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Summary 

In this article, the key concepts of the 
association-induction hypothesis and their ex- 
perimental  verifications were reviewed: Accord-  
ing to this hypothesis, the bulk of cell water  
exists in the state of multilayers polarized and 
oriented by the backbones of certain proteins 
existing in an extended state. The major  in- 
tracellular cation, K +, is also adsorbed but 
singly and on different protein sites (i.e.,/3 & ,/- 
carboxyl groups). The  living protoplasm of 
protein, ion and water  represents a three-  
dimensional cooperative assembly under  the 
control of certain cardinal adsorbents,  of which 
A T P  is a prime example.  Association of ATP  
with the cardinal site of a key protein may 
produce a cooperative change in the electron 
distribution of tt,e protein with consequent 
change of the state of ion and water  adsorption. 
Such an alteration in the physical state of water  
leads to a change in the solubility of various 
solutes in this water  as well as permeabil i ty of 
various solutes (e.g., Na) through this water. In 
contrast  to the conventional concept, the role of 
A T P  is not to provide a package of energy held 
in a special chemical bond. Rather,  as a cardinal 
adsorbent,  ATP acts by means of its specific 
electronic interaction with the protein 
molecules, maintaining the p ro te in - ion-wate r  
system at a higher energy state. Dephosphoryla-  
tion of A T P  leads to a cooperative shift of the 

* An invited article. 

electron state of the whole assembly to a lower 
energy state. Restorat ion to the original resting 
state follows the resynthesis of A T P  (where 
energy is injected into the system) and its 
readsorption on the cardinal site. 

Living cells typically reside in a liquid envi- 
ronment .  The discontinuity of the cell interior 
from the external milieu, essential for the 
normal  functioning of the living cell, has long 
been a subject of central interest in mechanistic 
biology. Prominent  in this discontinuity is the 
much higher concentration of K + and much 
lower concentration of Na  + in the cell interior 
than in the cell environment ,  seen in virtually 
all living cells. We shall begin the present  article 
with a discussion of the subject. 

I. Three types o[ theories explaining asymmetry 
in solution distribution 

So far there have been three different types of 
explanations offered for the K+/Na + distribu- 
tion. Indeed,  these three mechanisms are all the 
mechanisms known to account for a maintained 
difference in the concentration of a chemical 
substance in two contiguous spaces. 
A. The insurmountable energy barrier model 
It  was once thought  that the fact that  K + but  
not Na + accumulates to a high level in the cell 
is due to a selective permeabil i ty of the cell 
membrane  to K + but not to Na + 1,2. This view 
has long been disproven. With tracer and other  
techniques it has been  shown that  Na + in fact 
moves in and out  of the living cells with ease 3"4. 
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B. The steady-state or pump model 
According to this model,  the levels of Na + and 
K + in living cells are maintained by pumps 
located in the cell membrane ,  the energy 
needed for this process being derived f rom the 
"high energy phospha te"  bonds of ATP  5-7. 
C. The equilibrium model 
In this model  the asymmetry  in ion distribution was 
seen as an equilibrium phenomenon.  The differ- 
ent concentrations of K +, Na +, and other solutes 
in and out of the living cells reflect a fundamen-  
tally different molecular  environment  within the 
cell and without. As in all equilibrium 
phenomena ,  the maintenance of the asymmetri-  
cal solute distribution per se does not demand a 
continual supply of energy. 

Historically this model  was first discussed in 
non-mechanistic terms by FISCHER and his co- 
workers s. Other  equilibrium models include the 
"Fluoid" theory of LEPESCHKIN 9, the "Bound  
K +' '  theory of ERNS@ TM, the Sorption theory of 
TROSCHIN 12A3, and the association-induction 
hypothesis of LING 14-16. The present  article is 
based primarily on the association-induction 
hypothesis, although the reader  is strongly 
urged to consult the important  work of ERNST, 
TROSCHIN and others. 

II. Which is the right model? 

As pointed out in the preceding section, there 
are now only two surviving models to explain 
the asymmetry  in K +, Na + distribution. An 
unequivocal disproof of the steady-state model 
or the equilibrium model would establish one or 
the other of these models. It  is in this light that 
we must  look at the following experimental  
facts (for discussion of other relevant fact see 
LING et a1.17). 
A.  A question of the L a w  of the Conservation of 
energy 
The most  critical difference between the equilib- 
rium and the steady-state models is that in the 
equilibrium model  there is no need for a 
continual supply of energy, whereas in the 
steady-state model  such a supply of energy is 
mandatory.  

If one assumes that biological mechanisms do 
not fall beyond the confines of a most  funda- 
mental  law of physics, the Law of Conservation 
of Energy,  then biologists who contend that the 

steady-state model  is the correct model  must  
first know: 

1. How many pumps a resting cell must pos- 
sess to keep it properly functioning; 

2. how much energy all the pumps together  
must  consume; 

3. how much of the total energy is available 
to the resting cell. 

With this knowledge, the pump proponent  
must  then be able to show that  the energy 
needs of all the pumps  together are lower than 
the energy supply by a comfortable  margin to 
provide the needs of non-pumping activities. 

Regrettably,  a quarter  of a century after the 
first pump,  its proponents  have grown more  
reluctant than ever to deal with this basic 
"budget-balancing" problem. Meanwhile in ad 
hoc manner  more  and more  pumps have been 
solemnly added. A casual survey conduted in 
1968, with no effort at all to be comprehensive,  
resulted in a list of a minimum of 20 pumps  17. 
Two of the entries on this l i s t -  sugar pumps and 
amino acid p u m p s -  each represents not one 
pump but a collection of many  pumps. 

