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Abstract: Observations of coherent cellular behavior cannot be integrated into widely accepted membrane (pump) theory 
(MT) and its steady state energetics because of the thermal noise of assumed ordinary cell water and freely soluble cyto-
plasmic K+. However, Ling disproved MT and proposed an alternative based on coherence, showing that rest (R) and ac-
tion (A) are two different phases of protoplasm with different energy levels. The R-state is a coherent metastable low-
entropy state as water and K+ are bound to unfolded proteins. The A-state is the higher-entropy state because water and K+ 
are free. The R-to-A phase transition is regarded as a mechanism to release energy for biological work, replacing the clas-
sical concept of high-energy bonds. Subsequent inactivation during the endergonic A-to-R phase transition needs an input 
of metabolic energy to restore the low entropy R-state. Matveev’s native aggregation hypothesis allows to integrate the 
energetic details of globular proteins into this view. 
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INTRODUCTION 

 Among physicists there have always been people who are 
interested in basic physical approaches to the phenomena of 
life. Unlike mathematics, physics always requires models or 
mechanisms without which the tools of the discipline are not 
applicable. Cell physiology has suggested two opposing 
models of the living cell to physicists: (i) a cell is a mem-
brane-delineated bubble with an electrolyte solution inside; 
(ii) a cell is a different phase relative to the surrounding 
fluid. The main difference between these models is in the 
physical state of intracellular water and K+ (the main cation 
of the cell). For the first model, water and K+ are free in the 
cell. Membrane (pump) theory (MT) was founded on this 
basis [1-7]. It describes a large set of interrelated physiologi-
cal phenomena (solute distribution, transport across mem-
branes, cell potentials, osmotic behavior, aspects of motility, 
etc.). One of its basic concepts, that of the Na+/K+ pump 
using a continuous energy supply from the hydrolysis of the 
high-energy bond of ATP [8], is intimately linked with that 
of steady state energetics; the metaphor that life can be com-
pared to a burning candle. In contrast, the idea that a cell is a 
different phase forms the basis for a number of bulk-phase 
theories [9-15] describing the same physiological phenom-
ena in a completely different way. According to the latter,  
 

*Address correspondence to this author at the Laboratory of Biochemistry, 
Karel de Grote University College, Department of Applied Engineering, 
Salesianenlaan 30, B-2660, Antwerp, Belgium; Tel:+1323 663 30 31;  
Fax: +1323 293 34 08; Emails: laurentjaeken@hotmail.com;  
laurentjaeken@kdg.be  

water and K+ are bound in the cell and the protoplasm re-
sembles a drop of gel.  

 Of course, these fundamentally different models require 
very different physical approaches. MT failed to offer key 
ideas for creating a general physical approach to the cell. 
Instead, various specific questions were subjected to physical 
analysis such as the explanations for membrane potential, 
muscle contraction, protein conformation, etc [16]. However, 
these fragments of knowledge cannot be assembled into a 
holistic theory of the cell. The separate topics are like the 
reflections of a whole cell in a broken mirror of physics. The 
fragments were obtained by different authors using different 
physical approaches, often contradicting each other. On the 
other hand, Schrödinger [17] proposed a unified view of the 
cell, but his ideas had little effect on cell physiology and 
were discussed mainly among physicists. In our opinion, this 
is because MT has the widest following among physiologists 
and the broader interdisciplinary area of biology. Unfortu-
nately, MT proved to be incompatible with the scale of 
Schrödinger's ideas. We would like to show that Schröding-
er's ideas are fully compatible with the bulk-phase model of 
the cell. But this will entrain another model for cell energet-
ics. 

 Ling's Association-Induction Hypothesis (AIH) [11, 12, 
18-26] is the supreme achievement of the bulk-phase ap-
proach to physiological phenomena in the living cell. Ac-
cording to Ling, the cell is a holistic system because water 
and K+ are adsorbed to a matrix of cell proteins making that 
these three physiologically relevant components act as a 
single whole. Owing to a network of proteins with natively 
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unfolded conformation, which strongly binds, orients and 
polarizes water, the cell acquires the capacity for coherent 
behavior. Since water is bound, limited in motion and or-
dered in space, the entropy of the cell is lower than in a cell 
with free water. The entropic contribution of water is very 
important because water makes up most of the mass of the 
cell (its intracellular concentration is about 44 M). The 
bound state of K+ is another contribution to the reduction of 
entropy. Furthermore, the presence of a network of intercon-
nected protein molecules, called ‘cell matrix’, reduces the 
entropy of the protein component of the system. All these 
features are inherent to the cell during the resting state (R-
state): relaxed myofibrils, resting potential, inactive secretion 
processes, unfertilized egg, dormant spores and cysts, etc. 
So, the cell during the R-state is a protein-water-K+ complex 
having cooperative properties. This complex appears as a 
single coherent whole.  

 During the protoplasmic phase transition from the R-state 
to an active state (A-state), the complex is transformed and 
water and K+ become free. The entropy of the system in-
creases. The free energy of the system is reduced (because of 
the entropic contribution). The released energy is utilized for 
biological work: myofibril contraction, action potential, 
secretion, fertilization, germination, etc. Thus, in this view, 
entropy plays a key role in cell energetics, which makes 
Ling's cell model qualitatively compatible with Schrödinger's 
view.  

 The physical concept of phase transition is not suffi-
ciently detailed to serve as an adequate account of cell 
physiology. However, the recently published [15] native 
aggregation hypothesis (NAH) provides specific physiologi-
cal and biochemical details. During the R-to-A phase transi-
tion, natively unfolded proteins form temporary secondary 
structures that interact only with secondary structures com-
plementary to them. Natively unfolded and globular proteins 
temporarily form new active functional systems. The ener-
getic aspects of this process are the immediate objective of 
this article. We believe that a mechanism of energy trans-
formation in the living cell (its release and utilization) must 
include a change in the sorption properties of proteins as a 
key event. Water and K+ ions are the main adsorbents in this 
mechanism. ATP is seen as the regulator of the sorption 
properties of proteins. The source of energy for biological 
work is not ATP alone but supra-molecular ATP-protein-
water-K+ complexes with an ordered structure and coherent 
properties. 

 Our larger goal is to attract the attention of physicists, 
physical chemists, cell biologists and biochemists to the 
problems discussed. We hope to offer a new synthesis of 
ideas from different scientific disciplines. This is the time to 
join forces. 

1. The Origin of Generally Accepted Membrane Theory 
(MT) 

 In 1930 a crucial experiment by the famous physiologist 
A.V. Hill [2, 3] seemed to lay down the basis of ‘membrane 
(pump) theory’ (MT). This theory holds (a) that cells are 
delineated by an intact plasma membrane separating the 
external solution of ions and other solutes from the cyto-
plasmic solution and (b) that the plasma membrane exerts 

some pumping activity, thought to be responsible for the 
observed concentration gradients of ions, which are not in 
thermodynamic equilibrium when calculated using the law of 
Nernst. (c) This non-equilibrium situation leads to steady 
state cell energetics, in which metabolism-dependent pump-
ing unceasingly compensates for passive leaks.  

 Before 1930, ideas in the realm of MT were rivaled by 
bulk-phase theories, in which the colloid phase of the cyto-
plasm was thought to be responsible for concentration differ-
ences between a cell’s interior and its surroundings. In order 
to stop the endless debate, Hill [2] determined the distribu-
tion coefficient of a neutral molecule, urea, between the 
cytoplasm of resting muscle cells and the Ringer solution in 
which they were bathed. He found it to be close to one. 
Hence he concluded that intracellular water has similar prop-
erties to the water outside the cell. He also concluded that in 
order to explain the measured osmotic pressure [3], the most 
abundant intracellular ion (K+) must be in solution. These 
inferences seemed to oppose the possibility of a colloidal 
cytoplasm. They implied that the aqueous environment in-
side a cell must be a solution and hence the law of Nernst 
should be applied. This led to the conclusions that membrane 
pumps must exist and that the cell exhibits steady state ener-
getics. Hill’s experiment caused most proponents of bulk 
phase theories to adopt MT instead.  

 In 1957 Skou [27: review] discovered that the plasma 
membrane protein Na+/K+-ATPase shared some key proper-
ties with the physiological process of active Na+ and K+ 
transport, suggesting that this membrane-located enzyme is 
in fact the Na+/K+ pump. But it took much additional re-
search before general agreement was reached. Hoffman [28] 
confirmed that ATP was indeed the direct metabolic inter-
mediate. From the then-popular view of Lipmann [8], it 
followed that hydrolysis of the high-energy bond of ATP 
would act as an instantaneous injector of energy into the 
pump. Reconstitution of the purified Na+/K+-ATPase into 
phospholipid vesicles by Hilden et al., [29] in 1974 is gener-
ally considered as definite proof of the pumping activity of 
this enzyme. A year later, Glynn and Karlish [30] wrote a 
much cited review of all the work done up to then, unfortu-
nately without mentioning an important alternative explana-
tion, the ‘association-induction hypothesis’ (AIH), worked 
out by Ling during the preceding decade [11] and presented 
at an international conference two years earlier [31, 32]. 
While Ling’s alternative has remained virtually unknown – 
but to date also un-refuted – MT quickly developed into an 
unquestioned paradigm, appearing as the only explanation 
for a large number of interconnected physiological phenom-
ena. It seemed to explain non-equilibrium gradients and the 
transport of ions and other solutes by the direct action of 
membrane-located pumps and indirectly by coupled trans-
port mechanisms [33] (for another explanation see [12, 18, 
19]; for trans-epithelial transport see [18, 34]). By showing 
how concentrations of low molecular mass solutes could be 
kept in steady state, an explanation for osmotic balance and 
hence cell volume was given [27] (for another explanation 
see [11, 14, 18, 19]). The electric imbalance of pumping 3 
Na+ outwards in exchange for 2 K+ inwards [35] was taken 
as an explanation for the existence and the observed value (-
70 mV in neurons) of the resting potential and seemed to 
elucidate the property of excitability of some cell types [7] 
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(for other explanations see [11, 14, 18, 19, 36-39]). Respira-
tion-dependent proton transport in mitochondria and bacteria 
and light-driven proton transport between internal and exter-
nal bulk phases were considered to energize membrane-
dependent ATP synthesis in these organelles and in bacteria 
by means of chemiosmosis [40] (for other explanations see 
[18, 41-44]). Clearly, the idea of membrane-located ion-
pumps became central to a large and very central part of 
classical cell physiology, despite many criticisms from many 
different fronts. Two recent reviews cover the present status 
and historical development of this issue: one by Ling [25] 
discussing the pro’s and contra’s of both MT and its alterna-
tive (AIH); the other by Glynn [45], who unfortunately con-
tinues to discuss only MT. 

2. The Problem with MT 

 Three kinds of observations opposing MT and its steady 
state energetics are selected here from a much broader con-
text (see [25] for a historical review). They are: (a) the rap-
idly increasing number of observations supporting the coher-
ent behavior of life; (b) the abundant evidence that cell water 
is largely structured; and (c) the abundant evidence that 
cellular K+ is mostly in a bound (adsorbed) state. These three 
kinds of observations are directly interlinked because the 
adsorption properties of (some) proteins for water and K+ 
ensure coherent behavior and a high degree of order down to 
the molecular level. The disorder due to free water (about 44 
M) and free K+ (about 0.15 M), as MT protagonists contend, 
would not support most of the coherent processes. There is 
an additional link between the state of water and that of K+, 
already given in the discussion of the experiments of Hill. 
The measured osmotic pressure of the muscle cells in Hill’s 
experiment can be explained in two ways. When water is 
free, this implies that there is no colloid and hence no colloid 
osmotic pressure. Then there is just the normal osmotic pres-
sure of the proteins and this is not sufficient. Therefore, the 
main intracellular solute K+ (about 0,150 M) must also be 
osmotically active, i.e. it must be free. In contrast, when 
water is structured, there must be a colloid phase and col-
loids have an osmotic pressure which is much higher than 
expected on behalf of their molar activity (sometimes called 
colloid osmotic pressure), and which for cells almost on its 
own explains the measured osmotic pressure [12, 18, 19]. 
Hence, K+ should be osmotically inactive by being bound. 
Observations during the past 50 years culminated in favor of 
the second possibility. But how then should the findings of 
Hill be explained? 

