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The creatine phosphate shuttle energy transfer mechanism was postulated on the basis of the 
hexokinase acceptor theory of insulin action. It proposes that the movement ofchemical energy 
from the mitochondrion to the myofibril is in the form of creatine phosphate. This occurs 
because there are isozymes of creatine phosphokinase bound to the inner membrane of the 
sarcosome and to the A band of the myofibril. These isozymes have been shown to act as 
transducers of energy from ATP to creatine phosphate at the translocase site and from creatine 
phosphate back to ATP at the myofibrillar compartment. Calculations show that there is no 
significant amount of transformation of creatine phosphate to ATP in the intervening space 
between the mitochondrion and the myofibril so that, essentially, transport between the oxida- 
tive sites and the contractile apparatus is through the creatine phosphate shuttle. There is also 
evidence that another terminus for this shuttle is the microsome so that muscle activity tends to 
increase energy SUpply for prOtein synthesis. 0 1987 Academic Press, 1~. 
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The notion of a system for transferring en- 
ergy from the mitochondrial generating site 
to the myosin ATPase developed from the 
proposal for a mechanism of insulin action 
first put forward at a meeting in 1954 (1) in 
Hurd Hall, Johns Hopkins Medical School. 
Nathan Kaplan was instrumental in getting 
me an invitation to the meeting. This paper 
is dedicated to his memory, for in the 
breadth of his view of biology he suspected 
that there might be something of value in this 
unorthodox approach to hormone action. 

The basic idea was that insulin causes, in 
some way, a connection between hexokinase 
and mitochondria, thereby providing an ac- 
ceptor reaction stimulating the generation of 
ATP. This ATP would furnish energy for all 
of the endergonic reactions which insulin 
was known, even at that time, to stimulate. 
Nate had written one of the earliest papers 

* This paper is dedicated to the memory of Nathan 0. 
Kaplan. 

’ Aided by the Glycolysis Fund of the Department of 
Pharmacology and Nutrition. 

reporting that ATP synthesis was indeed 
stimulated by insulin (2). 

In the course of this discussion, I was asked 
why, when a diabetic exercises, he gets the 
same metabolic effects as if he had taken a 
dose of insulin. Exercise must, if the proposal 
of the hexokinase attachment was correct, 
provide some sort of effect equivalent to the 
acceptor effect. Fortunately, I remembered 
the work of Belitzer and Tsybakova (3), who 
showed that when creatine was added to a 
muscle mince, it would accelerate the oxida- 
tion of Krebs cycle substrates and would be 
converted to creatine phosphate (phospha- 
gen), which has approximately the same en- 
ergy value as ATP. Thus was born the con- 
cept that the contracting muscle emits free 
creatine which travels to the mitochondrion 
where it reacts with ATP in statu nascendi, 
replacing ADP at the mitochondrial site and 
thereby accelerating mitochondrial oxida- 
tion. The creatine formed in this process re- 
turns to the mitochondria where it is con- 
verted to ATP for muscle contraction. This 
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process was first depicted diagrammatically 
as shown in Fig. 1 (4). 

Slowly the theoretical concept was given 
biochemical validity. It was shown that cre- 
atine, added to pigeon breast mitochondria, 
would stimulate the generation of ATP-re- 
spiratory control (5). This was confirmed 
and extended to heart muscle by Jacobus and 
Lehninger (6). 

An apparatus was designed and built to 
measure pool size and specific activity of 
most of the intermediates of phosphate me- 
tabolism in nanomole quantities. Reports 
were published in Analytical Biochemistry 
(7). This apparatus was used to show indi- 
rectly that hexokinase was indeed attached to 
sarcosomes by insulin action on rat dia- 
phragm tissue, for the observed perturba- 
tions of phosphate metabolism could have 
occurred only if the hexokinase were closely 
attached to the mitochondria. This was an 
early demonstration of functional compart- 
mentation by a hormone (8). 

This apparatus was used by Yang et al. 
to show that the creatine phosphate formed 
from creatine by muscle sarcosomes must 
have received its phosphate directly from the 
most recently formed ATP rather than from 
the general pool. Subsequently it was dem- 
onstrated that the myofibril preferentially 
hydrolyzes the ATP which derives from cre- 
atine phosphate rather than from the general 
ATP pool (9). Graduate students in our labo- 
ratory added further detail to the picture by 

showing that creatine phosphate was consid- 
erably more effective in causing muscle con- 
traction than was ATP. This had been shown 
by Perry (10) with myofibrils under the mi- 
croscope, but quantitative details were not 
available and added creatine kinase was 
always in the medium. The major contribu- 
tion of our group in this part of the work was 
the evidence that the myofibrillar-bound cre- 
atine kinase was sufficient to permit maxi- 
mum hydrolysis of ATP and maximum con- 
traction without addition of extra enzyme, 
further evidence for functional compart- 
mentation ( 11,12). 

