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ABSTRACT The enthalpy change for the hydrolysis of phosphorylcreatine (PCr) by hydrochloric acid or by alkaline
phosphatase was observed at 0, 25, and 37°C. The value for AH is —44 kJ mol~' under alkaline, Mg?*-free conditions
and is almost independent of temperature, ionic strength, and concentration of reactants. In muscle the reaction is
accompanied by a transfer of protons from the buffers (largely histidine) to orthophosphate, release of Mg?* from PCr,
and binding of Mg?* to orthophosphate. Measurements are reported of the heats of these processes. The calculated
value of the overall heat of hydrolysis of PCr (including these processes) at pH 7, pMg 3 is —35 kJ mol™".

INTRODUCTION

In skeletal muscle cells the major chemical reactions that
occur during brief contractions are ATP cleavage and the
immediate rephosphorylation of ATP by the creatine
kinase reaction (5, 39). The net result of these processes is
hydrolysis of phosphorylcreatine (PCr). However “‘energy
balance” experiments have been used to show that other
energy yielding processes also occur both during isometric
contraction (40) and during shortening (41). The study of
these processes is of continuing physiological interest (17).
The idea of energy balance experiments is to subtract from
the observed energy output of contracting muscle the
amount due to the measured PCr hydrolysis. For this
purpose it is essential to know accurately the amount of
energy produced by this reaction under the conditions
inside muscle cells (i.e., pH, pMg, temperature, ionic
strength, reactant and product concentrations). It is the
object of this paper to report measurements of this quanti-
ty. A short account of a part of this work has been
published previously (7).

PCr hydrolysis, as it occurs in muscle cells, can be
represented by the following equations, in which the heavy
arrows show the direction in which the process proceeds in
muscle during contraction.

PCr*™ — Cr + HPO,*- 1)

HPO}~ + H* = H,PO,” 2)
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histidine + H* = histidine H* 3)
HPO=!~ + Mg¥* = MgHPO, 4)
PCr*~ + Mg?* = MgPCr )

Part of the orthophosphate formed in reaction 1 is proton-
ated in reaction 2. The protons used are provided by the
buffer, reaction 3, which in muscle near pH 7 is generally
assumed (6, 8) to be principally histidine groups in carno-
sine and proteins. Both PCr and orthophosphate combine
with Mg?*, so reaction 1 is accompanied by the shifts
shown in the equilibrium positions of reactions 4 and 5.
The enthalpy change observed per mole of PCr hydrolyzed
in this system (AH,,) can be calculated (1) from the molar
enthalpy change for all these reactions (AH,, AH,, etc.)
and the equilibrium constants for reactions 2, 4, and 5 (K,
K,, and K;). In previous measurements of the enthalpy
change for hydrolysis of PCr (3, 4) reactions 2 and 3 were
largely avoided by using alkaline conditions, but the Mg?*
binding reactions were not considered separately. Previous
attempts to calculate AH,,, for the conditions in muscle
(5, 6) have also neglected this reaction, and in addition,
used an incorrect value for the enthalpy of protonation of
orthophosphate (AH,), as will be described.

METHODS

Two calorimeters were used: a batch microcalorimeter (LKB Instru-
ments, Inc., Gaithersburg, MD; for experiments at 25 and 0°C) and a
Calvet MS70 (SETARAM, Lyon, France) microcalorimeter for experi-
ments at 37°C. Both instruments were calibrated by Joule heating.
Experiments for acid hydrolysis of PCr were made by adding 0.11 mi of
80 mM Na,PCr (pH 8) to the calorimeter cell containing 5 ml of 0.1 N
HCI (and in some experiments also 0.56 mM ammonium molybdate).
The contents of the calorimeter cell were stirred every 100 s by vertical
movement of a perforated Teflon disk. Six or eight additions were made at
2-h intervals. The results for the first addition were more variable than the
others and were not used. In control experiments the PCr solution was
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replaced by a solution of the products of hydrolysis: 80 mM Cr + 80 mM
Na,HPO,.

For experiments on enzymatic hydrolysis of PCr, at 37°C, alkaline
phosphatase from Escherichia coli was used (Sigma Chemical Co., St.
Louis, MO; P4252, type III). The enzyme is supplied in ammonium
sulfate, and just before the experiment 21 U of enzyme was mixed with an
equal volume of buffer (25 mM Tris, pH 8) and passed through a short
column of Sephadex G-25 to remove ammonium sulfate. The enzyme was
then added to 4.0 ml of 25 mM Tris, pH 8, in the calorimeter cell. The
experiments were then carried out as described for acid hydrolysis except
that the first addition of PCr solution was only 0.03 ml. The results used
are based on the second addition (0.11 mi). Although further additions
were made, the PCr hydrolysis following them was too slow to provide
useful results.

