis, with a
stoichiometry of 3 ATP/glucosyl unit = 3/2 ATP/lactate. This factor
is based on theory (Sahlin, 1978; Hultman & Spriet, 1986) and
experimental data (Vezzoli et al. 1997; Hsu & Dawson, 2000). (An
alternative factor (Conley et al. 1997) has been criticised (Hsu &
Dawson, 2000) and corrected (Conley et al. 1998, 1999).) Thus the
carbon flux through the ‘distal’ part of the glycolytic pathway
(phosphofructokinase and beyond) is estimated (no. 4 in Fig. 1) as: 

GD = L/3 (in glucosyl equivalents) = 2L/3 (in lactate equivalents). (6) 

‘Proximal’ glycolytic flux (through phosphorylase) may temporarily
exceed ‘distal’ flux, resulting in an accumulation of hexose
monophosphates (HMPs), of which the main constituents are glucose
6-phosphate (›80 %), fructose 6-phosphate (›15 %) and glucose
1-phosphate (Hultman & Spriet, 1986; Chasiotis et al. 1987; Spriet et
al. 1987a,b). Usefully, HMPs comprise most of the PME peak in the
31P MRS spectrum (the contribution of inosine monophosphate being
negligible unless there is appreciable loss of ATP, which in the
present work there is not). Thus the carbon flux through proximal
glycolysis is estimated (nos 5 and 6 in Fig. 1) as: 

GP = GD + d[HMP]/ddt

≈ GD + d[PME]/ddt (in glucosyl equivalents), (7)

and the glycogenolysis/glycolysis ratio is: 

GP/GD = 1 + d[HMP]/(2d[lactate]),

which approaches 1 as HMP concentrations become stable. 

Analysis of ‘proton balance’

We now analyse the interactions between ATP turnover and
intracellular acid–base physiology. Our aim is to use measured
changes in PCr and pH, and inferred changes in lactate, to estimate
the net proton load added to the cytosol during exercise, then by
comparing this with the resulting pH change, to estimate
intracellular buffering capacity. We will consider first the creatine
kinase system on its own, and coupled to ATP hydrolysis; next we
consider glycolysis on its own, then coupled to ATP hydrolysis; lastly
we put all these together to calculate the net proton load. 

The proton stoichiometry of creatine kinase. We have considered
creatine kinase in technical terms in the estimation of free ADP (eqn
(1)), and in physiological terms as an ATP buffer with applications
in the measurement of ATP turnover (eqns (4) and (5)). To analyse
its role in proton handling we must introduce explicit proton
stoichiometry into the earlier equations:

∑ATP ⁄ ∑ADP + ∑Pi + aH+ ATP hydrolysis,

∑PCr + ∑ADP ⁄ ∑ATP + creatine + sH+ creatine kinase,

∑PCr ⁄ ∑Pi + creatine + yH+ Lohmann reaction,

where y = a + s (we use the notation of Kushmerick (1997), but
substituting s for b to avoid confusion). Thus ‘proton balance’
calculations are essentially about balancing charges; the coefficient y
balances charges in the Lohmann reaction:

y = (charge on PCr) _ (charge on Pi).

To a first approximation PCr has charge _2 and Pi has charge q _ 2,
so _y ≈ q ≈ 0.4 at pH 7, as used in Harkema & Meyer (1997) and
Wolfe et al. (1988); protons are consumed, increasingly as the pH is
reduced. More detailed analysis (Kushmerick, 1997), taking account
of K+ binding to PCr and Pi, suggests that this should be a smaller
number (~0.2 at pH 7), given empirically by:

y = 27.239 _ 13.593pH + 2.1440(pH)2 _ 0.10887(pH)3. (8)

Details of this are given in the Appendix and Fig. 12. 

The proton stoichiometry of glycolysis. Glycolytic ATP
production in ischaemic exercise is almost entirely from glycogen (as
muscle contains negligible free glucose, and the activity of glycogen
phosphorylase far exceeds that of hexokinase). This can be written
as:

(1/3)N-glycogen + ∑ADP + ∑Pi ⁄

(1/3)(N _ 1)-glycogen + (2/3)lactate_ + ∑ATP + QH+ + H2O, 

where Q depends on the charges of Pi, ATP and ADP: thus although
lactate and H+ are produced, the net H+ production depends also on
the ionisation states of ATP, Pi and ADP (Hochachka & Mommsen,
1983). However, this is not the whole story. If creatine kinase were
absent, then simultaneous ATP hydrolysis would be required to
maintain constant [ATP]. The result of these two processes would be:

N-glycogen ⁄ (N _ 1)-glycogen + 2lactate_ + 2H+,

where ATP synthesis and hydrolysis have cancelled out: so glycolysis
in the absence of creatine kinase simply produces 1 H+ per lactate at
steady state (Hochachka & Mommsen, 1983) (no. 4 in Fig. 1). (It also
follows that Q = (2/3) _ a ≈ _0.06 at pH 7, near zero; thus glycolysis
+ ATP hydrolysis alone is nearly proton neutral (Hochachka &
Mommsen, 1983).) 

The proton stoichiometry of glycolysis in the creatine kinase
system. Having established the stoichiometry of the creatine
kinase system and of glycolysis in isolation, we must now consider
them in combination. The simplest approach is to say that, by
conservation, the glycolytic proton production rate must equal the
rate at which protons are buffered by passive processes (when pH
changes) and consumed by net PCr breakdown (whether or not pH
changes) (Mainwood & Renaud, 1985; Kemp & Radda, 1994). Thus
pH change (no. 8 in Fig. 1) results from the difference between the
rate of glycolytic proton production and proton consumption by net
PCr breakdown (nos 4 and 7 in Fig. 1): as the former eventually
dominates, pH will fall. 

As a number of different approaches have been advocated
(e.g. Hochachka & Mommsen, 1983; Kemp & Radda, 1994; Boska,
1994; Arthur et al. 1997; Kushmerick, 1997; Newcomer & Boska,
1997; Conley et al. 1998, 1999; Walter et al. 1999) (see also
Appendix), we give an explicit argument for our approach. Suppose a
fraction Ω of ATP demand is supplied by glycolysis: then the
following processes are occurring. First, ATP hydrolysis (at unit
rate), as above:

∑ATP ⁄ ∑ADP +  ∑Pi + aH+.

Also glycolytic ATP synthesis at rate Ω: 

(Ω/3)N-glycogen + Ω∑ADP + Ω∑Pi ⁄ 

(Ω/3)(N _ 1)-glycogen + (2Ω/3)lactate_ + Ω∑ATP + ΩQH+ + ΩH2O.

ATP hydrolysis outpaces glycolytic ATP synthesis by 1 _ Ω, so
creatine kinase makes up the difference: 

(1 _ Ω)∑PCr + (1 _ Ω)∑ADP ⁄

(1 _ Ω)∑ATP + (1 _ Ω)creatine + (1 _ Ω)sH+.

Conceptually, ATP hydrolysis is divided into a fraction Ω which is
opposed by glycolytic ATP synthesis, and a fraction 1 _ Ω opposed
by creatine kinase. The sum of ATP hydrolysis at rate Ω and
glycolytic ATP synthesis at rate Ω is net glycolytic ATP synthesis at
rate Ω:

(Ω/3)N-glycogen ⁄

(Ω/3)(N _ 1)-glycogen + (2Ω/3)lactate_ + (2Ω/3)H+.
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The sum of ATP hydrolysis at rate 1 _ Ω and creatine kinase at rate
1 _ Ω is the Lohmann reaction at rate 1 _ Ω:

(1 _ Ω)∑PCr ⁄ (1 _ Ω)∑Pi + (1 _ Ω)creatine + (1 _ Ω)yH+. 

In turn, the sum of these is:

(Ω/3)N-glycogen + (1 _ Ω)∑PCr ⁄ 

(Ω/3)(N _ 1)-glycogen + (2Ω/3)lactate_ + 

(1 _ Ω)∑Pi + (1 _ Ω)creatine + {(2Ω/3) + (1 _ Ω)y}H+.

Thus for each ATP used, the net proton load is the 2Ω/3 protons from
lactate, less the (1 _ Ω)(_y) protons consumed by the Lohmann
reaction. The total H+ load is the difference between lactate
accumulation (proton generation) and net H+ consumption by PCr
splitting: all other processes cancel out. 

Estimating the net proton load. Now we can estimate the net
proton load. First, lactate accumulation is estimated as: 

∆[lactate] = 2∫GDdt = (2/3)∫L dt, (9)

where ∆ indicates a change from basal. This is the amount of protons
added to the cytosol by glycolysis. The total H+ load is then the
difference between this and net H+ consumption: 

∆[H+ load] = ∆[lactate] _ ∫yd[PCr]. (10)

Note that when pH changes as well as PCr, ∫yd[PCr] =/ y∆[PCr], so the
amount of protons consumed by a change in pH and PCr depends on
the route by which it is achieved. In practice the integrals are
evaluated over n spectra as a spectrum-on-spectrum sum; thus
∫yd[PCr] is really ∑1

n (yd[PCr]), where d represents the change
between successive spectra.

Because of the way L is calculated (eqn (5)), estimated lactate change
in a single measurement interval is:

d[lactate] = (2/3)(Fdt + d[PCr]), (11)

bearing in mind that d[PCr] is negative, and so: 

d[H+ load] = d[lactate] _ yd[PCr] = (2/3)Fdt + d[PCr]((2/3)_y), (12)

bearing in mind that y is negative.

Estimating buffer capacity

Given the net proton load, we can now estimate buffer capacity (b)
according to the general equation: 

b = _d[H+ load]/dpH, (13)

which we use in three ways, as follows.

Buffer capacity at the start of exercise. At the start of exercise
(i.e. the first spectral collection interval), assuming negligible lactate
production, b is estimated as a simple ratio:

b = yd[PCr]/dpH. (14)

To obtain the true cytosolic buffer capacity (bC) we must subtract
from this the contributions of Pi and PME (bP = bPi

+ bPME). These are
calculated as follows. For a simple buffer acid µ base_ + H+, the
Henderson-Hasselbalch equation (the logarithmic form of the
equilibrium expression) states:

pH = pK + log(base/acid) = pK + log{(C _ a)/a}, 

where C is the total concentration and a the concentration of the acid
form, and pK = _logK, where K = [base_][H+]/[acid] is the acid
dissociation constant (Roos & Boron, 1981). The theoretical buffer
capacity can be found by differentiation as:

b = d[base]/dpH = _d[acid]/dpH 

= 2.3C/{[1 + 10(pH _ pKx)][1 + 10(pKx _ pH)]}, (15)

with pKx = 6.8 for Pi and 6.2 for PME (Conley et al. 1997). More
conveniently, bPi

= 2.3[Pi]q(1 _ q). Notice the distinction between
the contribution of Pi generated in a time increment to the charge
balance that results in net consumption of H+ during PCr splitting
(see above, eqn (8)), and the contribution of pre-existing Pi to the
passive buffering of the (negative) proton load that results from this
(eqn (13)). 

Overall buffer capacity throughout exercise. An estimate of
overall, all-exercise average buffer capacity (including the increasing
contribution of Pi and PME, and any effects of pH change on bC)
could be obtained by linear regression, using:

b = _d{∆[lactate] _ ∑1
n (yd[PCr])}/dpH, (16)

then subtracting the average all-exercise contributions of Pi and PME
(eqn (15)). We use a modified approach in which the contribution of Pi

and PME is subtracted before the linear regression: we correct the
cumulative proton load (the numerator in eqn (16)) by subtracting the
cumulative protons buffered by Pi and PME, which is _∫bPdpH, or in
practice _∑1

n (bPdpH). Thus:

bC = _d{∆[lactate] _ ∑1
n (yd[PCr]) + ∑1

n (bPdpH)}/dpH. (17)

Note that, in general, ∫bdpH =/ b∫dpH, so the amount of protons
buffered by a change in pH depends on the route by which it is
achieved. 