 In 1973, Ling et al., [31] confirmed after the experiment 
of Hill, but also performed a large number of similar experi-
ments using many solutes other than urea. They found that 
distribution coefficients for substances as small as urea are 
indeed close to one, but for larger neutral molecules they are 
definitely below unity: the larger the molecule, the lower the 
coefficient. It became clear that Hill’s choice of urea had 
been quite unfortunate (and is an example of the serious 
errors to which the most reputable scientists can be prone). 
The much more elaborate studies of Ling et al., [32] (many 
other substances were tested later [11, 18-20]) led to the 
opposite conclusions: (a) intracellular water cannot be ordi-
nary water and must be structured, (b) intracellular K+ cannot 
be in solution but must be largely bound, and (c) cytoplasm 

must be colloid-like, possessing solvencies that are quite 
different from those in ordinary water. Among the solutes 
studied were sodium salts. The distribution coefficient for 
Na+ was shown to explain its gradient fully without the need 
for pumping [11, 18-20, 25]. The structured and polarized 
state of almost all cellular water and the physical state of the 
intracellular K+ as largely adsorbed were both demonstrated 
using a wide variety of modern techniques. A brief overview 
of some major pieces of evidence will be given in the next 
two sections. 

3. The Polarized State of Cellular Water 

 Early ideas about bound water failed because of the lack 
of a physical theory describing such water at the molecular 
level. In 1965, Ling [46] developed such a theory and made 
it part of his AIH. Briefly, it states that a surface, for instance 
a polymer matrix, is able to orient and electrically polarize 
the dynamic structure of water when it bears an appropriately 
spaced checkerboard pattern of sufficiently strong positive 
(P) charges (these may be partial positive charges such as on 
–NH groups) in regular alternation with sufficiently strong 
negative (N) charges (these may be partial negative charges 
such as on –CO groups) together forming a so-called ‘NP-
NP- system’; or a comparable pattern of alternating (partial) 
positive (P) and neutral (0) sites forming a ‘P0-P0- system’, 
or alternating (partial) negative (N) and neutral (0) sites 
forming a ‘N0-N0-system’. The water molecules in close 
contact with the polymer will be spatially oriented by the 
polymer charges, but in addition, the stronger dipoles of the 
polymer will induce a greater dipole moment in the water 
molecules, so that the latter also become electrically polar-
ized. In consequence, the dipole moment of the adsorbed 
water is higher than that of bulk water. The result is that 
further layers of water are induced one after the other. Ling 
[46] called this Polarized Multi-Layer water or PML-water. 
It exhibits long-range dynamic structuring. The higher total 
dipole moment stabilizes the multi-layers because it leads to 
stronger hydrogen bonds and this makes it a poor solvent for 
most solutes that are highly soluble in normal (bulk) water. 
Translational as well as rotational freedom of the water mol-
ecules is reduced and the residence time of each water mole-
cule at a specific location is increased. Together, this makes 
all the physicochemical properties of PML-water differ from 
those of normal water. And this is the way to test the pres-
ence of PML-water in cells. The aberrant properties of PML-
water were first studied in inanimate model systems of suit-
able polymers and then compared with the properties of cell 
water [11, 18-21]. The results obtained from this approach as 
well as an updated theoretical background were recently 
reviewed [20].  

 An important question concerns the thickness of the 
oriented-polarized multilayers. Giguère and Harvey [47] 
studied a water film between two parallel polished AgCl 
plates at a distance of 10 µm and unexpectedly found that it 
did not freeze even at -176°C. The infrared absorption spec-
trum was indistinguishable from that at 31°C. This means 
that about 30,000 layers of water molecules are involved. 
The experiment was highly reproducible, indicating that the 
situation represents a true equilibrium state and not just a 
metastable equilibrium as in the case of supercooling. More 
recently, Ise et al., ([48], see also [49]) obtained striking 
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micro-cinematography of latex particles suspended in both 
ordered and disordered water, revealing long stochastic tra-
jectories for the latter, as might be expected from Brownian 
motion, and a tetragonal quasi-crystalline pattern of particles 
almost free of movement for the former. This is remarkable 
because the individual particles are situated several mi-
crometers from each other, yet are ordered in a tetragonal 
pattern. Moreover, experiments by Zheng and Pollack ([50], 
see also [49]) generated water polarization up to hundreds of 
micrometers away from the surfaces of hydrophilic gels and 
of muscle preparations. All three of these sets of observa-
tions support Ling’s conclusion [20] that an idealized system 
may enhance water-to-water adsorption energy ad infinitum. 

 Applying his theory of NP-NP-systems to cells, Ling [46] 
deduced that there is but one molecular structure present in 
sufficient abundance to explain the high degree of polariza-
tion of all or almost all cell water. It consists of the backbone 
NH-CO groups of the peptide bonds of proteins in a fully-
extended conformation. In the absence of disturbing side-
groups (see e.g. gelatin), the backbone of a polypeptide gives 
an almost perfect fit, sufficient to bridge distances between 
neighboring proteins in a cell. Ling [12, 18-21] then demon-
strated that free NH-CO groups of unfolded proteins are 
indeed able to bind water strongly, and to orient and polarize 
it with formation of multilayers. Although extended proteins 
are essentially linear polymers and not idealized surfaces, 
Ling argued that there are ‘generous margins for effective 
polarization-orientation of the entire cell water by a rela-
tively small amount of intracellular proteins that assume the 
fully-extended conformation of an NP-NP-NP system’ [20, p. 
127]. 

 Orientation and polarization of water by an unfolded 
protein matrix are characterized by very low entropy. The 
question, however, is: from where does the energy to unfold 
these proteins come? Ling [18-26] found that it came from 
the stable adsorption of ATP to ATP-binding sites on key 
proteins, which together with other proteins form an auto-
cooperatively linked protein-water-ion ensemble of fully 
extended proteins, PML-water and adsorbed K+ (see later), 
which he defined as the cell-matrix. This protein-water-ion 
complex occurs in cells or parts of cells when they are in the 
resting (inactive) state (R-state). Relaxed myofibrils are a 
well-defined example. This state, although low-entropic, is 
stable in the sense that it can be maintained over long periods 
without a permanent supply of energy [51, 52], even years in 
the case of Artemia cysts [52]. However, its low entropy 
makes clear that it is nevertheless metastable. Its remarkable 
stability is due to the stable binding (adsorption) of ATP, 
exerting a strong inductive effect leading to polypeptide 
unfolding, which is transmitted auto-cooperatively through 
the whole linked cell-matrix system. Actually the propagated 
inductive effect has three main effects. It results in protein 
unfolding, water binding and polarization and K+ adsorption 
[11, 53]. This concept clarifies the words ‘association’ and 
‘induction’ in the name of this theory: ‘association-induction 
hypothesis’ [11, 18-26, 46]. 

 At the moment when Ling introduced his cell-matrix 
concept [31], the idea of in vivo unfolded proteins would 
have met with much skepticism. Common perception at the 
time held that proteins exist in a folded conformation in vivo, 

mainly because they were isolated as such from living mate-
rial and continued functioning in vitro. Nowadays, the exis-
tence of unfolded or partially unfolded proteins, usually 
called ‘intrinsically unstructured’ proteins (or IDPs) [54-58], 
starts to be recognized. According to estimations derived 
from primary structure data bases 40% of all human proteins 
contain at least one intrinsically disordered segment of 30 
amino acids or more and 25% are likely disordered over their 
entire length. The other proteins are thought to be globular in 
vivo [57]. Even if the methods used to arrive at these figures 
may be far from accurate, the occurrence of both IDPs and 
globular proteins can no longer be dismissed. These findings 
shake classical ideas about the relation between a protein’s 
3D-structure and its function to its foundations [58]. It 
should be noted that the ideas associated with IDPs may not 
exactly correspond to Ling’s view of fully extended cell-
matrix proteins, but there may be a large overlap. Main dif-
ference is that to Ling’s view of fully extended proteins a 
whole basically complete alternative physiology is attached. 
If explanations for the occurrence of IDP’s have to be found, 
the AIH may give some important answers. Definitely, the 
modern field of protein biophysics would benefit a lot by 
taking knowledge of this broad alternative. 

 Pollack [14] also proposed a very extensive bulk-phase 
theory: his ‘gel-sol-hypothesis’ (GSH). It is built upon the 
fundamental aspects of Ling’s AIH. It takes over most of the 
concepts of the latter, adds additional evidence for it and 
explains many physiological processes within this broad 
context. AIH and GSH are both treated in his very readable 
book ‘Cells, gels and the engines of life’ [14]. In this book 
Pollack further explores the cell from the point of view of 
colloid science. Many details of physiological situations are 
given whereby controlled unfolding of specific proteins is 
linked to function and explains the existing data. To the list 
of cellular processes already described in Ling’s AIH (the 
role of ATP, ion distribution, solute transport, permeability, 
cell volume control, cell potentials, oxidative phosphoryla-
tion, epithelial transport, muscle contraction, control of pro-
tein synthesis, growth, differentiation and its malfunction), 
Pollack adds the processes of exocytosis, amoeboid move-
ment, ciliary beating, mitotic chromosome displacement and 
cytokinesis. He also remarks that there may be another addi-
tional mechanism to obtain multi-layer water orientation and 
polarization. Some domains of the hydrophilic surfaces of 
such cytoskeletal proteins as actin and tubulin exhibit a 
checkerboard pattern of charges at the correct distance (as 
defined by Ling) to achieve water polarization, even in the 
folded state. This means that protein unfolding is not always 
required, although it certainly occurs in many cases. 

 In Ling’s article from 1965 [46] and in certain of his 
other publications [18, 19, 21], some figures illustrate the 
orientation of water molecules when bound to an appropriate 
checkerboard pattern of complementary charges. These fig-
ures schematically and in a static way depict the situation in 
two dimensions. Water, however, has a three-dimensional 
structure. Chaplin [59, 60] built models to show how polar-
ized water would appear in three dimensions. He described 
two main conformations of water-clusters, each consisting of 
280 strongly bound water molecules operating as if it were a 
single macromolecule. With this model he could explain 
almost all properties of water, including the many anomalies. 
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The two conformations were found to be easily transformed 
into each other without breaking intra- or intermolecular 
hydrogen bonds. One conformation has high density (HDW, 
high density water) and is non-polarized; it predominates in 
normal water. The other conformation has low density 
(LDW), is polarized and is abundantly present in cells. K+ 
appears to fit well into the central cavity of LDW, while Na+ 
does not. The latter ion has a much higher solubility in 
HDW, in agreement with the observations of Ling [18, 19]. 
On the basis of this finding, Chaplin proposes a third mecha-
nism for water polarization, whereby K+ ions adsorbed to 
protein carboxyl groups act as nucleation sites for the forma-
tion of an LDW cluster with high polarization, from which 
water polarization spreads further.  

 This idea agrees with the extensive studies of Wiggins 
[61] on the properties of HDW and LDW. She showed that 
both types of water can be obtained in the small pores (aver-
aging 2 nm diameter) present in cellulose acetate films. Cer-
tain ions (K+, NH4

+, Cl-, HCO3
-, HSO4

-, H2PO4
-) appear to fit 

well into the central cavity of a LDW cluster and exhibit 
reasonable solubility. Others (H+, Li+, Na+, Ca2+, Mg2+) do 
not fit, but fit and show good solubility in HDW. Surpris-
ingly, it was also found that at high concentrations the first 
group induces the conversion of LDW into HDW, while the 
second group at high concentrations induces the conversion 
of HDW into LDW. These properties make it possible to 
generate a cycle. In a remarkable experiment, Wiggins and 
MacClement [62] succeeded in synthesizing ATP from ADP 
and KH2PO4 (5 mM) in the presence of 100 mM KCl, with 
the pores of cellulose acetate forming the micro-domains of 
water and with no additional energy input. A major differ-
ence from the enzyme-catalyzed reaction is that it requires a 
few days, but one can learn from the mechanism. It is quite 
possible that hydrolytic and biosynthetic enzymes, including 
ATPases and ATP synthase, evolved as catalysts of this 
older HDW-LDW cycle. Proposals are given as to how the 
two states of water may contribute to the mechanisms of 
cation pumps and other enzymes. This is a real opportunity 
for the study of these enzymes, including Na+/K+-ATPase. 

 The three mechanisms for water polarization (Ling, Pol-
lack and Chaplin) do not exclude each other. Their relative 
contributions, however, remain to be determined. These 
three mechanisms and the more general idea of water orien-
tation and polarization are also in full agreement with Kaiva-
rainen’s new fundamental physical theory of phases, called 
‘new hierarchical physical theory for the solid and liquid 
phases’, which is derived from basic principles [63]. Kaiva-
rainen gives many applications of his theory to cell biology. 

4. The Adsorbed State of Cellular K+ 

 After the experiment of Hill [2, 3] had set the stage in 
favor of MT, some other experiments seemed to prove that 
cellular K+ is free. However, it was demonstrated later that 
these experiments or their interpretations were also problem-
atic [12, 18, 19, 22, 64]. In contrast, a large number of dif-
ferent approaches all point to bound K+. Some of these stud-
ies do not allow us to decide where and on which kind of 
binding sites adsorption occurs. Others, however, give this 
information quite specifically. 

