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AHARON KATZIR-KATCHALSKY was an outstanding scientist and humanist, whose objective 
contributions to our knowledge and understanding had long before his tragic death assured 
him a place in the top rank of this century. The world can ill afford to lose such minds. 

Not for this alone, however, is he being missed and mourned. After all, these of his con
tributions stand and will remain. He is being missed and mourned, by hundreds of people 
all over the world, for something much more personal and precious, something which each 
had received from him, at some encounter, at a seminar, at a public lecture, at a private 
discussion, something of the excitement and wonder of the intellectual pursuit which he 
could so magically arouse and instil. 

There was no occasion which Aharon Katzir failed to improve with his mind and words. 
Whenever he talked he aroused our intellectual curiosity, stimulated our thoughts, brought 
forth our interest. Activities which seemed commonplace, subjects apparently banal, he 
could make engage our minds. He left his audience refreshed, mentally invigorated, newly 
encouraged in their work, revitalized in their interest. 

It is Aharon Katzir who should have delivered the Plenary Lecture he anticipated to 
give today on biological membranes and biorheology. It is with many sad thoughts and 
in deep sorrow that I am speaking about his work in his place. 

Biorheology, movement and life had always fascinated him and the field stood close to the 
center of his research interests. 

While life is motion, the absence of motion-thermodynamic equilibrium-is death. The 
further we are from equilibrium, the younger we are, the more alive, the fuller of motion. 
Living processes should be far from equilibrium, they should override their environment, 
interact strongly with it, be in command. Biorheology deals with living processes, it deals 
with the fluid mechanical aspects of life. We could paraphrase biorheology as life, flow and 
deformation. 

In pursuing these aims the biorheologist tends to go in two directions. On the one hand, 
from a macroscopic point of view, he wants to understand the principles and forces which 
produce motion; on the other, from the microscopic point of view, he looks for interpreta
tion in the molecular dynamics and structure of the system. This duality of approach was 
not always realised. The early chemists and biochemists who established the macro
molecular, polymeric nature of most biological structural and chemically specific material 
did not at first see this as a world in motion. They were writing chemical formulas on their 
paper and for them these structures did not move. 

It was left to Werner Kuhn to establish and show that, conformationally, macromolecules 
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are in turmoil and that mechanical response and motion on the macroscopic scale are the 
outcome of macromolecular motions acting in unison over structurally related and corre
lated regions. The changes in length of a striated muscle, for example, are related to dedicated 
shifts in alignment between macromolecular structures. 

Of importance to the biorheologist is not only the fact of moving but the "how", the 
biorheological equation of state. This too is governed by macromolecular properties. We 
interact effectively with our environment not only because of our muscles, but because these 
are linked to parts of our body, which, due to their macromolecular composition, deform 
and respond in a suitable fashion. 

In this field of molecular biorheology Aharon Katzir's name is very closely linked to that 
of Werner Kuhn. Together they, for the first time, developed an understanding of the 
behavior of charged macromolecules, polyelectrolytes [3, 6, 7]. Most biopolymers are in
deed polyelectrolytes. In the case of polyelectrolytes, as the electrolytic environment is 
changed, large conformational transitions occur, and they developed the idea that muscular 
contraction was due to such interactions. From these beginnings not only the field of 
polyelectrolyte chemistry [2-5,8,9,14-19,24,26,27,29,30,32-36,38-41,43,45,46, 48,50, 
51,57,59,61,62,65,69,73,74, 76, 95, 99, 102, 111, 112, 114, 121, 133, 138, 147], but the 
principles of mechanochemistry [17,47,49,56,58,80,105,107,110,137,139,142,146], the 
direct conversion of chemical energy into mechanical energy, was developed. 

The emphasis first placed on polyelectrolytes in relation to muscular contraction was soon 
dropped since Katchalsky rapidly realised that many other reactions involving the turnover, 
say, of secondary and covalent bonds could produce conformational changes just as well, 
if not more effectively, than electrolytic interaction. The response time of such reactions, in 
particular, was much more in keeping with the rates of muscular contraction than those of 
the diffusion controlled electrolytic interactions. 

And so a new, fundamental question arose. How is the coupling of a chemical reaction 
and a flow to be described. On the basis of what principles can such a problem be discussed. 
The field of irreversible thermodynamics seemed to supply the answer, but, at this point, 
was still very young in its development, its realm of application not fully explored and often 
misunderstood. Aharon Katzir entered the field and steeped himself in its philosophy. He 
not only contributed to its fundamental arsenal of formulas, he lifted it out of its abstract 
inaccessibility, applied it effectively to biological problems and, in particular, to the function
ing of biological membranes [71, 82, 87-89,96-98,100,116,120,122-128,131-133,135,140, 
143,150,157]. 

In its early stages this was a quest for the formalisms into which to cast and then analyse 
results. To a major extent, however, this was a search for mechanisms, for a specification of 
the molecular processes, by which directed transport can be achieved out of, a-priori, un
directed chemical reactions. The idea of a specific macromolecular conformational change 
following the chemical reaction step suggests itself. This, if binding occurs at sites which are 
moved, provides the basis of facilitated transport of the so-called macromolecular carrier 
mitigated transport mechanism so extensively discussed over the last years, unfortunately, 
so far, with little direct support. 