True buffer capacity throughout exercise. The previous approach
ignores the pH dependence of true buffer capacity, bC. A better
approach uses a least-squares fit of proton load to pH over the whole
of exercise, solving for resting bC and the pH dependence of bC. There
are several possible methods, but here we assume a ‘physicochemical’
dependence of bC on pH (analogous to eqn (15)), as if a single buffer
species were involved:

bC è 1/{[1 + 10(pH _ pK)][1 + 10(pK _ pH)]}. (18)

The aim is to match the non-Pi proton load (numerator in eqn (17))
and the amount buffered by non-Pi cytosolic buffers, which is:

d[H+ load] = bCdpH. (19)

Using this to define the pK and concentration of buffer species
(Wolfe et al. 1988) would involve unacceptable extrapolation; rather
we express bC relative to its resting value, and solve for resting bC

and notional pK. (We constrain bC to lie between the extreme values
given by eqn (14) across all the subjects.) It will be seen later that the
relationship between bC and pH is close to being linear. 

Apparent buffer capacity. Lastly, a functional ‘apparent’ buffer
capacity can be defined as _d[lactate]/dpH, and includes a
contribution due to PCr splitting. This has no simple physicochemical
meaning, but is useful for comparison with biopsy data (Sahlin, 1978)
(see Discussion). 

Analysis of metabolic control

Principles. In aerobic exercise, in the long term, ATP production
must be matched to ATP use (i.e. to work rate). The mismatch
between ATP use and production is (to a first approximation) the rate
of fall of PCr, so that change in PCr can be thought of in engineering
terms as the error signal in an integral control feedback loop (Kemp,
1994, 2000). This fits neatly with the idea that the mitochondrion is
controlled by [ADP], which rises as [PCr] falls (Chance et al. 1985).
Whether this does occur is outside the scope of this paper, but we
make use of the idea of a mismatch signal. In ischaemic exercise the
muscle is a closed system, and therefore exercise is not sustainable;
indeed if PCr did come to steady state a valuable sink for glycolytic
protons would disappear. Nevertheless, within the pH constraints,
we can assume that matching glycolytic ATP production to ATP use
is an important function of the system. We can describe the
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properties of the system, in a purely formal way, by plotting
glycolytic flux against the mismatch signal _∆[PCr].

Control of glycogen phosphorylase. In aerobic exercise, it has
often been argued that some function of the primary mismatch signal
(whether ADP or ∆GATP) is causally significant, by having a dominant
effect on mitochondrial ATP synthesis) (Kemp, 2000). It has long
been suggested that Pi, which also increases as PCr falls, may play a
similar role in control of glycogenolysis (Griffiths, 1981). Attention
has focused on glycogen phosphorylase and phosphofructokinase.
Increased flux to lactic acid requires increased flux through glycogen
phosphorylase (as through all pathway enzymes), and this requires
either an increase in substrate, or some allosteric mechanism. Little is
known about how phosphorylase rate is influenced by glycogen
concentration. It is assumed that increases in phosphorylase flux are
achieved by two means: first, the conversion of ‘inactive’
phosphorylase b to ‘active’ phosphorylase a, mediated by the Ca2+-
activated enzyme phosphorylase b kinase, and second by the increase
in the concentration of the co-substrate Pi as a consequence of the PCr
splitting (Chasiotis, 1983; Yamada et al. 1993). If this is true, then
assuming Michaelis-Menten kinetics as seen in vitro (Chasiotis, 1983): 

GP ≈ GMAX/(1 + KPi
/[Pi]), (20)

where GMAX is the maximum activity of phosphorylase a under
prevailing conditions and K Pi

(= 26 mM) is the [Pi] at which the
activity of phosphorylase a is half maximal in vitro (Chasiotis, 1983).
This simply states the consequence of phosphorylase behaving the
same in vivo and in vitro. Making this provisional assumption, we
estimate the ‘maximum activity’ (i.e. notional activity at saturating
[Pi]) of phosphorylase a at each point as:

GMAX = GP(1 + KPi
/[Pi]), (21)

expressed here in three-carbon (lactate equivalent) units rather than
ATP units as before (Kemp et al. 1996; Kemp, 1997). This assumes
the truth of the eqn (20), and asks what the implications are for the
activation state of phosphorylase. Its main use is to distinguish
stimulation of glycogenolysis resulting from increase in the enzyme
(i.e. b-to-a conversion) from that arising from increase in [Pi]. 

Control of distal glycolysis. We can also distinguish glycogenolysis
from glycolysis (they are different in early exercise). In a simplistic
view of a two-stage process we can consider glucose 6-phosphate as
the substrate of distal glycolysis (beginning with phospho-
fructokinase), and HMP as a measure of this: thus we can relate the
distal flux to its substrate. 

Estimating initial PCr depletion rates during exercise

Estimates of lactate production and therefore buffer capacity during
exercise depend heavily on initial ATP turnover rate, measured as
the initial rate of PCr depletion (D ). This is calculated in several
different ways (we discuss later which is best: see Fig. 3). 

Estimates from consecutive spectra. The simplest rate estimate is
obtained from spectrum–spectrum differences:

D = _d[PCr]/dt. (22)

Because of the curvilinear time course of PCr, this might be expected
to underestimate the true rate (_d[PCr]/dt), especially in the early
phase. An approximate correction is available using the
monoexponential PCr rate constant k (see below), which in effect
corrects each rate to the start of the measurement interval (Kemp et
al. 1994): 

Dcorrected ≈ (_d[PCr]/dt)[exp(_k dt) _ 1]/(kdt). (23)

This is theoretically correct for pure monoexponential kinetics
(although not in that case the best way to estimate D: see next
paragraph). However, it might be a partial correction even though

the monoexponential fit to PCr is, as we shall see, not good.
(However, as we will show, the uncorrected rate may, paradoxically,
be more correct.) 

Estimates from exponential fits. By analogy with the typical
analysis of aerobic exercise (Meyer, 1988), we can attempt to fit [PCr]
to a monoexponential function:

_∆[PCr] = _∆[PCr]SS[1 _ exp(_kt)], (24)

where _∆[PCr]SS is the implied steady state value and k is the rate
constant, which is inversely proportional to the half time
(k = 0.693/tÎ). In the present work we constrain _∆[PCr]SS to be less
than basal [PCr], so that implied steady state [PCr] is positive,
although not doing so makes very little difference to the fit or the
calculated initial D. The derivative of eqn (24) can be used to calculate
initial rate directly as:

D0 = _k∆[PCr]SS, (25)

and rates throughout exercise as: 

D = _k∆[PCr]SSexp(_kt). (26)

This analysis of PCr kinetics in ischaemic exercise lacks the
theoretical underpinning of its application to aerobic exercise
(Mahler, 1985; Meyer, 1988; Kemp, 1994), and no true steady state is
possible. Also, we will show later (see Results) that the fit is not good. 

A more general approach is to use a biexponential fit to PCr, which
can be written:

_∆[PCr] = _∆[PCr]A[1 _ exp(_kAt)]

+ _∆[PCr]B[1 _ exp(_kBt)], (27)

where the subscripts refer to the two separable components.
Analogous to the monoexponential case, rate of PCr depletion can be
obtained as:

D0 = _kA∆[PCr]A + _kB∆[PCr]B, (28)

D = _kA∆[PCr]Aexp(_kAt) + _kB∆[PCr]Bexp(_kBt). (29)

Notice that this still implies a steady state at which _∆[PCr]SS =
_∆[PCr]A + _∆[PCr]B. The fitted parameters in eqn (27) are much
more sensitive to constraints than in the monoexponential case,
although the quality of the fit and the initial rate are not. Again we
constrain the fit so that the implied steady state [PCr] is positive.

Regression estimates. Although linear regression estimates (here,
the regression slope of [PCr] vs. time for three consecutive spectra)
obviously underestimate true rates, it will be seen that the error in
later exercise is small. To benefit from the smoothing effect, we use
this method from the third exercise point onwards. Three-point
regression slope estimates are assigned to the time point of the middle
spectrum. To approach the true initial rate more closely, we obtain
two successive regression estimates of PCr rate (call these D fi1,
measured from rest to exercise spectrum 2, assigned to t1, the time of
the first spectrum, and D fi2, measured from exercise spectrum 1 to
spectrum 3, and assigned to t2). We then extrapolate back to t = 0 to
obtain:

Dcorrected = D1 + [t1/(t2 _ t1)](D1 _ D2) = (3D1 _ D2)/2. (30)

Estimates adjusted by a buffering analysis. In experiments with
sufficient time resolution, it is possible to distinguish an early cellular
alkalinisation before the later progressive acidification (see Fig. 2).
This provides a method of correcting any estimate of initial ATP
turnover, by requiring that the line joining successive points on a
graph of net proton load against pH change passes through the origin
between the initial point(s) where pH change is positive and the
subsequent point where it becomes negative (in this work this is the
first spectral interval in 2 subjects, the second in 5 and the third in 2
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subjects). This works as follows: let Pa and ∆pHa be the cumulative
proton load and pH change from basal, respectively, at the last
spectral-collection point for which ∆pH is positive (i.e. just before the
pH falls below basal), while Pa + 1 and ∆pHa + 1 are the values at the
next spectrum. Then the proton load at the point where the
cumulative pH change is zero (i.e. where the pH passes the basal
value on its way down) is given by:

P∆pH=0 = Pa _ (Pa + 1 _ Pa)∆pHa/(∆pHa + 1 _ ∆pHa). (31)

Now:

Pa = Pa _ 1 + d[lactate]a _ yd[PCr]a = Pa _ 1 + F dta + (1 _ y)d[PCr]a, 

where dta is the time interval between spectrum a and its predecessor
over which the concentration changes d[PCr]a and d[lactate]a are
measured, F is the total ATP turnover rate appropriate for that
interval, and y is the appropriate value of the stoichiometric factor
(we simplify the expression by assuming F and y to be constant near
the start of exercise). Similarly:

Pa + 1 = Pa + Fdta + 1 + (1 _ y)d[PCr]a + 1.

Substituting for Pa + 1 and Pa in eqn (31), we can find the value of F
which makes P∆pH=0 = 0, by numerical solution, starting from the
corrected linear regression estimate (eqn (30)). 

Calculation of constraints and simulation of exercise

Constraints. To illustrate the constraints under which muscle
metabolism exists, we calculate some extreme combinations of
measurements (methods largely as in Kemp (1997), but using the new
stoichiometric constant _y (Kushmerick, 1997) and full numerical
solutions). First, some absolute constraints.

Zero lactate production is modelled by numerical solution of:

dpH/d[PCr] = y/b. (32)

Zero pH change is modelled by numerical solution of:

d[PCr]/d[lactate] = y. (33)

Zero PCr change is modelled by numerical solution of:

d[lactate]/dpH = _b. (34)

In each case the result is made time dependent using:

(3/2)∆[lactate] _ ∆[PCr] = F ∆t. (35)

Next we calculate lines (isopleths) that connect points with same
concentration.

Lines of constant lactate are given by:

∆[lactate] = ∫yd[PCr] _ ∫bdpH. (36)

Lines of constant [ADP] can be directly calculated from the simple
version of the equation for [ADP] (eqn (1) above). Thus for a given
[ADP]:

[PCr] = [TCr]/(1 + [ADP][H+]KCK
app/[ATP]), (37)

which gives the required [PCr] for a given pH. The translation of
pairs of pH and [PCr] into ‘consumed protons’ ∫yd[PCr] and ‘buffered
protons’ _∫bdpH is not unambiguous, as y depends on pH, and b
depends on Pi and pH (the earlier treatment of this was
oversimplified in this respect; Kemp, 1997). A convenient method is
to imagine reaching the required pH and PCr in two stages, each
made up of very small increments: first changing PCr at constant
pH, so that consumed protons = y∫d[PCr]; then changing pH at
constant [ADP], so that buffered protons = _∫bdpH (remembering
that b is a function of pH, even though PCr, and therefore Pi, is being
held notionally constant). The corresponding [lactate] is then the sum
of the buffered and consumed protons.