 Indications for bound K+ as such comprise: (a) the study 
of distribution coefficients by Ling et al. [32] discussed 
above, indicating that Hill [2, 3] found an exception by only 
studying urea; (b) the fact that resting muscle cells without 
an intact cell membrane (EMOC preparations: see further) 
are able to sustain normal intracellular K+ concentrations for 
at least two days [51]; (c) the demonstration that Artemia 
cysts survive for four years without energy consumption 
[52]; (d) reinvestigations of measurements of ionic conduc-
tivity in various cell types and of K+ mobility in frog muscle 
cells, giving much lower values than for free K+ and provid-
ing convincing explanations why some earlier studies gave 
high values [12, 18, 19, 22]; (e) proof that use of a K+ selec-
tive electrode readily injures the cell, resulting in much too 
high activity measurements, so that more confidence can be 
given to those experimental set-ups giving low values [18, 
19, 22, 64]; (f) X-ray absorption-edge fine structure determi-
nation of red blood cells giving a result that differs markedly 
from control measurements on a KCl solution of the same 
concentration [65]; (g) 39K+ NMR spectra of neurons, muscle 
cells and E. coli, which produced relaxation times much 
shorter than those of 0.1 M to 0.4 M KCl solutions and com-
parable to those of K+ adsorbed on a Dowex-50 cation-
exchange resin [66, 67, 12, 18, 19, 22]; (h) demonstration 
that the relationship between internal and external 42K+ con-
centration follows Langmuir’s adsorption isotherm, whereby 
real proof of adsorption was given by studying the influence 
of inhibitors that compete in different ways for the same 
adsorption sites (unlabeled Cs+ and unlabeled K+) [19, 68].  

 In 1952, Ling had already deduced that K+ might be 
adsorbed to the β- and γ-carboxyl groups of proteins [11, 12, 
18, 19, 22]. Kellermayer et al., [69] showed that K+ re-
mained associated with cytoskeletal proteins for several 
minutes after treatment of living cells with the non-ionic 
detergent Brij 68, whereas if it were freely soluble in the 
cytosol its liberation would have been detected in seconds. In 
addition, a stoichiometric relationship between protein car-
boxyl group concentration and K+ concentration was demon-
strated [19]. The most convincing results, however, came 
from the extensive electron microscopic investigations of 
frog Sartorius muscles mainly by Edelmann [70-72], using 
most delicate preparation techniques and advanced methods 
of analysis. Freeze-dried embedded and frozen hydrated 
thick sections of chemically unfixed specimens were used 
without staining, so that the location of K+ (by far the most 
abundant metal) could be directly observed. Alternatively, 
specimens in which K+ was partially substituted by one its 
more electron dense competitors, Rb+, Cs+ or Tl+, were used. 
In all cases K+ or its analogue was preferentially located in 
the A-band, where the heads of myosin are exclusively pre-
sent, with a fainter electron density at the Z-line. Quantifica-
tion was obtained with electron probe X-ray microanalysis 
(see also [73]) and laser microprobe mass-spectroscopic 
analysis. Autoradiography of single air-dried [19] or frozen 
fully hydrated muscle fibers [72] using 86Rb and 134Cs re-
vealed the same specific localization. 

 The presence in the cell of PML-water and adsorbed K+, 
for which abundant arguments have been given in this and 
the foregoing sections, are a necessary condition for reaching 
coherence. Coherence needs nearest neighbor interactions of 
the correct extent. The law of Nernst, as applied by MT, is 
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based on the independence of solute molecules, i.e. the ab-
sence of interactions, so that stochastic behavior ensues. 
Arguments for coherent cellular behavior, which are the 
subject of the next section, are in fact supplementary argu-
ments for a high level of order, also with respect to water and 
the main cation, K+. 

5. The Coherent Behavior of Life 

 In his book ‘What is life?’ Schrödinger [17] argued that 
concentrations of many important cellular components are 
too low to apply statistical laws in a meaningful way. This is 
the case for DNA and some regulatory substances and even 
for ions in small cells and subcellular compartments. In par-
ticular, Schrödinger envisioned the laws of diffusion, which 
are also part of the law of Nernst. To give an example: in 
liver cells an average mitochondrial matrix at neutral pH 
contains six free protons during state IV and only one during 
state III (fully activated and contracted). How one can make 
a bulk gradient with that [74]? In order to alleviate this un-
deniable difficulty, Schrödinger proposed that cellular proc-
esses may make use of coherent mechanisms, analogous to 
those found in physical systems close to absolute zero but 
applicable at body temperature. His argument was that such 
mechanisms are much more precise and able to operate be-
low the level of thermal noise, exactly what would be needed 
to explain life. His proposal was largely neglected, mainly 
because at that time all data, in particular the findings of Hill 
[2, 3], were pointing towards the laws of diffusion and of 
Nernst as providing exact explanations for cell physiology. 
As a result, investigations into life’s coherence originated at 
the very margins of biological science. Several independent 
approaches to the question of the coherence of life will be 
reviewed. 

1 Ling’s AIH [11, 53] was probably the first broad physio-
logical theory in which coherence figured as a central 
theme: actually as the primary mechanism of all actions 
in living cells. In the R-state the cell-matrix is seen as a 
metastable high-energy low-entropy polarized coherent 
whole, a cooperatively-linked protein-water-ion complex. 
It is a coherent static system extremely sensitive to all 
kinds of very weak stimuli. When the energy delivered 
by a stimulus and mediated by Ca2+ (or another mediator) 
reaches the activation threshold, the system as a whole 
undergoes a conformational change, leading to the A-
state, which is less polarized and has lower energy and 
higher entropy. The energy difference between the R- 
and A-states, attributable to an increase in entropy, is 
used for biological work: mechanical, electrical, chemi-
cal, transport work and coherent emissions (see later). 
The higher entropy is due to folding of the cell-matrix 
proteins, whereby adsorbed layers of water are depolar-
ized and dissociated together with K+. This is just what 
Schrödinger imagined: life processes energized by nega-
tive entropy.  

The conformational change itself is also a coherent proc-
ess, but of a dynamic type. This can be understood from 
the all-or-none character of the folding of a random coil 
into an α-helix (or other type of protein secondary struc-
ture), and, linked to it, the all-or-none character of long-
range water depolarization. Biological work is performed 

at the onset of this conformational change, because the 
suddenly-formed secondary structures bring about inter-
actions with other activated molecules, in which interac-
tion-capable secondary structures appear as well (see also 
[15]). The formation of actomyosin is a good example. 
At the end of this dynamic process, after work is done, 
the cell-matrix ends up in the A-state, which is much less 
coherent; perhaps even not far from an irreversible death 
state. In muscle cells the A-state is called rigor mortis. In 
a healthy living cell, however, metabolism synthesizes 
new ATP, which binds to the ATP-binding proteins of 
the cell-matrix and restores the high-energy low-entropy 
R-state. Proteins again unfold, re-adsorb and polarize cell 
water, and re-adsorb K+. Metabolism thus brings about 
the reverse conformational changes, also a dynamic co-
herent process. Metabolism is the factor that prevents the 
death state from succeeding the A-state. It is responsible 
for reversion to the R-state following power output. This 
R-to-A-to-R cycle and its energetics was already devel-
oped by Ling in his first book (1962, [11]). It is presented 
graphically by the red line in Fig. (1) (the green line will 
be explained at the end of this article).  

Small note: according to Ling [18], liberation of rather 
large amounts of K+ in local myosin-containing com-
partments of muscle cells brings about strong local unidi-
rectional osmotic fluxes of water towards that region, and 
this is the major force that brings about contraction, a 
mechanism that explains the concomitant thickening of 
muscles. Apart from this interesting proposal, a very 
penetrating controversy exists with respect to the energet-
ics of muscle contraction. Formation of firm protein-
protein (actin-myosin) linkages, when considered on its 
own, may at first sight imply a decrease in entropy. If the 
assumptions of MT were correct – i.e. if the physical 
state of cellular water and K+ during the R- and A-states 
remained the same - the classical conclusion that muscle 
contraction is a ‘disorder-to-order transition’ [75] ap-
pears logical. But all the evidence favors Ling’s alterna-
tive view, with desorption and depolarization of water 
and desorption of K+ during the R-to-A transition. It then 
follows that the small decrease in entropy due to actomy-
osin formation is largely offset by the large increase in 
entropy due to liberation and depolarization of water and 
K+ desorption. Therefore, exactly the opposite is true: 
muscle contraction is an ‘order-to-disorder transition’. 
The release of rigor by addition of ATP [76] is the ulti-
mate corroboration of Ling’s and Schrödinger’s view. 
The survival of Artemia cysts for long periods, with 
measured zero-energy consumption [52], is also conso-
nant with this. The above controversy illustrates the prob-
lem with MT not involving a holistic physical approach 
to the study of life, and underlines the need of a new 
model for cell energetics.  

According to Ling [11, 12, 18, 23, 24, 53] the mechanism 
that brings about the R-to-A and A-to-R conformational 
changes is based on the induction effect of Lewis: the ba-
sis of chemistry, hence also of biochemistry. This mech-
anism includes the inductive effects exerted by so-called 
‘cardinal adsorbents’ at the site of induction and their 
long-range propagation and spreading throughout the co-
operatively-linked proteins of the cell-matrix. Cardinal 
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adsorbents are controlling substances binding to control-
ling binding sites (cardinal adsorption sites) on the cell-
matrix. They include: all kinds of external and internal 
stimuli, hormones, neural transmitters, growth factors, 
second messengers, nucleotides and other allosteric mod-
ulators, drugs, etc.. For instance, in the case of myofi-
brils, Ca2+ is the activator and ATP restores the R-state. 
The sites for binding water, K+, etc., are called ‘regular 
adsorption sites’, while the binding sites for ATP or Ca2+ 
are cardinal adsorption sites, because of their controlling 
function and their one-on-many effect. Indeed, the induc-
tive (electron withdrawing) effect of the binding of one 
ATP molecule to one corresponding ATP binding cardi-
nal adsorption site is propagated and spread through the 
whole system of auto-cooperatively interconnected pro-

teins, reaching not only all these proteins but also all as-
sociated PML-water and all adsorbed K+. Temporary 
chemical modifications of proteins such as phosphoryla-
tion can play a similar role to cardinal adsorbents. 

The essential feature of cooperativity, in contrast to non-
cooperativity, is energetic interaction between near-
neighbor sites. It is described quantitatively in the theo-
retically-derived ‘Yang and Ling cooperative adsorption 
isotherm’ [11, 14, 18, 19, 23, 24, 53]. This equation al-
lows of auto-, hetero- and non-cooperative adsorption 
phenomena to be precisely verified experimentally, and 
has been applied as such by Ling’s group to many of 
their own experiments as well as to many existing data in 
the literature. It is analogous to (but more general than) 

Fig. (1). Energy levels of natively unfolded proteins (NUN) (red line) and natively folded proteins (NF) (green line) in the resting-state (R), 
action-state (A) and during R-to-A and A-to-R phase transitions. The energy level of NUN-proteins relative to that of NF-proteins during the 
A-state is approximately. For both groups it is somewhere between the levels of the fully unfolded state (see: NUN-proteins during the R-
state) and fully folded state (see: NF-proteins during the R-state). The exact values depend on the kind of protein, but the energy difference 
of the R-to-A transition is always greater for NUN-proteins than for NF-proteins. During the R-state, NUN-proteins are inactive. They are 
unfolded, polarize cell water and adsorb K+, creating a high-energy low-entropy metastable state. A sufficiently strong stimulus is needed for 
them to leave their high-energy basin (threshold). NF-proteins are inactive as well during the R-state because they are tightly folded, hiding 
their reactive centers inside. Slight melting to an intermediate state is needed to expose these centers and make them active. The frame repre-
senting glycolysis and respiration points towards the processes that convert fuel, oxygen, ADP and Pi into CO2 , H2O, ATP and radiation 
(both coherent and waste heat), but is not intended to lie on the energy axis. Energy of entropic origin released during the R-to-A transition 
of NUN- proteins is used for activation of NF-proteins and for biological work (physiological functions). K+, Pi and ADP liberated during the 
R-to-A transition of NUN-proteins is thought to activate major rate controlling enzymes of glycolysis and respiration, in agreement with 
known allosteric mechanisms. So formed new ATP adsorbs to NUN-proteins and causes their A-to-R transition. Subsequent lowering of K+ 
and ATP activity deactivates glycolysis and respiration. A-to-R deactivation of NF-proteins either needs a small amount of energy to leave 
their A-state high-energy basin or is a spontaneous process, probably depending on the case. Therefore, both possibilities are drawn with 
dotted lines. 
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the empirical equation developed by Hill describing the 
oxy-hemoglobin dissociation curve. Ling also showed 
that the polypeptide backbone possesses the unique prop-
erty of high polarizability and partial resonance, allowing 
it to act as a high-way for the propagation of inductive ef-
fects, resulting in water adsorption and polarization or 
desorption and depolarization. Propagated inductive ef-
fects also reach side chains resulting in K+ adsorption or 
desorption from β- and γ-carboxyl-groups and some 
comparable effects on positively charged side groups. On 
the basis of the inductive effects, all cardinal adsorbents 
were divided into two groups (eventually three): those 
generating an electron-withdrawing inductive effect (e.g. 
ATP) and those generating an electron-donating induc-
tive effect (e.g. Ca2+). The third possibility, an electron-
neutral effect, is probably not very relevant to functional 

2 

een experi-

ncy specific for each kind of interaction or func-

 according to MT) – exemplifies 

3 

processes. 