Many workers, starting with Klingenberg 
and Schollmeyer (13), had shown that there 
was specific intracellular localization of iso- 
zymes of creatine kinase. There were isoen- 
zymes that were attached to myofibrils and 
to mitochondria, and apparently were also in 
the soluble fraction of the cell. Reports from 
Saks’ laboratory (14) showed that the cre- 
atine phosphate shuttle was the major source 
of energy for the sodium pump and Carpen- 
ter et al. (15) reported that inhibition of cre- 
atine kinase by 2,4-dinitro- 1 -fluorobenzene 
inhibited incorporation of amino acids into 
protein in muscle, which contained the cre- 
atine-creatine kinase system, but not in 
liver, which has neither creatine phospho- 
kinase nor creatine. At this time, the creatine 
phosphate shuttle system was modeled as 
shown in Fig. 2. 

While these studies were being conducted, 
it had become physiological dogma that the 
large amounts of creatine phosphate and cre- 
atine in the heart, muscle, and brain tissue, 
which far exceed the total adenine nucleotide 
concentration, must act as a buffer for the 
maintenance of ATP availability for con- 
traction. The fact that Mommaerts had 
shown that muscle contraction did not cause 
a measurable change in the ATP concentra- 
tion (16) while causing a sharp drop in cre- 
atine phosphate content and the questions by 
A. V. Hill (17) concerning the real role of 
creatine phosphate in muscle contraction 
were ignored. 
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Meyer et al. calculated reaction rates (Eq. phate system which are agreed upon by all 
[25] of (I 8)) for creatine phosphate conver- parties. (i) The major energy compound in 
sion to ATP based on published measure- muscle leaving the mitochondrion is creatine 
ments of creatine, creatine phosphate, and phosphate. (ii) The major compound which 
ATP. They estimated the amount of free enters the myofibril is creatine phosphate. 
ADP to be 0.02 mM in order to produce a K’, Since the creatine phosphate must enter the 
the apparent equilibrium constant of 100. myofibril and be converted to ATP, it fol- 
When this equilibrium constant was used, lows (iii) that the major compound leaving 
they could estimate that 99% of the energy the myofibril is creatine. It is also evident 
being utilized by the myosin ATPase was that the major compound (iv) entering the 
carried by creatine phosphate. They there- mitochondrion is creatine. The problem 
fore concluded that it was not necessary to then devolves upon what is identified in Fig. 
postulate a special shuttle mechanism. Ev- 
erything could be accounted for as ifthere 

2 as the “intervening space” between the mi- 
tochondrion and the myofibril. This has 

were a soluble pool of enzyme and substrate. 
On this basis they denied the concept of a 

been considered by Meyer et al. (18), who 
calculated that there would be no time, in the 

creatine phosphate shuttle mechanism and 
claimed that the entire system was subsumed 

short traverse of creatine phosphate from 

by the old designation of the creatine-cre- 
mitochondrion to myofibril, for the inter- 

atine phosphokinase system as a buffer sys- 
conversion of creatine phosphate with ATP. 

tern for ATP. 
There are three major fallacies in this pro- 

Let us review for a moment the actual 
posal that the old concept of a creatine phos- 

statements concerning the creatine phos- 
phate “pool” is simply a buffer for ATP. The 

Mitochondrion M yofibril 

Creatine-Creatine Phosphate Shuttle 

A Band 

FIG. 2. The creatine phosphate shuttle shows, at the left, the location within the inner membrane and the 
intermembrane space of the mitochondrion. The intervening space between the mitochondrion and the 
myofibril has CPK attached to it. The mitochondrial compartment of the shuttle lies within the inter- 
membrane space and the myofibril compartment lies within the myofibril. It includes the ATPase of the 
light chains and the CPK which is associated with the A band (22). The transport of energy between the 
myofibril and the mitochondrion therefore takes place in the form of the creatine-creatine phosphate 
shuttle. 
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first is that the mathematical argument is 
circular, for it is based on a value for the 
concentration of free ADP which was chosen 
to produce an apparent equilibrium constant 
of 100, with no analytical data to support it. 
Calculations by Dr. Savabi show no evidence 
of binding of ADP which could account for 
the low concentration of free ADP chosen 
(personal communication). The chemical 
data support a concentration of “free” ADP 
approximately 10 times the value used by 
Meyers et al. (18). Substituting this value in 
their calculations makes the idea of a soluble 
equilibrium untenable. 