A flaw in approach made its appearance. For the analysis by irreversible thermodynamics 
to be applicable, the process has to occur close to equilibrium and life processes, as we have 
already stressed, predominantly occur far away from this condition. For most processes 
hence the principles of irreversible thermodynamics do not apply and the search for new 
principles was on, with the disturbing thought that, in this quest, the requirements of ordin-



The Aharon Karchalsky Memorial Lecture III 

ary thermodynamics, equilibrium and non-equilibrium, may be of very little help [134, 148-
150, 156]. 

Even the concept of a macroscopic system may have to be modified and re-introduced in 
such a way as to allow for the obvious heterogeneity of a living system, operating far from 
equilibrium, incorporating gradients and effecting mechanical and other transport. For this 
purpose, over the last years, Aharon Katzir began to develop an approach which he called 
network thermodynamics, or the thermodynamics of flow [136, 149, 150, 152, 157, 159, 163, 
164]. 

In practice, it is an approach borrowed from the electrical engineer, who, by sending 
electrons to move and oscillate along metallic paths, achieves the purposes of energy con
version and mechanical function. The electrical engineer builds up networks of resistances, 
capacitors, inductances, each uniform in itself, but making sharp transitions at junctions. 
Aharon Katzir proposed looking upon chemical and biological systems in a similar way. 
Reduce large parts of them, according to function, into "uniform" units which, while sup
pressing much of the structure, retain those elements of it which are relevant to the process 
under consideration. Between and over such units, which combine into a network, chemical 
and mechanical transfer takes place. 

It is clear that each network description, at the same time, establishes a pattern
characteristic of the situation to be described-and that stationary gradients will be es
tablished in this pattern for given fluxes through it. The system is operating in a stationary 
state superposed on an established structure. 

Now we can visualize two cases: (1) We are in the realm of irreversible thermodynamics, 
close to equilibrium. Under those circumstances the network pattern is that characteristic 
of equilibrium and, in principle, is uniquely established, since it has to satisfy the thermo
dynamic criteria of stability. Note the severe restriction implied. Since equilibrium is well 
defined, the pattern is unique. Major changes in the environment are required to upset it. 
The living world is much more kaleidoscopic. Our experience teaches us that it is enough to 
alter the input of energy, sometimes only by slight amounts, in order to upset and change 
the pattern. 

Hence we turn to the second case: (2) We are operating far from equilibrium. New 
patterns can spontaneously arise. A state of high stability, one pattern, has been gradually 
pushed to the brink, and the system passes rapidly through a set of unstable states into 
another state of stability, into a new pattern. These states of high stability are stable station
ary states existing far from equilibrium. They are stable since the pattern and the topography 
of the mechanical and chemical gradients is maintained over a range of energy flux changes 
without destroying the structure. But not indefinitely so. The pattern can be toppled by 
going outside the stable range in either way [149]. 

Model situations can be created in the laboratory which behave in this way, and theoretical 
models can be derived simulating these properties. The picture is also intuitively acceptable 
and can be extrapolated to much wider situations. Aharon Katzir, for example, saw in it 
wide implications for society and social organization in general. Unfortunately very little is 
known about the systematics of these states, what principles govern their existence, what 
determines their relative stability under some circumstances and makes them unstable 
under others. 

These are good, but in part philosophical, questions. The network thermodynamics on 
which Aharon Katzir was working at the time of his death, for example, does not depend on 
its application on their solution. Building the network already implies acceptance of the 
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pattern and of the nature of the fluxes. The analysis then tells us how such a system will 
work and operate, and, by comparison with experiment, whether the description is ade
quate. The problem here is settling on the pattern, deciding on what network to construct, 
what to put in and what to leave out. Once this is done the approach gives us an integrated 
view of a complex system and a powerful tool for its analysis. 

This will have wide-ranging implications for biorheologists. We have been concerned, in 
the past, mainly with characterizing some of the components of a living pattern, those in 
particular which control, or are subject to, mechanical flow and deformation. The wider 
questions which have been raised, however, are of no lesser significance. The path pioneered 
by Aharon Katzir will become of increasing importance to us all. 
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RESEARCH ACTIVITlES* 

Professor Aharon Katzir-Katchalsky 

"The physical chemistry of water soluble polymers, and in particular of polyelectrolytes, 
was seen as the basis for the understanding of the behavior of biopolymers. The thermo
dynamics, electrochemistry and transport properties of polyelectrolyte solutions and gels 
were studied, and the interaction of polyelectrolytes with biological systems, and the role of 
biopolyelectrolytes in cellular organization investigated. During the last couple of years 
nucleic acids and polynucleotides exhibiting metastable conformational transitions were 
studied. A remarkable finding was that long-lived transitions can be induced by electrical 
fields of an intensity comparable to that of a nerve impUlse. 

Direct conversion of mechanical into chemical energy-underlying the operation of 
muscle and other biological motile organs-was studied on synthetic models. The laws of 
mechanochemistry led to the development of the first man-made mechanochemical engines 
which operate on the principles of biological contractility. 

Nonequilibrium thermodynamics have been introduced as a tool for the analysis of 
biological transport phenomena. Nonequilibrium thermodynamics has been shown to be a 
valuable tool in the characterization of membrane processes, of metabolic cycles and of flow 
coupling in cells and tissues. The thermodynamic treatment was extended to nonlinear 
processes proceeding in inhomogeneous systems, and the network thermodynamics thus 
developed, is a new approach to the flow of organization in living systems. 

The polymerization of pep tides under prebiotic conditions was studied. In the presence of 
clays and minerals, high polypeptides were obtained in aqueous media under physiological 
conditions. " 

* From a report written by him shortly before his death. 