For enzymatic hydrolysis experiments at 25 and 0°C, the buffer
solution contained 200 mM KCl and 10 mM carnosine (pH 8) instead of
Tris. The PCr and ‘products’ solutions were 10 mM and also contained
200 mM KCl. A single addition of PCr (0.5 ml) was made, in the side
compartment of the cell, and the reaction was initiated by rotation of the
calorimeter block.

To obtain the total heat production, we integrated calorimeter records
above a line joining the initial and final baselines. For observation of the
time course of the initial phase of enzymatic hydrolysis, however, an
extrapolation of the initial base line was used, and the records were then
corrected for the delay in heat flow out of the cell by the method of Hill
(11), using a time course of heat flow determined from observations of the
neutralization of Tris by HCI.

[n all these experiments the exact amount of PCr or products added
was determined by analysis of the calorimeter cell contents for PCr, Cr,
and creatinine at the end of the experiment. Parallel experiments, outside
the calorimeters, but at the same temperature and using the same
solutions, were carried out to establish the time course of PCr hydrolysis
and the amount of creatinine formed. Free creatine and total creatine
were measured by the method of Ennor (10) and creatinine by the
alkaline picrate method (9).

Experiments on ion binding reactions (i.e., reactions 2-5) were made
by a titration technique using a modification to the LKB calorimeter. A
motor driven micrometer syringe mounted inside the calorimeter airbath
was used to make successive 10 ul additions of titrant to a titrand solution
(normally 2 ml) in the calorimeter cell. Additions were made at |5-min
intervals and followed immediately by rotation of the calorimeter block to
mix the reactants. The addition process itself caused some heat produc-
tion, largely due to the compression of air in the calorimeter cell. The size
of this artefact was determined by making additions of 0.1 M HCl to 2 ml
of the same 0.1 M HCI solution. The resultant heat was 1.2 + 0.06 mJ

(mean + SEM). This quantity was therefore subtracted from all of the
observations.

Sign Convention

The thermodynamic sign convention is used throughout, that is negative
values of AH represent heat produced during reaction. The forward
direction of the reaction is taken as that from left to right as the reactions
are written in this paper.

RESULTS

Hydrolysis of PCr (Reaction 1)

The enthalpy change for this reaction can be found from
measurements of the heat produced (A4,) during the hydro-
lysis of PCr catalyzed by acid or by alkaline phosphatase.
In either case an appropriate control observation is the heat
(h.) produced when a solution of Cr + HPO,>~ is added to
the catalyst. If the composition of the final solution is the
same when reactants are added as when products are
added, then the difference, h, — h,, represents the enthalpy
change for reaction 1, under the conditions in the reactant
solution before mixing with the catalyst. Under the condi-
tions we have used, pH 8, in the absence of Mg?*, the
process occurs mostly as in reaction 1.

Acid Hydrolysis

These experiments were carried out only at 37°C, because
the process is too slow at lower temperatures for satisfac-
tory calorimetric observations, that is repeatable observa-
tions could not be made over the many hours required for
the reaction to complete. Measurements of the appearance
of free creatine showed that acid hydrolysis of PCrin 0.1 N
HCI at 37° occurred exponentially with a time constant of
30 min. In the calorimetric experiments heat production
was therefore measured over a period of 120 min, by which
time the calorimeter baseline had returned to its original
level. The results are given in Table I.

It is well known that acid hydrolysis of PCr produces

TABLE I
OBSERVATIONS USED TO DETERMINE AH FOR HYDROLYSIS OF PCr AT pH 8*

% Creatinine

T h, h, h, — h, .
formation
°C
Acid hydrolysis
For 100% hydrolysis at 120 min
Without molybdate 37 36.1 £ 0.3 (45) -6.0 £ 0.2 (38) 420 04 6.4
With molybdate 37 43.7 + 1.6 (19) —58 £ 0.3 (26) 49.5 + 1.7 53.0
Corrected for creatinine formation 37 41.0 £ 0.5
Enzymatic hydrolysis
For 100% hydrolysis at 120 min 37 44.5 + 0.5(7) 1.3 £ 0.3 (6) 43.2 + 0.6
For 98% hydrolysis at 120 min 25 42 + 2(11) 3.0 + 0.5(8) 38 £ 2
For 70% hydrolysis at 180 min 0 34 + 5(10) 0+1(10) 34+5
From regression of data in Fig. 1 and 37 43.6 1.3 423
using controls in lines above { 0 43 0 43