It has been our view that the reservoir of 
creatine phosphate and creatine with a very 
small amount of ATP lay in the intervening 
space between myofibril and the mitochon- 
drion, and that any reactions which occurred 
in the bound enzyme compartments of the 
mitochondria and the myofibrils were sepa- 
rate from this equilibrium pool. The shuttle 
would seem to be a more logical description 
of a system which has asymmetric entrance 
and departure sites for creatine phosphate 
and creatine on the mitochondrion and on 
the myofibril, respectively. These sites could 
not be considered to be part of a homoge- 
neous pool which would be in equilibrium. 
NMR measurements have shown that only 
at rest can the energy process be considered 
to be in equilibrium and in fact with muscle 
contraction there is a clear disequilibrium 
produced by the utilization of creatine phos- 
phate with its concomitant drop in concen- 
tration. The questions that we are faced with, 
therefore, are whether or not there is true 
equilibrium at any time in the creatine phos- 
phate-ATP interchange and whether com- 
partmentation plays a significant role in the 
overall metabolism of creatine phosphate 
and ATP. 

transfer, suggesting that the enzyme reac- 
tions occurring at the mitochondrial en- 
trances and myofibrillar exits of the “inter- 
vening space” of Fig. 2 are in equilibrium to 
produce rephosphorylation of ADP. Recent 
experiments by Savabi (20) in our laboratory 
have investigated the activity of free creatine, 
rather than its concentration. Using 14C-la- 
beled creatine with spontaneously beating rat 
atria, she was able to confirm the experi- 
ments of Lee and Visscher ( 19) who had 
shown that only a small part of the tissue 
creatine of the Langendorf perfused rabbit 
heart was available to form creatine phos- 
phate. The experiments of Lee and Visscher 
represented only a small and variable portion 
of the cardiac tissue, for it was difficult to 
maintain proper oxygenation of the entire 
heart muscle. Dr. Savabi’s experiments con- 
ducted with spontaneously beating rat atria, 
which are thinner than even the diaphragm, 
had no such difficulty. In fact, she was able to 
stop the beating with anoxia to the point that 
about 90% of the creatine phosphate was 
converted to creatine and then she could 
cause a complete return of creatine phos- 
phate to normal levels by supplying oxygen. 
In the course of these experiments, she found 
that the first creatine used for resynthesis of 
the creatine phosphate was the labeled cre- 
atine supplied in the medium, and only later 
was the creatine which had come from the 
intracellular creatine phosphate used for re- 
synthesis during the oxygenated phase. In all 
of these experiments there was no loss of 
total creatine from the tissue into the me- 
dium. This was interpreted to mean that only 
a small portion, approximately 8%, of the 
measured “total creatine” was active in a 
chemical sense, that is, available for phos- 
phorylation, further evidence of compart- 
mentation in the living cell (20). 

Using standard data for observed concen- The second fallacy is that the equilibrium 
trations of creatine, creatine phosphate, and and rate constants used were all based on 
ATP, with estimates for ADP which ignore soluble systems, but the distribution and 
the actual concentrations, it has been esti- binding studies of the various isozymes of 
mated (18) that we can account for the con- creatine kinase show that the enzymes are 
version of 99% of ADP formed by myosin neither homogeneous in distribution nor do 
ATPase at rest to ATP by phosphocreatine they have the same kinetic properties when 
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bound ( 14). McClellan et al. (2 1) soaked en- 
docardial cell bundles in a solution which 
made their plasma membranes permeable to 
molecules of the size of ATP. They then 
could control the energy source for contrac- 
tion of these fiber bundles by changing the 
composition of the medium in which they 
were suspended. Their data showed conclu- 
sively that the contractile system bound ATP 
which was not diffusible to the mitochon- 
dria, nor could it be washed out of the tissue. 
This ATP was available for contraction upon 
addition of calcium and was rephosphory- 
lated in situ. This demonstration of particu- 
lar binding sites for ATP and creatine phos- 
phate gives further proof of the cellular com- 
partmentation of the phosphorylated 
components of contractile systems as well as 
of the enzymes. 

The third and most serious fallacy is the 
denial of direct chemical evidence of differ- 
ential radioactivity of creatine phosphate, 
ATP, and inorganic phosphate on the basis 
of NMR measurements which can only pro- 
duce overall mean rates with no differentia- 
tion permitted for compartmentation. 

The above-cited experiments have shown 
a selective behavior of creatine phosphate 
and ATP, certainly nonequilibrium at the 
entrance to the myofibril and at the exit from 
the mitochondrion. The calculations of 
Meyer et al. (18) have shown that any reac- 
tions taking place between these two points 
must be trivial. We therefore conclude that 
the presumed “reservoir” of creatine phos- 
phate is in reality the fraction of free or 
phosphorylated creatine in transit between 
mitochondrion and myofibril. This system 
of energy transport in muscle has been de- 
scribed as the creatine phosphate shuttle (22) 
because the phosphate-“loaded” creatine 
moves vectorially to where it is picked up by 
the myofibril, and the product, free creatine, 
returns to the mitochondrion. Thus the en- 
ergy transit between mitochondrion and 
myofibril is directed by the anatomic fixa- 
tion of specific isozymes in specific sites. 

This is the concept of the creatine phosphate 
shuttle, which fits the larger concept of the 
compartmentation of all cellular metabolism 
which is based upon chemical analytical 
technology. The touchstone of all new tech- 
nology must be proven antecedent method- 
ology. 
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