On the other hand, I showed in 1962 that 
under rigorously defined conditions one pump 
alone, the Na + pump,  would consume at least 
15 to 30 times as much energy as the cell has at 
its disposal (LING, (Ref. 16, chap. 8)). The gist 
of this conclusion has been confirmed by JONES 
in the case of mammal ian  smooth muscle TM and 
and by MINKOFF and DAMADIAN 19 in the case of 
Escherichi coli (for ref. to comments  to MINKOFF 
and DAMADIAN'S work and rebuttal,  see MIN- 
KOFF and DAMADIAN2°). 
B. Membrane or cytoplasm - which is the seat of 
asymmetry in ion distribution? 
1. Intact  Membrane  Sac without Cytoplasm 
In 1961 two groups of scientists reported 
success in replacing the bulk of the cytoplasm of 
giant squid nerve axons with artificial liquids 
without significantly impairing its normal electri- 
cal activities 21"22. These normal electrical ac- 
tivities bespeak of healthy K + and Na + pumps 
in the context of the membrane -pump  theory. 
Therefore,  this cytoplasm-free membrane  sac 
provides an ideal preparat ion by which to test 
the validity of the steady-state model: If the cut 
ends of the empty  axon are tied and the inside 
of the sac filled with an ATP-containing Ringer 
solution rich in Na + and poor  in K +, incubation 
in another  body of Ringer solution should lead 
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Fig. 1. Selective accumulation of labelled ions in the exposed 
cytoplasm of frog sartorius muscles: The cut pelvic end of a 
sartorius muscle was exposed to a Ringer  Solution (0 °C) 
containing 5 mM labelled Rb  ÷ and 5 mM labelled K +. After  
57 hours  the radioactivity of the cut sections was assayed 
once before and once after the decay of K 42 to yield the 
concentrat ions of labelled Rb ÷ and labelled K + (top curves). 
The  bot tom curve was f rom a duplicated set of exper iments  
in which the muscles were exposed for 52 hours  to a normal  
Ringer  solution containing 2.5 mM K ÷ and 102 mM labelled 
Na + at 0 °C. Abscissa, distance from cut end; ordinate, the 
concentrat ion of the  labelled ion at x m m  from the cut end 
over  the concentrat ion of the labelled ion. in the source 
solution. 

to a fall of Na + and a rise of K + concentration 
in the sac. 

Since 1961 repeated at tempts have apparently 
been  made in this direction but to the best of 
my knowledge none has succeeded (see LING 23, 
footnote  on p. 93) and (BAKER et al.Z4). 
2. Exposed Cytoplasm without a functioning 
Cell Membrane  
I have shown elsewhere 55 that it is possible to 
make  a muscle cell preparat ion whose mem-  
brane  pumps are made nonfunctional: one end 
of the sartorius muscle (cells in this muscle all 
run from one end to the other) is amputa ted  
and this cut end alone is exposed to the bathing 
solution. The remaining, anatomically intact 
par t  of the cell membrane  is exposed to mois- 
tened air, mineral  oil, or vaseline, none of 
which can serve as a source or sink for the 
postulated pumps.  Without  a source or sink, the 

pump in this part  of the membrane ,  of course, 
cannot  function. 

Yet  in this E M O C  (effectively membraneless  
open-ended  cell), preparat ion the ability to 
selectively accumulate alkal i-metal  is retained 
(Fig. 1). The accumulated K + can be displaced 
by the presence of other alkal i-metal  ions also 
present  in the source solution, the effectiveness 
of their displacing action following the same 
rank order  as that describing preference in 
accumulation in the muscle cells: R b + >  K + >  
Li + 25. 

III .  The paradox of A T P  as energizer of biologi- 
cal work 

My calculation of the excessive energy need of 
one Na + pump mentioned above was based on 
the assumption that ATP  and creatine phos- 
phate  are fuels, capable of delivering usable 
energy. This high energy phosphate  bond con- 
cept was based on calorimetric work in the 
1930's. Subsequent measurements  using more  
sophisticated techniques showed that the AH of 
the A T P  hydrolysis was not - 12Kcal/mole as it 
once had been thought to be, but only 
- 4 . 7  Kcal/mole.  At  this value, it is no higher 
than "low energy" phosphate  bonds 26. Failing 
the AH approach,  at tempts had been made to 
keep the concept afloat by referring to the AG ° 
of ATP  hydrolysis. Yet  careful studies by 
GEORGE,  RUTMAN and other co-workers clearly 
showed that the ~xG ° of ATP  hydrolysis is due 
largely to the different affinities for H +, Mg ++ 
and water  of ATP  and its hydrolic products 27-29. 
These and still other reasons led BANKS to write 

(BANKS, 1969, (30)): "The  elevation of certain perfectly 
stable organic compounds  to the  status enjoyed by high 
explosives is curious. The suggest ion that  these same 
compounds  have the ability to trap and store energy 
(referred to explicitly but  incomprehensively as chemical 
energy) and give it up, either for t ransformat ion into 
mechanical  energy or to  drive energetically unfavorable 
reactions is also odd. Examinat ion  of the  available facts 
suggests that  the whole concept of high energy 
bonds/ intermediates  is misleading and directs at tent ion away 
from events  which actually occur in vivo." 

Although the foundat ion of the high-energy 
phosphate  bond concept is already in ruins, 
experimental  work has been steadily amassing, 
showing that ATP  is indeed the source of 
biological work performance.  A major  paradox 
has developed.  
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IV. The physical state of water and ions in living 
cells 

The m e m b r a n e - p u m p  theory attributes the uni- 
que features of different living cells to the 
nature and propert ies of various lipid complexes 
and pumps in the complex cell membranes .  The 
association-induction hypothesis, on the other 
hand, attributes many of these basic characteris- 
tics of living phenomena  to the unique proper-  
ties of proteins and water. The following 
e lementary  facts support  this notion: 

1. It  is well known that without water,  there 
is no life. 

2. Base sequence in D N A  determines all that 
is different between U. coli and the human being 
and the base sequence determines only amino 
acid sequence in proteins. 

In the m e m b r a n e - p u m p  theory, the bulk of 
cell water  and the major  cation, K ÷ in living 
cells are held to be in the free state as they are 
found in simple aqueous solution. Quite differ- 
ent views have been presented by the equilib- 
r ium models,  which contend that the bulk of 
cell water  and K ÷ does not exist in the same 
state as in a dilute solution. This difference in 
the physical state of water  and K ÷ is in turn due 
to the unique physical state of proteins in the 
living cells. 