Simulations. We will also examine some consequences of
hypothetical variations in the kinetics of glycolytic rate. This can be
performed in a time-independent or time-dependent manner (Kemp,
1997); here we use the latter, calculating for each small time
increment:

d[lactate] = (2/3)Ldt, (38)

d[PCr] = (3/2)d[lactate] _ F dt, (39)

dpH = (yd[PCr] _ d[lactate])/b. (40)

A note on units

As concentrations are calculated per litre cytosolic water, the
convenient unit of flux is millimoles per litre per minute. It will be
seen that much of the interpersonal variability in e.g. rates of
glycolysis is explained by variation in total ATP turnover rate. For
this reason it will sometimes be useful to express the glycolytic ATP
synthesis rate or the rate of PCr splitting as a fraction of the initial
ATP turnover rate (e.g. Figs 7–9); these ‘relative’ ATP synthesis
rates are dimensionless ratios, with maximum value 1. The relative
rates of carbon fluxes (i.e. 6-carbon or 3-carbon fluxes) can also be
expressed relative to the initial ATP turnover rate (e.g. Fig. 7B): the
results are dimensionless ratios with no necessary upper limit. We
will also sometimes ‘scale’ the changes in metabolites by dividing by
the initial ATP turnover rate (Fig. 8); scaled change in [PCr] and
scaled cumulative glycolytic ATP synthesis have units of minutes,
and scaled change in ∆GATP has units MJ l min mol_2. 

RESULTS 
Metabolites and pH (Fig. 2)

Resting values (± S.E.M., n = 9) before the onset of
exercise were: 

pH = 6.999 ± 0.007,

[PCr] = 36.6 ± 0.4 mmol l_1,

[Pi] = 3.4 ± 0.2 mmol l_1

(monoanion = 1.3 ± 0.1, dianion = 2.1 ± 0.2 mmol l_1),

[PME] = 1.2 ± 0.1 mmol l_1,

[ADP] = 8.0 ± 0.6 µmol l_1,

[AMP] = 7.3 ± 0.9 nmol l_1,

∆GATP = _64.5 ± 0.2 kJ mol_1. 

Figure 2 shows pH and metabolite concentrations as a
function of time during ischaemic exercise. As usual in such
studies, pH decreases after a transient increase (Fig. 2A);
PCr concentration decreases monotonically, and Pi

concentration increases approximately stoichiometrically
(Fig. 2B): it can be seen that the increase in Pi concentration
was predominantly in the monoanionic form (which is
thought to be the form most important in the development
of fatigue; Miller et al. 1988; Cady et al. 1989), as the
concomitant fall in pH almost exactly balances the
generation of Pi, so that Pi dianion concentration reaches a
plateau value early on (Fig. 2B). PME concentration
increased also in an approximately biphasic manner
(Fig. 2C). Calculated free ADP and AMP (Fig. 2D), and
∆GATP (Fig. 2E) all increased in an approximately biphasic
way.
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PCr depletion rates (Fig. 3)

To calculate relevant metabolic fluxes, we must first
estimate the initial rate of PCr depletion. As explained in
Methods, there are a number of possible ways to do this.
Figure 3A shows the observed PCr concentrations and the
monoexponential and biexponential fits; both are less
than adequate, as can be seen from the non-random
residuals (Fig. 3B), the monoexponential fit being
significantly worse towards the start of exercise.
Comparing the different estimates of initial rates
(Fig. 3C), that from the monoexponential fit is lowest,
consistent with the larger residuals; the biexponential
value is the largest, followed by the two-point value
corrected using the monoexponential rate constant, then
by the uncorrected two-point value; the value from linear
regression is lower than these two, despite the linear
extrapolation to t = 0 (Fig. 3C). The time course of some
of these rate estimates is shown in Fig. 3D; the
differences are only crucial at the start of exercise. The
initial rate estimates in Fig. 3C are shown as a fraction of
the adjusted value of D = 25 ± 3 mmol l_1 min_1, whose
derivation takes account of proton buffering in the first
few intervals (see Methods): this will be presented later,
after the rest of the proton buffering results.

Proton handling (Figs 4 and 5)

We now consider the intracellular handling of protons.
Figure 4A shows the relationships between the
cumulative changes in pH and PCr concentration. This
plot also shows lines of constant ADP concentration
(which is a function of pH and PCr), and the line at the
left-hand edge represents a notional line of zero lactate
production. Figure 4B, derived from Fig. 4A, shows the
amount of H+ ‘consumed’ by PCr splitting plotted as a
function of the amount of protons remaining to be
‘buffered’ passively: the sum of these two quantities is
equal to the change in lactate concentration, and Fig. 4B
also shows (dotted) lines of constant lactate accumulation,
which are cut successively by the data points as exercise
proceeds. Figure 4B also shows the line of zero increase in
ADP, derived from that shown in Fig. 4A. One could also
calculate more lines of constant ADP increase, as in
Fig. 4A; a simplified version of such a plot has been
presented elsewhere (Kemp, 1997), although, strictly, the
amount of protons consumed by PCr hydrolysis between
the origin and a point of given pH and PCr depends
somewhat on the route taken, as the amount of proton
consumption is pH dependent (see Methods). 

31P MRS studies of ischaemic exerciseJ. Physiol. 535.3 909

Figure 2. Time course of pH and metabolite concentrations during ischaemic exercise

A, cytosolic pH. B, the concentrations of phosphocreatine, and of inorganic phosphate and its two ionic
components. C, phosphomonoester concentration. D, the concentrations of free ADP and free AMP (note
logarithmic scale). E, the free energy of ATP hydrolysis. Error bars show S.E.M.



Figure 4C shows an expanded view of a plot of protons
consumed by PCr hydrolysis against pH change in the
early stages of exercise. Initial H+ consumption,
outweighing lactate production, causes an initial
alkalinisation; if we assume that lactate production is
negligible in this first interval, the first-exercise point
corresponds to a non-Pi buffer capacity of
20 ± 3 mmol l_1 (pH unit)_1 (eqn (14)). Compare the first
data point in Fig. 4C to the diagonally radiating lines of
constant buffer capacity assuming no lactate production.
In the absence of lactate production later in exercise the
experimental point would (roughly) move further along
the same line; instead, of course, lactate production
causes acidification as PCr depletion continues. 

Figure 4D shows the relationship between calculated
lactate concentration and pH change. As in needle biopsy
studies (Sahlin, 1978), other MRS studies (Wackerhage et al.
1996) and studies combining the two methods (Sullivan et
al. 1994) this is near linear. From its slope we can calculate
an apparent buffering capacity of 52 ± 6 mmol l_1

(pH unit)_1, comprising both true buffering (both by non-Pi

cytosolic buffers and by Pi, whose concentration increases
throughout exercise) and the H+-consuming effect of PCr
splitting (see Methods). Of the total lactate (proton) load, we
can calculate that 27 ± 2 % is consumed by the Lohmann
reaction. Removing this component, we obtain an estimate
of the net H+ load to the cytosolic buffers. Of this, 30 ± 5 %
is buffered by pre-existing Pi and PME. Removing this
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Figure 3. Phosphocreatine depletion rates during ischaemic exercise

A, the observed time course of phosphocreatine (0) together with lines showing the results of fitting to
monoexponential and biexponential kinetics. The monoexponential fit is eqn (24) with ∆[PCr] =
30 ± 4 mmol l_1, and k = 0.7 ± 0.1 min_1 (corresponding to tÎ = 1.4 ± 0.5 min). The biexponential fit is
eqn (27) with ∆[PCr]A = 6 ± 1 mmol l_1, ∆[PCr]B = 30 ± 2 mmol l_1, kA = 3.7 ± 0.8 min_1 (corresponding
to tÎ = 0.5 ± 0.3 min) and kB = 0.31 ± 0.04 min_1 (corresponding to tÎ = 0.31 ± 0.04 min). B, the residuals
(observed minus fitted) for these two fits, scaled to resting phosphocreatine concentration. C, the
estimated initial rates of phosphocreatine depletion (expressed as a fraction of the adjusted value
described in the text and in Fig. 6), measured in five different ways: from monoexponential (eqn (25)) and
biexponential fits (eqn (28)), from the difference between the basal and first-exercise point as measured
(eqn (22)), and ‘corrected’ to t = 0 using the monoexponential rate constant (eqn (23)), and by three-point
linear regression, extrapolated to t = 0 (eqn (30)). D, the time course of phosphocreatine depletion rate
calculated in three of these five ways: regression, two-point corrected and biexponential fit (eqns (23), (29)
and (30)) (the monoexponential fit (eqn (26)) is obviously inappropriate). Error bars show S.E.M. (omitted in
D).
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Figure 4. Proton handling during ischaemic exercise

The figure shows several quantities plotted in a time-independent, cumulative manner during exercise.
A, the fall in PCr as a function of that in pH; the lines in the background represent lines of constant
suprabasal ADP concentration, varying from no increase in ADP to ‘infinite’ ADP, i.e. complete PCr
depletion (calculated from eqn (37)). B, the cumulative amount of protons that this process ‘consumes’
(∫yd[PCr]), plotted as a function of the cumulative amount of protons ‘buffered’ (_∫bdpH); the continuous
line represents no increase in ADP (calculated from eqn (37)); lines of constant non-zero increase in ADP
could be plotted above this, as in Kemp (1997), but are omitted here for clarity. The dashed lines show
constant lactate change (eqn (36)); for each, ∆[lactate] is simply equal to the x-co-ordinate. C, an expansion
of the initial region of a plot of protons ‘consumed’ (∫yd[PCr]) as a function of pH fall: the lines radiating
from the origin represent nominal values of buffer capacity as indicated (calculated from eqn (13)); the
initial (alkaline) point corresponds to a buffer capacity of 20 mmol l_1 (pH unit)_1 (see Results), before
lactate production moves the data points in the direction of acidification despite progressive proton
consumption by continuing PCr hydrolysis. D, the amount of lactate accumulated as a function of pH fall;
the slope of this line is the apparent buffer capacity _d[lactate]/dpH. E, the net proton load to the
cytosolic buffers (i.e. the difference between lactate production and proton consumption by PCr splitting
(eqns (10) and (12)) as a function of pH fall: the slope of this line (_d[H+load]/dpH) is an estimate of true
buffer capacity. F, an expanded view of the near-rest region in E, with lines of constant buffer capacity
(from eqn (13)). Error bars show S.E.M.



component as well gives us the relationship between net H+

load to the cytosolic buffers and the pH change shown in
Figs 4E and F: Fig. 4F concentrates on the first few time
points, showing the data with lines of constant buffer
capacity analogous to those in Fig. 4C, while Fig. 4E shows
the full course. This relationship was approximately linear,
with overall slope (a measure of overall non-Pi buffer
capacity) of 28 ± 5 mmol l_1 (pH unit)_1. This overall slope
is not very useful, in view of the likely pH dependence of
cytosolic buffer capacity (see Discussion). There are several
ways in which this pH dependence could be established, but
here we have fitted the proton load–pH change data
(Fig. 4E) assuming, notionally, a single buffer species whose
effective pK turns out to be 5.5 ± 0.2 (the fit constrains pK
to be between 5 and 7 – physiologically plausible,
mathematically somewhat arbitrary, but making little
difference to the fit). This fit (the line in Fig. 4E) yields the
buffer capacity shown in Fig. 5A as a function of exercise
time, and in Fig. 5B as a function of pH. Figure 5A also
shows the buffer capacity due to Pi and PME, and the total
buffer capacity. The true cytosolic (non-Pi, non-PME)
buffer capacity increases from 20 ± 3 mmol l_1 (pH unit)_1

at rest to 48 ± 5 mmol l_1 (pH unit)_1 at the end of exercise.
This is quite close to a linear pH dependence, with mean
slope _db/dpH = 55 ± 7 mmol l_1 (pH unit)_2 .

As PCr depletion rate decreases, and smaller amounts of
protons are consumed by PCr splitting in each interval,
the apparent buffer capacity (the slope of lactate against
pH fall – see Fig. 4D) becomes closer to the true buffer
capacity (the slope of net proton load against pH fall – see
Fig. 4F).