h, is the heat produced on adding PCr to catalyst; 4. is the heat produced on adding Cr + HPO}™ to catalyst. The units are kJ per mol of product, and the
results are expressed as mean + SEM, with the number of observations in parentheses. *Approximately reaction 1, but see text.
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creatinine as well as creatine (28). In our experiments at
the time when PCr hydrolysis was almost complete (120
min at 37°C), 6.4 + 0.5% of the hydrolysis products was
creatinine (mean and SEM from five observations). To
find the contribution of this creatinine formation to the
observed heat production we made another series of experi-
ments in which ammonium molybdate was added to the
acid solution used to hydrolyze PCr. In agreement with the
results of Barker et al. (28) we found that, in the presence
of molybdate, 53% of the hydrolysis product was creati-
nine. The observed heat production was greater than in the
experiments without molybdate by 7.5 + 1.8 kJ (mol PCr
hydrolyzed)~'. Thus formation of creatinine from creatine
produces 16.1 + 3.4 kJ mol™', and the heat observed in the
experiment without molybdate should be corrected by
1.0 + 0.2 kJ mol™!, for the effect of creatinine formation.

Enzymatic Hydrolysis

Analyses showed that the enzymatic hydrolysis of PCr did
not proceed exponentially under the conditions used in our
calorimetric experiments. At 37° 95% of the hydrolysis
occurred in 45 min and had reached 97.5% by 90 min.
Heat production was measured over a period of 120 min
and compared, on the assumption that the reaction was by
then complete, with the amount of PCr hydrolyzed. The
result (43.2 + 0.6 kJ mol~!, Table I) is rather greater than
that obtained in the acid hydrolysis experiments
(41.0 = 0.5 kJ mol™") as is discussed below.

In similar calorimetric experiments at 25°C PCr hydro-
lysis was found to be 98 + 3% complete after 120 min and
at 0.2°C the reaction was 70 = 5% complete after 180 min.
The observed heats were compared with the amount of PCr
found to have been hydrolyzed in the samples used for
calorimetry, with the results given in Table 1. The precision
obtained by these measurements of heat produced over a
120- or 180-min period was not good enough to give useful
information about the temperature dependence of the heat
of reaction 1. We have therefore used the observations at
0.2°C and at 37°C to compare the time course of heat
production, after correction for instrumental lag, with the
time course of PCr hydrolysis, measured in parallel experi-
ments outside the calorimeter. The results are shown in
Fig. 1. At both temperatures the heat produced is propor-
tional to the amount of PCr hydrolyzed. The slope of the
two lines in Fig. 1 is very similar, suggesting that AH is
almost independent of temperature, as would be expected
(12) for a reaction in which there is no change in the
number of charged particles.

In the experiment at 37°C there is an excess amount of
heat produced at the times, after 45 min, when PCr
hydrolysis is >95% complete (* in Fig. 1). This probably
represents the heat from some process other than PCr
hydrolysis. If so, the inclusion of this heat production
would explain why the result based on total heat for
enzymatic hydrolysis is somewhat greater than that for
acid hydrolysis. However, the slope of the line in Fig. 1
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FIGURE 1 Heat produced and PCr split measured in parallel experi-
ments. (O) From an experiment at 0°C. The first two points refer to
measurements at 5 and 10 mins after the reaction was initiated, subse-
quent points are for successive 10-min intervals. The amount of PCr
initially present was 5.2 gmol. (@) From the mean of seven experiments at
37°C. The points refer to measurements made at 5-min intervals, except
for *, which is for 30 min after the previous point. The amount of PCr
present initially was 9.2 umol.

provides a value of AH,, uncontaminated by this process.
After subtraction of the heat of the appropriate control
observations, this gives a value which agrees reasonably
with that obtained by acid hydrolysis, although it is less
precise. It seems best therefore to use the value obtained by
acid hydrolysis and to take AH, as independent of tempera-
ture.

A correction to the value of AH, is needed to allow for
the fact that at pH 8.0, 5.8% of the orthophosphate formed
in the reaction will be in the form H,PO,", and thus the
process occurring does not correspond exactly to reaction 1.
The correction, calculated as described by Alberty (1), is
—3.1 kJ mol~!. The corrected AH, value for 80 mM
reactant concentration is —44.1 = 0.5 kJ mol ™.