A. The state of K + and Na + in living cells 
1. Theory  
FISCHER and co-workers 8 suggested that K ÷ in 
living cells is not free. ERNST & FR1CKER in 
193411 suggested that K ÷ is bound in an 
osmotically inactive state (see also ERNST, 
196310). In 1951 and 1952 LING |4'15 suggested 
that the high contents of K + and low contents of 
Na ÷ found in living cells are due to the selective 
preferential adsorption of K + on the anionic/3 
and 3,-carboxyl groups of the cell proteins. A 
quantitative mechanism for this selective ad- 
sorption was proposed which was intended to 
explain selective K + accumulation not only in 
living cells but also in soils, permuti tes  and ion 
exchange resins which, though non-living, share 
with living cells the ability to selectively ac- 
cumulate K + over  Na + 15. It  was also shown that 
the number  of anionic carboxyl groups in living 
cells like frog muscle is adequate to more  than 
account for the total concentrations of K + 
accumulated. 

Recent  studies have shown that in certain 
bacteria, halobacterium, molar  concentration of 
K + is selectively accumulated from an environ- 
ment  containing an equally high concentration 
of Na  + 31. These data demand that another  type 
of binding sites for alkali-metal  ions must exist 
in living cells which are much more numerous 
than fixed carboxyl groups. I would like to 
suggest that  these sites could very well be the 
backbone C - - O  groups of the cell proteins 
which also occur in molar  concentrations in 
living cells 16. There  is now considerable evi- 
dence supporting the view that carboxyl oxygen 
can be the seat of cation binding 32-35 

According to the association-induction 
hypothesis virtually all intracellular K + is in the 
adsorbed state. Roughly half of the intracellular 
Na + is in the adsorbed state; the other  half 
exists in the free state in the cell water. 
2. Evidence 
(a) While neither natural nor man-made  inani- 
mate  membrane  systems have been shown un- 
equivocally to pump ions against concentration 
gradients, it is a well-known fact that a variety 
of non-living fixed-charge systems including ion 
exchange resins, soils, glasses, etc., selectively 
adsorb and accumulate K + over  Na+(Ref 16, p. 
32). 
(b) Selective accumulation of alkali-metal  ions 
in a variety of living cells follows quantitatively 
the theoretical predictions of the theory of 
selective, cooperative adsorption 36-41. 
(c) Selective K ÷ accumulation and Na ÷ exclusion 
remain unchanged in living cells whose active 
metabolism has been reduced to a very low 
level for long periods of t ime in frog muscles by 
cooling and by the combined action of the 
poison iodoacetate and pure nitrogen (Ref 16, 
chap. 8) and in E. coli and Halobacter ia  by the 
deprivation of energy source  19"3l. 
(d) Selective K ÷ accumulates over Na ÷ in naked 
cytoplasm of frog muscle cells whose membrane  
has been destroyed (see Fig. 1). 
(e) Reduced K + mobility in cytoplasm. 

i. In healthy cytoplasm K 42 mobility (Dk) has 
been found to be (2.63 + 0 .08)x  10 -6 cm2/sec. 
roughly ~ of the value of K 42 diffusion in 
0.1 M KI solution (42). In muscles killed by 
exposure to iodoacetate,  Dk is (1.47 + 0.10) 
10 s cm2/sec., roughly 3 of Dk in 0.1 M KI. 
Injury produced near  the cut end of the muscle 
cells raises Dk to ( 7 . 6 0 + 0 . 3 7 ) x  10 -6 cm2/sec. 
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In the same year CAILLI~ • HINKE 43, deduced 
evidence of K + (and C1-) binding f rom studies 
of Dk in single muscle fiber of giant barnacles 
The Dk value measured was (0.728 + 0 .008)x  
10 -5 c m  2 sec .  

ii. Nerves 
Using two different techniques, CAr~PENTZR et 

a144 measured the internal conductivity of the 
giant neurones of the sea slug, Aplysia califor- 
nica. They found that the conductivity was only 
about  5 per cent that of sea water  while the 
intracellular concentration of K ÷ is roughly 70 
per  cent of sea water. On the other hand, they 
found the conductivity in squid axon to be close 
to that  of sea water. 

A possible interpretation for these conflicting 
results could be derived from the known effect 
of the orientation of the anionic adsorptive sites 
on macromolecules,  on the rate of diffusion of 
adsorbed counterions. I would like to suggest 
that anionic site-bearing proteins may be more 
oriented in the longitudinal direction in the 
squid axons 4s but less uniformly oriented in the 
Aplysia neurones. There  is well-established evi- 
dence that ions adsorbed on oriented charged 
macromolecules surface diffuse faster than in 
free s o l u t e s  16"46'47 and that in flow-oriented 
linear polyanions counterion mobility is higher 
in the longitudinal than in the transverse direc- 
tion 47,48. 

B. The physical state o[ water in living cells 
1. Theory  
TRosctaiN suggested that water  in red blood cells 
has low solubility for glucose and galactose 12 
citing similar gelatin and complex gelat in-gum 
arabin coacervates. TROSCHIN was much in- 
fluenced by the work of the colloid chemist, 
BUNGENBERG DE JONG. In a footnote TROSCHIN 

(Ref 13, p. 56) ment ioned that DE JONG, who 
never  waivered in his belief in the membrane  
theory, noted the similarity between the solute 
distribution pat tern in coacervates and in living 
cells but had dismissed the similarity as a 
superficial resemblance. 

As part  of the association-induction 
hypothesis, I suggested the theory that cell 
water  exists in polarized multilayer 49. To ac- 
count for the low solubility of sugars and ions in 
living cells and in model systems, both an 
enthalpic mechanism and an entropic mechan-  
ism w e r e  offered 49'5°. 

