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ABSTRACT

ENERGY METABOLISM IN SKELETAL MUSCLE:
EFFECTS OF ATP DEPLETION

By

Jeanne Marie Foley

The specific problem addressed by this research concerned the
validity of a kinetic theory of control of oxidative phosphorylation
rate by amount of the phosphate acceptor ADP in skeletal muscle.
Respiratory control by ADP concentration roquirql that, for a given
rate, any reduction in ATP must be countered by a compensatory increase
in the ratio Cr/PCr in order to maintain the same ADP level, assuming
equilibrium of the creatine kinase reaction and no large increase in pH.
This prediction was tested by depleting ATP in rat gastrocnemius muscles
and using phosphorus NMR to momitor ATP, PCr, P; and pH during rest and
contraction ian situ. ADP was calculated from these parameters and the
creatine kinase equilibrium constant.

ATP was depleted by combining intense stimulation with blochg.o of
the purine nucleotide cycle (PNC) with the specific inhibitor hadacidin
(N-formyl -N-hydroxysminoacetic acid) to prevent resynthesis of adenine
nucleotides from inosine monophosphate. Initial experiments using the
drug AICAr (S-amino-4-imidazolecarboxamide riboside) demonstrated
systemic effects of this drug, countering previous claims that muscle
dysfunction associated with AICAr infusion was attributable to selective
PRC inhibition.

When hadacidin was used to sustain ATP depletion, the decrease in

PCr predicted by the kinetic control theory did not occur; in fact, the
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Jeanne Marie Foley

Cr/PCr ratio actually dropped slightly in resting ATP depleted muscles
relative to controls, and pH decreased slightly. Calculated ADP levels
also rose much less in response to a series of isometric twitch
contractions in ATP—depleted muscles than in control muscles subjected
to twitch stimulation at the same rate. Calculated phosphorylation
potential (1n{[ATP]/([ADP]*[P;]))}) was identical in resting control and
ATP—depleted muscles, and the decline in this parameter was only mildly
attenuated in depleted muscles during submaximal stimulation. These
results suggest that phosphorylation potential, rather than ADP alome,
is the cytoplasmic factor which regulates respiration in muscle cells.
Other effects observed in association with ATP depletion included an
apparent reduction in the energy cost of both twitch and tetanic
contractions and a potentiation of peak force in successive trains of

tetani.
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I. INTRODUCTION

"In the muscle, nature has produced a machine, so startling and at
the same time so perfect, that the explanation of its mechanism
could give satisfaction not only to the searching mind, but also
promise a rich harvest to the technical progress of mankind."

Otto Meyerhof, 1925 (115)

Muscle energy metabolism and its regulation have been the subjects
of intense research and debate throughout the history of physiological
investigation. As early as 1880, a regulatory link was proposed between
the mechanics of contraction and the underlying muscle chemistry (153).
During the century following this speculation, the details of muscle
structure, mechanics, and chemistry were brought into focus. The
question of the precise nature of the signal linking metabolic energy
production with contractile energy demand has, however, remained
incompletely resolved.

The advent of nuclear magnetic resonance (NMR) spectroscopy and
the burgeoning application of this technology to physiological studies
during the past decade have generated new insights into this lingering
‘quution of metabolic regulation. The NMR method allows accurate
tracking of the changing levels of several energetically important
intracellular metabolites during contraction and recovery in living
muscles. Altw much of this information could also be compiled by
traditional chemical methods, the NMR technique offers the advantage of
noninvasive study of ongoing metabolic processes in an intracellular
environment that is virtually undisturbed, in contrast to the traumatic
disruption required for conventional methods. The NMR method also

allows serial measurements within a single muscle, thereby improving



practically obtainable time resolution and increasing statistical power
over the one-muscle-one-time-point restriction of the older methods. 1In
addition, the new technology provides some novel capabilities, reviewed
in the following chipter, that were out of reach of previously existing
methods.

The studies described in chapters three and four supplemented
traditional chemical methods with the newer spectroscopic techniques to
study the effects of experimental manipulation of muscle adenine
nucleotide levels on metabolic responses to contraction. The general
aim of this research was to examine the effects of adenosine
triphosphate (ATP) depletion on energy metabolism in skeletal muscle.
The specific question being addressed was: Is kinetic control (by amount
of the phosphate acceptor ADP) of the rate of oxidative phosphorylation
sufficient to explain this regulation in contracting skeletal muscle?
The existence of the creatine kinase reaction in a near-equilibrium
state in muscle (103) provided the specific hypothesis to be tested.

The concentration of ADP can be estimated from the levels of the
other reactants and products of the creatine kinase reaction and from
the equilibrium constant (Keq) of the reaction according to the

equation (146):

(aoP] = [ATP]* ([Crl/(PCr]) * (1/[HY]) * 1/Keq

If [ADP] controls respiration rate, then for a given rate any reduction
in ATP must be countered by a compensatory increase in the ratio Cr/PCr
in order to maintain the same ADP level, assuming no large change in pH.
This prediction was tested by depleting ATP in rat gastrocnemius muscles

and using phosphorus NMR to follow the changes in ATP, PCr and pH
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during rest and contraction in situ.

Review of the methods by which ATP depletion had been induced in
previous studies led to the choice of a technique combining intense
stimulation to deplete ATP with blockage of the purine nucleotide cycle
(PNC) with the inhibitor hadacidin to prevent resynthesis of adenine
nucleotides from inosine monophosphate. As reviewed in detail in the
following chapter, this method was selected because it introduced the
fewest confounding factors into the experimental analysis.

Before these studies could begin, however, it was necessary to
address the recent claim (42) that PNC inhibition per se impairs aerobic
energy metabolism in muscle. Further review of the literature revealed,
however, that the drug AICAr used in this study is known to affect other
enzymes outside of the PNC in vitro. AICAr trestment had also been
associated with systemic effects in vivo, most notably hemodynamic
abnormalities. Furthermore, previous studies with the PNC inhibitor
hadacidin had demonstrated no adverse effects of PNC inhibition on
either submaximal twitch or intense tetanic contraction capacity (113).

This information led to the formulation of the hypothesis that the
administration of AICAr caused systemic effects and that these systeamic
effects, not PNC inhibition, were the basis of the performance decrement
observed in the study cited above. To test this hypothesis the cited
experiments were repeated while trying to ummask any possible systemic
effects by monitoring arterial blood pressure with an indwelling
catheter and phosphorus metabolites and pH with 31P-NMR. The
hypothesis was then tested directly by surgically isolating and
artificially perfusing cat muscles with an AICAr perfusate. If the

aerobic performance decline was indeed due to systemic hemodynamic
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effects, then isolation of the muscle from the cardiovascular system in
this preparation should eliminate these performance effects.