The dependence of AH, on the concentration of reac-
tants and products was investigated by comparing the heat
of dilution of PCr and of Cr + HPQ,?" solutions. This was
done by flow calorimetry (at 37°C). Solutions (80, 40, and
20 mM) were diluted with equal volumes of water. The
dilution heats observed were <0.6 kJ mol™' for each step
and differed between reactant and product solutions by
<0.3 kJ mol~!. The AH, values in Table I refer to 80-mM
solutions. The corrections required to obtain values for 40,
20, and 10 mM solutions are +0.26, +0.46, and +0.32 kJ
mol~'. Similar experiments were carried out to find the
influence of ionic strength on AH,. Reactant or product
solutions (50 mM) were mixed with KCI solutions (0.2,
0.4, and 0.6 M), using the mixing of the same KCl solution
with water as the baseline. The heats observed were <0.5
kJ mol~'. The AH, value for 50 mM refers to an ionic
strength of 0.15 M. The correction to obtain a value for
ionic strength of 0.3,0.5,and 0.7 M are —0.42, —0.13, and
+0.28 kJ mol . Thus the corrections to AH, both for ionic
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strength and for reactant and product concentrations
within these ranges are <1%, and no more than the
standard error of the best estimate of AH,. Therefore they
can be considered negligible.

Heat of Mg?* Binding (Reactions 4 and 5)

Most of these experiments were done using titration calo-
rimetry at 25°C and at 0.2°C. Successive additions of 1 M
MgCl, were made to solutions containing 30 mM KH,PO,,
Na,HPO,, or Na,PCr. The heat produced comes from the
dilution of the MgCl, and the binding of Mg”* to ligand.
As described, for example by Tyrell and Beezer (13), these
experiments can provide values of both the heat of reaction,
AH, and the equilibrium constant, K. Accordingly curves
were fitted to the results to find best values of AH and K.
These curves fitted the observations closely (r > 0.999)
when the total amount of added MgCl, was less than about
three times the amount of ligand present. At higher
concentrations of MgCl, a systematic deviation appeared,
particularly in experiments at low ionic strength. This is
probably due to the formation of complexes other than the
1:1 association of Mg”** with the phosphate, but fortu-
nately the association constant for these complexes is low
enough to be negligible under physiological conditions.
Accordingly only results for MgCl, concentrations less
than three times ligand concentration were used.

When the ligand in these experiments was Na,HPO, a
slow endothermic process occurred on addition of MgCl,
besides the normal endothermic binding process. This
process, presumably a precipitation, was avoided by adding
a small quantity (0.003 M) of KH,PO, to the ligand
solution. A correction had then to be made to the calori-
metric results to allow for the heat from binding of Mg?* to
H,PO,". As this binding is weaker and less endothermic
than that to HPO,?~ the correction is small, <2%, and its
exact value has little effect on the final results.

The results of these Mg?* binding experiments are given

in Table I1 A, the values of K are compared with published
results using other techniques. In view of the difficulty of
obtaining accurate values of K the agreement seems rea-
sonable. Results were obtained for ligand solutions with
and without added KCI. As expected the value of K was
less in solutions of higher ionic strength but there were only
slight changes in the value of AH.

A few observations of Mg?* binding heats were made at
37°C using flow calorimetry. Mg?* and Na,PCr (or
Na,HPO,) were mixed in five different ratios from 0.25:1
to 4:1 and the results were analyzed in the same way as the
titration experiments, giving the result for HPO,*~
included in Table II 4. With PCr however, anomalous
results were obtained. Considerably less heat absorption
per mole of PCr is observed when PCr is mixed with an
equimolar amount of Mg?* than when there is a fourfold
excess of PCr. This suggests that the binding of a second
Mg?* to MgPCr is an exothermic process. Further work
would be needed to clarify this point. Thus it is not possible
to obtain from these observations data for the 1:1 interac-
tion of Mg?* and PCr which is presumably the only one of
importance in muscle, where PCr is in at least 10-fold
excess over Mg?*.

From the observations in Table II A4 the change in heat
capacity (ACp = dAH/dT) for these reactions can be
calculated. The values of ACp are positive, as would be
expected for reactions in which there is a decrease in the
number of charged species (12).