In the late 1960s, Fröhlich [77, 78], a pioneer of the study 
of coherent behavior in physical systems near absolute 
zero, started exploring the eventuality of coherent behav-
ior in living systems at physiological temperature. As a 
physicist he approached the problem from a completely 
different point of view, namely from electrodynamics. 
Living organisms are mostly made of dipolar (dielectric) 
molecules in a phase system, which is a quasi solid state. 
This implies that electric and visco-elastic (mechanical) 
forces may be in permanent interaction. The function of 
metabolism is to ‘pump’ the living system into an excited 
state. It should be noted that the latter idea is consistent 
with Ling’s R-state. Fröhlich uses the word ‘pump’ in a 
way that differs from its meaning in MT, because the ex-
cited state obtained by this pumping can be metastable. 
He uses pumping in the way Ling sees the function of 
ATP in restoring the high-energy R-state. The ensuing 
excited state is characterized by collective modes of vi-
bration of a coherent nature. This holds that the giant di-
polar structures of proteins, nucleic acids and some larger 
ensembles such as membranes, with their enormous elec-
tric fields (107 V/m), start to vibrate at characteristic fre-
quencies common to the different components belonging 
to the system. These collective oscillations originate 
through the coupling of electric dipole displacements and 
mechanical displacements. Resonances may lead to emis-
sion of both electromechanical oscillations (phonons or 
sound waves) and electromagnetic radiations (photons), 
which may exhibit coherence as in a laser. These are 
propagated over a rather long distance, so they can even-
tually be measured outside the organism. This is the way 
to obtain information about the existence of these coher-
ent collective modes. Alternatively, organisms can be 
subjected to extremely low intensities of the appropriate 
frequency, and this will lead to excitation of the corre-
sponding cell function by resonance. Both approaches to 
these so-called ‘coherent excitations’ have b
mentally tested with positive results [79-82].  

The group of Cosic [83, 84] further elaborated this idea 
in their ‘Resonance Recognition Model’. They used a 
calculation to transform an amino acid sequence into a 
frequency pattern. When this was done for proteins exert-
ing similar functions, a typical common frequency was 
always found, indicative of that function, but also found 

in the frequency spectrum of their targets. It follows that 
it is characteristic of their reciprocal attraction and recog-
nition by resonance. The frequency range for protein in-
teractions is 1013 to 1015Hz (equivalent to the near-
infrared, visible and near-UV spectra). Common frequen-
cies were calculated and also measured, and the meas-
urements were found to match the calculations. The au-
thors concluded that the specificity of protein interactions 
is based on resonant electromagnetic energy transfer at a 
freque
tion. 

Fröhlich described three kinds of coherent excitations 
[80-82]. The first is static (metastable), low-entropic and 
highly polarized and became known as the ‘Fröhlich 
state’. Jaeken [85] argued that the R-state as described in 
physiological and molecular detail by Ling and Pollack 
(gel-state) conforms to the more general physical descrip-
tion of a Fröhlich state, formulated in terms of frequen-
cies. Both descriptions evoke a low entropy, metastable 
(static), highly polarized, long-range coherent, excited 
(high-energy) state obtained through input of metabolic 
energy (ATP). The Fröhlich state is characterized by 
condensation of all modes into a single frequency, exhib-
iting coherence. Clearly this is due to the auto-
cooperative linkage between all parts in Ling’s descrip-
tion. Second, Fröhlich also described a dynamic type of 
coherence, called a ‘Fröhlich wave’. The R-to-A (gel-sol) 
and A-to-R (sol-gel) phase transitions described in physi-
ological and molecular terms respectively by Ling and by 
Pollack were both shown to conform [85] in physical 
terms to a Fröhlich wave. Third, Fröhlich envisioned the 
existence of coherent cyclic processes, known as ‘limit 
cycles’ [80-82, 85, 86]. The rhythmic succession of ac-
tion states occurring for instance during prolonged mus-
cle activity – if understood according to Ling’s AIH or 
Pollack’s GSH (but not
such limit cycles [85].  

In the early 1970s a third independent approach was 
taken by Davydov [87-90, also 91 for review]. He ap-
plied quantum mechanics to protein α-helices and 
showed theoretically that the latter might be able to con-
duct non-dispersed one-dimensional elastic lattice pulses 
along their length, which became known as ‘Davydov-
solitons’. The concept of ‘solitons’ is used in non-linear 
physics to describe the loss-less transmission of waves of 
any kind. In the case of Davydov-solitons, dispersion of 
mechanical pulses along an α-helix (in an apolar envi-
ronment) is exactly counteracted electronically by en-
hanced inductive effects on the longitudinal amide-2 hy-
drogen bonds, so that coherence is reached. Similarly, 
Davydov also described ‘electro-solitons’ and ‘protonic 
solitons’ (loss-less displacement of an electron charge re-
spectively a protonic charge along an α-helix) [89] (see 
[91] for an overview). One or more of these types of soli-
tons are believed to travel along microfilaments and 
microtubules, providing them with the ability to transmit 
and process data [92, 93]. Indications for this were re-
cently supported by direct evidence [94]. A much more 
complex type of soliton is the action potential [91, 95], a 
well-studied example of a rest-to-action-to-rest (R-to-A-
to-R) (gel-sol-gel) double phase transition [14, 18, 19, 
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36, 39, 95] in agreement with Ling’s AIH, Pollack’s 
GSH and the Fröhlich wave concept [80-82]. These stud-
ies show that an action potential is much more than the 
outdated concept of temporary permeability changes, as 

4 

 had already united the views 

5 

l 

6 

lasticity. In mechanics such systems are called ‘tenseg- 
 

MT proponents believe (see Ling [12, 18, 19, 36]).  

The group of Del Giudice [86, 96-99] followed a fourth 
path, starting from quantum field dynamics. The phe-
nomenon, which in their theory is described as a ‘Bose 
condensation’ and its reverse, here called ‘Bose de-
condensation’, was shown to correspond to the descrip-
tion of Fröhlich waves [80-82, 86, 96,] and to R-to-A 
(gel-sol) and A-to-R (sol-gel) phase transitions according 
to AIH and GSH [85]. Actually, the four independent ap-
proaches described above could all be unified using 
Ling’s physiological paradigm as a basis [85]. This unifi-
cation was achieved by interpreting the four coherent so-
lutions of a non-linear Schrödinger equation, derived by 
Tuszinsky et al., [100], who
of Fröhlich and Davydov.  

A fifth independent approach came from quantum non-
linear optics [101-106]. Using specifically developed op-
tic instrumentation, Popp [101] obtained quantitative 
measurements of the extremely weak photon emission 
(not to be confused with bioluminescence) of all living 
organisms in the visible and UV region, first observed by 
Gurwitsch and Gurwitsch in 1922 [102]. He proved the 
coherent (laser) properties of these so-called ‘bio-
photons’, defined as coherent photons produced by living 
organisms [103, 104] but absent at death. Biophotons 
may be produced by DNA [98, 103-106] and by micro-
tubules, whereby excited water plays a particular role 
[98, 99, 106]. Their coherent nature allows holograms to 
be generated, with all the remarkable properties of the 
latter including distributedness and extremely high in-
formation density, and offering the possibility of con-
structive (within cells) and destructive (between cells) in-
terference [92, 104]. Popp proposes that biophotons are 
ideally suited to coordinating the behavior of otherwise 
independent molecules located at distant places in cells, 
tissues, organs and even the whole body; and they could 
do this at the speed of light. Popp [88] concluded in a 
general way: ‘biophotons may well provide the necessary 
activation energy for triggering all biochemical reactions 
in a cell at the right time at the right place’. In that re-
spect, they are responsible for the common observation 
that a body acts as a single unit, despite it being com-
posed of innumerable individual molecules. Precisely this 
unity of behavior constitutes the problem with which 
Schrödinger struggled. Of course, the coherent nature of 
biophotons would be dispersed if they had to trave
through a non-coherent cytoplasm, as assumed by MT.  

Ingber [107, 108] demonstrated the tensegrity properties 
of the cytoskeleton. The latter consists of a three-
dimensional construction of compression-resisting struts 
(microtubules) interconnected in an indirect way by 
means of pre-stressed microfilaments and intermediary 
filaments, which have more elastic properties, or which 
by sliding past each other acquire properties equivalent to 
e

 rity structures’. They exhibit tensegrity properties, which 
means that they behave as a unified whole in response to 
external mechanical forces, which become distributed 
over the entire network and result in global rearrange-
ments. In this way a cell also achieves mechanical coher-
ence [109]. The observed pre-stress [107] means that the 
cytoskeleton – also when at rest – stores mechanical en-
ergy and hence the R-state is also a high-energy structure 
from the mechanical perspective, complementing Ling’s 
view. This property makes it very sensitive to weak me-
chanical influences. Because cells are connected by in-
tegrins and junctional complexes to neighboring cells and 
to extracellular matrices, which also exhibit tensegrity 
properties, entire tissues and even organs exhibit tenseg-
rity. The tensegrity concept allows us to explain how me-
chanical stimuli influence cellular information processing 
in the cytoplasm and in the nucleus through connections 
with the nuclear skeleton [108]. Some of its effects at the 
transcriptional level participate in morphogenesis, both 
normal and anomalous as in the case of cancer [108]. Be-
cause both the cytoskeleton and the extracellular matrix 
(i.e. collagen) exhibit piezoelectric properties [110], me-
chanical coherence goes along with electrical coherence 
[109]. And because many proteins, multi-protein systems 
and cell organelles are connected to the cytoskeleton 
[111] and can be directly influenced by data processing 
along the cytoskeletal network [92-94], chemical coher-
ence may also become aligned with both mechanical and 
electrical coherence [109].  

7 Finally, Ho [49], pursuing the idea that coherence ought 
to be reflected in its structural organization down to the 
atomic and molecular level, went to the polarizing micro-
scope and indeed directly observed the structural coher-
ence of entire living cells, even organs in living organ-
isms, proving that Schrödinger’s early proposal was fully 
justified. Ho [49] and Abbott [112] reviewed the indica-
tions that living organisms are indeed quantum coherent 
and can be regarded as macroscopic quantum systems. 
Recently, the existence of quantum coherence was di-
rectly measured in several in vitro experiments on parts 
of the photosynthetic apparatus [113-116].  

 In view of all these lines of evidence, direct and indirect, 
and the strong theoretical foundations from so many differ-
ent independent approaches, which all point in the same 
direction, the coherent behavior of life can no longer be 
dismissed. Moreover, applications are quickly being made, 
particularly in diagnostic and therapeutic medicine, as there 
are increasingly strong indications that the lack of a suffi-
cient level of coherence is the primary cause of cancer [117]. 
Genetic defects appear to originate later and secondarily as a 
result of insufficient coherence, which in a non-specific and 
progressive way destabilizes molecular and gene regulatory 
networks [117]. Despite all this evidence for coherence, 
together with the evidence for adsorption and polarization of 
water and adsorption of K+ to cell-matrix proteins , there is a 
major persistent obstruction to the uptake of these data by 
general textbooks and university courses. This obstruction is 
the persistence of MT. Therefore some additional evidence 
against an important aspect of MT, the concept of the Na+/K+ 
pump, must properly be given. 
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6. Evidence Against the Concept of Pumps  

 The lines of evidence discussed below are not against the 
existence of Na+/K+-ATPase, nor against the main steps of 
its working mechanism as it is understood at present [27], 
but against the way of thinking about this enzyme/transporter 
as the pump responsible for the steady state concentrations of 
Na+ and K+ in cytosol.  

 Evidence against the pump hypothesis properly includes 
the following. 