The outcome of these experiments was the detection of profound
suppression of blood pressure in AICAr-infused rats and failure to
recover PCr stores after a twitch series. In the isolated, perfused
muscles, there was no adverse effect of AICAr on twitch force, and PCr
recovered normally following the contraction series. Therefore it was
concluded that PNC inhibition per se does not adversely affect muscle
aerobic metabolism ((46), chapter three).

The specificity for PNC inhibition of the drug proposed for use in
our initial research plan has been amply demonstrated, as documented in
chapter two. The findings of our initial investigation cleared the way
for moving forward with these studies to test the kinetic respiratory
control hypothesis described above. An infusion/stimulation/recovery
protocol was developed to consistently produce depletion of nearly half
of the normal ATP stores in the rat gastrocnemius muscle in situ. The
decrease in PCr predicted by the kinetic control theory did not occur;
in fact, the Cr/PCr ratio actually dropped slightly in resting ATP
depleted muscles relative to controls. Calculated ADP levels also rose
much less in response to a series of isometric twitch contractions in
ATP-depleted muscles than in control muscles subjected to twitch
stimulation at the same rate. These results indicate that mitochondrial
respiratory rate control cannot be satisfactorily explained solely on
the basis of kinetic mechanisms, assuming that respective respiration
rates at rest and during the stimulation period did not differ
substantially between the two groups.

These studies also produced several additional, unanticipated



outcomes. First, the energy cost of twitch and tetanic contractions
appeared to be reduced in the ATP-depleted muscles relative to comtrols,
complicating the interpretation of the ADP changes observed in response
to stimulation. Secondly, tetanic stimulation caused the accumulation
of markedly more acid in control than in ATP-depleted muscles,
suggesting a reduction in the rates of glycolysis and glycogenolysis in
the depleted muscles. Finally, ATP depletion was associated with a
staircase or potentiation of peak force during series of tetanic
contractions. This phenomenon was observed in both control and
hadacidin~treated muscles when subjected to intermittent tetanic
stimulation immediately following an initial intense stimulation to
deplete ATP. This staircase effect disappeared after recovery of ATP in
the control group, but persisted in the muscles whose ATP recovery was
blocked.

The rationale for the development of these studies and the
implications of the results are best considered in the context of the
existing body of knowledge in this area. To this purpose, an historical
review of the research on muscle energy metabolism and its regulation is

presented in the following chapter.



IXI. REVIEW OF LITERATURE

"The extreme simplicity of the fabric (of muscle) ... has been the
cause of the obscurity that prevails in understanding how a small,
soft, fleshy portion can produce such strong and ample motions.”

Baron Albertus Haller, 1786 (54)

The 'fabric' of muscle and the mechanisms underlying the activity
of muscle have been subjects of intemse scrutiny throughout the history
of physiological inquiry. In the mid 1700's, William Croone proposed
that muscle was the biological material upon which studies would be most
likely to yield an understanding of "the energy discharges of living
elements” (44). As the eighteenth century drew to a close, however, the
"motive cause” of muscle action was still attributed to "a law
immediately derived from God" (54). Technological advances during the
1800'5 spawned more sophisticated studies of the mechanisms of
contraction and led to the development of the concept of muscle as a

chemical machine.

EARLY HISTORY OF MUSCLE ENERGY METABOLISM RESEARCH:
FROM LACTATR TO ATP

In the late 19th century, Hermann and later Pfliiger conceived of a
complex "lactacidogen” or "inogen" molecule, containing lactic acid and
made irritable by the inclusion of oxygen. Anabolism was thus viewed as
the formation of "elaborate, unstable, oxygen—-charged molecules” into an
"irritable protoplasm” which could then be discharged as needed to
provide energy for life processes (44).

This view was challenged by Fletcher and Hopkins, who were able to



demonstrate that the immediate supply of oxygen affected contraction
(44). The inogen theory, based as it was on the prior inclusion of
oxygen, was thus rendered unlikely. These two researchers also
pioneered a new low-temperature method of killing and extracting muscles
to minimize excess lactic acid production caused by the excision and
extraction procedures themselves. They noted that, prior to their 1907
work using the new technique, "there is hardly any important fact
concerning lactic acid formation in muscle which, advanced by one
observer, has not been contradicted by another" (45). The work reported
in this paper by Fletcher and Hopkins was later hailed by Meyerhof as
"the first bridge between the biochemistry of muscle and its performance

of work" (115).

The Lactate Hypothesis

"In the evolution of muscle it would appear that advantage, so to
speak, has been taken of this acid phase in carbohydrate
degradation, and that by appropriate arrangement of the cell
elements the lactic acid, before it leaves the tissue in final
combustion, is assigned the particular position ian which it can
induce those tension changes upon which all the wonders of the
animal world depend.”

Fletcher and Hopkins, 1917 (44)

Pletcher and Hopkins authored this "lactate hypothesis", wherein
the hydrogen ions from lactic acid supposedly interacted directly with
the myofibrillar surface. Lactate was thus viewed as the direct cause
of increased temsion, leading to the notion that lactate was "part of
the machinery and not part of the fuel." Patigue and rigor were seen
as manifestations of lactate accumulation: "...fatigue is the
expression, not of an exhaustion of the energy supply, but only of a

clogging of the machine.” Oxygen's purported role was to 'unclog' the



machine by removing lactic acid (44).

In 1921, Hartree and Hill noted that the temperature coefficient
of the rate of heat liberation from a muscular contraction was of the
same magnitude as those of ordinary chemical reactions. This led them
to conclude that muscle energy supply regulation in a prolonged
contraction is a chemical process (58). In this report they also
outlined a regulatory scheme in which a 'shock' or nerve impulse caused
permeabilization of the walls of a lactic acid compartment within the
muscle cell, thereby releasing lactate onto the fibrillar surface to
directly cause increased tension in contractile structures. According
to this model, relaxation was caused by neutralization or other means of
removal of the acid from its site of action. The role of oxygen was to
facilitate this relaxation process, either by oxidizing lactate or by
somehow causing it to be returned to the impermeable intracellular
compartment. Although this theory seems preposterous in retrospect, at
the time it was proposed it very nicely conformed to and explained the
known facts.