In greater detail, this theory envisages cell 
water  as existing in the form of polarized 

multilayers stabilized by juxtaposed alternatively 
positive (NH) and negative (C- -O)  sites on the 
extended protein polypeptide chains in the rest- 
ing cells. This model  of solute exclusion is 
different from the concept of non-solvent water,  
as it is expected on theoretical grounds that 
there is no absolute non-solvency but that there 
are only different degrees of solubility. This 
degree of exclusion or non-solvency increases 
with the increasing size and complexity of the 
solute molecule. 
2. Evidence 
a. Selective Solute Exclusion from Water  in 
Inanimate  Model Systems 
It is known that the equilibrium distribution 
coefficient (q value) of var ious hydroxyl com- 
pounds in sulfonate ion exchange resin follows 
the sequential order: methanol > ethylene 
glycol > glycerol > pentose > hexoses > 
s u c r o s e  49"51. This rank order is the rank order  of 
the q-value of these compounds in living frog 
muscles at 0 °C 17. Recent  work of 
LING & 8OBEL 52 showed that this solute exclu- 
sion in ion exchange resin does not depend on 
pore size in the resin but reflects the existence 
of specific water  structures which vary with the 
nature of the counterion: the sulfonate resin in 
the H + form has a high water  content and hence 
large pore size, whereas in the Cs + ion form 
resin has low water  content,  hence the smaller 
average pore size. Yet  it is the H + resin that 
excludes D-arabinose  (q = 0.5) while resin in the 
Cs + does not (q = 1.0). 
b. Quantitat ive Agreement  with Theory  
Using the vapor  equilibrium method,  
LING & NEGENDANK 53 showed that water sorption 
in frog muscle ceils follows quantitatively the 
prediction of the theory of polarized mul- 
tilayers. To show that the water  uptake was 
primarily due to sorption on proteins rather 
than free ions in the cell, vapor  sorption of 
muscles leached free of the bulk of intracellular 
ion and other solutes was studied and found to 
be very close to that of the normal muscle 
(LING & NEGENDANK, unpublished). 
c. Direct Evidence of "Binding" on Intracellu- 
lar Water  on Cell Proteins 
A new method provided the means to remove  
quantitatively all the extracellular space fluid in 
frog muscle tissue but none of the intracellular 
water. It was shown that this retention of 
intracellular water  does not depend on an intact 
cell membrane ;  cutting muscle cells into 2-4  mm 
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long segments does not alter this retention 54. 
Careful investigations show that no membrane 
regeneration occurs in this preparation (e.g., 
LING, 55"56 ). 
d. Intracellular Freezing pattern 
It has long been known that the pattern of ice 
formed in living cells, say at - 3  °C, varies with 
the type of cell 57. In frog muscle cells, only long 
branchless spikes are formed. These spikes are 
invariably oriented along the longitudinal axis 
of the normal resting cells 58. Normal ice (I) is 
hexagonal and typically forms branching pat- 
terns not only in pure water 59 but in 11 per cent 
actomyosin solution as well 6°. This non- 
branching behavior suggests that normal cyto- 
plasmic water does not freeze at this tempera- 
ture and that the longitudinal spike is an artifact 
where ice formed at one injured point pries 
loose protein filaments further "downstream" 
which are normally cemented by multilayers of 
polarized water. Evidence in support of this 
interpretation includes the following: a. ice 
spikes follow the same tracks in frozen and 
thawed muscle cells 57. b. When the geometric 
relation between myosin and actin filaments 
changes, as it does during contraction induced 
by caffeine, ice patterns also change: rapidly 
advancing spikes are now replaced by slowly 
developing bulbous structures 58. 

V. Functional coherence of the living protoplasm 

A. Theory 
A living cell is a complex but coherent system 
according to the association-induction 
hypothesis. This coherence is inherent in the 
fundamental structure of life, the protein-ion 
water system called protoplasm 16. From this 
fundamental coherence at the molecular level, 
the coherence at the organelle level, at the cell 
level, at the organ level, and at the organism 
level are evolved. 

According to the association-induction 
hypothesis, protoplasmic coherence can be 
traced to the unique structure of the polypep- 
tide backbone, a long chain of partially resonat- 
ing and hence highly polarizable NHCO links. 
Each NHCO group can react with at least two 
alternative partners (e.g., H20 or other CONH 
groups). In switching from one partner to the 
other, the local electronic perturbation is trans- 
mitted by an inductive mechanism to the near- 
est neighboring CONH groups and to im- 
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mediately neighboring polarizable and reactive 
groups carried on short side chains (e.g.,/3- and 
7-carboxyl, hydroxyl, sulfhydryl, phenolic 
groups). At  the statistical level, this nearest 
neighbor interaction reveals itself as "coopera- 
tive" behavior. Using the simplest model con- 
ceivable, Yang and Ling presented an equation 
describing the cooperative adsorption on a 
linear chain of adsorptive sites 61. For details of 
the derivation, see KARREMAN 39. 
B. Evidence 
1. Transmission of Inductive Effect-through the 
Polypeptide Chain 
It is known that substitution of an OH group 
by N H - - C H z - - C O O H  significantly alters the 
pK value of the a-amino group of glycine, and 
glycylglycine. Other analyses of the range of the 
propagation of the inductive effect in carbon 
chains have also been presented 61. 
2. Cooperativity in the Adsorption of Proteins 
in Vitro 
a. Phenol adsorption on cowhide collagen shows 
a high degree of cooperativity 62. 

The nearest neighbor interaction energy +0.74 
Kcal/mole means that each phenol adsorption 
on one peptide NHCO group increases the 
affinity of each of the two neighboring groups 
for phenol by this much energy. This type of 
cooperative interaction with positive nearest- 
neighbor interaction is called autocooperative in 
contrast to hetercooperative interaction in which 
the nearest-neighbor interaction energy is nega- 
tive. The cooperativity discussed below refers to 
autocooperativity. 
b. Oxygen adsorption on hemoglobin has long 
been known to have a sigmoid adsorption 
isotherm and is shown to fit the Yang-Ling 
isotherm well 47. The association-induction 
model thus predicted that oxygination and 
deoxygenation must involve changes in the 
interaction among intervening polar groups be- 
tween the hemoglobin chains. There is now 
information showing that this is indeed the case 
(for review, see WEISSBLUTH 63). Evidence for 
the propagation of conformational changes of 
amino acid residues to the subunit interface and 
and to neighboring heme groups was presented 
by Ho et al. 64. 
3. Cooperativity in the Adsorption in Living 
Cells 
a. Oxygen Uptake in Erythrocytes 
Oxygen uptake in erythrocytes has long been 
known to show a sigmoid uptake curve 



which, in essence, is the same as that of 
a hemoglobin solution. As such, it also can be 
described by a simpler version of the Yang-Ling 
isotherm (i.e., the Hill equation 65) (LING62). The 
much higher concentration of this solute, oxy- 
gen in erythrocytes, than in plasma, and the 
specificity in this uptake, result from the specific 
adsorption on the intracellular proteins and are 
not  due to oxygen pumps in the cell membrane.  
b. K ÷ Uptake in Trog Muscle and other 
Living Cells. 