Buffering and ATP turnover at the start of exercise
(Fig. 6)

We return now to the initial rate of ATP turnover, and
how this was adjusted using an analysis of proton
handling in early exercise. It can be seen that the proton
load vs. pH plot in Fig. 4E passes through the origin as
acidification succeeds the initial alkalinisation. The slope
of this plot is an estimate of buffer capacity (eqn (13))
both in the initial alkalinisation (eqn (14)) and the later
acidification (eqn (17)), and so the slope should be the same
on either side of the origin, at least reasonably so, before
Pi accumulation increases the overall buffer capacity (eqn
(15)). The line should therefore pass through the origin:
that is, pH should have returned to basal values when
lactate accumulation exactly matches the amount of
protons consumed by PCr splitting in the first spectral
acquisition interval, this being defined by linear
interpolation between the data points immediately
adjacent on opposite sides of the origin – usually the first
and second exercise data points. As explained in Methods
(eqn (31)), the initial rate of ATP turnover has been
slightly adjusted so that this is so (this is the adjusted
value to which other estimates are referred in Fig. 3D). 

We need to define the effect of potential errors in the
initial rate of ATP turnover. Figure 6A shows, for the
first minute of exercise, the adjusted values of PCr
depletion rate, together with two arbitrary variations of
the initial rate, 10 % high and 10 % low. Figure 6B shows
the proton load vs. pH fall relationship (as in Fig. 4F)
assuming these three values of initial PCr depletion rate.
The higher this is, the higher the apparent lactate
concentration and therefore the higher the net proton
load at any point. Figure 6C, which focuses on the first
few points of the proton load–pH relationship (as in
Fig. 4E), shows how the variant rate assumptions result
in failure of the line to pass back through the origin on its
way from the initial alkalinisation to the later, sustained,
acidification. Figure 6D shows the resulting effects on the
all-exercise mean estimate of cytosolic buffer capacity,
which increases with assumed initial ATP turnover, and
the initial-exercise estimate, which is independent of
ATP turnover. We return to this in the Discussion.

Figure 6E makes a different point, showing the effects on
the overall and initial-exercise estimates of buffer
capacity of assuming a different value for the
stoichiometric coefficient _y, namely the earlier factor q
(Kemp & Radda, 1994). Again, we return to this in the
Discussion.
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Figure 5. Proton handling during ischaemic
exercise

A, the total buffer capacity (from eqns (18) and (19)),
the buffer capacity due to Pi and PME (eqn (15)), and
their difference, the true cytosolic buffer capacity
during exercise. B, the true cytosolic buffer capacity
as a function of pH. Error bars show S.E.M.



Fluxes (Fig. 7)

We are now equipped to estimate some metabolic fluxes
and study their relationships. Figure 7 shows fluxes as a
function of time during exercise. The total ATP turnover,
by definition, tracks the work rate (as contraction
efficiency is taken to be constant). Figure 7A shows that
estimated total ATP turnover, and therefore measured
work rate, did not fall significantly during exercise. Thus
despite subjective fatigue, all subjects were able to
maintain a constant work rate. 

Figure 7A also shows that the rate of PCr splitting
decreased to a plateau value, so the rate of glycolytic ATP
synthesis increased to a plateau during the course of the
exercise. This has some resemblance to aerobic exercise
(Meyer, 1988), where, however, the rate of PCr depletion
eventually falls to zero and a true steady state is reached;
this is impossible in ischaemic exercise where the muscle is
a closed system, and continued glycolysis means
continued lactate–proton accumulation. 

To show these relationships better, obscured as little as
possible by interpersonal variation, Fig. 7B shows the
rates of ATP generation by PCr splitting and by
glycogenolysis as a fraction of total ATP turnover.
Figure 7B makes clear that much of the variation in the
glycolytic rate seen in Fig. 7A is a consequence of
intersubject variation in the rate of total ATP synthesis.
The fraction of ATP provided by glycolysis in each
spectral interval increases from zero at the start to
0.72 ± 0.05 at the end of exercise. Comparison of the
changes in PCr (Fig. 4A) and lactate (Fig. 4B) shows that
the whole-exercise average fraction of ATP provided by
glycolysis, given by 1/{1 _ (2/3)(∆[lactate]/∆[PCr])}, is
0.62 ± 0.03.

Figure 7C compares the absolute rates of glycolytic
ATP synthesis (as in Fig. 7A) with the estimated rate of
lactate production. It can be seen that these have roughly
the same time course; these differ of course by a
stoichiometric factor of approximately 3/2, depending on
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Figure 6. Phosphocreatine depletion rates and proton load estimates during ischaemic exercise

A, the adjusted estimate of the rate of PCr depletion (initial rate from eqn (30) adjusted using eqn (31),
then linear regression thereafter) during the first minute of exercise (0), together with two variations of
the initial rate, 10 % higher and lower than the adjusted value. B, the relationship between proton load
and pH calculated using the adjusted value of initial PCr depletion rate (0), and using the two variant
values. C, an expanded view around the origin of the same data as B. D, the result of the variant error
assumptions on the all-exercise average (eqn (16)) and initial-exercise (eqn (14)) estimates of buffer
capacity. E, the result of an alternate assumption (see Methods) about the proton stoichiometry of PCr
splitting on all-exercise average (eqn (16)) and initial-exercise (eqn (14)) estimates of buffer capacity. Error
bars show S.E.M.



the relationship between the rates of proximal and distal
glycolysis (see eqn (7)). This relationship can be seen more
clearly in Fig. 7D, which plots the ratio of proximal to
distal glycolytic rates. Proximal glycolysis exceeds distal
at the start of exercise: this corresponds to the increase in
PME (Fig. 2C), and represents a temporary excess flux
through phosphorylase over that through phospho-
fructokinase, as is well known from needle-biopsy studies
(Hultman & Spriet, 1986; Chasiotis et al. 1987; Spriet et
al. 1987b); the ratio gradually approaches unity (expressed
in appropriate units) as PME stabilises.

Relationships between fluxes and concentrations
(Figs 8 and 9)

Next we consider the relationship between fluxes and
some potentially relevant concentrations. 

General ‘transfer functions’ (Fig. 8). Given the data
and the biochemical background (see Introduction and
Methods), a natural ‘transfer function’ (if it can be so
called) which characterises the system is the relationship
between the rate of glycolytic ATP synthesis and the fall
in PCr. This is shown in Fig. 8A, plotted relative to ATP
turnover to reduce variability. It can be seen that after
the initial lag, the relationship is near linear up to a break
point, following which glycogenolysis remains at a
plateau. 
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Figure 7. Metabolic fluxes during ischaemic
exercise

A, ATP synthesis rates: the total rate (eqn (4)), the
rate of PCr splitting (adjusted rates, as in Fig. 6A),
and the rate via glycolysis (eqn (5)). B, the rates,
relative to initial ATP turnover rate, of ATP
synthesis by PCr splitting and by glycolysis. C, rates
of lactate production (= distal glycolysis, expressed as
lactate, i.e. 3-carbon, flux; eqn (5)) and of
glycogenolysis (= proximal glycolysis, expressed as
glucosyl, i.e. 6-carbon, flux; eqn (7)). D, the ratio of
glycogenolysis to glycolysis (i.e. proximal to distal
glycolysis, each expressed in the same units). Data are
means ± S.E.M.

Figure 8. Metabolic fluxes and some metabolite
concentrations during ischaemic exercise

The figure shows the glycolytic ATP synthesis rate
plotted as a function of several quantities: the change
in PCr concentration (A), the change in free energy of
ATP hydrolysis (B), and the cumulative amount of
glycolytic ATP synthesis (C). In each case both the
glycolytic ATP synthesis rate and the quantities on
the x-axis have, to minimise intersubject variability,
been divided by the initial ATP turnover rate. Data
are means ± S.E.M.



Because of the constraints imposed by the creatine kinase
equilibrium (Connett, 1988; Kemp, 1994) this
relationship implies other relationships, for example to
[ADP] and [AMP] (not shown), and also to the free energy
of ATP hydrolysis, ∆GATP. The last of these is plotted in
Fig. 8B, which shows a quasi-sigmoid relationship
somewhat resembling similar relationships for oxidative
ATP synthesis in aerobic exercise (Jeneson et al. 1995,
1996). 

Lastly, Fig. 8C shows the relationship between glycolytic
ATP synthesis rate at a point and the total amount of
glycolytic ATP synthesis up to that point. This shows
that at least half the ATP is synthesised at a near-
constant rate, albeit one that falls short of total ATP
turnover, so that [PCr] continues to fall. This relationship
is independent of the apparent lag in activation of
glycolysis seen in Fig. 7A and B).

The relationships in Fig. 8 are rather abstract, related to
the overall ATP economy and in particular the
relationship between ATP synthesis and the need for
ATP. We argue that they offer a way of characterising
the system, particularly suited to the data that 31P MRS
supplies, but they may contain no insight into
mechanisms. 

Possible causal relationships (Fig. 9). We now consider
some relationships that have some possible causal
significance (to put it no more strongly). The relationship
of glycolytic ATP synthesis against the rate of fall of
[PCr] shown in Fig. 8A implies the relationship of
glycogenolytic rate against Pi concentration shown in
Fig. 9A. As noted elsewhere (Kemp et al. 1994; Kemp,
1997) this is roughly hyperbolic, at least reminiscent of
the Pi dependence of phosphorylase a activity in vitro
(Chasiotis, 1983; Ren & Hultman, 1990), except that it
starts from a near-zero value at resting and near-resting
[Pi]. Note that in the first exercise interval glycolytic ATP
production and therefore lactate production are
indistinguishable from zero, but the net accumulation of
PME results in a small positive rate of proximal
glycolysis. 

Figure 9B, derived from Fig. 9A, shows the notional
maximum rate of glycogenolysis, assuming a Pi

dependence resembling that of phosphorylase a (see
Methods). This is an attempt to estimate what glycolytic
rate might be if Pi concentration were high enough that
there was no question of it limiting the rate. As noted
before (Kemp et al. 1994; Kemp, 1997), it increases from
a near-zero value at rest and in the first interval, but is
then at least approximately constant for most of the
exercise. It can be seen from Fig. 9B that the period of its
approximate constancy starts earlier than the plateau in
glycolytic rate: thus from about 20–90 s the increase in
glycogenolytic rate may be largely explained by the
increase in Pi resulting from the fact that glycolytic ATP
synthesis falls short of ATP demand. 

Figure 9C shows a slightly different plot of the rate of
distal glycolysis against PME, which can be considered
the substrate for this block. The rate and the
concentration increase together, the rate gradually
flattening off to a plateau. This is discussed further
below.

Relationships between metabolic regulation and
proton handling (Figs 10 and 11) 

Absolute constraints (Fig. 10). Figure 10 illustrates the
absolute constraints on pH and metabolite changes
(Fig. 10A–C) by considering some extreme situations;
Fig. 10D also shows the required or implied rates of
glycolysis. First, if there is no lactate production until all
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Figure 9. Metabolic fluxes and some metabolite
concentrations during ischaemic exercise

A, the glycolytic ATP synthesis rate as a function of
Pi concentration. B, the rate of glycogenolysis (in
3-carbon units), and its notional maximum rate (GMAX)
at excess Pi concentration (eqn (21)) throughout
exercise. C, the rate of distal glycolysis (in 3-carbon
units) as function of phosphomonoester
concentration. All fluxes are expressed relative to
initial ATP turnover rate. Data are means ± S.E.M.