Hartree and Hill also related the mechanical efficiency (defined
here as work done per unit of heat liberated per second of stimulus) of
muscle to its 'quickness', observing that unstriated muscles exhibited a
very high efficiency in long term maintenance of force. They proceeded
yet further in characterizing fast vs. slow muscles, stating

ceecit is well known to athletes that heavy and exhausting
exercise is very bad training for sports, such as sprint-running
and jumping, where great quickness is required: the training which
leads to quickness of contraction and relaxation is directly
opposed to that which leads to economy, and immunity from fatigue,
in slow, prolonged, and heavy movements." (58).

Thus was the principle of specificity of training, a basic temet of

modern exercise physiology, initially and most eloquently recorded.



In 1924, a student of A.V. Hill reported a series of painstaking
experiments demonstrating that muscle has the ability to vary its energy
transformation rate according to the tension production and duration of
a contraction (35). This phenomenon, which became known after its
author as the 'Fenn effect', initiated a search that continues even

today for the signal linking energy demand to production.

Muscle Buffer Capacity Examined

Later the same year, Hartree and Hill again collaborated om a
paper, this time concerning the apparent need for a large buffer
capacity in muscle. With deft calculations using existing data, they
concluded that a mere ten seconds of 'violent effort' by a human athlete
would produce enough lactic acid to increase hydrogen ion concentration
18 fold. Given the buffers then known to be available to muscle, this
would produce a pH of 5.75, lower than had ever been observed even in
isolated muscles. The authors exclaimed that "it is difficult to
imagine that such s change in cH (sic) in the intact animsl could be
tolerated without disaster” (59). The experimental section of this
article reported the results of the addition to an isolated muscle of an
amount of exogenous lactic acid approximating that expected from a ten
second maximal contraction. The observation that intracellular [H*]
increased only by a factor of 2.2 (i.e. pH decreased to 6.7) prompted
the authors to conclude that some heretofore unidentified but highly
effective buffer must exist in muscle. According to the chemical data
available at that time, they speculated that this unknown substance was
probably an "alkaline protein buffer”.

The question of acid neutralization in muscle was further
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addressed in 1925 by the Australian Tiegs. Although Hartree and Hill
and earlier Meyerhof had claimed that the neutralizing base must be a
muscle protein, Tiegs dissented. He proposed that the buffering base
was actually produced simultaneously with the lactic acid (144). This
vién. though closer to the actual truth, seemed based on rather
unconvincing histological evidence.

Tiegs also surmised a link between the buffer production process
and the compound creatine, noting that creatine content in muscles
varied in proportion to their activity. Citing previous work, he
remarked that "plain” (smooth) muscles were lowest in creatine content
and "quickly contracting 'pale’' muscles" (fast white skeletal muscles)
were highest. Again citing earlier evidence that creatine increased
with stimulation, Tiegs offered three possible mechanisms by which the
"very feebly basic” creatine could undergo conversion to a base of
sufficient strength to neutralize the lactate produced during
contraction. The first two routes, conversion to the strong bases
creatinine or dimethylguanidine, were ruled out by showing that these
compounds were not present in stimulated muscles. Thus remained only
the third of Tiegs' alternatives, namely that creatine was transformed
to a more basic isomer upon stimulation of muscle.

To accommodate this hypothesis, Tiegs suggested that the ‘normal’
form of creatine in resting muscle was not the commonly—held open
structure, but rather a.cyclic form. Upon stimulation, this cyclic
molecule would undergo conversion to "active creatine” by opening of the
ring structure to expose a free amino group, thus providing the
necessary increase in effective base. Although his experiments on

isolated frog muscle did confirm that creatine was indeed liberated from
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exercising muscles, his explanation of the mechanism of increased buffer
capacity was clearly contrary to the known chemistry of that time.

The 'lactacidogen' theory which Tiegs held as "now quite certain”
was decisively refuted by Meyerhof, also in 1925. The theory was based
in large part on the claim of a lactic acid maximum due to a limited
amount of precursor. Meyerhof showed that lactic acid production by
isolated frog gastrocnemius could be increased to 50% beyond the
supposed maximm by speeding removal of lactate from the muscle via
added alkali in the bath (115). Despite this caveat, Meyerhof still
subscribed to the 'lactate hypothesis' in which lactate dii-ectly caused

the contractile event.

The Discovery of Phosphagen

Experiments conducted at Harvard University and at University
College in London during the period 1925-1927 finally shifted the muscle
energy focus away from lactic acid and towards organic phosphorus
compounds, generating a "revolution in muscle physiology” as it was
subsequently designated by A. V. Hill (60). In 1927, the American team
of Cyrus Piske and Yellapragada Subbarow and, working independently, the
Britons Grace and Philip EBggleton separately reported the discovery of a
labile organic phosphate compound whose stimulation-induced degradation
released inorganic phosphate inside muscle cells.

Most his.torical accounts of muscle metabolism research provide
only a scant mention of this discovery. Most such essays also give
primary credit for phosphocreatine (PCr) discovery to the Eggletons,
despite the fact that Piske and Subbarow were not only the first to
correctly identify the labile phosphorus compound as phosphocreatine,

but were also much more accurate in their speculations as to its
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functions. For these reasons, the circumstances surrounding this
breakthrough will be dealt with in some detail hers.

In 1925, Piske and Subbarow published a detailed account of a new

colorimetric assay for inorganic phosphate (P;) in biological samples.
Their primary improvement over the older Briggs method was the
substitution of an alternative reducing agent which reduced the time to
maximal color development from 30 minutes to less than five minutes
(41). Pollowing up on apparently erroneous results they obtained using
this new method, the pair discovered that previous estimates of muscle
inorganic phosphate content were mistakenly high due to excess
orthophosphate liberated during the extraction and assay process. Since
this excess phosphate release was virtually complete within 30 minutes,
the longer color development time required by the older assay method
tended to mask the orthophosphate increase. In 1927, Figke and Subbarow
decisively and correctly identified the labile organic precursor in a
terse abstract in the Journal of Biological Chemistry, given here in its
entirety:
"Only a small fraction of what has previously been regarded as
inorganic phosphate in voluntary muscle is actually inorganic.
The bulk of it is an unstable compound of creatine and phosphoric
acid which is hydrolyzed upon stimulation and resynthesized when
the muscle is permitted to recover.” (40)