Heats of Protonation (Reactions 2 and 3)

These experiments were also made by the titration tech-
niques. As all these binding reactions were strong (pK 6 to
pK 8) equilibrium constants could not be obtained. Heats
were observed for five successive additions of acid (0.1 M
HCI) to base. Each addition was equivalent to one-tenth of
the total base present, 25% of which had been neturalized
before the start of the observations. A small correction was

TABLE IIA
HEATS OF MAGNESIUM-PHOSPHATE BINDING

This work Other reports

Orthophosphate

Temperature (°C) 0 25 25 37 25 25

Ionic strength (M) 0.25 0.075 0.25 0.15 0.16 0.20

Heat of binding +4.8 +7.3 +8.0 +11.0 — —

Log K 1.4 22 1.7 2.1 1.6 1.9

Reference 31 32
Phosphorylcreatine

Temperature (°C) 0 25 25 37 25

Ionic strength (M) 0.25 0.075 0.25 — 0.10

Heat of binding +2.3 +4.7 +4.9 See text —

Log K 1.6 2.1 1.6 — 1.6

Reference 33

The calorimetric determinations were made by titration calorimetry (see Methods) and are means of results for at least four experiments. Values of AH
are given in kJ mol~'.
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TABLE IIB
HEATS OF PROTONATION

This work Other reports
Tris at 25°C
lonic strength (M) 0.005 0.05 0.01 0.015 0.10
Heat of protonation —45.7 —47.1 —45.7 —474 —47.5
Reference 34 35 37
Na,HPO, at 25°C
[onic strength (M) 0.015 0.09 0.14 0.24 0.1 0.025 0.01 0
Heat of protonation —44 ~-44 —438 —4.2 -5.1 —4.6 -33 ~4.1
Reference 38 38 38 39
Na,HPO, at 0°C
Ionic strength (M) 0.25 0.15 0
Heat of protonation -10.1 —11.2 -9.5
Reference 39
Carnosine and histidine at
25°C
Ionic strength 0.15 0.25 0.16
Heat of protonation —30.3* —29.5¢ -31.6
Reference 40
Carnosine at 0°C
Ionic strength (M) 0.005 0.25
Heat of protonation —345 -31.6

The calorimetric determinations in this work were made by titration calorimetry (see Methods). Values are given in kJ mol~'. Each is the mean of eight or

more observations with SEM < 0.3 kJ mol~'. *Carnosine. *Histidine.

TABLE IIC
DATA FOR THE CALCULATIONS OF THE VALUE OF AH,, AS A FUNCTION OF pH AND pMg

Temperature (°C) 0° 250 37°
AH, (Splitting of phosphorylcreatine) —44.1* —44.1* —44.1*
AH, (Protonation of orthophosphate) —-10.6* —4.5¢ —-1.5¢
pK, 6.89! 6.771 6.75!
AH, (Protonation of histidine) -32.0¢ —-29.9¢ —28.9¢
AH, (Magnesium binding to orthophosphate) 4.6} 7.8t 11.2¢
pK, 1.5¢ 1.8 1.9¢
AHg (Magnesium binding to phosphorylcreatine) 2.3t 4.9 6.24
pK; 1.7 1.7¢ 1.8¢

*From the acid hydrolysis experiments in Table I, corrected for the formation of creatinine, and for the incomplete ionization of orthophosphate in these

experiments.

*Interpolated values from Table II, 4 and B, for an ionic strength of 0.2 M.

SExtrapolated from the values in Table II, 4 and B, assuming the heat capacity to be independent of temperature.

IFrom reference 37.

made to all the observations for the heat of dilution; the
value of this correction was found by making additions of
HCI to KCl solution of the same ionic strength as the base
solutions used. Results are given in Table II B and
compared with those of other workers. The agreement is
satisfactory, particularly in the case of Tris, for which good
calorimetric data are available. For carnosine and phos-
phate, observations were made at 0.2° as well as 25°C. As
expected the heat capacity changes, calculated from the
AH values at the two temperatures, are positive. There is
little evidence that the heat of protonation of carnosine or
phosphate is dependent on ionic strength.

WOLEDGE AND REILLY Heat of Hydrolysis of Phosphorylcreatine

Calculation of AH

Fig. 2 shows the calculated values of AH, the enthalpy
produced by PCr hydrolysis and the accompanying Mg*?
and H* reactions (reactions 1, 2, 3, 4, and 5) under various
conditions. The calculations are for an ionic strength of 0.2
M, which is probably close to the in vivo value (19). The
pH inside frog muscle cells is probably about 7 (14-16)
and the pMg value about 3 (18, 21). The values of AH
for these values of ionic strength, pH and pMg are —34.6
at 37°C, —35.0 at 25°C, and —34.8 kJ mol~! at 0°C. The
fact that AH, is almost independent of temperature under
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8.5 FIGURE 2 AH, calculation for the data in Table I C. (4)
The value is shown as a function of pH for three different
values of pMg. (B) value is shown as a function of pH for
four different temperatures. Standard error of the experi-
mental determinations on which AH , is based is 0.5 kJ/mol

at pH 8 and increased to 0.7 kJ/mol at pH 6.
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these conditions is coincidental; for instance at pH 6 AH
changes by 10% over this temperature range (Fig. 2).