Like oxygen in erythrocytes, the uptake from 
plasma of another solute, K +, in a variety of 
living cells shows similar autocooperative ad- 
sorption behavior and is described well by the 
Yang-Ling isotherm. First demonstrated in frog 
muscle 37'62, this phenomenon has been observed 
in a variety of other types of living cells 38-41. I 
believe that, like the case of specific oxygen 
uptake in erythrocytes which it strongly resem- 
bles, the phenomenon also reflects adsorption 
on intracellular proteins and is not due to K + 
(Na ÷) pumps in the cell membrane.  

VI. New mechanisms for the energization of 
biological work performance through ATP 

In a previous selection, I have discussed the 
paradox of ATP: on the one hand, there is 
growing evidence that ATP,  the end product  of 
food degradation, is the source of energy for 
biological work performance;  on the other  
hand, no usable energy truly exists in the 
phosphate bonds at one time thought to be a 
source of energy for all biological work perfor- 
mance. I will now show how the association- 
induction hypothesis offers a possible solution to 
this paradox. 
A. The general theory of the control of coopera- 
tive adsorption by cardinal adsorbents 
1. Theory  
In section V we have shown how protein 
systems both in vitro and in vivo can switch in 
all-or-none manner  from adsorbing one solute 
(e.g., K ÷) to adsorbing an alternative solute 
(e.g., Na+). This switching was achieved by 
altering the ratio of the concentration of the 
two solutes in the environment (Fig. 2a). It is 
quite easy to see that this is all that is needed 
for erythrocytes to achieve their oxygen trans- 
port  function: in the lung, where the oxygen 
partial pressure is higher, oxygen is effectively 

A. 

STATE 

j STATE 

• 0 
0 

• 0 0 0 

T 
o 

o 

o • 

T 

TTTT 
o o 

• o • 

• • o 

o • 

TTTT 
O • • O 

O 

O O O 
O • 

B. 

i STATE 
(CARDINAL 

ADSORBENT OFF) 'TTTTTT 
, • 

• • o 

o o 

Ol 

__I 

j STATE 
(CARDINAL 

ADSORBENT ON) 

o 

C 

i 

o 

o 
o 

o • 

TTTT 
• o 

o 

Fig. 2A. Cooperative shifts between i and j states due to a 
change in the relative concentrat ion of the i and j solutes in 
the environment.  B. Cooperative shifts between i and j 
states due to adsorption/desorption of cardinal adsorbent  C 
in an environment  with unchanging i and j concentrations. 
(LING & OCHSENFELD 42, by permission of the Annals  of N.Y. 
Academy of Science). 

taken up by erythrocytes; in the oxygen- 
consuming tissues, where the oxygen partial 
pressure is low, oxygen is effectively unloaded. 

Unlike oxygen adsorption and desorption by 
erythrocytes, K ÷ and Na ÷ adsorption and de- 

165 



I 2 

' ' b * , b -  
AF , 

1 1 ÷ _ 

~u-e' 
' 1 

c ono[og 

0 H 0+ 
+ O -  0 

Fig. 3. Diagrammatic illustration of a cooperative transition 
induced by a cardinal adsorbent. The top figure shows the 
variation of the free energies of adsorption with changes of 
the c-value analog of the C=O groups and the c'-value 
analog of the NH group. Figures below demonstrate the 
stepwise displacement of b + and b- (NH and C~-O groups 
on the lower polypeptide) by a + and a in consequence of 
interaction with the cardinal adsorbent at the extreme left. 
The overall result of the cooperative transition is the 
dissociation of the two peptides (or the uncoiling of a helix). 
(LING 4v, by permission of The International Review of 
Cytology). 

sorption occur usually in stationary tissues 
bathed in an environment containing a more-or-  
less unchanging concentration of these solutes. 
How then can this cooperative adsorption and 
desorption serve any physiological purposes? 
The answer to this question is of key impor- 
tance for the theory of living phenomena ac- 
cording to the association-induction hypothesis. 

In Figure 3 we show an example where polar 
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groups on the protein chain initially adsorb 
preferentially a + and a-  (a + may stand for NH 
and a-  for CO groups of different segments of 
the same protein or a different protein). This 
preference for a + and a- over b + and b-  is not 
coincidental but reflects the electron density of 
the anionic C ~ O  site, (expressed as the c-value, 
or c-value analogue) and the positive change 
density of the cationic NH site (expressed as the 
c'-value or c'-value analogue). 

Now a biological controlling agen t -e .g . ,  a 
hormone or a drug etc., referred to as a 

"cardinal a d s o r b e n t " - i s  brought into the sys- 
tem and adsorbs on the "cardinal site." This 
adsorption causes, by the inductive effect, a flow 
of electrons toward the cardinal sites. In conse- 
quence, the nearest neighboring NH group gains 
in positive charge. The diagram at the top of 
Figure 3, based on analogous computed results 
presented earlier (Ref. 16, chap. 4), then pre- 
dicts a shift in the preference of this site from 
a-  to b-. An interchange then occurs which in 
turn reinforces the withdrawal of electrons by 
the cardinal site and the donation of electrons 
to the negative site further "downstream." The 
increase of c-value analogue at this next site 
brings about an a+--~ b + exchange. This whole 
sequel then repeats itself until each a-, a + has 
been replaced by b-  and b +. 

Thus here is a theory of the fine details of an 
all-or-none shift of adsorption from all a+a - to 
all b+b as seen for example, in the oxygen 
loading and unloading in erythrocytes. Only this 
cooperative shift is brought about not by the 
change in the concentration ratio of the alter- 
nate solutes a+a vs. b+b - (Fig. 2A) but by the 
adsorption of the cardinal adsorbent (Fig. 2B). 

Two major features of this theoretical model 
are: a. the long range action of  the cardinal 
adsorbent, reaching target sites physically distant 
from the site reaching the cardinal adsorbent; b. 
many-s i te  response to a single cardinal adsorbent. 