(1) Full inhibition of respiration and glycolysis in cells kept 
at 0°C, blocking the energy supply to the Na+-pump, did 
not result in a reduction of Na+ efflux. This early experi-
ment of Ling [11, see also: 12, 18, 19, 22, 25] was later 
confirmed with cells at 17-23°C by Keynes and Maisel 
[118] - although Keynes later adopted MT - and by Con-
way et al. [119]. Extensive controls for remnant energy 
sources (creatine phosphate, ATP, ADP, lactate) and heat 
output measurements were undertaken (discussed by 
Ling [11, 12, 18, 19, 25]), confirming that the observed 
Na+ efflux was independent of a continuous energy sup-
ply. All authors agreed on the data. Taking the measured 
Na+ efflux rate, a resting potential of -90 mV and the 
method of calculation customary in MT, the conclusion – 
quoting Ling [11, 12, 18, 19, 25] – was: ‘the minimum 
energy needed by the Na pump at the plasma membrane 
alone was from 1542% to 3050% of the maximum avail-
able energy’. Comparable work done by Minkoff and 
Damadian [120] on E. coli led to a similar conclusion. 

(2) The general consensus [27] is that in neurons, without 
inhibition of metabolism, the Na+/K+ pump consumes 
about 60% of the cell’s energy. However, there are many 
more pumps and they are located not only in plasma 
membrane, but also in the much larger area of intracellu-
lar membranes. Energy is also needed for cytoskeletal 
movement, for anabolism, regulation, etc. So, energy 
shortage remains a problem. If one considers that the R-
state of a cell in the AIH perspective is a (metastable) 
physical equilibrium not consuming energy (see point 4 
below for experimental proof), the problem of energy 
shortage is entirely taken away. 

(3) Investigators in several laboratories (summarized in [12, 
18, 19, 25]) observed Na+ exclusion and K+ accumulation 
in red cell ghost preparations upon addition of ATP, but 
only when these were prepared according to the method 
of Bodemann-Passow, which yields ghosts that are not 
pure membrane but are filled with cell-matrix (mainly 
hemoglobin, some actin and minor components). In con-
trast, when cytoplasm-free red cell ghosts consisting of 
pure membrane are prepared using methods with more 
thorough washings (discussed in [12, 18, 19, 25]), pump-
ing activity was never observed. Obviously, this indicates 
that something in the cytoplasm is necessary for estab-
lishing ATP-dependent gradients [11, 12, 18, 19, 23-26].  

(4) In 1978 Ling [51] conducted a long series of experiments 
with so-called ‘EMOC preparations’ (EMOC = effec-
tively membrane-(pump)-less open-ended muscle cells). 
Isolated resting frog Sartorius muscles were cut in the 
transverse direction and the membrane-less open-ended 
part was inserted into a Ringer solution, while the upper 

closed and membrane-delineated part was kept in the air. 
At the open-ended part in contact with the Ringer there 
are no membrane-bound pumps because there is no 
membrane, while in the upper part pumps present in the 
membrane cannot work because they are not in contact 
with the external Ringer solution (this was controlled). 
The intracellular concentrations of Na+ and K+ in the up-
per part of the cell remained unchanged for at least two 
days, despite the huge leak at the open end. Radioactively 
labeled 40K+ in the Ringer revealed that during this long 
period there was indeed transport of the label from the 
Ringer into the upper part of the cells, proving the exis-
tence of a K+ influx in the absence of effective pumps. 
The conclusions are surprising but straightforward. Since 
pumps must be ineffective in these EMOC-preparations, 
the constancy of the total concentrations of Na+ and K+ in 
the upper part of the cell over two or more days cannot be 
due to a steady state, as MT proposes. There is only one 
alternative: they must be due to a true physical equilib-
rium. This also means that neither pumps nor an intact 
membrane are necessary to maintain this situation. Clas-
sical cell energetics clearly needs to be replaced by a 
completely different mechanism consistent with these 
observations (or at least using this possibility as an addi-
tional control for experiments on "membrane” transport).  

 From previous sections, a sound explanation of the 
EMOC experiments as conducted by Ling can be readily 
inferred. According to Ling, the intracellular Na+ concen-
tration remains low despite direct open contact with a 
high Na+ concentration Ringer because Na+ is very poor-
ly soluble in intracellular water that is polarized by the 
cytoplasmic colloid (interconnected cell-matrix); and the 
intracellular high K+ concentration remains high despite 
open contact with a low K+ concentration Ringer because 
K+ is largely adsorbed to the β- and γ-carboxyl-groups of 
the proteins of the same cytoplasmic colloid. He gathered 
substantial evidence for these two proposals (see earlier) 
[11, 12, 18-26, 51]. Together, these two effects (adsorbed 
water and K+) generate a physical equilibrium that has no 
need of a special membrane or of ion pumps located in it. 
Of course, an intact cell has a plasma membrane and 
hence these ions must pass through this membrane, but 
the function of proteins such as Na+/K+-ATPase must be 
different from that assumed by MT (see later). These 
EMOC experiments seem impossible to reconcile with a 
steady state theory and explain why the problems de-
scribed above under points 1 to 4 exist. Instead of apply-
ing the Nernst equation to the total ion concentrations, as 
MT does, Ling [11, 12, 18, 19, 25] developed a new set 
of formulae in which distribution coefficients, diffusion 
effects and adsorption coefficients figure and total con-
centration is distinguished from activity (the free frac-
tion). In contrast, MT does not even have a formula de-
scribing observed concentrations and is often careless 
about the concepts of concentration and activity (instead 
of explaining their physical nature).  

(5). When authors (without exception) tried to prove the 
pumping function of Na+/K+-ATPase experimentally they 
were biased by the belief that this is the real function of 
this enzyme. It was like asking the Pope to prove the ex-
istence of God. Sorption processes were not considered 
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as a real alternative to the ion-pump in any study devoted 
to the transport function of Na+/K+-ATPase (see [45] for 
review). Nevertheless, there has been abundant direct ev-
idence for a bound state of K+ in living cells at least since 
the early 1980s (see [70] for review). 

(6) It is always necessary to get important evidence from the 
opposite approach: namely, proofs indicating that all oth-
er explanations can be dismissed (as Ling does for MT). 
However, a large number of experiments together with a 
firm theoretical background point towards a serious al-
ternative explanation for the actual Na+ and K+ distribu-
tions, which to date has remained effectively unchal-
lenged. Each challenge was followed by a rebuttal [20-
26].  

(7) Using EMOC preparations Ling [12, 18, 19, 25] made 
another crucial observation. In older EMOC preparations 
the cell-matrix at the open end gradually started to de-
grade. In the degraded parts, the Na+ concentration was 
higher and the K+ concentration lower than the normal 
cellular concentrations found in the non-degraded parts 
further away from the open end. Ling was able to observe 
a good correlation between local ion concentrations and 
local ATP concentration. It was found that a minimal 
ATP concentration is needed to keep water sufficiently 
polarized to maintain a low Na+ concentration and to 
keep K+ sufficiently adsorbed to maintain a high K+ con-
centration [12, 18, 19]. This relationship was beautifully 
addressed by Kellermayer’s group [121-123]. Red blood 
cells have a very narrowly-defined function. This proba-
bly explains why intracellular erythrocyte Na+ and K+ 
concentrations vary widely among different species and 
even within members of the same species, although the 
concentrations of these ions in the blood are very similar. 
In human red blood cells, Na+ and K+ concentrations are 
normal as in other cells. But dog erythrocytes contain 10 
times more Na+ than K+. If MT is correct, the cause of 
this aberration has to be found in the working of the 
Na+/K+ pump. If AIH is correct, the cause should be an 
abnormally low ATP concentration. Although a relatively 
good correlation exists between the activity and/or the 
amount of Na+/K+-ATPase and the steady state levels of 
Na+ and K+ [122], the uptake rate of Rb+ (a widely used 
K+ analogue) is much higher than its leakage rate, irre-
spective of the kind of red blood cells [123]. This com-
promises any tight coupling between pump activity and 
leakage rate and therefore the whole steady state idea. In 
contrast, in the different kinds of red blood cells studied, 
there is a clear relationship between ATP concentration, 
Na+ and K+ content and the intracellular K+/Na+ concen-
tration ratio. All this makes it clear that ATP is the cru-
cial factor for maintaining the physical equilibrium, but 
as the experiments under points (1) and (7) demonstrate, 
ATP does not need to turn over by means of hydrolysis in 
order to keep the ion concentrations constant. Thus, the 
manner in which ATP energizes cellular systems has to 
be re-addressed, though MT has kept Lipmann’s idea of 
‘hydrolysis of ATP’s high-energy bond’ on the stage for 
more than 70 years.  

 

7. The Mechanism of Energy Delivery by ATP 

 A central topic associated with the working of the Na+/K+ 
pump is how ATP energizes this system and other systems as 
well. The view offered by MT differs in a most fundamental 
way from that of Ling in his AIH. According to MT, energy 
is derived from the hydrolysis of ATP. MT followed the idea 
of Lipmann [8] that the phosphate-anhydride bond of ATP is 
a high-energy bond able to inject its binding energy into the 
system at the moment of hydrolysis. This would mean that 
the initial stages of strong actin-myosin binding constitute a 
higher energy state than dissociated actin and myosin in the 
relaxed state (see: the discussion on muscle contraction giv-
en before [75]). This is exactly opposite to the view of Ling 
[12, 18-26, 51]. According to Ling’s AIH, two properties of 
ATP are responsible for its mechanism as an energizer of 
cellular processes: (1) it can bind to cardinal binding sites on 
some proteins of the cell-matrix, whereby the adsorption 
energy lifts the system into a metastable high-energy low-
entropy R-state (the R-state is high-energetic); (2) it can also 
be eliminated from these binding sites by the ATPase activ-
ity of these proteins. The latter property is important for the 
R-to-A transition involved in power output.  

 Concerning the first property, the free energy of adsorp-
tion is huge: -39.7 kJ/mole for adsorption on (A-state) acto-
myosin [124] and -46.0 kJ/mol for adsorption on G-actin 
[125]. The equilibrium on G-actin adsorption constant in the 
case of (A-state) actomyosin is 9.84x106 [126], meaning that 
only 1 ATP molecule out of 9.84 million remains free. This 
also means that ATP does not have the opportunity to travel 
a long distance in the in vivo situation of macromolecular 
crowding. ATP generating enzymes must therefore be lo-
cated in close vicinity to systems utilizing it. The role of 
ATP adsorption in restoring the R-state is well-established, 
most obviously in the case of unlocking rigor of actomyosin 
[76]. The stability of the resulting ATP-cell-matrix ensemble 
was proved by the experiments of Ling on EMOC prepara-
tions [51] and those of Clegg [52] on Artemia cysts. How-
ever, some discussion may remain about the exact moment 
of enzyme-bound ATP hydrolysis: before or after initiation 
of the R-to-A transition. 

 Concerning the second property of ATP, most proteins 
that can adsorb ATP also possess ATPase activity. But the 
moment of hydrolysis may not be regarded as ‘the’ energy 
injection. First of all, this would neglect the high adsorption 
energies mentioned above. Secondly, enzyme-bound ATP 
hydrolysis is often close to equilibrium [127, 128]. In classic 
views the latter observations are not denied, but lead to pos-
sibly unrecognized confusion (see the controversy above 
about actomyosin formation, which is sometimes regarded as 
a mysterious ‘Maxwell’s demon’ [129]); a consequence of 
not having a holistic approach to cell physiology and of 
having ignored Ling’s AIH for so many years. Adsorption 
constants for ADP and Pi are much lower than for ATP. This 
allows ADP and Pi to dissociate, which is actually exergonic. 
So, energy stored in the high-energy low-entropy R-state can 
be tapped and transformed into work during the R-to-A tran-
sition in a stepwise manner and concomitantly with Pi and 
ADP liberation. Ling’s mechanism for ATP, which is  
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intimately linked to the high-energy low-entropy status of 
the R-state, corroborates and adds detail to Schrödinger’s 
idea: ‘Life feeds on negative entropy’. 