In April of the same year, a more detailed account of their
findings appeared in the American journal Science. In this article,
Piske and Subbarow showed that the "delayed color development” of their
1925 P; assay when applied to muscle tissue was due to a "labile
phosphorus” compound (38). The amount of unstable phosphorus was

estimated from successive color intensity readings at short intervals

until full color development. Extrapolation back to zero time (muscle
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excision) gave true 'inorganic' phosphate content, the difference between
this and the maximal value being 'labile’ phosphorus. They identified
this precursor of P; as a derivative of creatine (Cr). They also
observed that pre-stimulation of the muscle prior to extraction and
assay reduced the labile phosphorus by two-thirds compared with resting
muscle. Additional experiments demonstrated recovery of the phosphorus-
creatine compound in stimulated muscle that had been rested briefly
prior to excision. The authors remarked that the release of P; and Cr
by fatigued muscles, previously attributed to fatigue—-induced alteration
of membrane permeability, could now be explained simply by increased
concentration gradients of the two compounds resulting from stimulation-
induced hydrolysis of PCr inside the muscle cell. Thus their discovery
not only introduced a new compound into the muscle energy scheme, but
also began to weaken the underpinnings of the lactate hypothesis by
casting doubt upon the reality of the permeability changes required in
the Hartree/Hill model of contractile regulation (58).

Regarding their observation of delayed color development and their
suspicion that an unstable organic phosphorus compound existed in
muscle, Fiske and Subbarow commented,

"Although these facts have been in our possession now for more

than a year, we have until this time refrained from placing them

on record, inasmuch as the phenomena observed could not with any
certainty be ascribed to the presence of an organic compound of
phosphoric acid until the compound had been isolated, or at least
uantil the organic radicle (sic) had been identified.” (38)

This commitment to presentation of a complete story unfortunately was to
cost these two men much of their deserved credit for this landmark

discovery.

In FPebruary of 1927, after submission but before publication of
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the Piske and Subbarow report, there appeared in the Biochemical Journal
an article by Grace and Philip Bggleton announcing the discovery in
muscle of an unstable organic phosphorus compound which they designated
as 'phosphagen’' (30). The BEggletons used the 1922 Briggs method for
determining P;, taking color intensity readings at two minute intervals
for 30 minutes rather than a single reading at 30 minutes as had been
done in previous applications of the method. The Eggletons noted that
color development in P; standards and in extracts of dead muscle was
exponential with a time constant independent of the phosphorus
concentration. In extracts of fresh muscle, however, this time constant
was much larger. Therefore, they concluded, previous estimations of
muscle inorganic phosphorus were erroneously high due to the acid
hydrolysis of an unstable organic phosphorus compound during the color
development period.

Using a clever extrapolation procedure, they estimated that the
90-100 mg of 'inorganic phosphate' per 100 g of muscle reported earlier
by Briggs, Embden and others actually consisted of only 20-25 mg P;, the
remainder being 'phosphagen’'. They also noticed that the amount of
phosphagen was lower in fatigued muscles than fresh, and practically
nonexistent in muscles in rigor.

The Rggletons speculated that this 'phosphagen' might be a
phosphate ester of glycogen, or perhaps a combination of lactate and
phosphoric acid, i.e. the 'lactacidogen' impugned by Meyerhof. In a
subsequent letter to the British journal Nature, the Eggletons stated,
"Whilst we have here at present no definite knowledge of the nature of
this substance, it seems quite possible that it may be the unstable

('active') hexose monophosphate...” (32). Their next paper claimed that
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"recent unpublished work on the isolation of phosphagen shows that it is
a hexosemonophosphoric acid, though some doubt attaches to the nature of
the hexose” (32). Based on this result, the authors proposed a reaction
scheme in which phosphagen split to yield lactate and P; , the latter
recombining with glycogen to give a compound 'X' which "may be identical
with lactacidogen”. The final reaction of this proposed cycle
regenerated phosphagen from 'X'. Summarizing this model, the Eggletons
remarked, "These three reactions form a cycle of changes which, if
properly balanced, leads simply to the conversion of glycogen into
lactic acid."” The proposal of this scheme can be viewed as a
testimonial to the prevalence of the lactate hypothesis, inasmuch as it
attempted to fit the new discovery into the lactate-centered model
rather than recognizing the new compound as the key to an entirely new
explanation of muscle energy generation.

In Pebruary of 1928, the 'special articles' section of Science
carried another succinct report by Piske and Subbarow entitled "The
Isolation and Punction of Phosphocreatine” (37). This cosmunication
provided the correct empirical formula and chemical structure of PCr
isolated from rabbit muscle. In what can certainly be in retrospect
deemed a major understatement, the authors commented, "... the
instability of the phosphamic group marks it as one of considerable
biological importance"”.

Piske and Subbarow additionally observed that phosphocreatine was
not only hydrolyzed during activity, but also resynthesized during
subsequent recovery. According to their calculations, the Pj liberated
by PCr hydrolysis during stimulation was sufficient to neutralize much

of the lactic acid produced. This prompted their assertion that
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"... the function of phosphocreatine in muscle — or one function, since

there may be others —— (is) that of neutralizing a considerable part of
the lactic acid formed during muscular contraction.” This fulfilled the
1924 prediction of Hartree and Hill regarding the existence of a novel,
highly effective buffer in muscle (59).

Later in 1928, the Eggletons reported some "Purther Observations
on Phosphagen” (29), in which they described the isolation of a labile
compound of creatine and phosphoric acid, finally acknowledging the
Harvard research by a footnote: "Confirming Piske and Subbarow”". The
British team still maintained, however, that "... it is not yet certain
whether this substance is identical with, or is a breakdown product of
phosphagen".

The sharp contrast between the previously noted commitment of
Piske and Subbarow to present a finished research picture and the
Bggletons' approach to publication is illustrated by the introduction to
the 1928 Bggleton article:

"The collection of experimental results presented in this paper is

too inconsecutive to be used as the basis of any theoretical
discussion of phosphagen, but the results are published in the

hope that they will be of practical use to other workers in the
field of muscle chemistry.” (29)

Without reference to their previous misidentification of phosphagen as a
hexose phosphate and likely precursor of lactic acid, the BEggletons
acknowledged in this paper that phospagen breakdown and lactic acid
production were chemically distinct mechanisms.

One of the 'inconsecutive' results of this study that did prove to
be of importance later was the correlation of rate of energy output with

muscle phosphagen content. This relationship had been suggested in one

of their earlier papers (32), based upon the observation that
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gastrocnemius muscle contained more phosphagen than did cardiac muscle,
and smooth muscle contained little or none (31). This correlation was
presaged by Tiegs' earlier observation that muscle creatine content
varied with muscle activity (144). The 1928 Eggleton report compared
the phosphagen:P; ratio in various skeletal muscles, noting a higher
ratio in the "quicker" muscles, such as the gastrocnemius, than in
"muscles intended for lower rates of energy expenditure”, such as the
soleus (29).