DISCUSSION

The value of AH, for PCr splitting found by us (—44 + 0.6
kJ mol~') is greater than those previously reported. Gellert
and Sturtevant (3) give a value of —38 + 2 for pH 8, pMg
3 in Tris buffer. The value of AH, calculated from our
results for these conditions is —41 kJ mol~', which is not
significantly different from their result. However our result
is significantly different from that of Pin (4): —36 + 1 kJ
mol~' at pH 9; as his result, like ours, is apparently
obtained by comparison with control experiments using the
products of hydrolysis, it refers to Mg-free conditions,
under which we would expect to obtain the full value of
AH,. This suggests that the process actually occurring at
pH 9 is not the same as our reaction 1, presumably because
of an extra ionization of either creatine or phosphocreatine.
For physiological purposes however it seems justifiable to
neglect this ionization under strongly alkaline conditions.
The pioneering work of Meyerhof and Schultz (20) should
also be mentioned. They measured the heat produced when
PCr was hydrolyzed by a “second water extract of mus-
cle.” The pH and pMg values in this extract are not known,
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but probably the conditions were mildly alkaline and the
concentration of Mg?* low. Under these conditions the
expected value of AH , is ~—40 to —43 kJ mol~' (Fig. 2).
The value obtained by Meyerhof and Schultz was —46 kJ
mol~'. In view of the correction that had to be made in
their experiments for the heat from glycolysis concurrent
with PCr splitting, the agreement is close. Meyerhof states
elsewhere (2) that errors of 46 kJ mol™' cannot be
excluded.

Carlson and Siger (5) and Woledge (6) have previously
attempted to establish the value of AH, for in vivo
conditions. Their results, —40 and — 38 kJ mol~', respec-
tively, are more negative than the value of —35 kJ mol~!
suggested in this paper. The reason for the discrepancy is
that both papers used a value for heat of protonation of
phosphate (AH,) at 0°C of —33 kJ mol~' from Bernhard
(22). As has been discussed elsewhere (17, 23) this value
was obtained by differentiation of inadequately precise pK
values; it disagrees with calorimetric determinations of the
quantity and should be disregarded. With this single
exception, all experimental determinations of the relevant
AH values thus secem in reasonable agreement, and the
value of AH,, can therefore be regarded as well estab-
lished. The value of AH,, recommended by Curtin and
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Woledge (8), —30 kJ mol~', is smaller than that given here
largely because they used a smaller value for AH,.

In addition to Mg?* muscle contains appreciable
amounts of Ca?* and Zn** (19). The total concentrations
are 10 and 1 mM, respectively. Although both can form
complexes with phosphates (24) it seems unlikely that the
presence of either can influence significantly the enthalpy
change for PCr hydrolysis. In the case of Ca®* this is
because the ion is largely sequestered in the sarcoplasmic
reticulum. Although it is released upon stimulation of the
muscle, the free Ca?* concentration does not rise above
10~* M (25). Since the binding constant for the formation
of CaHPO, is ~107? M, no significant amount of this
complex can form. Zn** binds to HPO,’~ somewhat more
strongly than Ca?* does, but binds much more strongly to
histidine (24). As there is a much higher concentration of
histidine groups than of Zn?* in muscle, it seems unlikely
that the free Zn?* level can be high enough for Zn-
phosphates to be formed.

The idea that the imidazole group is the effective buffer
in muscle is based on the fact of its large concentration and
near neutral pK. About 10 mM histidine is present in the
dipeptide carnosine, and another 25 mM in the contractile
proteins. It has therefore been assumed in this work that
the intracellular buffers can be regarded as predominantly
imidazole groups in histidine, and that the heat of dissocia-
tion of the group is constant, regardless of whether the
histidine is part of a large molecule. Mihalyi (26) has
shown, by comparison of titration curves of myosin at
different temperatures that nearly all the imidazole groups
are free to act as buffers and that the heat of protonation of
the groups has approximately its usual value. Although
small concentrations of other buffer substances such as
phosphate and MgATP?~ are known to be present they are
thought to contribute <5% of the buffer capacity. In some
experiments with living muscle, a bathing solution buff-
ered with HCO,™ and gassed with 5% CQ, is used (8). In
this solution HCO,~ will provide ~17% of the internal
buffer capacity. This will have the effect of increasing the
value of —AH,,, by ~1 kJ mol~".