According to the association-induction 
hypothesis, these two basic features provide the 
fundamental mechanisms for a variety of 
physiological manifestations, (for recent review, 
see LINGS°). The present discussion will focus 
on one key issue o n l y - h o w  ATP can energize 
biological work performance. Before a full 
discussion on this subject, let us see if there are 
experimental findings that corroborate the 
theoretical model depicted in Figure 3. 
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Fig. 4. Oxygen uptake by hemoglobin (stripped) in the 
presence and absence of inosine hexaphosphate. Hemoglobin 
solution was 0.3%, pH =7.0, 10°C. (1) No IHP; (2) 
1.2x10 SM IHP; (3) 2.4X10-SM IHP; (4) 3.6x10 5M 
IHP; (5) 4.8 x 10 -s M IHP. Points are experimental data of 
BENESCH & BENESCH 68. Lines are theoretical, calculated 
according to an equivalent version of Equation 9, with the 
following values for the different parameters: Ko °° = 3.33, 
Kc °° = 0.067 (ram Hg) 1; _(3,0/2) = 0.39,_(3,~/2) = 0.21 
Kcal/mole; 9tc °° = 4.2 x 10 -4 (M) -1, -F/2 = 0.68 Kcal/mole. 
Dotted line is theoretical curve at DPG~x = oo (LING 82 by 
permission of National Academy Sciences). 

2. Evidence  
a. In Vitro 
i. The  Zipper- l ike  Release  of  Acidic Groups  on 
Carbonyl  and Fe r r i -Hemoglob in  
STEINHARDT & ZAISER 66"67 demons t r a t ed  that  the 
combina t ion  of  H + with a small number  of 
trigger groups on  these proteins  leads to the 
explosive l iberat ion of a large number  of acid 
groups.  (For fur ther  details, see LING, (Ref. 16 
p. 152). This is a case of the "one  cardinal 
s i t e -  many  effector sites" p h e n o m e n o n  depicted 
in the theory.  
ii. Cont ro l  of the Affinity of Oxygen  Binding on 
Hemog lob in  by ATP,  2 ,3-d iphosphoglycera te ,  
(2,3 D P G )  and Inos ine -Hexaphospha te  (IHP) 
Adsorp t ion  (or Desorpt ion)  at a Dis tant  Site. 
Figure 4 shows good  quanti tat ive ag reemen t  
be tween  the exper iments  of BENESCH & BE- 
NESCH 68 on the effect of I H P  on oxygen  binding 
on  hemoglob in  and the theoret ical  curves based 
on  the Yang-Ling  isotherm. 

E v e n  more  significant is the demons t ra t ion  by 
CHANUTIN • CURNISH 69 of an analogous  effect 
exer ted by ATP.  Since hemoglob in  has no 
A T P a s e  activity, this response  of the distant  
heine sites to A T P  adsorpt ion quite clearly 

establishes A T P  as falling in the class of  
cardinal adsorbents  as descr ibed in Figure 3. It  
is reasonable  to anticipate that  A T P  would  have 
a similar effect in vivo. That  is, A T P  controls  
the level of one  intracellular solute by adsorbing 
on  cardinal sites. 
b. In Vivo 
i. Cont ro l  of K+/Na + Adsorp t ion  in Volun ta ry  
Muscle and Othe r  Living cells by  the Cardiac  
Glycoside,  Ouabain .  
Just  as 2 , 3 - D P G  alters the level of oxygen  in 
one  type of  cell, the erythrocytes ,  so ouaba in  
can alter the level of  ano ther  solute, K ÷, in a 
variety of  o ther  cells, as shown for  the case of 
f rog muscle (Fig. 5). Compar ing  Figure 4 and 5 
one  sees tha t  the au tocoopera t ive  adsorpt ion  as 
well as its control  by  the two cardinal 
a d s o r b e n t s -  I H P  in one  case and ouaba in  in the 
o t h e r -  are essentially alike. 

It  should be po in ted  ou t  that  according to the 
p u m p  theory  ouaba in  controls  the level of cell 
K ÷ and Na  + by inhibiting the Na  ÷ p u m p  7. 
Exper iments  utilizing the "effectively m e m -  
braneless o p e n - e n d e d  cell" p repara t ions  showed 
quite conclusively that  this hypothesis  is 
wrong  sS. The  data  obta ined,  on  the o ther  hand,  
agree well with the mode l  described above  in 
terms of the associa t ion- induct ion hypothesis .  
ii. Cont ro l  of  K + Adso rp t ion  in Smoo th  Muscle 
by Ca +÷ 
Figure 6 shows how Ca ÷+, in a similar manner ,  
controls  the K + concent ra t ion  in canine car toid 
arteries. 
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Fig. 5. Shows experimentally observed equilibrium dis- 
tribution of K * in the presence of different concentrations of 
ouabain, in this case represented in units of/xmoles/gm. Xi or 
XK+ can be obtained by dividing the ordinate values by 1 02. 
(Each point represents the average of 4 determinations.) 
LING & BOHR 83, by permission of Phsiol. Chem. Physics). 
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Fig. 6. Slowly exchanging K in steady state, with various 
ratios of [K]o/[Na]o at 37 °C in Cartoid Artery ([K]o = [Na] = 
150 mM). Three levels of [Ca]o were employed: 2.5 mM 
(closed circles; 0.05 nM (open squares); and Ca-free (open 
circles). The vertical bars indicate + the mean S.E. (ten, 
nine, and eight dogs were used respectively). The curves 
were computed theoretical. (JONES 84, by permission of 
the Annals of N.Y. Academy of Science). 

Summarizing this section, one may say that 
the uptake of oxygen and K +, normally accumu- 
lated selectively in living cells, shows charac- 
teristics of autocooperativity and is controlled 
by cardinal adsorbents including ouabain, Ca ÷÷, 
2,3-DPG, and, most significant of all, ATP. 
B. Solute distribution, water structure, and their 
control by A TP  
1. Theory 
According to the association-induction 
hypothesis, ATP plays the key role of maintain- 
ing the protoplasmic protein-water system in the 
living state. That is to say, while the presence of 
other auxiliary cardinal adsorbents may be 
necessary (e.g., Ca ++ , see Fig 6), the presence of 
ATP is indispensable. 