The same paper reported the results of a comparative study in
which the absence of phosphagen and creatine and the prevalence of
arginine were noted in invertebrate muscle. In an insightful
commentary, the Bggletons observed that both arginine and creatine gave
the same "colour reaction" characteristic of a guanidino group and
argued that this could be the basis for physiological function in both.

The following year, now nearly two years after the identification
of phosphocreatine by Fiske and Subbarow, the BEggletons produced yet
another paper in which they claimed that "The exact nature of phosphagen
is not yet known" (28). They advised that the term 'phosphagen' be
retained "for the substance existing in muscle”, as distinguished from
the PCr isolated from muscle extracts. They went on to conclude that
"... the 'breakdown' and 'resynthesis' of phosphagen in a living muscle
are reactions involving very little energy”". Later in this paper they
reported their failure to replicate some published results of Piske and

Subbarow, provided that "clean glassware and pure reagents are used".
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Recognition Controversy

In view of the preceding account, the position accorded the
Bggletons in most historical records as the discoverers of
phosphocreatine in muscle seems unmerited, particularly since Fiske and
Subbarow have received only secondary credit or mere passing mention in
most muscle metabolism reviews. Piske and Subbarow were not only the
first to isolate, purify, and identify phosphocreatine in muscle; they
also proved more meticulous in their methods and much more accurate in
their deductions of PCr function in muscle than did the more acclaimed
Eggletons.

Piske and Subbarow showed evidence of their awareness of this

controversy in an article in the 1929 Journal of Biological Chemistry.

In this 50-page discourse, the two physiologists directly addressed the
claims of the Eggletons in a most pointed msnner:

"Eggleton and Eggleton, using the Briggs method —— which we have
shown to be inaccurate -- likewise have observed the slow
development of color in the case of filtrates from ... muscle ...
These authors, however, also without experimental evidence, chose
the alternative assumption, viz., that the cause of the phenomenon
is the presence of an unstable organic compound of phosphoric
acid, and hazarded the guess that they might be dealing with a new
variety of hexosemonophosphate, or 'a phosphoric acid ester of
glycogen.' Somewhat later, in a paper published several months
after we had announced that the labile phosphorus in muscle is
combined with 1 equivalent of creatine, Bggleton and Eggleton
claimed to have ghown that muscle contains a hexosemonophosphate
with the properties that have been described above, though
admitting that 'some doubt attaches to the nature of the hexose.'
As a fitting accompaniment to this extraordinary assertion, for
which they could not possibly have had the slightest evidence,
Eggleton and Eggleton offered an elaborate hypothesis in which the
attempt was made to incorporate this hexosemonophosphate into the
series of chemical reactions (involving glycogen, lactic acid,
gtc.) already kmown to occur during muscular contraction.
Needless to say the theory, based as it was on a structure devoid
of facts, is valueless, and has since been quietly abandoned by
its authors.” (39)

The remainder of this extensive article was devoted primarily to
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an exhaustive account of the extraction, purification, and assay methods
used in obtaining the results reported in the two years prior. This
paper represented the last published work by Fiske and Subbarow on the
topic of phosphocreatine. Nothing further appeared over Piske's
signature until a 1935 study of 'depressor substance' (adenosine) in the
blood, followed in the 1940's by studies devoted to purine chemistry.
Likewise, Subbarow produced no additional publications until the late
1930's, when he reappeared as a secondary author on several studies
involving nutrition, vitamins, and growth factors.

The Eggletons' perceived place in history was most likely the

result of a 1932 article by the eminent British physiologist A.V. Hill.
In the opening statements of this widely acclaimed review entitled "The
Revolution in Muscle Physiology”, the influential Hill gave full credit
for the breakthrough discovery to the Rggletons:
"The revolution to which this paper refers broke out on the last
day of December, 1926, when Eggleton and Eggleton sent to the
Biochemical Journal a paper describing phosphagen, a labile form
of organic phosphate in muscle. In 44 years their discovery has
changed our outlook on the relation between chemistry and the
. energy exchanges of muscle ..." (60)

Several pages later in the paper appeared the sole mention of
Piske and Subbarow, a brief paragraph remarking that "Shortly after, and
independently of, the Bggletons' publication, Fiske and Subbarow
reported the same discovery ..." Hill went on to downplay the role of
the Harvard team in deducing the buffering functions of phosphocreatine
by claiming that this conclusion had been suggested in the 1925 Tiegs
article (144). It should be recalled that Tiegs had maintained that
creatine itself provided the extra buffering power by conversion to a

more basic isomer upon stimulation; the existence of a phosphorus-

creatine compound, much less its hydrolysis to release buffer phosphate,
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was not even remotely suggested in this paper.

This apparent oversight in an otherwise comprehensive synthesis of
studies could perhaps be considered a reflection of Hill's position as a
collaborator and colleague of the Eggletons at University College.
Alternatively, Hill's apparent disregard of Fiske and Subbarow's work
might be viewed as a reaction to their 1929 "Phosphocreatine” paper (39)
in which they harshly criticized the work of not only the Eggletons, but
also other European scientists such as EBmbden, Lohmann, and Meyerhof.

In any case, the outcome of Hill's pronouncement has been that later
reviews of muscle energy metabolism concepts have tended to give primary
credit for the discovery of phosphocreatine to the Eggletons (o;g.
Lundsgaard (98), Lohmann (93, 94), Huxley (69), Hill (64), Lipmann
(91)). A notable exception is the monograph by Kalckar (72) who,

perhaps not coincidentally, hailed from Harvard.

Demi £ the L B hesi
Credit controversy notwithstanding, the discovery of the presence,
hydrolysis, and resynthesis of phosphocreatine in muscle did indeed lead
to a 'revolution' in muscle physiology by finally turning the research
focus away from lactate as the key chemical in muscular contraction. By
1930, Binar Lundsgaard had proposed a system of linked reservoirs in
which 'phosphagen’ was the final energy source for muscular contraction
(99). In Lundsgaard's model, the phosphagen pool was fed in turn by a
glycolytic reservoir involving lactate formation. He also envisioned a
third "carbohydrate oxidation reservoir" which could either lead to
lactate formation or directly augment the phosphagen reservoir without

coincident lactate production. This model is now recognizable as the
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first reasonable approximation of the modern paradigm of the muscle
energy system. Lundsgaard was particularly prescient in his conception
of the third, oxidative reservoir, since the citric acid cycle and
electron transport system had not yet been proposed.