Recently Curtin (16) has measured the buffer power of
live frog muscle fibers over a range of intracellular pH
(pH,) values. For pH; below 7 the measured buffer power
was similar to that predicted on the above assumptions
about the nature of the intracellular buffers. However for
pH; values between 7 and 7.5 the measured buffer power
considerably exceeded that predicted. There must there-
fore be additional buffers acting within this pH range. The
discovery of these buffers introduces extra uncertainty into
the calculation of AH,, for in vivo conditions in this pH
range. For example at pH 7.3 Curtin’s results show that
60% of the total buffering is due to these unknown buffers;
if, to take extreme values, the heat of protonation was —70
(or 0) kJ mol~', then AH,,, would be —36 (or —39), rather
than the —37.5 kJ/mol suggested here. The uncertainty in
AH,, is less both at higher pH; values, because the extent

WOLEDGE AND REILLY Heat of Hydrolysis of Phosphorylcreatine

of the buffer reaction is less, and at lower pH; values where
the unknown buffers contribute less of the total buffer
power.

Recovery Ratios

A measurement that is often made on muscle (for exam-
ples see references 27 and 34) is of the ratio of heat
produced in the initial processes, due largely to PCr
splitting, to that produced during the recovery period, due
to the oxidative resynthesis of PCr. The value of this ratio
is very sensitive to the value of AH, (17) because an
increase, for example, in AH, not only increases the heat
produced in the initial period but also decreases that
produced in the recovery period when PCr splitting is
reversed. Godfraind-De Becker (27, 34) has shown that
when muscles are acidified by CO, the recovery ratio is
increased. This would be the result if AH, fell which, as
the measurements reported in this paper show, is what
would be expected.

We thank Dr. N. A. Curtin for her assistance with some of these
experiments, for criticism of the manuscript, and for encouraging its
eventual publication.

The work was done with financial assistance from the Medical Research
Council of Great Britain and from the National Fund for Research into
Crippling Diseases (Action Research).

Received for publication 16 April 1987 and in final form 15 February
1988.

REFERENCES

1. Alberty, R. A. 1969. Standard Gibbs free energy, enthalpy, and
entropy changes as a function of pH and pMg for several reactions
involving adenosine phosphates. J. Biol. Chem. 244:3290-3302.

2. Meyerhof, O. 1930. Die Chemischen Vorange in Muskel. Springer-
Verlag, Berlin.

3. Gellert, M., and J. M. Sturtevant. 1960. The enthalpy change in the
hydrolysis of creatine phosphate. J. Am. Chem. Soc. 82:1497-
1499.

4. Pin, P. E. 1965. Determination de I’enthalpie d’hydrolyse de phos-
phagene. J. Chim. Phys. 62:591-593

5. Carlson, F. D, and A. Siger. 1960. The mechanochemistry of
muscular contraction. J. Gen. Physiol. 44:33-60

6. Woledge, R. C. 1972. Heat production and chemical change in
muscle. Prog. Biophys. Mol. Biol. 22:37-74.

7. Woledge, R. C. 1972. In vitro calorimetric studies relating to the
interpretation of muscle heat experiments. Cold Spring Harbor
Symp. Quant. Biol. 37:629-634.

8. Curtin, N. A, and R. C. Woledge. 1978. Energy changes and
muscular contraction. Physiol. Rev. 58:690-761.

9. Bartels, H. 1971. Eine mikromethode zur kreatinbestimmung. Clin.
Chim. Acta. 32:81-84.

10. Ennor, A. H. 1957. Determination and preparation of N-phosphate
of biological origin. Methods Enzymol. 3:850-856.

11. Hill, A. V. 1965. Trails and Trials in Physiology. Arnold, London.

12. Alberty, R. A. 1969. Maxwell relations for thermodynamic quanti-
ties of biochemical reactions. J. Am. Chem. Soc. 91:899-903.

13. Tyrell, H. J. V., and A. E. Beezer. 1968. Thermometric Titrimetry.
Chapman & Hall, London.

14. Curtin, N. A. 1986. Buffer power and intracellular pH of frog
sartorius muscle. Biophys. J. 50:837-841.

15. Bolton, T. B., and R. D. Vaughan-Jones. 1977. Continuous direct

103




16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

104

measurement of intracellular chloride and pH in frog skeletal
muscle. J. Physiol. (Lond.}. 270:801-833.

Curtin, N. A. 1983. Intracellular pH and buffer power of skeletal
muscle of frog. J. Physiol. (Lond.). 336:20P-21P.

Woledge, R. C., N. A. Curtin, and E. Homsher. 1985. Energetic
Aspects of Muscle Contraction. Academic Press, London. 359 pp.