PCr is exhausted, pH rises (Fig. 10A) (as in exercise in
patients with deficiency of glycogen phosphorylase or
phosphofructokinase; Argov et al. 1987a,b; Kemp et al.
1993), and the decrease in PCr and increase in ADP are
maximal (Fig. 10B and C). This corresponds to the
leftmost lines in Fig. 4A and B. When PCr is exhausted,
pH starts falling as lactate production commences
(Fig. 10A), at a rate made large by the lack of proton
consumption by further PCr depletion, although
moderated by the large amount of pre-existing Pi, which
makes a substantial contribution to buffer capacity.
Second, if there is lactate production in the absence of PCr
depletion, so that all ATP is supplied by glycolysis, the
pH fall is made large (Fig. 10A) by the absence of proton
consumption by PCr splitting, and the absence of Pi

contributions to buffer capacity; the result is that ADP
falls (Fig. 10B), which is never seen in experiments. This
corresponds to the lowermost line in Fig. 4D, and to the
x-axis in Fig. 4A and B. Third, a slightly smaller rate of
glycolysis, with a small degree of PCr depletion (Fig. 10C)
can result in no change in [ADP] at all (Fig. 10B), which
again is never seen. This corresponds to the zero ∆ADP
lines in Figs 4A, B and D). Fourthly, lactate production
could be coordinated in relation to PCr depletion, at a

rather low level, such that pH does not change (Fig. 10A),
giving rapid decrease in [PCr] and increase in [ADP]
(Fig. 10B and C). This corresponds to the y-axis in all
panels of Fig. 4.

Simulating different patterns of control (Fig. 11).
These absolute limits are wide (although their effect on
the relation between lactate and pH (Fig. 4E) is quite
restricting; Kemp, 1997). A more interesting question is
what effects smaller changes in the ‘law’ governing
glycolysis have on pH and metabolite concentrations.
This is shown in Fig. 11 for two simulated cases, where
glycolysis is simply linear with time (this turns out to be
rather similar to assuming that it is linear with PCr or Pi),
and where it is constant; in both cases we assume that the
total amount of lactate produced, the time taken and the
rate of ATP turnover are the same as measured. Figure 11
shows the required or implied changes in glycolytic rate as
a function of time (Fig. 11A), of the total amount of
glycolytic ATP generation (Fig. 11B) and of the fall in
PCr concentration (Fig. 11C). It also shows the results on
the time course of pH and metabolites (Fig. 11D–F). It
can be seen that when glycolysis is linear with time more
protons are delivered later in exercise, where more Pi is
available to buffer them, so pH falls slightly less than
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Figure 10. Some absolute constraints on pH and metabolite changes during ischaemic exercise

The figure shows some absolute constraints on pH and metabolite changes (A–C) by considering some
extreme situations: no lactate production (eqn (32)) until all PCr is exhausted (eqn (34) with maximal [Pi]);
lactate production in the absence of PCr depletion (eqn (34) with resting [Pi]); coordinated control of
lactate production in relation to PCr depletion such that pH does not change (eqn (33)); and coordinated
control of lactate production and PCr depletion such that ADP does not change (eqn (37)). D, the
corresponding rates of glycolysis. All constraints are expressed in the time domain using eqn (35). These
theoretical lines are as labelled. The observed data are shown as filled circles (means ± S.E.M.).



observed, after a longer phase above or near resting pH
(Fig. 11A). The result is that [ADP] is higher throughout
(Fig. 11F). When glycolysis is constant, there is no initial
alkalinisation (Fig. 11A) and [ADP] shows a near-linear
increase (Fig. 11F).

DISCUSSION
Buffer capacity

Detailed knowledge of the pH dependence of buffer
capacity in vivo will be required for proper interpretation
of other kinds of dynamic 31P MRS muscle study, and the
present study goes some of the way towards that. In
human and animal studies, reported buffer capacities

differ quite widely (Hsu & Dawson, 2000). The apparent
buffer capacity (_d[lactate]/dpH) of 50 mmol l_1 (pH
unit)_1 here can be directly compared with values
obtained from two other forearm studies: ›25 mmol l_1

(pH unit)_1 during ischaemic 1 Hz stimulation studied
indirectly by 31P MRS (Conley et al. 1997) and
›40 mmol l_1 (pH unit)_1 during voluntary aerobic
exercise studied directly by 1H MRS (Pan et al. 1991). A
value of ›45 mmol l_1 (pH unit)_1 was obtained in
ischaemically exercising calf studied by 31P MRS
(Wackerhage et al. 1996), ›40 mmol l_1 (pH unit)_1 in frog
muscle in vitro (Hsu & Dawson, 2000), and 50–75 mmol l_1

(pH unit)_1 in ischaemically exercising quadriceps (Sahlin &
Henriksson, 1984; Spriet et al. 1987a,b). 
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Figure 11. Effects of changes in the control properties of glycolysis on pH and metabolite changes
during ischaemic exercise

The figure shows the results of a simulation of two hypothetical cases: assuming glycolysis linear with
time, and assuming glycolysis is constant. We assume that the total amount of lactate produced, the time
taken and the rate of ATP turnover are the same as measured. Results are obtained by numerical solution
of eqns (38)–(40). Left-hand panels show the glycolytic rate (as a fraction of total ATP turnover rate)
plotted against exercise time (A), the total amount of glycolytic ATP synthesised (B) and the fall in PCr
(C) (the latter two quantities scaled to ATP turnover). Right-hand panels show the changes in pH (D), PCr
concentration (E) and ADP concentration (F). The theoretical lines are as labelled. The observed data are
shown by filled circles (means ± S.E.M.).



Comparison of true buffer capacity (bC) with published
values is complicated by lack of agreement on the correct
stoichiometry for proton ‘consumption’ by PCr splitting.
Furthermore, comparison with results of homogenate
titration is complicated by the contribution of Pi

generated by artifactual hydrolysis of organic
phosphates, which may be (Adams et al. 1990) allowed
for, but more usually is not (Parkhouse & McKenzie,
1984; Nevill et al. 1989; Mannion et al. 1993). It has also
been suggested (Kushmerick, 1997) that homogenisation
may expose buffering groups ‘hidden’ in vivo. Earlier
studies reporting estimates of buffer capacity in vivo
derived from 31P MRS data (Blei et al. 1993b; Kemp et al.
1994; Kemp, 1997), including one which reported good
agreement with in vitro estimates (Adams et al. 1990),
used a stoichiometric factor essentially equal to q, the
monoanion fraction of Pi (Wolfe et al. 1988; Kemp et al.
1993; Harkema et al. 1997; Harkema & Meyer, 1997),
which is close to 0.4 at rest. Following a new analysis of
the relevant ionic equilibria (Kushmerick, 1997) this was
revised to _y, about 0.2 at rest. Currently, some workers
(Conley et al. 1997, 1998; Hsu & Dawson, 2000) use the
new factor (as we do in this work) while others continue to
use q (Walter et al. 1999), or other factors (Newcomer et
al. 1999) (see Appendix). The present estimate of buffer
capacity at rest (20 ± 3 mmol l_1 (pH unit)_1 at rest) is
similar to another MRS-based initial-exercise estimate in
forearm muscle, 17 mmol l_1 (pH unit)_1 during ischaemic
1 Hz stimulation (Conley et al. 1997) (recalculated from
an earlier, higher estimate (Blei et al. 1993a) using the
new stoichiometric factor). To compare with this, an
initial-exercise estimate of 27 mmol l_1 (pH unit)_1 from
recent calf muscle studies using the earlier factor (Walter
et al. 1999) would have to be more than halved. However,
a recent initial-recovery estimate of 24 mmol l_1 (pH
unit)_1 in calf muscle using a different factor (Newcomer
et al. 1999) might not need much adjustment (see
Appendix). 

The muscle best studied by needle biopsy is quadriceps,
and this seems to have a higher buffer capacity than
forearm or calf: several needle-biopsy studies (Chasiotis et
al. 1987; Spriet et al. 1987a,b; Bangsbo et al. 1992) are,
broadly, compatible with true buffer capacity around
40 mmol l_1 (pH unit)_1, roughly comparable to estimates
from homogenate titration (Parkhouse & McKenzie,
1984; Nevill et al. 1989; Mannion et al. 1993) (once the
estimated Pi component in vitro has been removed). 

Attempts have been made to predict cytosolic buffer
capacity from the chemical composition. It is accepted
that protein-bound histidine (pK = 6.8) is the major
component (Sahlin, 1978; Roos & Boron, 1981), and that
there is negligible free histidine (Sahlin, 1978). In human
muscle, an estimate (Newham et al. 1995) based on
56 mmol l_1 protein-bound histidine (Furst et al. 1970)
gives a buffer capacity of about 30 mmol l_1 (pH unit)_1;
elsewhere, the protein contribution is variously estimated
as 15–45 mmol l_1 (pH unit)_1 (Burton, 1978; Sahlin,

1978; Parkhouse & McKenzie, 1984). Another 4 mmol l_1

(pH unit)_1, approximately, is due to 7 mmol l_1 carnosine
(pK = 6.8) (Parkhouse & McKenzie, 1984; Mannion et al.
1992). The contribution of bicarbonate is uncertain. The
concentration of bicarbonate (pK = 6.1) in resting muscle
is ›10 mmol l_1 (Sahlin et al. 1978), and since muscle can
probably be considered closed to CO2 in ischaemic
exercise, this would contribute 2–4 mmol l_1 (pH unit)_1

as exercise proceeds (eqn (15) with pK = 6.1). This will be
a slight underestimate, as some CO2 (›1 mmol l_1) will
have been generated in the phase of resting ischaemia.
Note that if CO2 can freely leave muscle, the effective
buffer capacity of bicarbonate may be substantially
higher than this (Roos & Boron, 1981). Because of these
uncertainties, we have left the bicarbonate component as
part of bC, rather than correcting for it on the basis of pH
(Kemp & Radda, 1994). In general, none of these
calculations can be regarded as firm for most human
muscles.

The increase in buffer capacity with pH (Fig. 4B)
resembles that seen in a study of rat and cat muscle in
vivo and in vitro (Adams et al. 1990), as well as, for
example in isolated perfused ischaemic rat heart (Wolfe et
al. 1988) and vascular smooth muscle myocytes in vitro
(Austin & Wray, 1995). It would go beyond the data to
analyse this pH dependence in terms of specific
components, but the data imply at least some components
of rather low pK, as in heart (Wolfe et al. 1988).

Clearly stoichiometric assumptions affect these estimates
(see above). To see this, consider the consequence of
making the traditional alternative assumption (Kemp &
Radda, 1994; Harkema & Meyer, 1997) (i.e. using q
instead of _y). If we accept that there is no significant
lactate accumulation during the acquisition of the first
exercise spectrum (Conley et al. 1997), then (from eqn 14))
the effect of the alternative assumption on the initial-
exercise estimate of buffer capacity (Fig. 6E) is to double
it (i.e. increase it by a ratio _q/y). Now consider the effect
on the all-exercise estimate (eqn (16)). The alternative
coefficient gives a small (24 ± 2 %) increase in the
adjusted initial rate of PCr depletion (eqn (31)), arguably
exceeding its intrinsic uncertainty – see below). This in
turn increases total lactate by 38 ± 4 %, tending to
increase net proton load. Tending in the other direction,
proton consumption by PCr hydrolysis is nearly doubled,
increasing by 89 ± 8 %. Nevertheless the net proton load
to the cell, which is the difference between these two
processes, is still increased (by 25 ± 5 %), so the all-
exercise estimate of buffer capacity is increased by
30 ± 4 % (see Fig. 6E). 

This observation supplies an indirect argument against
the alternative stoichiometric assumption. If we expect
cytosolic buffer capacity to increase with decreasing pH
(see above), then acidification during exercise should
make the all-exercise average estimate of buffer capacity
larger than the initial-exercise estimate, which is not true
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under the alternative assumption (Fig. 6E). This is of
course not conclusive. 

An analogous point about initial ATP turnover can be
made on the basis of Fig. 6D: as the expected difference
between estimates of buffer capacity is not seen with the
lower assumption about ATP turnover, we might argue
that we are, at least, not overestimating ATP turnover.
Conversely, if we are significantly underestimating it
then the pH dependence of buffer capacity is steeper
than it appears in Fig. 5B. Comparison with the published
data cited above (Wolfe et al. 1988; Adams et al. 1990;
Austin & Wray, 1995) suggests that this is unlikely.