The key experimental evidence leading to the development of this
model consisted of the demonstration by Lundsgaard of "alactacid"
contractions in muscles treated with iodoacetic acid (IAA) to block
glycolysis. Achievement of these results required an ingenious
experimental design, since animals treated with IAA normally develop
rigor in all skeletal muscles shortly following treatment. Lundsgaard
discovered, however, that prior paralysis of a limb via nerve section
served to protect the muscles of that limb from rigor development. He
had previously observed that the rigid muscles of unparalyzed, IAA
treated frogs contained no acid in excess of that normally found in
untreated, resting muscles; this was in great contrast to the large
lactate accumulation normally associated with rigor development.

Pursuing this clue, Lundsgaard electrically stimulated his IAA
treated, denervated muscles and observed series of twitches in which no
lactate was produced. PFurthermore, the poisoned muscles fatigued faster
than normal muscles, and exhaustion coincided with the near total
depletion of phosphagen. This demonstration finally and conclusively
struck down the lactate hypothesis by clearly dissociating lactate
production from contraction, and lactate accumulation from fatigue.

The linked reservoir model was suggested to Lundsgaard by two
facts: unpoisoned muscles performing the same number of twitches as IAA-
treated muscles retained 70-75% of their phosphagen stores, and the

energy liberation from the extensive PCr hydrolysis in poisoned muscles
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approximated the combined energy of PCr hydrolysis and lactate formation
in unpoisoned controls. Prom this evidence he deduced that lactate
formation normally provided energy for the post-contraction resynthesis
of the phosphagen utilized in contraction. This solved Hill's
persistent problem of the source of the "delayed anaerobic heat"”
following muscular contraction. Lundsgaard also commented that the
previous failure of researchers to correlate PCr breakdown with
contractile work output was now most certainly due to the confounding
effects of glycolysis.

Although Lundsgaard's scheme represented major progress, his model
still placed PCr in the position of direct energy source for
contraction. He was certainly aware of the existence of ATP, or
"adenylpyrophosphosiure” as it was named by its discoverer Lohmann in
1929 (92). However, Lundsgaard's observation that no appreciable ATP
breakdown occurred until development of exhaustion and rigor misled him
to conclude that PCr, not ATP, must be the direct source of energy for
contraction. In 1932, Hill lauded Lundsgaard's work as "admirable in
expression and execution"”, but in the same paper Hill prophetically
mused, "I wonder whether we are still failing to see sonnghin; which in

10 years will seem obvious" (60).

Ihe ATP Challense

The missing piece to the muscle energy puzzle was indeed provided
during the ensuing decade. In 1934, Karl Lohmann reported that PCr
hydrolysis in muscle extracts occurred only in the presence of ATP and
ATPase, whereas ATP hydrolysis was able to proceed even when PCr
breakdown was inhibited by alkaline pH (94). He further noted that ATP

exerted a catalytic influence on PCr hydrolysis in muscle extracts, with
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one part ATP, in the presence of ATPase, capable of causing the
splitting of 1000 parts PCr by "creatine-phosphoric acid-splitting
enzyme" .

Lohmann proposed the following scheme, which became known as the

'Lohmannn reaction' (93):

(A) ATP (===)> AP + 2P{

(B) AMP + 2 PCr (===) ATP + 2 Cr

(C) (Net) 2PCr <===> 2Or + 2 P4

Although this model showed ATPase directly hydrolyzing ATP to AMP
without the intermediate myokinase reaction and portrayed AMP rather
than ADP as the phosphate acceptor in the creatine kinase reaction,
Lohmann did correctly infer that ATP hydrolysis was the direct energy-
supplying reaction in muscle contraction. He was able to explain
Lundsgaard's observation that muscle ATP levels do not fall
significantly until exhaustion (99) by showing that the creatine kinase
reaction (B) proceeds much faster than the ATPase step (A). Therefore,
Lohmann argued, PCr hydrolysis rapidly regenerated ATP so that little
"adenylslure" (Anf) built up until PCr stores began to fail.

Although Lohmann's proposal constituted the missing "something” of
Hill's earlier speculation, it would be nearly 30 years before the
presentation of decisive proof that ATP was indeed hydrolyzed during
contraction of intact muscles. Throughout the 1930's and 40's,
physiologists continued to argue against Lohlnﬁn'l theory, citing the
undeniable fact that all supporting experimental evidence was derived

from chemistry experiments on muscle extracts rather than from studies
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of intact muscle.

A 1937 paper by Sacks, Sacks, and Shaw was representative of the
resistance to Lohmann's concept. In this article, the first to report
on muscle contracting in a steady state of twitch force, the authors
confirmed Lundsgaard's earlier observation (99) that ATP apparently did
not undergo decomposition unless muscle was stimulated at a relatively
high twitch rate until fatigued (131). Purthermore, this study
demonstrated that although ATP was degraded under such circumstances,
lactic acid also accumulated in large amounts. The authors reasoned,
somewhat speciously, that these results were inconsistent with Lohmann's
claim that ATP synthesis occurs at the expense of lactate formation.

Despite lingering opposition, evidence began to mount in support

of Lohmann's claim that ATP was the energy source closest to muscular
contraction. Needham deduced this fact from a series of observations
beginning with the apparently unique character of
"adenylpyrophosphatase"” (ATPase) in muscle:
"Other phosphatases in muscle are, so far as it is known, very
feeble and unimportant...Now experiments on muscle extract
indicate that no enzyme is present for splitting
creatinephosphoric acid into creatine and free phosphate, but only
for catalysing its reaction with adenylic acid... If
adenylpyrophospatase is really the only muscle phosphatase, it is
clear that the phosphate must have come from this source..."”
(122)

Additional suggestive evidence surfaced in 1939, when Bnglehardt
and Ljubimowa established that muscle ATPase activity was so intimately
intertwined with myosin as to be inseparable from it by any standard
fractionation method (33). Hydrolysis of ATP was thus at least
enzymatically possible at a site directly involved in the contractile

process.

In 1941, Pritz Lipmann proposed a novel chemical mechanism by
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which phosphagen might store metabolic energy to be utilized not only
for muscular contraction, but for many other cell processes as well
(90). In this remarkable paper, Lipmann introduced the terms 'high-
energy phosphate bond' and ‘group potential' and the symbol ~ph (later
rendered as “P). Despite the major advance represented by this idea,
Lipmann persisted in identifying PCr as the primary direct energy source
for contraction, hypothesizing that, " Pyrophosphatase (ATPase) operates
rather like an outlet for the adenylic acid system to adjust the flow of
~ph in case of overproduction, much in the manner of a valve."