 After the above discussion of the properties of ATP, 
current models of the Na+/K+-ATPase are surrounded with 
questions. Why is nothing said about the adsorption energy 
of ATP? It is likely that the high energy state is achieved at 
the moment of ATP binding and not during the next step, 
when a phosphate group is transferred from ATP to an aspar-
tate residue on the protein. How the reaction step, not really 
a hydrolysis but a transferase activity, could be an ‘energy 
injection’? Why are the effects of structured water at the 
membrane surface not taken into account? Given the data of 
Wiggins [61, 62] on ATP synthesis by means of changing 
the water structure, and given the idea that changes of water 
structure are likely to produce large differences in free en-
ergy on entropic grounds, this question should elicit immedi-
ate experimental verification. Why is it not seen that changes 
in binding preferences (affinities) for one kind of bound ion 
in favor of another (for instance Na+ instead of K+ or the 
reverse) is a quantitatively well described process in terms in 
Ling’s AIH, which states that these (observed) affinity 
changes are brought about by inductive effects exerted by 
cardinal adsorbents? The two affinity changes that occur 
during the transport cycle of the enzyme could be explained 
by changes from an electron withdrawing effect to an elec-
tron donating effect; and this has already been demonstrated. 
Indeed, under experimental conditions, Na+/K+ ATPase can 
be made to synthesize ATP. It is usually said that a suffi-
ciently large gradient of Na+ and K+ is required to achieve 
this. However, Post et al. [130] succeeded in synthesizing 
ATP with a purified protein without an ion gradient. They 
concluded that ‘binding of sodium ion to a low-affinity site 
on the phosphoenzyme formed from inorganic phosphate is 
sufficient to induce a conformational change in the active 
center which permits transfer of the phosphate group to 
adenosine diphosphate’ [130]. The step of phosphorylation 
of the enzyme by Pi requires the presence of Mg2+ and K+, 
while the subsequent step of ATP synthesis from ADP and 
the phosphoenzyme is inhibited by Mg2+ and stimulated by 
Na+. By just reversing causes and effects one obtains the 
process in the ATPase direction. These findings, although 
they were not inspired by the AIH, completely shift attention 
from MT (based on ionic gradients) to the AIH (based on 
adsorption and its inductive effects) [18].  

 Why are the properties of ATP in a colloid environment 
not taken into account? ATP is highly soluble in ordinary 
water, as every biochemist discovers when he prepares an 
assay mixture. But oddly enough, the broader physical prop-
erties of ATP, which determine its behavior in colloidal 
‘systems’, are recognized by neither chemists nor biologists. 
No one knows how ATP is distributed among the compo-
nents of some commonly-used colloidal systems (cells, cell 
ghosts, vesicles reconstituted from purified Na+/K+-ATPase). 
All that is known at present is that ATP is amphipatic: log P 
= 1.64, where P is the partition coefficient of ATP in an 
octanol/water system [131] (for comparison, hexanol log P = 
1.46 [131]). ATP’s amphipaticity indicates that it does not 
just swim in a solution, but must be distributed among the 
components of any colloidal system according to local  
 

hydrophilic respectively hydrophobic properties. Cells, cell 
ghosts and reconstituted vesicles with built-in-Na+/K+-
ATPase all contain lipids and enzyme molecules that also 
have hydrophobic domains (see [132] for review). Since it is 
not known how the amphipaticity of ATP affects the proper-
ties of the colloidal systems studied, the data in favor of the 
pumping function of Na+/K+-ATPase cannot be considered 
as proof; nor can those on reconstituted Na+/K+ vesicles, 
commonly regarded as strong evidence. Just recall the ex-
periments of Wiggins and MacClement [62] on ATP synthe-
sis with cellulose acetate films. 

 What then is the function of Na+/K+-ATPase? The earlier 
discussion about the experiments with red cell ghosts (sec-
tion 6: point 3) clearly indicates that Na+ exclusion and K+ 
accumulation depend on something located in cytoplasm, 
which depends on ATP. In the case of cell-matrix-filled red 
cell ghosts a good guess can be made. Ling showed that 
hemoglobin together with actin (both adsorb ATP) and a yet 
to be determined minor cell-matrix component are responsi-
ble for the amounts of Na+ and K+ in the red cell ghosts [12, 
18, 19, 24-26]. The results obtained by the group of Keller-
mayer on entire red blood cells [121-123] and Ling’s ex-
periments with EMOC preparations [51] confirm that the 
cell-matrix is responsible for the amounts of both ions, and 
that their concentrations do not depend on the working of 
membrane-located Na+/K+-ATPase. However, in intact cells, 
Na+ and K+ ions have to pass through the plasma membrane 
and this suggests that Na+/K+-ATPase is responsible for the 
flux through the membrane, though not for the intracellular 
concentrations. It may even be a regulator of the flux, as 
indicated by the more recent insight that Na+/K+-ATPase has 
a receptor function [14, 133]. This function agrees with ob-
servations of its connectivity to the cytoskeleton [134, 135]. 
Its function is definitely not to maintain steady state energet-
ics, as differences in Rb+ uptake and release rates in different 
types of red blood cells demonstrate [123]. In the latter study 
the conclusion was reached that Na+/K+-ATPase is involved 
in the uptake of Rb+ (K+), which can be inhibited by ouabain, 
but that the Rb+ (K+) distribution/content is not affected 
either by this enzyme or by ouabain. This indicates that the 
Rb+ (K+) distribution/content may be primarily defined by 
adsorption. Na+/K+-ATPase is therefore not an important 
player with respect to cell energetics, but cytoplasmic K+-
adsorbing and water polarizing ATPases belonging to Ling’s 
cell-matrix are.  

 Cell energetics is determined by the cell-matrix. There-
fore, it may be important to clarify Ling’s concept of the 
‘cell-matrix’ further. The results with cell-matrix-filled red 
cell ghosts and with EMOC preparations indeed suggest that 
something comparable to a pumping function (in the sense of 
Fröhlich) is connected to the cell-matrix. But there are four 
main differences from how MT sees pumping: (a) the activ-
ity is located in the cytoplasm with only a minor contribution 
from the plasma membrane; (b) the activity is only needed 
for a very short period, at the moment of the A-to-R transi-
tion, not all the time; (c) during the R-state a physical equi-
librium is established with regard to ion and other solute 
distributions, instead of a ceaselessly energy-consuming 
steady state; (d) the energy stems from ATP adsorption and 
not from ATP hydrolysis [136].  
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 Ling’s [12, 18-26] definition of the cell-matrix as given 
earlier is a functional one. He is not primarily concerned 
with its morphology or composition. Certainly many proteins 
belonging to the cytoskeleton participate in the functions of 
the cell-matrix [18, 111] and many are ATPases or GTPases, 
but monomeric actin and tubulin, which may be only loosely 
interconnected, also polarize water and adsorb K+ [18], while 
they may act cooperatively via interspersed polarized water. 
Some membrane proteins and membrane surfaces also qual-
ify for his definition [18]. So, there is no problem in seeing 
Na+/K+-ATPase as part of the cell-matrix, but this implies 
reckoning with the colloid context and the properties of 
associated water, and being open-minded with respect to 
membrane models [18]. 

 In more recent work, Ling has coined the term ‘nano-
protoplasm’ [24, 26] (Matveev [132] used the term ‘physio-
logical atom’: the minimal structure that preserves the char-
acteristic properties) in order to place more emphasis on the 
fact that the structural and functional units of life do not 
necessarily take up the entire cytoplasm or even large parts 
of it. They can be rather small. In a red blood cell, hemoglo-
bin together with actin and the yet to be characterized minor 
protein may conform to the concept of cell-matrix and a 
minimal amount of it can yet be considered as nano-
protoplasm. Fundamental to the definition of cell-matrix and 
nano-protoplasm is that its components – proteins, water and 
ions – possess ‘the ability to exist as coherent assemblies in 
either one of two alternative states, the resting and active 
living (or dead) state’ [24].  

 This definition means that at a given moment certain 
parts of the cell may be active while others are inactive. 
Because during the period of activity new ATP is generated, 
and because in most cells many parts are active at a given 
moment, a cell may be continuously busy with ATP produc-
tion. This situation may give a false impression of something 
like a steady state, fueling the metaphor of the burning can-
dle. It may obscure the fact that some parts are literally inac-
tive and hence not consuming energy at that moment. In that 
regard, studies of myofibrils or Artemia cysts are very in-
structive because a complete R-state can be obtained.  

 It should be realized that the R-state is difficult to study, 
because without specific measures important properties of 
the cell-matrix are lost by most in vitro preparatory methods 
and by the fixation methods used for light and electron mi-
croscopy. This makes correct interpretation of many experi-
ments and also of many protein X-ray diffraction analyses 
very difficult. This has certainly helped to keep MT on the 
road. Perhaps MT is a good theory of a cell with a destroyed 
cell-matrix, capturing some aspects of the A-state but worth-
less for the R-state.  

 To conclude, Ling’s proposal [12, 18-26, 46] that it is not 
the hydrolysis of ATP that energizes cellular processes, but 
its adsorption to certain cell-matrix proteins, establishing a 
long-term (meta)-stable R-state without further energy con-
sumption once established, is amply proven by his EMOC 
preparations. The red line on Fig. (1) depicts his view of cell 
energetics. The question to be addressed now is whether or 
not his energy model is complete? According to Ling it is. 
However, in his AIH almost nothing is said about globular 
proteins, although he agrees that they occur in vivo. Does 

their existence makes a difference for cell energetics? We 
think it does, although only in a secondary way. In our view 
thermodynamics of globular proteins can be described by the 
green line in Fig. (1); and this line has to be added to the 
view presented by Ling. Our view is based on Matveev’s 
recent ‘native aggregation hypothesis’ (NAH). 

8. Matveev’s Native Aggregation Hypothesis (NAH) 

 Three aspects of Matveev’s NAH [15] are of prime im-
portance for this article. First, there is the work done by the 
school of Nasonov, to which he belongs, on some physical 
properties of the R-state and the A-state, demonstrating that 
R-to-A and A-to-R are indeed phase transitions. In this work 
the meaning of R- and A-states and their transitions is the 
same as in Ling’s AIH (and incompatible with MT). Sec-
ondly, there is his idea of native aggregation as the universal 
mechanism for all kinds of physiological processes in living 
cells. Thirdly, there is his division of native proteins with 
respect to their in vivo conformation during the R-state into 
two well-defined groups from both a structural and an ener-
getic point of view, the first group yielding the red line and 
the second group yielding the green line of Fig. (1). Addition 
of the second group allows the general outlines of an energy 
model, which fundamentally differs from the steady state 
model of MT, fully adopts Ling’s entropic model, but adds 
some aspects linked to globular proteins. 

 Nasonov, like Ling, belonged to the small group of scien-
tists who continued to believe in the bulk-phase nature of 
cells. Like Ling, he also studied the R-state of a living cell. 
This is a much-neglected field of inquiry, probably because 
nothing happens during the R-state and hence there is not 
very much to measure. The only way to learn about it is by 
comparison to the A-state. In this comparison some general 
physical parameters can be followed. Much of the work done 
appeared in the Russian language and as such it is largely 
unknown in the West. In his review of 2010 (in English), 
Matveev [15], a follower of Nasonov and also of Ling, 
summarized some main results of Nasonov’s school, adding 
his own results and making the link with the work of Ling. 

 The school of Nasonov [10] studied the remarkable phe-
nomenon that very different physical (pH, hydrostatic pres-
sure, mechanical action) and chemical stimuli, when their 
intensity exceeds a certain threshold, are able to turn a rest-
ing cell (R-state) into an active one (A-state). It was found 
that all these different stimuli produce a similar set of gen-
eral non-specific simultaneous changes in the physicochemi-
cal properties (viscosity, turbidity, hydrophobicity, structure) 
of very different types of living cells. Matveev [132] calls it 
‘a universal reaction of the living cell’ or ‘protoreaction’. 

 Activation of the cell causes a biphasic transition. Macro-
scopic viscosity first decreases and then increases above the 
resting level; cytoplasm first becomes more transparent, then 
more turbid, exceeding the resting level; hydrophobicity of 
cytoplasm as studied by means of vital stains first decreases 
and then rises above the resting level; etc. The first step can 
be considered still part of the R-state, being a phenomenon 
below the activation threshold (as is the case for generator 
potentials in neurons). The second step is initiated when the 
cell’s threshold is exceeded. It was called the ‘phase of exci-
tation’ and corresponds to the R-to-A transition discussed in 
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this article. At the structural level, when a living cell is 
viewed in the light microscope, extensive optically empty 
regions look quite homogeneous while additional structures 
appear upon excitation, which are also seen after fixation. 
There is therefore some similarity between the excited state 
and the death (fixed) state. Both Ling [12] and Matveev [15] 
consider the death state to be an irreversible ‘over-activated’ 
state, whereas the physiological active state is always re-
versible. A pathological state, such as in cancerous cells, is 
in between: an over-activated yet reversible state (see also 
[104, 117]). In order to see the rather structure-less R-state in 
the electron microscope, special precautions are needed. A 
remarkably homogeneous and very fine gel-like structure can 
then be observed, described by Porter et al., [137] as the 
‘microtrabecular lattice’. In contrast, procedures used in 
classical electron microscopy reveal some kind of over-
activated death state [15, 71, 137] characterized by much 
coarser structures. All these properties of the activated situa-
tion in contrast to the resting situation are very reminiscent 
of what happens during in vitro aggregation of isolated 
(globular) proteins [138-140]. Hence, Nasonov formulated 
what he called ‘the denaturational theory of cell excitation 
and damage’, which proposes that the cause of all the ob-
served changes in physicochemical properties during cell 
activation has to be sought in stages of protein denaturation 
occurring in vivo.  