Estimations of fluxes

Comparison with other MRS studies is complicated by
some confusion about calculation methods. The method
used here and in Wackerhage et al. (1996) is equivalent to
the calculation of ‘glycolytic PCr synthesis’ in Conley et
al. (1997) (which is equal to the integral of glycolytic ATP
synthesis as defined here), referred to as ‘Method D’ in
Hsu & Dawson (2000). As originally described (Conley et
al. 1997), this notional PCr synthesis (which does not
actually occur) was used to calculate lactate accumulation
using a stoichiometric factor for glycolysis-driven PCr
synthesis (Kushmerick, 1997), although it has since been
recognised (Conley et al. 1998, 1999) that the correct
factor is, as used here, 2/3 (Hsu & Dawson, 2000). With
this correction, the reasonable agreement (Conley et al.
1997, 1999) between lactate accumulation calculated (in
effect) as in the present work, and from buffering
equations from changes in pH and PCr (as in Kemp et al.
1994) implies a reasonably constant ATP turnover, and
thus also constant efficiency. Harder evidence comes
from a recent comparison in isolated frog muscle between
31P MRS estimates of lactate accumulation and direct
measurement using 1H MRS (Hsu & Dawson, 2000) reveals
a number of problems with several implementations of
indirect methods, but good agreement with 1H MRS when
lactate is measured indirectly from PCr kinetics, as in the
present work. 

It is difficult to assess lactate accumulation precisely in
the earliest time interval, but the calculated value (by
comparing the measured PCr change from resting to first
spectrum with the rate of ATP turnover) was not
significantly different from zero (Fig. 7A), a conclusion
consistent with the plausible estimate of buffer capacity
derived by assuming this to be zero (see e.g. Fig. 4C). The
first spectrum was collected over 15 s, or 10 contractions.
This parallels the finding in stimulated forearm muscle
(Conley et al. 1997) that activation of glycolysis is
delayed for approximately 50 twitches: it is interesting
that both those 50 twitches and our 10 contractions both
represent about 7 mmol l_1 ATP.

This kind of analysis relies heavily on an estimate of
initial ATP turnover. There is no general agreement on
how this is to be made. A regression estimate is robust, but

underestimates the true rate, although a partial
correction can be made by extrapolation (eqn (30)). A
simple measurement over the first collection interval
(eqn (22)) might be expected to be an underestimate. This
would certainly be so if the PCr kinetics were exponential
(eqn (24)): if so, the initial rate should be obtained from a
fit (eqn (25)). Although this is generally accepted in
aerobic exercise, and consistent with several plausible
models of mitochondrial regulation (Mahler, 1985; Meyer,
1988; Kemp, 1994, 2000), there is no such agreement or
theoretical underpinning in ischaemic exercise. Although
a biexponential fit (eqn (27)) is more general, it is found
that, without better time resolution than achieved here,
the parameters tend to be unstable, and the initial rate
(eqn (28)) can be spuriously high. We have used an
indirect method of adjusting the estimated rate based on
an analysis of buffering in early exercise (eqn (31)), and
we have argued above that Fig. 6D suggests that our
estimate is unlikely to be very wrong. The result of this
analysis is that the true initial rate appears to be quite
close to the rate simply measured (eqn (22)) from the PCr
difference between resting and first-exercise spectrum
(see Fig. 3C). Interestingly, this is what is expected if the
activation of glycolysis is indeed delayed (see Fig. 7 and
Conley et al. 1997), so that PCr splitting alone funds the
initial phase of exercise. Finally, we do not know enough
about possible changes in contractile efficiency during
early exercise to exclude the possibility of rapid changes
in ATP demand over this period.

Metabolic regulation

The general pattern of fluxes (decreasing rate of PCr
depletion, increasing rate of glycogenolysis) is as reported
previously in many studies by both MRS (Kemp et al.
1994; Wackerhage et al. 1996; Conley et al. 1997) and
needle biopsy (Sahlin & Henriksson, 1984; Spriet et al.
1987a,b). How is this to be explained? We have
introduced the idea of the, purely formal, transfer
function relating glycolytic ATP synthesis to the
shortfall in ATP, as registered by the change in PCr
concentration below basal. The problem is to explain this
mechanistically. Figure 1 provides a summary of the
relevant pathways and mechanisms, which will now be
discussed in more detail.

An old idea is that the increase in glycogenolysis is to be
explained by two factors: the Ca2+-dependent conversion
of phosphorylase b to phosphorylase a (more active under
conditions in vivo), and the increase in Pi consequent on
PCr splitting. The present results are partly consistent
with this. In engineering terms (Kemp, 1994), the Ca2+-
dependent mechanism is an open loop, in which a single
signal activates both ATP consumption (myosin ATPase)
and ATP production (glycogenolysis). The Pi-dependent
mechanism (Griffiths, 1981; Chasiotis, 1983) is a closed
loop, in which changes in Pi concentration, resulting from
net PCr depletion, signal a transient mismatch between
ATP consumption and ATP synthesis. We have used one
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component of the transfer function relating the
glycogenolytic rate to the signal Pi concentration (i.e. KPi

)
to estimate its other component (GMAX). This can be
understood in regulatory terms, accepting the obvious
simplifications. 

As pointed out before (Kemp, 1997), ADP and also AMP
concentrations are strongly dependent on the control
relationships of glycogenolysis (because ADP concentration
does not figure in the closed Pi–phosphorylase loop, and
because open-loop control mechanisms require high
precision). No mechanism is known comparable to the
closed-loop system, which, at least partly, regulates
oxidative ATP synthesis in aerobic exercise, in which
ADP concentration can be thought of as an error signal
necessarily related to ATP turnover (Kemp, 1994). In
extreme states, AMP concentration might be such a
signal, if it rose high enough to lower KPi

and thus
indirectly activate glycogenolysis (Ren & Hultman,
1990), but this probably does not operate to a significant
extent in moderate exercise. For example, a 10 µmol l_1

increase in AMP concentration would be sufficient to
halve KPi

(Ren & Hultman, 1990), but this is not seen
(Fig. 2D). The most obvious problem with this model is
that it cannot explain why glycogenolysis is low in resting
muscle, even when extensive transformation to
phosphorylase a is achieved by infusion of adrenaline
(Chasiotis, 1983), and even when Pi concentration is
maintained at a high level by continued occlusion of blood
flow following ischaemic stimulation (Ren & Hultman,
1989).

There is no doubt that open-loop mechanisms are
important during exercise: this is evident from
simulations (Kemp, 1997), and the proportionality
between glycogenolysis and total ATP turnover in studies
at different powers implies that such mechanisms also
play a major part in the activation of other glycolytic
enzymes, of which the obvious candidate is phospho-
fructokinase (Conley et al. 1997). It is now recognised that
metabolic control is not vested in single enzymes, and
metabolic control analysis offers a sophisticated
quantitative tool to analyse this (Fell & Thomas, 1995).
Also, given enough kinetic and other data, detailed
simulation approaches can be applied. The approach
advocated here is of course very primitive, although
perhaps not inappropriate to the relatively small amount
of quantitative data. There are two aspects: the abstract
relationship between ATP generation and the need for
ATP (Fig. 8), and relationships between glycolytic flux
and known effectors of relevant enzymes, notably Pi

(Fig. 9). 

The main ‘abstract’ points (Fig. 8) are as follows.
(i) Glycolysis is delayed (while oxidative ATP synthesis in
aerobic exercise is not; Meyer, 1988; Conley et al. 1998).
(ii) After this lag phase, glycolysis is linear with
‘mismatch’ for a period (as is oxidative ATP synthesis in

aerobic exercise; Meyer, 1988; Kemp, 1994). (iii) After
this glycolysis remains constant while PCr continues to
fall (unlike oxidative ATP synthesis in aerobic exercise,
where a steady state is reached; Meyer, 1988; Kemp,
1994). This is particularly obvious in Fig. 8C, which shows
that most glycolytic ATP is synthesised at a fairly
constant rate, despite continued change in concentrations
of at least some metabolites (Fig. 1); this is perhaps more
consistent with open-loop mechanisms. 

The quasi-sigmoid relationship between glycolytic rate
and ∆GATP in ischaemic exercise (Fig. 8C) may be seen as
either a mathematical accident (it follows from the
curvilinear dependence on Pi and on ADP – not shown –
and the logarithmic term in ∆GATP), or an example of the
generality of the non-equilibrium thermodynamic
formalism, which relates fluxes to thermodynamic
‘forces’ (Westerhoff et al. 1995). 

A particular problem with the simple application of
metabolic control analysis to ischaemic exercise is that no
steady state is ever reached, as the muscle is a closed
system with no ‘sink’ for the products lactate and H+. In
the absence of such an analysis, concentrating on
phosphorylase may be useful as long as it is remembered
that important regulatory mechanisms, as yet largely
unknown, must be simultaneously occurring at many or
all of the downstream enzymes (Fell & Thomas, 1995). 

Knowledge of HMP changes in relation to flux provides
some information about phosphofructokinase: as in
quadriceps stimulation (Chasiotis et al. 1987), the ‘apparent
rate constant’ for the post-phosphofructokinase glycolysis
(= flux/[HMP]) declines with time, showing that first order
kinetics are not adequate. This might be related to
saturation of phosphofructokinase with its substrate
(although the affinity of phosphofructokinase for fructose
6-phosphate is 20–60 µmol l_1 (Connett, 1989), and so it is
likely to be near-saturated under physiological conditions),
and more interestingly to the effect of other activators
(Connett et al. 1985; Connett, 1989).

There is a long tradition of attempting to explain the
control of oxidation by observing its relation to a putative
activator, ADP: this may (Jeneson et al. 1996) or may not
(Korzeniewski, 1998) be adequate to explain the range of
fluxes seen (Kemp, 2000). MRS is particularly suitable for
this analysis, as it can measure the rate, as well as the
components of the creatine kinase equilibrium, and
therefore the putative regulator. This present situation is
somewhat similar, although it is quite clear that no single
transfer function will work: changes in pH and PCr become
hopelessly implausible in simulations in which this is
assumed (Kemp, 1997); the evidence is against it (Conley et
al. 1997, 1998); the presumed entity serving this role,
phosphorylase a, changes its concentration during at least
fatiguing exercise (Chasiotis et al. 1982); and the lack of
glycogenolysis at rest is unexplained (see above).
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Metabolism, constraints and buffering

The creatine kinase equilibrium constrains changes in
pH and MR-visible metabolites (Connett, 1988; Kemp,
1994). Whatever the control mechanisms, there are
phenomenological relationships between metabolic fluxes
and metabolite concentrations (as manifest in the relation
of glycolytic rate to e.g. PCr changes) with implications
for proton balance and the resulting pH changes. There
are constraints on the allowable combinations of results,
which we have illustrated both in the ‘concentration
domain’ (Fig. 4A, B and D) and the ‘time domain’
(Fig. 10). A well-known consequence is the impossibility
of distinguishing between relationships of oxidative ATP
synthesis to e.g. ADP concentration and ∆GATP during
aerobic exercise without large changes in pH (Connett,
1988). This point underlies current arguments about the
ADP dependence of oxidative ATP synthesis in aerobic
exercise (Kemp, 2000). In that context, it has been
pointed out that a quasi-hyperbolic (or perhaps, more
exactly, sigmoid (Jeneson et al. 1996)) relationship
between oxidative ATP synthesis rate and [ADP] implies
a quasi-linear (or, more exactly, sigmoid) relationship to
∆GATP (Jeneson et al. 1995; Westerhoff et al. 1995). In
aerobic exercise, it is well established (Meyer, 1988) that
oxidative ATP synthesis rate is near-linear with changes
in PCr concentration, that both variables follow
exponential kinetics, and that these facts imply each
other (Mahler, 1985; Meyer, 1988; Kemp, 1994). We have
seen from Fig. 3B that PCr kinetics are not strictly
exponential, and from Fig. 8A that glycolytic ATP
synthesis rate is not strictly proportional to changes in
PCr concentration: again, these facts imply each other,
although a full theoretical version of this argument
would, unlike in aerobic exercise (Meyer, 1988; Kemp,
1994), have to include consideration of changes in pH,
which add a further degree of freedom to the constraints
of the creatine kinase equilibrium (Connett, 1988).