In its role as cardinal adsorbent, there is to be 
expected a quantitative relation between the 
total amount  of ATP in the living cell and the 
equilibrium concentration of K ÷ in the cell 
under the same conditions. The simplest case is 
for the cell to contain a large number of similar 
protein units and each unit to contain one 
ATP-binding site and a total of g regular sites 
(see Fig. 2) under its cooperative control. In this 
case a simple linear relation should be demon- 
strable between the concentration of ATP and 
the concentration of K ÷. In a plot of ATP 
(abscissa) vs. K ÷ concentration in the cell 
(ordinate), the slope should be equal to g -  the 
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number of cooperatively linked regular sites in 
the "gang." The relation of water structure and 
ATP concentration is somewhat more 
complex; still, a quantitative relation between 
ATP concentration and the q-value of solutes 
such as Na ÷ and sucrose should be expected. 
2. Evidence 
a. K ÷ Adsorption and Na ÷, Sucrose Exclusion 
and their control by ATP 
Elsewhere we have shown the quantitative 
relation between experimentally observed con- 
centrations of K +, Na +, and sucrose found in 
poisoned frog sartorius muscles and the ATP 
concentrations in the same tissue after varying 
durations of exposure to a dilute iodoacteate-  
Ringer solution. (LIyc & OCHSENFELD, 1973 
ret. 42; for confirmation in smooth muscles, 
see LING7°). As ATP concentration declines, a 
corresponding decline in preferential K + adsorp- 
tion follows. Parallel gain of charged Na ÷ and 
non-charged sucrose suggests a normalization of 
water structure. 
b. Binding of Water to Cell Proteins and Its 
Control by ATP 
In other work, LINe & WALTON 54 showed that 
centrifugation of living tissue for 4 minutes at 
1000 g quantitatively removes the extracellular 
fluid. Yet from muscle cells cut into 2 mm to 
4 mm segments and thus no longer covered with 
an intact membrane, centrifugation at the same 
speed and duration removes no more fluid than 
from the intact muscles. However, removal of 
ATP  by I A A  and other poisons causes cell 
swelling and a large increase in the percentage 
of centrifugation extractable water. These ex- 
periments suggest that ATP controls the "bind- 
ing" of water in normal livings cells. 
C. Biological work performance 
We have already gone to some length to show 
how a variety of biologically potent chemicals, 
called cardinal adsorbents, share the common 
attribute of effecting an all-or-none shift of a 
protein-water  assembly from one cooperative 
state to another. In this effect, one cardinal 
adsorbent molecule acts on many sites, some 
near and some far away. Let us now look at 
these findings to see how they relate to biologi- 
cal work performance, and in particular to 
mechanical work performance as in muscle 
contraction and solute transport, which are 
regarded in conventional views as the work 
performance of membrane pumps. 



1. Solute Transport  
To move a solute f rom one phase to another  
against a concentrat ion gradient represents one 
well-known form of work performance.  Data  in 
Figure 6 show that in the presence of the same 
concentrations of K ÷ and Na ÷ in the external 
environment  (K/Na~ + = 0.03), a shift f rom a 
Ca ++-free  environment  to one containing 5 x 
10 -5 ~ Ca ++ increased the K ÷ adsorbed in the 
cell from 10 mmoles/kg dry solid to more 
than 5 times that much, even though the 
external K + remained at about  5 raM. Thus 
clearly the adsorption of Ca ++ onto certain key 
cardinal sites on the cell proteins has led to the 
performance of solute transport  work. 
2. Mechanical Work  
ROBB et al. 71 showed how actomyosin thread 
contracts against a w e i g h t - n o t  only in response 
to ATP,  as had been shown before 72 but also to 
very low concentrations of various com- 
pounds,  none of which contains a labile bond or 
decomposes in the process. In particular, we 
want  to emphasize the effect of low concentra- 
tions of Ca ÷+ . As in the case of solute transport,  
here Ca ++ must have also combined with the 
actomyosin and in so doing, must have brought  
about  not only mechanical work performance 
but also a loss of water  f rom the pro te in-water  
systems. 

Once more  we see work performance not in 
response to energy liberated from a cleaved 
chemical bond of a labile agent, but rather  in 
response to a simple adsorption of the agent 
onto the protein system. 
D. A new theory of the energization of reversible 
work performance of living cells 
The work performance  described above is as a 
rule reversible. Thus, referring to Figure 6, 
washing the tissue free of Ca ÷+ will reverse the 
effect of Ca ++ addition on the amount  of 
accumulated K ÷. However ,  this kind of reversal 
is too cumbersome to meet  physiological needs. 
Muscle cells, for example,  must  not only con- 
tract instantly on command,  but must also relax 
just as quickly to prepare  the way for a 
repetit ion of the contraction. 
1. Theory  
According to the association-induction 
hypothesis, the uniqueness of ATP lies not only 
in its effectiveness as a cardinal adsorbent,  
sustaining a particular cooperative state of the 
p ro te in -wate r - ion  system, but, equally as im- 

portant ,  in its efficient elimination under com- 
mand  by ATPase.  The products of this enzyma-  
tic degradation, A D P  and inorganic phosphate,  
are ineffective in controlling the cooperative state 
of the proteins and water  system 73 and par t  of 
the cell structure or organelle involved enters 
into a different cooperat ive state. It  will remain  
in the state until ATP, made available by 
resynthesis or f rom other sources, is again 
adsorbed on the ATP-binding site. The system 
is then restored to its original resting state. 

The model  presented sees that  the protoplas-  
mic p ro te in -wate r - ion  system is kept  in a high 
energy state, like a bent  bow, when A T P  is 
adsorbed for its cardinal site. I t  is in this high 
energy resting state that K + is accumulated over  
Na÷, water  is maintained in the state of 
polarized multilayer, and the muscle proteins 
are "re laxed."  