 Misunderstandings may arise because of the term ‘dena-
turation of proteins’. In many textbooks the word ‘denatura-
tion’ is applied to globular proteins. In that case, denatura-
tion proceeds by consecutive steps of unfolding until a com-
pletely unfolded random coil is obtained. This process is 
endothermic. Heat-denaturation is one of the methods for 
achieving it. According to Ling’s AIH the cell-matrix during 
the R-state consists of a protein-water-ion complex with 
‘fully-extended’ proteins. The structure of Porter’s microtra-
becular lattice [137] may be compatible with this notion. 
Matveev [15] gives a new quite literal definition of ‘denatu-
ration’, which allows the term also to be applied to the latter 
group of proteins. This new definition is intimately linked 
with the not yet widely-known concept of the R-state. The 
definition is derived from the idea that the ‘native’ or ‘natu-
ral’ state of a protein is how it occurs in the in vivo R-state. 
For a natively tightly-folded globular protein the act of dena-
turation then corresponds to the stages of unfolding. How-
ever, for a natively fully-extended protein, the act of denatu-
ration corresponds to the process of folding. Matveev [15] 
expresses the latter idea as follows: ‘In the native state the 
key cell proteins are inert, non-reaction-capable; they do not 
interact with each other or with other biopolymers’. That all 
proteins may be inactivated during the R-state is proved by 
the observations of Clegg on Artemia cysts [52]. In these 
cysts even glycolysis and respiration must have come to a 
halt: zero activity. And now the new definition: ‘Loss of the 
state of inertia is denaturation’ [15]. When a fully-extended 
protein denatures (during R-to-A transition) temporary sec-
ondary structures appear and these structures are ‘reaction-
capable’ in a specific way. Specificity suddenly appears on 
stage. On the other hand, a tightly-folded globular protein is 
inert and non-reactive because its reactive structures, since 
they possess hydrophobic regions, are hidden in the interior 
of the globule. Upon activation they undergo partial melting 

producing an intermediate state, whereby the reactive struc-
tures become exposed, ready for specific interaction. So, 
when a tightly-folded globular protein partially denatures 
during R-to-A transition, this happens by slight melting, just 
enough to expose their reactive secondary structures and 
make them ‘reaction-capable’. 

 To begin with, the above description indicates that with 
respect to the process of denaturation and activation (the loss 
of the inert R-state), proteins fall into two well-defined 
groups: the natively fully-unfolded proteins described by 
Ling and hereafter called ‘NUN-proteins’; and the natively 
tightly-folded proteins, corresponding to the more classical 
picture of a protein, at least a few decades ago, hereafter 
called ‘NF-proteins’. This division is of prime importance 
for reaching an understanding of cell energetics because: (1) 
although the classical way of thinking about in vivo proteins 
has evolved quickly, it nevertheless remains strongly biased 
by MT and is incompatible with coherence and the in vivo 
state of water and K+, so wrong ideas about cell energetics 
are likely to persist for some time ; (2) Ling’s view takes 
away these problems with coherence and the in vivo state of 
water and K+, but in his cell-matrix concept he only de-
scribes NUN-proteins, devoting only a few sentences to 
globular proteins. For instance, in his 1992 book ([19], p. 
72), he makes a clear distinction: ‘In globular native pro-
teins, hydration is limited to polar side chains. … In fibrous 
proteins, some of the backbone NH-CO groups are not 
locked in intra-macromolecular H-bonds, and are thus free 
to sorb water. … The polar side chains, as a rule, sorb rela-
tively small amounts of water’, whereas a few pages further 
(p. 100) he states about NUN-proteins:’ ‘Both water sorption 
in fully-extended proteins and that in living cells follow 
Bradley’s multilayer-adsorption’. This reveals why he does 
not discuss NF-proteins very much. Indeed, in order to ex-
plain water-sorption by the entire cell, NF-proteins are rather 
irrelevant. He calculated that if all proteins were globular in 
the native state, only around 6.25% of cell water would be 
influenced. However, it will be argued below that NF-
proteins do have a contribution in cellular energetic, al-
though it is a secondary one. 

 Energetically the existence of two groups of proteins 
during the R-state, NUN- and NF-proteins, also follows from 
caloric measurements of protein unfolding. These studies 
reveal that the fully-folded state has a stability of between 
+20 to +80 kJ/mole [54] compared to the fully-unfolded state 
and so the unfolded state needs an external energy input in 
order to exist. In view of the AIH, the above energetic values 
make it clear that proteins that are closer to the lower value 
of +20 kJ/mole could exist in a largely unfolded state with an 
energy input derived from the adsorption of ATP, which is in 
the order of -45 kJ/mol [45, 124, 125]. These are NUN-
proteins, characterized by a high-energy level. Their activa-
tion leads to folding, which is an exothermic process and 
allows power output. Owing to the adsorption and polariza-
tion of the surrounding water, the inactive ensemble of ATP-
protein-water-ion has very low entropy. So, the power output 
is driven by entropy. Evidently, for proteins closer to the 
higher value of +80 kJ/mol, a fully-folded globular in vivo 
state is more likely. This state is stable by itself because it 
occupies a minimum energy well. Their active intermediate 
state, however, remains at a higher energy level and hence 
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needs energy input (activation energy). These are the more 
classic globular or NF-proteins.  

 Modern protein biophysics supports the existence of 
rather stable and reproducible intermediate states separated 
by a threshold from other states, and situated between the 
two extremes of the tightly-folded globule and the fully 
unfolded protein [55]. Dunker et al. [141] proposed the con-
cept of the ‘molten globule’ and Uversky [142] of the ‘pre-
molten globule’. Since the field is currently developing, 
preference is given here to the more general term ‘active 
intermediate’ state(s)’, particularly because the NAH deals 
with any kind of physiological process and not all cases need 
be similar. NAH holds that globular proteins are inactive in 
their most compact fully folded state hiding their reactive 
sites (the native state) and are activated by transition to a 
more loosened intermediate state, whereby the reactive sites 
are exposed to the surroundings and become reaction-
capable. Activation of globular proteins by loosening their 
tightly folded state is evidently endergonic. It can be con-
cluded that since the existence of globular proteins in vivo 
cannot be denied, neither does the endergonic nature of their 
activation, the green line in Fig. (1) has to be added. 

 What counts in favor of the concept of native aggrega-
tion is that (1) a given protein can exist in an inactive inert 
state and in one or more active functional states; (2) in the 
active state(s) interaction-capable secondary structures ap-
pear and can be exposed to other activated biomolecules (not 
necessarily only proteins, actually any kind of ligand) so that 
physiological activity can take place temporarily. The ration-
ale of the NAH lies in the facts that (a) the specificity re-
quired for each individual kind of physiological process 
during the A-state does not exist during the R-state but ap-
pears at the beginning of the R-to-A transition through the 
mechanism of protein denaturation (new definition); (b) 
despite the many kinds of different stimuli and the huge 
variety of specific physiological responses, the common 
mechanism of protein denaturation (new definition) always 
goes along with the same non-specific or universal changes 
of all physicochemical parameters associated with a protein-
water-ion phase transition; and (c) that the formation of 
functional aggregates is not the result of a random Brownian 
process (as described in the literature on IDPs [56]), but is an 
organized event in agreement with the literature on coher-
ence (see before) and with Cosic’s resonance recognition 
model [83, 84]. For a further more detailed treatment of these 
concepts including a number of clarifying examples refer-
ence [15] can be consulted. 

 Summarizing in Matveev’s words [15]: ‘Two extreme 
protein states can be identified: the completely folded (the 
globular protein) and the completely unfolded states. Be-
tween these inactive (native) states, numerous intermediate, 
active forms can exist; it is these forms that produce native 
aggregation.’  

9. A New Proposal (Model) for Cell Energetics  

 This new proposal, based on Ling’s AIH and extended by 
Matveev’s NAH, is depicted in Fig. (1). The red line is for 
NUN-proteins (see before: section 4 point 1) and the green 
line for NF-proteins. Below a complete overview for each 
stage from R over to A and back to R is given. 

 

The R-state  

 Considering the entire living cell, the R-state is a metast-
able high-energy low-entropy state, stable over long periods 
of time, as EMOC preparations [51] and Clegg’s work on 
Artemia cysts [52] made clear. The term ‘metastable’ is used 
to indicate the stability of the high-energy character of the R-
state, but also its potential to fall into lower-energy states, 
because it is very far from thermodynamic equilibrium (see 
[143] for details). However, as Ling [51] pointed out with his 
EMOC preparations, it is nevertheless a physical equilib-
rium, in need of neither pumping activity nor a continuous 
energy supply, as MT erroneously believed. The R-state can 
exist in a high energy basin, so a small amount of external 
energy is needed to leave this basin. This small amount can 
be regarded as a kind of activation energy, delivered for 
instance by the adsorption energy of activating cardinal ad-
sorbents such as Ca2+ (or another activator). The amount of 
energy introduced by the external stimulus must be sufficient 
to reach the threshold; if not, the R-state persists. 

 In the late 1960s, Prigogine [144] developed the thermo-
dynamics of non-linear systems far from equilibrium and 
characterized by dynamic behavior. He discussed living 
systems from his new point of view. During activity (R-to-A 
and A-to-R transitions), living systems are indeed dynamic, 
so his thermodynamics could be applied. If MT were correct, 
these thermodynamics would also apply to the R-state, since 
MT regards the R-state as a steady state in need of continu-
ous pumping activity, i.e. as a dynamic system. However, as 
explained above, Ling demonstrated beyond doubt that MT 
is wrong and that the R-state is a metastable static state, in 
physical equilibrium but far from thermodynamic equilib-
rium. This means that the thermodynamics of Prigogine 
cannot be used to describe the R-state. Only very recently, 
Prokhorenko and Matveev [143] derived the thermodynam-
ics of static (metastable) non-linear systems far from equilib-
rium. They were developed from first principles and imme-
diately applied to Ling’s description of a cell’s R-state. 
Ling’s R-state has therefore been placed on a firm thermo-
dynamic foundation.  

 Proteins making up the R-state must now be dissected 
into the two groups described above. NUN-proteins making 
up Ling’s cell-matrix are responsible for the fact that the R-
state is a metastable high-energy low-entropy state. The 
stability of their association with bound ATP is responsible 
for the static character of this state, whereas the process of 
ATP binding during an A-to-R transition is responsible for 
lifting the system into the high-energy low-entropy basin. 
NF-proteins are stable on their own during the R-state, since 
they exist in the fully folded conformation, which for pro-
teins represents the minimum energy basin. Summation of 
the energy levels of the two groups gives the high-energy 
level of the entire system in the R-state. It equals the energy 
level of NUN-proteins minus the energy level of NF-
proteins. The result of this summation in all cases remains in 
favor of a net high-energy level. 

R-to-A transition 

 R-to-A transition is initiated by an external stimulus or 
internal signal of sufficient strength to overcome the thresh-
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old. It is relayed to the appropriate intracellular site mostly 
indirectly, for instance mediated by Ca2+. The latter in turn 
acts on NUN-proteins that bear cardinal adsorption sites for 
activation (for instance Ca2+-binding sites). The strong in-
ductive effect exerted by this binding is auto-cooperatively 
transmitted through the cooperatively-linked cell-matrix 
(NUN-protein system) and unleashes non-specific effects 
associated with the R-to-A phase transition, together with a 
whole range of specific functional effects, which are depend-
ent on specific interactions among specific proteins (see 
NAH).  

 Again, the two groups of proteins have to be distin-
guished. Folding of NUN-proteins is exergonic, whereby 
dissociation and depolarization of associated water and de-
sorption of bound K+ are responsible for a large increase in 
entropy. Power output is generated from the stored low en-
tropy. The slight unfolding of NF-proteins into an active 
intermediate conformation, however, is endergonic. It is 
proposed in this new model that the necessary energy is 
transferred from the exergonic reaction of NUN-proteins to 
NF-proteins. Mechanisms for such energy transfer will be 
given at the end of this article. The net exergonic nature of 
the R-to-A transition for the entire system is equal to the 
energy liberated by NUN-proteins minus the energy uptake 
by NF-proteins and always has a net exergonic character, so 
that power output is guaranteed. 

 Native aggregation is a broad concept dealing with the 
temporary formation of active functional complexes of pro-
teins with any kind of ligand (other proteins, polynucleo-
tides, substrates, ions, etc.) at the onset of R-to-A transition 
[15]. Formation of an aggregate of two or more NUN-
proteins (for instance, actomyosin formation) is exothermic, 
of a NUN-protein with a NF-protein is net exothermic. Inter-
action between two NF-proteins is not excluded, but ener-
getically it is only possible after the activation energy for 
both proteins is delivered in some way, whereby ultimately 
this energy must come from the R-to-A transition of a NUN-
protein system or directly from an external stimulus. 