Although there is no agreement on the role of such
relationships in aerobic exercise, even less ischaemic
exercise, interesting questions can still be asked about
how altered regulatory influences might result in changes
in pH and metabolites within the limits set by the
absolute constraints in Fig. 10. Thus more glycogenolysis
would, for the same ATP demand, mean less PCr
depletion, and both of these would increase acidification
and reduce the rise in ADP and AMP. Considering the
problem as the disposal of a fixed quantity of lactate,
Fig. 11 asks what the consequences are for pH and PCr of
alternative patterns of lactate generation, e.g. constant
throughout, or constantly increasing, in addition to the
pattern actually observed. The resulting end-exercise pH
is not very different, although the time courses are quite
different. The next question is: why do the observed
patterns occur, and not an alternative such as those
simulated in Fig. 11? If closed-loop effects dominate
metabolic regulation, the answer lies in the shape of the

relevant transfer functions (e.g. dependence of
phosphorylase a activity on Pi). If open-loop effects
dominate, the explanation lies in the putative parallel-
activation pathways, which are experimentally
inaccessible at present. The cell could clearly use more PCr
and make less lactate during this exercise, or the opposite;
it could undergo a larger alkalinisation, keep its pH more
constant, or let it fall more (in the end, substantial pH fall
is inevitable as PCr runs down). Just as we cannot specify
the control relationships that enforce the particular
relationships we observe, we cannot yet say what benefit
(if any) is obtained by this arrangement rather than some
alternative. It is not even clear how these issues should be
argued. One important point is that, even though the
simulation in Fig. 10 imagines different ways of disposing
a fixed amount of lactate, muscle is presumably ‘unaware’
at the beginning how long the exercise will last, although
by the development of fatigue it has some influence on
the decision.

Assumptions

The calculations used are summarised in Fig. 1. One
assumption is that contractile efficiency remains
constant. There is some evidence for this. In ischaemic
exercise, contraction efficiency calculated from rates of
non-oxidative ATP synthesis and isometric force
remained approximately constant during 90 s quadriceps
stimulation (Spriet et al. 1987a, 1988; Bergstrom &
Hultman, 1988), and in 45 s stimulation of rat leg (Foley
et al. 1991); in human calf muscle during 2 min mixed
isometric exercise at a constant power, using an analysis
in which proton efflux is neglected as pH changes are
small, and oxidative ATP synthesis is measured as PCr
resynthesis rate in stopped experiments, contraction
efficiency is constant after the first second (Boska, 1991,
1994), and independent of force from 20–60 % MVC
(Boska, 1994)). The good agreement in isolated frog muscle
between 31P MRS estimates of lactate accumulation and
direct measurement using 1H MRS (Hsu & Dawson, 2000)
rules out, at least for this system, substantial changes in
contractile efficiency on a time scale which matters. Our
results would not be much affected by the possibility of a
very rapid initial rise in contractile efficiency suggested
by recent high time resolution MRS studies (Newcomer et
al. 1999).

Interpretation of Pi dependence

Is the quantity GMAX, as suggested, a property of the time-
dependent activation state of glycogen phosphorylase? It
clearly is not in resting muscle (see above) (Chasiotis,
1983; Ren & Hultman, 1989). There are no data allowing
direct comparisons. Nevertheless, it is likely that this
calculation gives a minimum estimate of the fraction of
phosphorylase a during exercise, at least insofar as the Pi

sensitivity remains as assumed (KPi
= 26 mmol l_1; Ren &

Hultman, 1990), and in the absence of major contribution
by phosphorylase b. Although AMP does stimulate
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phosphorylase b and reduce KPi
(Aragon et al. 1980;

Chasiotis, 1983; Ren & Hultman, 1990), these effects should
be negligible at the present very low concentrations (see
Fig. 2D); inosine monophosphate can also stimulate
phosphorylase b (Griffiths, 1981) and reduce KPi

(Aragon
et al. 1980), but this can only be a minor contribution
(Aragon et al. 1980; Chasiotis, 1983), especially when
there is little fall in ATP, as here. If phosphorylase b is
significantly active or if true KPi

is lower than assumed,
then GMAX would somewhat overestimate phosphorylase a
activity. 

Possible limitations of this work

This is an MRS study. Clearly, biopsy could in principle be
used to obtain such data, although not in practice with
this time resolution over such an interval (and with the
latest machines at higher fields time resolution is now a
few seconds; Newcomer et al. 1999). Few studies have
compared MRS and biopsy data directly. PCr changes
seem similar (Bangsbo et al. 1993; Constantin Teodosiu et
al. 1997), although there has been some doubt about pH
(Constantin Teodosiu et al. 1997). The methods used here
rely on measurements of PCr for calculation of ATP
turnover and proton loads, and these have been shown to
agree well with direct MRS measurements of lactate
concentrations (Hsu & Dawson, 2000). 

The sample volume of the coil (around 30 ml) might
include a component of non-exercising muscle. This would
lead to underestimation of changes and rates of changes,
but would not affect ratios (e.g. buffer capacities).
However, we would argue that the absence of split Pi

peaks (with one peak acidifying and another remaining at
resting pH) rules out any substantial non-exercising
volume. Of course, all MRS data are the weighted means
of changes in different fibres, and specifically in
different fibre types, so possible effects of changing
patterns of recruitment cannot be excluded. 

The analysis assumes, in common with almost all 31P MRS
work, that creatine kinase (and adenylate kinase) is at
equilibrium throughout, which may not be exactly so.
Simulations of non-equilibrium creatine kinase conditions
show that the principal effect is to cause spatial and
temporal ‘lags’ in ADP kinetics (Kemp et al. 1998;
Kushmerick, 1998).

The finite time resolution of the study also limits the
conclusions. The calcium signal repeats at the rate of
contraction (1 contraction each 1.5 s), while the MR data
are averaged over 15 s, so the lactate generated in a single
spectral acquisition interval has presumably been
generated in 10 separate bursts. Furthermore, although
we have argued that the data support at least partly the
concept that Pi increases the activity of phosphorylase a
generated in response to the calcium signal, the time scale
of these are quite different. One must envisage bursts of
phosphorylase a activation against a background of
steadily rising Pi. 

In conclusion, the relationships between 31P MRS
measurements in ischaemically exercising muscle reflect
several important aspects of proton handling and
metabolic regulation. Although limited in scope, this
information is almost impossible to obtain in any other
way. The observations can be only partially explained by
current theories of metabolic control.

APPENDIX
Equilibrium and stoichiometric calculations

The approximate calculations have been given in Methods
(eqns (1)–(3)). Here we describe how to allow for the pH
dependence of the apparent equilibrium constants and
∆G 0

ATP, based on an analysis of the binding of H+, Mg2+

and K+ to the various ionic species. There is some
disagreement about parameters and notation. Table 1
shows the values we use (in bold) and their sources, some
alternative published values, and a translation between
notations. Figure 12 shows how some of the relevant
stoichiometric factors depend on pH.

Creatine kinase: calculation of ADP

We seek an expression for KCK
app, the apparent equilibrium

constant of the biochemical equation (eqn (1)). We define
K CK

true = [ATP4_][creatine]/([ADP3_][PCr2_][H+]) as the
equilibrium constant of the chemical reaction, which we
take as 1.75 w 108 l mol_1 (Golding et al. 1995; Harkema &
Meyer, 1997). Following Harkema & Meyer (1997), we
define fATP = [ATP4_]/[∑ATP], fADP = [ADP3_]/[∑ADP]
and fPCr = [PCr2_]/[∑PCr]; then:

KCK
app = KCK

truefADPfPCr/fATP. (A1)

To evaluate this we follow Harkema & Meyer (1997),
modified to include K+ binding (Kushmerick, 1997):

1/fATP = 1 + [Mg2+]/KMgATP + [K+]/KKATP +

([H+]/KHATP){1 + [Mg2+]/KMgHATP + [H+]/KH2ATP}. (A2)

1/fADP = 1 + [Mg2+]/KMgADP + [K+]/KKADP + 

([H+]/KHADP){1 + [Mg2+]/KMgHADP + [H+]/KH2ADP}. (A3)

1/fPCr = 1 + [Mg2+]/KMgPCr + [K+]/KKHPCr +

([H+]/KHPCr){1 + [H+]/KH2PCr + [K+]/KKH2PCr}. (A4)

All these expressions allow for binding of Mg2+, K+ and
two H+; eqns (A2) and (A3) also account for simultaneous
H+ and Mg2+ binding, and eqn (A4) allows for
simultaneous H+ and K+ binding. We follow Harkema &
Meyer (1997) and Kushmerick (1997) in using dissociation
constants throughout (others use dissociation constants
for H+ and binding (stability) constants for Mg2+;
Connett, 1988; Roth & Weiner, 1991; Golding et al. 1995).
All these f fractions decrease with decreasing pH
(Fig. 12B), and so does the ratio that appears in eqn (A1)
(Fig. 12D), so that KCK

app is decreased by acidification.
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Adenylate kinase: calculation of AMP

We seek an expression for KAK
app, the apparent equilibrium

constant of the biochemical equation (eqn (2)). We define
K AK

true = [ATP4_][AMP2_]/[ADP3_]2 as the equilibrium
constant of the chemical reaction, which can be taken as
0.363 (Roth & Weiner, 1991) (0.374 in Golding et al.
(1995)). Following Roth & Weiner (1991), but using
notation based on Harkema & Meyer (1997), we define
fAMP = [AMP3_]/[∑AMP], so that: 

1/fAMP = 1 + [Mg2+]/KMgAMP +

[K+]/KKAMP + [H+]/KHAMP. (A5)

This allows for binding of Mg2+, K+ and one H+, but
neglects binding of a second H+ and simultaneous binding
of Mg2+ and H+; comparison with fATP above will show
how these could be allowed for if desired. Now the
apparent equilibrium constant is given by:

KAK
app = KAK

true(fADP)2fAMP/fATP. (A6)

All three f fractions decrease with decreasing pH
(Fig. 12B), but the effects almost cancel, so the ratio that
appears in eqn (A6) (Fig. 12D), and thus also KAK

app, are
relatively independent of pH.
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Table 1 Equilibrium constants used in this work, with some literature comparisons

Definition and symbol used here A B C D E F

KHATP = [H+][ATP4_]/[HATP3_] pKHATP = 6.95 6.49 pKaATP = 6.49 pK1 = 6.97 _pKH
ATP = 6.95 pKaATP = 6.96

KH2ATP = [H+][HATP3_]/[H2ATP2_] pKH2ATP = 4.05 3.94 — — — —
KHADP = [H+][ADP3_]/[HADP2_] pKHADP = 6.74 6.35 pKaADP = 6.35 pK2 = 6.92 _pKH

ADP = 6.74 pKaADP = 6.98
KHADP = [H+][HADP2_]/[H2ADP_] pKHADP = 3.92 3.82 — — — —
KHAMP = [H+][AMP2_]/[HAMP_] — — pKaAMP = 6.20 pK3 = 6.49 _pKH

AMP = 6.71 —
KHPCr = [H+][HPCr2_]/[H2PCr_] pKHPCr = 4.52 4.5 pKaPCr = 4.45 pK4 = 4.50 _pKH

PCr = 4.52 pKaPCr = 4.50
KH2PCr = [H+][H2PCr-]/[H3PCr] — 2.7 pKaHPCr = 2.7 — — —
KHPi

= [H+][HPO4
2_]/[H2PO4

_] pKHPi
= 6.87 6.70 pKHPO4 = 6.62 pK5 = 6.75 _pKH

HPO4 = 6.87 pKaPi
= 6.79

KMgATP = [Mg2+][ATP4_]/[MgATP2_] pKMgATP = 4.65 4.36 _pKbMgATP = 4.00 _pK6 = 4.42 _pKMg
ATP = 4.65 _pKbMgATP