Despite Lipmann's adherence to the notion of the primacy of PCr,
Lohmann's earlier theory specifying ATP as the direct energy source for
contraction gradually gained acceptance during the decade following
Lipmann's phosphate energy transfer proposal. Lohmann's chemical
experiments on muscle extracts (93, 94) were repeated by numerous
others, and the results confirmed his reaction rate reports. This
evidence was bolstered by the previously noted localization of ATPase
activity to the contractile apparatus and by the apparent character of
ATPase as the sole quantitative phosphatase in muscle.

Eventually the growing body of chemical evidence convinced even
skeptics such as Lundsgaard, who finally abandoned his earlier position
(99), admitting that, "Most likely inorganic phosphate does not
originate directly from phosphocreatine but from adenosinetriphosphate"
(98).

Acceptance aside, the fact still remained that ATP hydrolysis in
intact muscle had not yet been demonstrated during individual
contractions or submaximal twitch series. This persistent doubt was

rekindled by the venerable A. V. Hill in a 1949 letter to Nature (61).
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Although Hill conceded the likelihood that "the energy of contraction is
derived in the first instance from the breaking of the terminal energy—-
rich phosphate bond of ATP", he contended that the issue could not be
finally laid to rest until ATP hydrolysis could be conclusively
associated with contraction/relaxation rather than recovery. In this
letter, Hill also offered some possible experimental approaches to
achieving this goal. He advocated working at lower temperatures to slow
reaction rates, and using tortoise muscles, noting that "... frogs' and
rabbits' muscles are singularly ill-suited to the enquiry, they are much
too quick ..."

Hill elaborated on this theme the following year in his famous

"Challenge to Biochemists", published in a special issue of Biochemica
et Biophysica Acta commemorating the 65th birthday of Otto Meyerhof. In
this essay, Hill spoke of the new 'revolution’' in muscle physiology in
which ATP hydrolysis seized the role of the "fundamental change",
supplanting the phosphagen which had engendered the revolution out of
the "lactic acid era"”. Hill commented:
"It may very well be the case, and none will be happier than I to
be quit of revolutions, that the breakdown of ATP really is
responsible for contraction or relaxation: but in fact there is no
direct evidence that it is." (62)

Hill went on to speak somewhat disparagingly of in vitro work on
muscle extracts, indicating his strong bias toward working on living
muscle: "And I when I say muscle, I mean muscle: living muscle”.
Bxpanding on the suggestions advanced in his 1949 commentary (61), Hill
put forth some ideas for new techniques involving metabolic poisons,
different animal species, and other variations of method:

"If one's instruments, or methods, are too slow, one can make them
relatively quicker by using slower materials —— tortoises, toads
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or even sloths. That means, of course, that biochemists, like
biophysicists, must also be biologists (as Meyerhof always has
been and as Hopkins was) —-- but why not?” (62)

Continuing on this topic later that same year, Hill stated,
"Indirect evidence suggests that ATP occupies a key position in the
chemical machinery of contraction; but it remains possible that its
intervention is confined to the chemical process of recovery.” At this
point, Hill conceded that even the modified chemical methods he had
suggested earlier might be too slow and insensitive to resolve the
question. As an alternative, he promoted the use of physical methods,
particularly heat measurements. Lundsgaard (97) pointed out that
labeled-phosphate experiments had verified that "ATP constantly is
broken down and rebuilt in the intact muscle”, although he did admit
that it had not been shown that the rate of “P turnover in ATP was
increased by stimulation.

At a symposium chaired by Hill on the physical and chemical basis
of muscular contraction, the Cambridge biochemist Dorothy Needham
proposed a novel method for approaching the ATP 'challenge’'. Crediting
Herman Kalckar for development of the chemical techniques, Needham
outlined in detail an 'enzymatic spectrophotometric'’ method for
following ADP production rather than ATP loss for determining the extent
of ATP breakdown during a single contractiom or short series of twitches
(121). The method depended upon a clever series of enzymatic
conversions of the ADP released by ATP hydrolysis into a compound with a
UV absorption maximum sufficiently distant from that of ATP so as to be
differentiable from ATP even in minuscule quantities. Needham
recognized that such a method held "The great advantage that it aims at

estimating a small increase from zero concentration”, in contrast to
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attempts to measure a very small decrease in the relatively large muscle
ATP concentration. Thus her method addressed the first of the two
shortcomings, sensitivity and speed, of previous chemical methods as
identified by Hill.

Needham was, however, clearly aware of the limitations of her
proposed method, noting that its success depended upon the ability to
instantly (and reproducibly) arrest the cellular enzymes at the height
of the twitch and to minimize the effect of the "traumatic stimulus” on
ATP breakdown. She also conceded that the rate of the creatine kinase
reaction in vivo was unknown, and might exceed the time resolution
capacity of the chemical methods.

A variation of this experimental design was employed by Mommaerts
and Rupp, who reported their results in a letter to Natuyre in late 1951
(119). It is interesting to note that, although their methods adhered
closely to the proposal of Needham, these authors failed to acknowledge -
her contribution even though their awareness of her work was evident
from their citation of Hill's introduction to the symposium in which it
was presented.

In any case, Mommaerts and Rupp clainad to have shown using these
methods that ATP was clearly hydrolyzed during contraction. However,
close examination of their work reveals some serious problems which,
taken together, render their results inconclusive. Pirst of all,
application of simple statistical methods to the analysis of the raw
data presented in this article shows that, although the ADP values
showed a tendency to increase in the contracted muscle, this difference
was not statistically significant (one way ANOVA, p >.05). Secondly,

their assay methods were incapable of separating the unbound,
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physiologically reactive fraction of the total ADP from the larger,
bound portion. Purthermore, they did not measure PCr and therefore
could not address Needham's concern (121) regarding the extent of
rephosphorylation of ADP. Pinally, their results suggested that
-"precipitoul cooling mobilizes the contractile apparatus to a somewhat
greater extent than occurs physiologically in a single twitch."” Such an
interaction between contraction and the freezing process would serve to
reduce yet further the true contraction-induced difference in ADP levels
between the control and stimulated muscle groups.