The A-state 

 In the A-state NUN-proteins and NF-proteins are in a 
quite different situation. Actin and myosin can be taken as 
examples of cell-matrix (NUN-) proteins [12, 14, 18, 70, 73, 
134]. They possess unfolded regions [14, 75], polarize water 
[14, 18, 73], adsorb K+ [68-73], possess cardinal adsorption 
sites for ATP and exhibit ATPase activity [12, 14]. It was 
shown that upon activation of myofibrils weak binding be-
tween the S1-head of myosin and actin is followed by the 
release of Pi , allowing strong binding, which in turn leads to 
the power stroke and only then to ADP-release [145]. To-
gether, these consecutive steps represent the R-to-A trans-
formation, which is an exergonic dynamic process. After 
dissociation of ADP the system settles into its stable (static) 
low-energy basin, the A-state (rigor) with myosin heads free 
of nucleotides. Myofibrils will remain in this rigor state 
unless ATP is added [76, 145]. This fact illustrates the static 
and stable nature of the A-state as far as it concerns NUN-
proteins. In contrast, during the A-state NF-proteins may 
remain active as they occur in a high-energy functional state, 
described above as an active intermediate state. The energy 
to lift NF-proteins into their active intermediate state can be 

considered as a kind of activation energy and should be de-
livered either directly from the stimulus or from the R-to-A 
transition of NUN-proteins. Mechanisms of energy transfer 
are described below. 

 Summing up, the A-state has both a static low-energy 
component of NUN-proteins and a dynamic (relatively) 
high-energy component of NF-proteins. The high-energy 
level of NF-proteins during the A-state is, however, lower 
than the high-energy level of NUN-proteins during the R-
state, so that the R-to-A transition is invariably exergonic. 

A-to-R transition 

 Glycolysis and respiration generate new ATP. Some ATP 
is needed to activate these pathways (for instance hexokinase 
and phosphofructokinase reactions) before a larger amount 
of ATP can be generated. Therefore a cell always needs a 
minimal amount of ATP (see also EMOC experiments). In a 
healthy cell the minimal requirement for ATP remains suffi-
cient during the A-state so that metabolic activity generates 
more ATP, lowering the ADP/ATP ratio. This new ATP 
quickly adsorbs to NUN-proteins of the cell-matrix because 
of the very high adsorption coefficients for these proteins 
(for actomyosin: 9.8x106 [46]). The adsorption energy of 
ATP (near 45kJ/mol) lifts NUN-proteins of the cell-matrix 
back into their inactive (meta)stable high-energy low-
entropy basin of the R-state. As stated earlier, Ling made it 
unequivocally clear that the adsorption energy and not the 
hydrolysis energy of ATP is responsible for this A-to-R 
transition [12, 18-26, 46]. NF-proteins may return to their 
low-energy inactive fully folded state by means of several 
mechanisms discussed below. Their inactivation per se is 
exergonic, but eventually a small amount of energy is needed 
to reach the border of the high-energy basin they occupy. 
Whether or not this small amount is needed may depend on 
the particular case; therefore, two dotted green lines are 
drawn for this stage on Fig. (1). It depends whether the acti-
vated state is a real energy basin or a transient that needs 
only activation energy to start it, in which case it then flows 
exothermically downwards.  

Energy Transfer between NUN- and NF-proteins 

 While the need to activate NF-proteins during R-to-A 
transition is self-evident, as explained above, the source of 
the energy is rather speculative in the sense that there are 
many possibilities and there might be different mechanisms 
for different cases. Activation energy for NF-proteins may be 
delivered either (a) rather directly from the stimulus itself or 
(b) indirectly from the stimulus through the intermediary of a 
NUN-system. In the latter case, the question is: how is en-
ergy transferred from a NUN-system to a NF-system? 

 First, this energy transfer may occur when direct confor-
mational contact is possible between proteins of the two 
groups. Many globular (NF) proteins are thought to be asso-
ciated with elements of the cell-matrix (NUN-proteins) 
[111], enabling such direct transfer. Molecules of some pro-
teins have both NF-segment(s) and NUN-segment(s) at the 
time [58]. Alternatively, energy could be tapped from the 
immediate surroundings. Indeed the most penetrating aspects 
of the R-to-A phase transition are due to the NUN-system. 
The local physicochemical environment is changed so pro-
foundly and in an exothermic entropy-generating way that a 
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nearby inactive NF-protein has plenty of energy in its imme-
diate vicinity to be activated. The cooperative transformation 
of Ling's resting protein-water-K+ complex indeed results in 
a change of the physical conditions in protein microenvi-
ronments. The region that was previously in its R-state be-
comes more permeable. Diffusive fluxes of substances ap-
pear and with them come gradients of thermodynamic poten-
tials: the higher the degree of cooperativity, the greater those 
potential gradients. In the case of ions, electric diffusion 
potentials are generated. These potentials can be energy 
sources for any kind of biological work including melting of 
some globular proteins. Proteins have side groups that vary 
greatly in polarity. This means that proteins are surface-
active compounds. Living cells, as colloidal systems, exhibit 
many local phases and interphase boundaries. Interphase 
boundaries are surfaces for the adsorption of various sub-
stances, including proteins. Phase transitions fundamentally 
change the distribution of substances in the A-state as com-
pared to the R-state. This may lead to changes in adsorp-
tion/desorption. The energy associated with these adsorp-
tion/desorption processes may easily destabilize a protein’s 
R-state and lead to melting of NF-proteins or to folding of (a 
new portion of) a NUN-protein. 

 Energy transfer over longer distances is also possible, for 
instance by shuttling of allosteric modulators, second mes-
sengers, or ions. Some other mechanisms of energy transfer 
over longer distances are often of a coherent type: short or 
long distance transmission of energetic pulses along auto-
cooperatively linked protein systems such as microfilaments 
or microtubules. Davydov-solitons and electro-solitons have 
been suggested for energy transfer along these transmission 
lines [92-94]. Biophotons may constitute another mechanism 
for long-distance transmission and coordination [103-105]. 
At a more local level Cosic’s resonance recognition model 
[83, 84] may be of particular importance. 

Glycolysis, Respiration and the K+-shuttle 

 The energy model depicted on Fig. (1) is finalized with a 
proposal of (a) the likely mechanism of activation of the 
ATP regenerating system as the R-to-A transition proceeds; 
and (b) the mechanism of its de-activation as the R-state is 
reinstalled. A causative time sequence of events is proposed 
as the most obvious mechanism. In this proposal the R-to-A 
transition of for instance actin and myosin starts earlier than 
the R-to-A transition for ATP synthesis, because the latter 
has to wait upon liberation of ADP from actin [146] and 
myosin [145, 146]. Similarly, subsequent adsorption of new-
ly formed ATP to actin and myosin [124, 125, 145, 146] 
restoring the R-state of the latter proteins precedes the inac-
tivation of the ATP synthesizing machinery, because the 
latter has to wait the lowering of the ATP/ADP ratio caused 
by the ATP adsorption process (see Fig. 1). 

 This proposal might look strange when one has the im-
pression that ATP and ADP are distributed rather homoge-
neously in ‘cytosol’ and that ATP synthesis and consumption 
take place continuously, be it at a physiologically adaptable 
speed. However, the co-existence of R- and A-states simul-
taneously in different parts of the cell together with the am-
phipatic properties of nucleotides necessitate to leave the 
idea that free ATP is present all over the ‘cytosol’ and is 
synthesized permanently. The high value of the adsorption 

coefficient of ATP to certain proteins makes its free concen-
tration in cellular regions, which are in the R-state almost 
nihil; and glycolysis is likely to be halted in that region. At 
the end of R-to-A transition the sudden local liberation of 
ADP must lead to a local quantitative conversion into new 
ATP, which then adsorbs fast and locally. In this story K+ 
may play a primary role. 

 The key regulatory function of K+ during the R-to-A-to-R 
cycle is not generally realized. In a recent extensive review 
of the role of monovalent ions in enzyme function, Page and 
Di Cera [147] wrote: ‘Because the concentration of Na+ and 
K+ is tightly controlled in vivo, M+ ‘s do not function as 
regulators of enzyme activity’. Contrarily, according to 
Ling’s AIH, K+ activity is quite different between the R- and 
A-states, so K+ may effectively exert a regulatory function of 
prime importance. Ling [148] proposed such regulation in an 
un-cited short paper. K+ activity is very low during the R-
state (about 2.5 mM) owing to adsorption to NUN-proteins 
of the cell-matrix. This bound K+ is then suddenly liberated 
at the onset of the R-to-A transition yielding a high K+ activ-
ity (about 150mM in neurons) during the A-state. Some of 
the liberated K+ ions may subsequently bind to some other 
proteins. Ling [148] mentions that two metabolic pathways 
in particular are activated by high K+ activity: glycolysis and 
respiration. Pyruvate kinase [149, 150] absolutely requires 
high K+ activity and so does phosphofructokinase [151]. 
Mitochondrial activation is dependent on a K+ influx [152-
155], which according to the AIH is initiated at the onset of 
the R-to-A transition. At that moment, K+ may literally turn 
on these pathways as a main switch; and next, an increasing 
ADP/ATP ratio, associated with the power output of the R-
to-A transition, further modulates the pathway flux in an 
allosteric way. In addition, increased ADP and Pi activity 
have a substrate effect on these pathways. As a result new 
ATP is quickly generated and binds to nearby NUN-proteins. 
This reinstalls the R-state of this group, whereby K+ is re-
adsorbed. K+ activity drops again to a low value, causing its 
dissociation from regulatory glycolytic enzymes and leaving 
mitochondria. Glycolysis and respiration are again inacti-
vated. If a cell is at complete rest, low K+ activity in the 
entire cell may lead to complete shutdown of glycolysis, 
respiration and other metabolic pathways. The total ATP 
concentration in the cell is high, but it is adsorbed to NUN-
proteins in a stable manner. This at least follows from 
Clegg’s observations on Artemia cysts [52]. It is therefore 
time to realize that great changes in K+ activity during R-to-
A and A-to-R transitions may operate as a real ON/OFF 
switch for ATP-generating pathways.  

 Considering the entire R-to-A-to-R cycle, the effects of 
K+ may give rise to an automatic causative time sequence 
mechanism enabling the cycle to proceed and limiting the 
duration of the A-state, possibly also in the case of ‘limit 
cycles’, where cytoplasmic K+ oscillations may be expected. 
Mitochondrial K+ cycling has been described [155], but 
unfortunately it was not interpreted from Ling’s point of 
view, as has been done here. 

CONCLUSIONS  

 Schrödinger’s idea that ‘life feeds on negative entropy’ 
[17] could not find its place in MT because, according to 
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MT, the media on both sides of the plasma membrane do not 
differ in entropy (ions and water are thought to be free on 
both sides). MT has therefore been the greatest obstacle to 
the spread of physical ideas and methods in cell physiology. 
As a result, there is a huge gap between cell physiology and 
both physics and chemistry (especially colloid chemistry). It 
is clear that the living cell is a multiphase system with many 
interfaces including the surfaces of proteins, protein com-
plexes, and different supra-molecular structures. For most 
biologists the term ‘colloid’ is associated with the early 20th 
century. However, during the past two decades, colloid 
chemistry has developed a great deal. The knowledge ob-
tained must now be used to solve problems of cell physiol-
ogy. Biologists, who are working with colloidal systems 
(cells and cell models) but possibly not realizing it, may 
draw erroneous conclusions if they lack knowledge of physi-
cal and colloid chemistry. What seems to have been proven 
may be a serious mistake. It is necessary to combine the 
efforts of scientists from various specialties. Ling’s AIH is a 
good springboard for physicists who are interested in biol-
ogy. But even more, everybody working in biosciences 
should have knowledge of Ling’s AIH, Pollack’s GSH and 
the coherent behavior of cells. An alternative view of such 
broad extent and importance including a different view of 
cellular energetic, expanded slightly by the present study, 
should not be missing from general textbooks and basic 
university courses. 

ABBREVIATIONS 

A = Action 

AIH = Association-induction hypothesis 

EMOC = Effectively membrane-(pump)-
less open-ended muscle cells 

GSH = Gel-sol hypothesis 

HDW = High-density water 

LDW = Low-density water 

MT = Membrane theory 

NAH = Native aggregation hypothesis 

PML-water = Polarized multilayer water 

R = Rest(ing);  

NF-proteins = Natively folded globular proteins 

NUN-proteins = Natively unfolded proteins 
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