2_ = 4.73
KMgADP = [Mg2+][ADP3_]/[MgADP_] pKMgADP = 3.43 3.29 _pKbMgADP = 3.05 _pK7 = 3.37 _pKMg

ADP = 3.43 _pKbMgADP
1_ = 3.2

KMgAMP = [Mg2+][AMP2_]/[MgAMP] — — pKbMgAMP = 1.77 _pK8 = 1.78 _pKMg
AMP = 1.78 —

KMgHATP = [Mg2+][HATP3_]/[MgHATP_] pKMgHATP = 2.75 2.30 _pKbMgHATP = 1.97 _pK9 = 1.56 _pKMg
ATPH = 2.75 _pKbMgHATP

1_ = 1.66
KMgHADP = [Mg2+][HADP2_]/[MgHADP] pKMgHADP = 1.92 1.61 _pKbMgHADP = 1.42 _pK10 = 1.51 _pKMg

ADPH = 1.9 _pKbMgHADP = 1.59
KMgPi

= [Mg2+][HPO4
2_]/[MgHPO4] pKMgPi

= 1.97 1.95 _pKbMgHPO4 = 1.64 _pK11 = 1.97 _pKMg
Pi

= 1.97 _pKbMgHPO4 = 2.04
KMgPCr = [Mg2+][HPCr2_]/[MgHPCr] pKMgPCr = 1.3 1.6 _pKbMgPCr = 1.26 _pK12 = 1.30 _pKMg

PCr = 1.3 _pKbMgP-Cr = 1.38
KKPi

= [K+][HPO4
2_]/[KHPO4

_] — 1.22 — — _pKK
HPO4 = 0.67 —

KKHPi
= [K+][H2PO4

-]/[KH2PO4] — 0.2 — — — —
KKHPCr = [K+][HPCr2_]/[KHPCr_] — 0.31 — — — —
KKH2PCr = [K+][H2PCr-]/[KH2PCr] — _0.13 — — — —
KKATP = [K+][ATP4_]/[KATP3_] pKKATP = 1.18 0.96 — — _pKK

ATP = 1.19 —
KKADP = [K+][ADP3_]/[KADP2_] pKKADP = _0.88 0.82 — — _pKK

ADP = 0.88 —
KKAMP = [K+][AMP2_]/[KAMP_] — — — — _pKK

AMP = 0.40 —

The left-hand column defines the quantity and the symbol used; the right-hand columns give published
values and alternate symbols from: A, Harkema & Meyer (1997); B, Kushmerick (1997); C, Golding et al.
(1995); D, Roth & Weiner (1991); E, Connett (1988); and F, Masuda et al. (1990). The table shows
dissociation constants (mol l_1) in the form pKx = _log10Kx; when _pKx is given, the expression in the
source is in the reciprocal form (i.e. binding or stability rather than dissociation constant). The values we
use are in bold, and are from Harkema & Meyer (1997), based on Connett (1988), supplemented where
necessary by Kushmerick (1997) and Roth & Weiner (1991). These assume 0.6–1.0 mmol l_1 [Mg2+],
100–120 mmol l_1 [K+], 0.17–0.25 mol l_1 ionic strength and temperature usually ›38°C, although
sometimes 25°C. For other constants and further analysis, see Garfinkel & Garfinkel (1984) and
Kushmerick (1997). For temperature and ionic strength corrections, see Teague et al. (1996). Alternative
symbols and values: KCK

app is called Kequ in Roth & Weiner (1991), Kobs/[H+] in Harkema & Meyer (1997), KCK

in Masuda et al. (1990) and Veech et al. (1979), KfiCK/[H+] in (Golding et al. 1995) and 1/([H+]RCPK) in Funk
et al. (1990) (defined incorrectly in Connett (1988)); KAK

app is called KMYK in Veech et al. (1979), KfiAK in
Golding et al. (1995) and RAdk in Connett (1988); KAK

true is called K13 in (Roth & Weiner, 1991); KATP
true is called

KATP in Harkema & Meyer (1997) and KATP
app is called KfiATP in Golding et al. (1995). f = 1/B in Connett

(1988). What we call q is 1 _ q in Newcomer & Boska (1997) and Newcomer et al. (1999) and  in Walter
et al. (1999). Other approaches: a different approach to creatine kinase is based on the chemical
equilibrium constant [Cr][MgATP2_]/([H+][PCr2_][MgADP_]), called K14 and taken as 3.52 w 109

M
_1 in

Roth & Weiner (1991) and called KCPK and taken as 3.31 w 109
M

_1 in Connett (1988) (a similar approach is
used in Veech et al. (1979)). Two different approaches to adenylate kinase are based on
[AMP2_][MgATP2_]/([ADP3_][MgADP_]), called KAdk and taken as 8.1 in Connett (1988), or on
[AMP2_][MgATP2_][Mg2+]/[MgADP_]2 in Veech et al. (1979). A different approach to ∆GATP is based on
[MgADP_][H2PO4

_]/[MgATP2_], from which ∆G 0
ATP = _27.4 kJ mol_1 (Roth & Weiner, 1991).



ATP hydrolysis: calculation of ∆GATP

We define K ATP
true = [ADP3_][HPO4

2_]/[ATP4_] as the
equilibrium constant of the chemical reaction of ATP
hydrolysis, and KATP

app = [∑ADP][∑Pi]/[∑ATP] as its
biochemical equivalent (Golding et al. 1995; Harkema &
Meyer, 1997). We take KATP

true = 0.0722 (Golding et al. 1995)

(0.129 in Harkema & Meyer (1997)), so the standard free
energy of ATP hydrolysis (used in eqn (3)) is ∆G 0

ATP =
_RT lnKATP

app = _32 kJ mol_1 at pH 7. One way to account
for the effects of pH on stoichiometry is to correct ∆G 0

ATP

using:

_∆G 0
ATP/RT = ln(KATP

true ) + ln{[fATP/(fADPfPi
)]/[H+]}, (A7)
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Figure 12. Free fractions, stoichiometric factors and net charge

A, the stoichiometric factors used in calculations as a function of pH. The filled symbols show the factor
y used here for the Lohmann reaction, and its components a for ATP hydrolysis and  for creatine kinase.
These are all empirical expressions from Kushmerick (1997): y is given as eqn (8), and (for completeness)
a = 39.108 _ 19.262pH + 3.0662(pH)2 _ 0.15682(pH)3 and  = _11.869 + 5.6685pH _ 0.92213(pH)2

+ 0.047950(pH)3. A also compares the coefficient of the Lohmann reaction (taken here as positive,
i.e. protons consumed per PCr hydrolysed) in three published treatments; by ‘traditional’ factor is meant
q = 1/[1 + 10(pH _ 6.8)] used in Kemp & Radda (1994) based on Wolfe et al. (1988) and called  in Walter et
al. (1999), given in a similar form in Harkema & Meyer (1997), and as a similar value in Boska (1994);
‘revised’ factor means _y (Kushmerick, 1997) which allows for K+ binding, as used here; ‘variant’ factor
means q _ 0.15 as used in Newcomer & Boska (1997) and Newcomer et al. (1999). B, the free fractions of
the metabolites used in calculations (eqns (A1), (A6) (A7) and (A8)), plotted as a function of pH: these are
ADP (eqn (A3)), PCr (eqn (A4)), AMP (eqn (A5)), Pi (eqn (A9)), with ATP (eqn (A2)) on a different scale.
(Note that this is not the same as Fig. 6C in (Kushmerick, 1997), which shows the fractions not bound to
Mg2+ or K+.) C, the ratios of free fractions used in the pH correction of equilibrium constants and ∆GATP:
these are for creatine kinase, the ratio fADPfPCr/fATP (eqn (A1)), for adenylate kinase (fADP)2fAMP/fATP

(eqn (A6)), for ATP hydrolysis fATP/(fADPfPi
) (eqn (A7)), and for the Lohmann reaction fPCr/fPi

(eqn (A9)). D,
the net charge on PCr and Pi as a function of pH, using fPi

and fPCr (from B: eqns (A4) and (A9)): the
difference between these two is the stoichiometric factor y (see A).



where fPi
= [HPO4

2_]/[∑Pi] (i.e. the dianion fraction, to a
first approximation 1 _ q). Note that all these f fractions
decrease with decreasing pH (Fig. 12B), but the ratio that
appears in eqn (A7) increases (Fig. 12D), so ∆G 0

ATP is made
less negative by acidification.

Alternatively, as creatine kinase is at equilibrium, the ∆G
of ATP hydrolysis must equal that of PCr ‘hydrolysis’,
the Lohmann reaction (Harkema & Meyer, 1997). This has
the (notional) reactions: 

PCr2_ ⁄ creatine + HPO4
2_ chemical reaction,

∑PCr ⁄ creatine + ∑Pi biochemical reaction. 

Thus a simpler expression for _∆GATP, independent of
nucleotide dissociation constants (Harkema & Meyer,
1997), is: 

_∆GATP/RT =

ln(KATP
true KCK

true) + ln{fPCr/fPi
) _ ln{[Pi]([TCr]/[PCr] _ 1}. (A8)

For this, fPCr is as given above, and (following Harkema &
Meyer (1997) with corrections for K+ binding based on
Kushmerick (1997)):

1/fPi
= 1 + [Mg2+]/KMgPi

+ [K+]/KKPi
+

([H+]/KHPi
){1 + [K+]/KKHPi + [H+]/KH2Pi}, (A9)

which allows for binding of H+, Mg2+, K+ and
simultaneous H+ and K+. Both these f fractions decrease
with decreasing pH (Fig. 12B), but the ratio that appears
in eqn (A8) increases (Fig. 12D), so other things being
equal ∆GATP is made less negative by acidification. 

Relationship to proton stoichiometry of PCr splitting

As well as their implications for the calculation of AMP,
ADP and ∆GATP (Fig. 2), these considerations are related
to the stoichiometry of H+ consumption by net PCr
splitting (eqn (8)), which is fundamental to this work.
Adapting Harkema & Meyer (1997), the stoichiometric
coefficient of proton production by the creatine kinase
reaction alone (in the direction of ATP synthesis) can be
written as a partial derivative:

s = ∂log{[creatine][ATP]/([PCr][ADP])}/∂pH 

= ∂log([H+]KCK
app)/∂pH = ∂log([H+]fADPfPCr/fATP)/∂pH, 

which is a negative number, becoming less negative as pH
falls (Kushmerick, 1997) (Fig. 12A). By a similar
argument, the stoichiometric coefficient for net ATP
hydrolysis is:

a = ∂log{fATP/([H+]fADP/fPi
)}/∂pH,

which is a positive number, decreasing as pH falls
(Fig. 12A). Thus for the Lohmann reaction it is the sum of
these:

y = ∂log(fPCr/fPi
)/∂pH = ∂logfPi

/∂pH _ ∂logfPCr/∂pH.

This is dominated by fPi
. If we ignore Mg2+ and K+

binding, then fPi
≈ 1 _ q, and so:

_y ≈ _∂logfPi
/∂pH = (∂fPi

/∂[H+])([H+]/fPi
) ≈ q,

as in the earlier analysis. The more general expression we
use (eqn (8)) allows for both Mg2+ and K+ binding. Both
these factors q and _y increase in size with decreasing pH
(Fig. 12A), and Fig. 12C shows that this is largely due to
the pH dependence of the charge on Pi (eqn (A9)); the
relatively pH-independent charge on PCr (Fig. 12C) is
responsible for the near-constant difference between q
and _y (Fig. 12A).

As well as these two, another stoichiometric factor has been
advocated for analysis of recovery from exercise, where
oxidative ATP synthesis results in resynthesis of PCr
(Newcomer et al. 1999), and estimating glycolytic rate
during exercise (Newcomer & Boska, 1997). In our notation,
this factor is 0.85 _ (1 _ q) ≈ 0.20 at pH 7; this is close to
the factor we use (_y), and has a similar pH dependence
(Fig. 12A). It derives from taking s as _0.85 (cf. _0.93 at
pH 7 here) and a as (1 _ q) = 0.64 at pH 7 (cf. 0.72 here). 
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