Hess, P., P. Metzger, and R. Weingart. 1982. Free magnesium in
sheep, ferret and frog striated muscle at rest measured with
ion-selective micro-electrodes. J. Physiol. (Lond.). 333:173-189.

Dubuisson, M. 1954, Muscular Contraction. Thomas, Springfield,
IL.

Meyerhof, O., and W. Schultz. 1935. Uber die enzymatische
synthese der kreatinphosphosaure und die biologische reakions-
form des zuckers. Biochem. Z. 281:292-305.

Alvarez-Leefmans, F. J., S. M. Gamino, F. Giraldez, and H.
Gonzalez-Serratos. 1986. Intracellular free magnesium in frog
skeletal muscle fibres measured with ion-selective micro-elec-
trodes. J. Physiol. (Lond.). 78:461-485.

Bernhardt, S. A. 1956. Ionisation constants and heat of Tris and
phosphate buffers. J. Biol. Chem. 218:961-969.

Woledge, R. C., and S. P. Canfield. 1971. Heat of splitting of
phosphocreatine in vivo and in vitro. In First European Biophysics
Congress. E. Broda, A. Locker, and H. Springer-Lederer, editors.
Verlag der Wiener Medizinischen Akddemie, Vienna. 355-359.

Sillen, L. C., and A. E. Martell. 1964. Stability constants. Chem.
Soc. Spec. Publ. 17. 388 pp.

Blinks, J. P., R. Rudel, and S. R. Taylor. 1978. Calcium transients in
isolated amphibian skeletal muscle fibres: detection with aequorin.
J. Physiol. (Lond.). 277:291-323.

Mihalyi, E. 1950. The dissociation curves of crystalline myosin.
Enzymologia. 14:224-236.

Godfraind-De Becker, A. 1972. Heat production and fluorescence
changes of toad sartorius muscle during aerobic recovery after a
short tetanus. J. Physiol. (Lond.). 223:719-724.

Barker, H., A. H. Ennor, and K. Harcourt. 1950. Aust. J. Sci. Res. B.
3:337-345.

29.

30.

31.

32.

33

34,

35.

36.

37.

38.

39.

40.

41.

Holt, L. E., J. A. Pierce, and C. N. Kajdi. 1954. The solubility of the
phosphates with divalent cations. J. Colloid Sci. 9:409-413.

Smith, R. M., and R. A. Alberty. 1956. The apparent stability
constants of ionic complexes of various adenosine phosphates with
divalent cations. J. Am. Chem. Soc. 77:2376-2380.

Sullivan, W. I, and D. O. Perrin. 1964. The stability constants of
metal-adenine nucleotide complexes. Biochemistry. 3:18-21.

Sturtevant, J. M. 1955. The heat of hydrolysis of poly-L-lysine. J.
Am. Chem. Soc. 77:1495-1498.

Ots, H. 1972. A reaction calorimeter. Some modifications of a
previous system. Acta Chem. Scand. 26:3810-3812

Godfraind-De Becker, A. 1973. La Restauration Post-tétanique de
Muscle Stri¢ Thermogenése et Fluorescence. Vander S. A., Lou-
vain, Belgium.

Nelander, L. 1964. The heats of hydrolysis of aspirin, thicaspirin and
their p-analogues. Acta Chem. Scand. 18:973-984.

Pitzer, N. 1937. The heats of ionization of water, ammonium
hydroxide, carbonic, phosphoric and sulfuric acids. The variation
of ionization constants with temperature and the entropy change
with ionization. J. Am. Chem. Soc. 59:2365-2368.

Bates, R. G., and S. F. Acree. 1945. pH of aqueous mixtures of
potassium dihydrogen phosphate and disodium hydrogen phos-
phate at 0°C to 60°C. Res. Natl. Bureau Standards. 34:373-394.

Meyer, J. L., and J. E. Bauman. 1970. Copper (II)-histidine com-
plexes. J. Am. Chem. Soc. 92:4210-4215.

Cain, D. F., and R. E. Davies. 1962. Breakdown of adenine triphos-
phate during a single contraction of working muscle. Biochem.
Biophys. Res. Commun. 8:361-366.

Curtin, N. A,, and R. C. Woledge. 1979. Chemical change and
energy during contraction in frog muscle: how are their time
courses related? J. Physiol. (Lond.). 288:353-366.

Homsher, E., M. Irving, and A. Wallner. 1981. High energy
phosphate metabolism and energy liberation associated with rapid
shortening in frog skeletal muscle. J. Physiol. (Lond.). 321:423~
436.

BIOPHYSICAL JOURNAL VOLUME 54

1988