The challenge posed by Hill in 1950 would stand without an
ultimate solution for more than 10 years after Mommsert and Rupp's
efforts. Pinally in 1962, Robert Davies and his student D. F. Cain
reported the results of Q study using the recently discovered CK
inhibitor 1-flouro-2,4-dinitrobenzene (FDNB), which had been shown by
Kuby and Mahowald to completely inhibit creatine kinase in vitro (76).
Previous work from Davies' University of Pennsylvania laboratory,
including Cain's 1960 doctoral dissertation, had provided the first
conclusive evidence that PCr was hydrolyzed during a single contraction.
Using the new inhibitor to block PCr breakdown, Cain and Davies were now
able to finally and irrefutably demonstrate that ATP itself was also
degraded within a single twitch (13). According to their results from .
isolated, FDNB-treated frog muscles, 0.44 mol/g muscle of ATP was
hydrolyzed per twitch. This figure agreed nicely with the 0.5 ymol/g
value predicted on the basis of an assumed thermodynamic efficiency (81)
of 50% for the isotonic workload performed. The in vivo inhibition of
CK by FDNB was confirmed by the fact that the PCr content of these

stimulated muscles was the same as in resting, untreated controls.
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Furthermore, the importance of phosphagen's role in energy metabolism
was illustrated by the 90% reduction in number of twitches produced
before onset of fatigue.

At last Hill had his proof, in "muscle: living muscle” that ATP
hydrolysis was not confined to the recovery process of muscular

contraction.

BEYOND ATP: DEVELOPMENT OF CONCEPTS
REGARDING ENERGY USE AND REPLENISHMENT

The discovery of PCr in 1927 and of ATP in 1929, along with the
1934 proposal by Lohmann correctly identifying their relative positions
in muscle energy metabolism, set the stage for the development of modern
concepts of muscle physiology. The next three decades brought
elucidation of the oxidative and glycolytic mechanisms by which the high
energy phosphate pools are maintained and replenished, as well as
precise characterization of the molecular mechanism by which ATP
hydrolysis drives muscular contraction. These discoveries have been
well chronicled; their treatment here will be limited to a brief

overview and citation of pertinent original studies and reviews.

The Citric Acid Cyel

The regeneration of phosphagen in stimulated muscles allowed to
recover in oxygen was described in the earliest reports on "labile
phosphorus” (37, 38). A large step toward clarification of the
mechanism for this oxidative regeneration of energy was made by Krebs
and Johnson in the now famous 1937 Bnzvmologia paper, in which
"experiments are reported which ... allow us to outline the principle

steps of the oxidation of sugar in animal tissues” (74). In developing
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the concept of the tricarboxylic acid (TCA) cycle or Krebs cycle, as it
came to be known, the authors keyed on the catalytic nature of the
effect of citrate on respiration. Added citrate was observed to
increase oxygen consumption, and this effect was "by far greater than
can be accounted for by the complete oxidation of citrate.” The
enhancement of respiration was even more pronounced if additional
carbohydrate was added, prompting the researchers to "presume therefore
that the substrate the oxidation of which is catalyzed by citrate, is a
carbohydrate or related substance.”

In an excellent integration of their results with previous reports
by other researchers, Krebs and Johnson proposed a cycle involving
citrate, malate, fumarate, oxaloacetate, succinate and a-ketoglutarate.
Clever application of metabolic inhibitors illustrated the likely
relative positions of the elements in this cyclic pathway. In
addressing the question "from which substance the two additional carbon
atoms of the citric acid molecule are derived”, the authors predicted
that the answer was to be found in a triose derivative such as pyruvate

or acetate.
The Electron Transport Svstem.

Kreb's citric acid cycle explained the mechanism of oxidation of
the 2-carbon b;eakdown products of carbohyarate precursors, and of lipid
substrate as well, but the connection between oxidation of foodstuffs
and phosphorylation of ADP and Cr remained to be drawn. Pinally in
1956, Britton Chance and G. R. Williams synthesized decades of results

from a variety of sources into a coherent model joining oxidation of the

"dihydrodiphosphopyridine nucleotide" (DPNH, or nicotinamide adenine
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dinucleotide (NADH)) produced by the TCA cycle to mitochondrial ADP
phosphorylation (16).

Citing the work on oxidases and cytochromes by Warburg, Keilin and

others, Chance and Williams outlined the components of the electron
transport system (ETS) and their likely relative positions in "the
respiratory chain, the main pathway for the transfer of electrons or
protons from metabolites to oxygen." The authors recognized that:
"Work along distinctly different lines has shown at least three
properties of the respiratory chain to be of fundamental
importance in the metabolic and regulatory functions of the cell;
(1) to transfer electrons or protons from substrates to oxygen and
particularly to masintain the necessary level of oxidized DPN
(NAD*) within the aerobic cell; (2) to act as a sequence of three
or more energy conservation steps by which ADP is converted to ATP
so that the latter is available as a common medium for energy
expenditure throughout the cell; and (3) to regulate the
metabolism in accordance with the levels of control substances,
for example, of ADP itself or of a hormone upon the rate or
efficiency of the energy conservation process.” (16)

In addition to this characterization of the ETS, Chance and
Williams reviewed the work on uncouplers of phosphorylation from
oxidation in an attempt to uncover the mechanism of the coupling of the
ETS to ATPase activity. The results of these uncoupling studies led the
University of Pennsylvania pair into " ... postulation of new and
presently unidentified high-energy intermediates which participate in
the oxidative phosphorylation process.” This interpretation, however,
was to be rendered invalid by the work reported five years later by
Mitchell.

The Chance and Williams paper also reported extensively on their
own work regarding steady states of respiration in isolated
mitochondria. From these results, the authors defined five metabolic

states of mitochondria, each characterized by a distinct combination of

substrate level, ADP level, respiration rate, and oxidation levels of
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NAD and of specific ETS components. The experimental significance of
these states was considered to be their utility as tools for examining
"the nature of components of the respiratory chain involved in oxidative
phosphorylation.”

The remainder of this exceptional paper utilized work on
transitions between the defined metabolic states of isolated
mitochondria to formulate a theory of respiratory control. Chance and
Williams proposed that control was achieved by reversal of an inhibition
of respiration rather than by direct activation. The authors concluded
that "ADP itself (is) probably the physiological substance responsible
for the activation of respiration of biological systems following
stimulation.” The evidence supporting this conclusion was, however,
based almost exclusively on the results of experiments involving the
addition of excess ADP to suspensions of isolated-liver mitochondria.
As A.V. Hill might have cautioned, the direct application of the
resulting model to intact, living muscle was perhaps premature.
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