The activity of ATPase  removes ATP from 
adsorption on the cardinal site. ATP  removal  
leads to work performance and the system 
enters into a lower energy state. In this lower 
energy state the system does not have the 
ability to accumulate K ÷ over  Na ÷. Its water  
reverts to a state closer to that  of normal  water,  
and the muscle proteins are contracted. 
2. Evidence 
The theory of energization of reversible work 
performance  in living cells as described above 
can be separated into a number  of postulates. 
Evidence for some of these postulates has 
already been discussed; other  evidence is discus- 
sed below. 

Postulate 1. ATP  is the immediate  source of 
energy for biological work performance.  There  
is extensive literature in support  of this view. 
Two pieces of evidence may be cited: 
a. In muscles poisoned with iodoacetate and 
nitrogen (with or without NaCN in addition), 
contractility TM, electrical potentials 16"75, Na + ex- 
clusion, and K ÷ accumulation 16 all remain en- 
tirely normal as long as ATP  remains above a 
certain level. These findings suggest that oxida- 
tion, glycolysis, and other  metabol ic  activities 
are important  only because they provide ATP. 
b. In frog muscles, the effect of ten different 
metabolic  poisons (0-iodosobenzoate,  iodoac- 
tate, chloropromazine HCI,  2,4-dinitrophenol,  
p-(chloromercuri-)benzoate,  cyanide, arsenite, 
azide, glyceraldehyde, and malonate)  alters Na ÷ 
and K ÷ distribution only to the extent of their 
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effect on the A T P  concentrations 76. The relation 
seen between A T P  and K + is constant and 
indifferent to the exact mechanism whereby 
A T P  concentrat ion change is brought about. 
c. ATP-Induced  Swimming of Detergent-  
Extracted Paramecium 
NAITOH and KANEKO 77 showed that paramecium 
extracted with the detergent Triton can actually 
swim! They swim forward when exposed to a 
solution containing ATP (4 mM), Mgcl2 (4 mM). 
The addition of a low concentration of Ca ++ 
(10 -6 M) causes a reversal of ciliary beating, 
resulting in backward swimming. 

Postulate 2. ATP  in the resting cell is in an 
adsorbed state. ATP  usually occurs in living 
cells at a concentration of a few millimolar. The 
free energy of adsorption of ATP  on actomyosin 
was measured by NANINGA and MOMMAERTS 78 

and found to be - 9 . 5  Kcal/mole. Similarly 
ASAKURA 79 found the free energy of absorption 
of A T P  on actin to be - 1 1  Kcal/mole. The 
equilibrium constant for ATP adsorption, K, on 
actomyosin based on NANINGA and MOMMAERTS' 
data 78 is equal to exp (AF°/RT)= 9.84 x 106. 
This means that only 1 ATP molecule out of 
9.84 million is free; the rest must all exist in the 
adsorbed state. For other evidence of A T P  
binding see HmL 65. 

Postulate 3. A T P  by adsorption on cardinal 
sites maintains the physical state of the p ro te in -  
water - ion  system by an allosteric* mechanism 
where the total effector sites are many and 
some are distant. 
a. The allosteric effect of ATP  adsorption in 
controlling the conformation of hemoglobin and 
the affinity of distant heme groups represents 
one set of persuasive confirmatory evidence. 
b. The Bacterial Flagellam 

A single flagellum of, for example,  the Congo 
diphtheroid bacillus consists of a three- 
stranded structure of protein filaments. It  has no 
membrane  covering. The flagellum itself has no 
ATPase  activity s°. Yet  the simple geometry  
notwithstanding, the bacterium can swim 
around in a meaningful manner ,  propelled by 
the coordinated motion of its flagella. 

Now although the flagellum itself has no 

* Control of enzyme and other biological activities at a 
distance, a major theme of the association-induction 
hypothesis was published in 196216 . In the year following, 
MONOD, CHANGEUX & JACOB 81 coined the descriptive 
name, "'allosteric control." 

170 

ATPase  activity, an appendage of the flagellum 
where it is anchored in the cell body has 
ATPase  activity. This appendage is called the 
"basement  granule." The outward direction of 
the flagellum demands a propagated  response 
along the length of the flagellum such as that 
depicted in Figure 3. 

Postulate 4. Hydrolysis of ATP  leads to a 
lowered state of energy in the protoplasmic 
p ro te in -wate r - ion  system. The conventional 
view developed on the basis of the then-popular  
concept  of high energy of the ATP phosphate  
bond, regards the hydrolysis of ATP  as the 
occasion for injecting energy into the protein 
system. The contracted actomyosin is therefore in 
a higher energy state, in direct contrast  to the 
postulate of the association induction 
hypothesis. 

The simplest evidence in favor of the low- 
energy state of the contracted muscle is the fact 
that  thoroughly dead muscles killed with a 
variety of metabolic  poisons as a rule find 
themselves in the contracted state. 
E. A subsidiary working hypothesis for the 
swimming triton-extracted paramecium 
Though no longer living in the usual sense, a 
Triton extracted paramecium keeps intact the 
cardinal site complexes to allow not only the 
"contract ion" of the cilia but also its cyclical 
sequel, "relaxat ion."  

As pointed out by NAITOH and KANEKO 77, the 
simple requirement  for the ciliary beating and 
swimming is the presence of ATP  and Mg ÷÷. A 
working hypothesis could then be constructed 
on the basis of the association-induction 
hypothesis and the experimental  data reviewed 
in this paper.  

1. ATP  adsorption on cardinal sites brings 
about  the cooperat ive conformation change as 
depicted in Figure 3. This conformation change 
contributes the relaxed component  of the ciliary 
motion. 

2. In consequence to this electronic- 
conformation change, an auxiliary cardinal site 
near  the ATP-binding cardinal site gains prefer-  
ence in adsorbing Mg +÷. 

3. Mg ÷+ adsorption on the auxiliary cardinal 
sites activates the ATPase  activity of the ATP-  
binding site. 

4. ATP  is split and the hydrolic products, 
A D P  and inorganic phosphate  formed either 
desorb or are functionally inactive. 



5. The protein conformation now reverts to 
the contracted state before ATP adsorption, and 
in this state Mg +÷ is no longer preferred and it 
desorbs. 

6. With Mg +÷ desorption, the protein is once 
more  ready for ATP  adsorption and ATP 
adsorption on the cardinal adsorbent  starts the 
cycle again. 
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