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Abstract:  The primary focus of this communication is to present an updated and advanced version
of the theory of close-contact association of molecules and ions through the spatial fixation and ag-
gregation of the adsorbing sites. The last sections of the text also review a collection of relevant in
vitro and in vivo experimental findings gathering since seventy years ago. Though some of these
findings were published before the theory, old and new, they all support the theory that close-contact
association with the B-, and y-carboxyl groups of intracellular proteins causes the selective accu-
mulation of potassium ions (K*) in living cells.

“POTASSIUM IS of the soil and not the sea; it is of the cell but not the sap.” With this
thought-provoking remark, W. O. Fenn launched his 1940 Physiological Review article on
“The Role of Potassium in Physiological Processes” (Fenn 1940.) Six years later, I began
my career as a cell physiologist at the Department of Physiology of the University of
Chicago. My Ph.D. thesis was on what was then erroneously designated as the membrane
potential (of single muscle fibers), which shows exquisite sensitivity to the concentration
of the potassium ion (K*) in the bathing medium (Ling and Gerard 1950.) Naturally,
Fenn’s review was a trusted source of information on what we knew up to that time.

In retrospect, I can say that that was how I thought at the time. I had no idea then that
decades later I would come upon something that Fenn, in my view, should have included
in his 1940 review as a matter of course but did not. This was a paper by Benjamin Moore,
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Herbert Roaf and Arthur Webster in the prominent Biochemical Journal. First, it was pub-
lished years before Fenn wrote his 1940 review (Moore et al 1912.); second, Moore et al’s
paper contained what could be rephrased to read:

Potassium is of the soil, sodium is of the sea; potassium is of the cell, sodium is of the sap.

Nor was that all that Fenn left out. For Moore and his coworkers also suggested that
this selective accumulation of potassium ion (K*) over sodium ion (Na*) in living cells
and in soil could have a common origin. That is, both could result from a preferential
affinity of the solid component of each system for K* over Na*(Moore et al 1912,
pp- 112-113.) The solid component of soil includes hydrated aluminum silicates we call
clay. The solid component of the living cell is the proteins.

Eventually, I discovered in a still earlier review of Fenn what could have been Fenn’s rea-
son for his later exclusion of Moore et al’s ideas of potassium adsorption. “Since potassium
is almost the only cation inside (the cell) and since it is all (or nearly all) necessary to make
the osmotic pressure equal inside and out, it is difficult to suppose that the distribution of
potassium in the normal untreated cell is essentially different from the distribution of the
water” (Fenn 1936.) Or put differently, no potassium could be adsorbed or otherwise bound
to the solid components of the cell and thus removed from the cell water.

In fact, it was this same idea coupled with what was believed to be proof of free cell
water that had enabled Nobel laureate, A.V. Hill to banish the bound water-bound potas-
sium concept altogether (Hill 1930; Hill and Kupalov 1930; for its long term historic
aftermath, see Ling 2001, pp. 38-39.) Thus, the Hungarian biophysicist, E. Ernst who was
at the scene, recalled later in his 1963 book “Biophysics of Striated Muscle” what hap-
pened at this critical juncture in time (Ernst 1963, p. 112.)

For Ernst believed that it was A.V. Hill who actually persuaded (the same) W. O. Fenn,
Rudolph Hober and other opinion-makers of the time to abandon the idea of bound K*
(and of bound water) in favor of the living cell as a “simple osmotic system.” {By a sim-
ple osmotic system, Ernst meant living cells as semipermeable-membrane-enclosed solu-
tion of free water and free solutes (e.g., potassium ions,) added by GL.} (Ernst 1963, p.
112.) (How and why these osmotic reasons were later disproved can be found on p. 38
and p. 100 of Ling 2001.)

However, the rejection of Moore et al’s bound potassium concept had the backing of
other prominent scientists in addition to A.V. Hill. Nonetheless, Hill’s argument might
well be the shot that set off the stampede.

Danish biochemist, Karl Linderstrom-Lang considered a native protein molecule as a
sphere with its net electric charges uniformly smeared over its surface. Counter-ions
carrying opposite electric charges to the electric charges of the protein exist exclusively
as free ions in the surrounding ion cloud (Linderstrom-Lang 1924; Edsall and Wyman
1958, pp. 512-522.) In other words, proteins do not bind potassium or other ions. This
ion cloud idea was not original. It came from Peter Debye’s famous Limiting Law of
electrolyte solutions (Debye and Hiickel 1923, 1927.) (For details, see Appendix A.)

In summary, much of what was said above apropos of Moore et al belongs to the limbo
of forsaken ideas in the early 20™ century cell physiology. During my entire tenure first
as a graduate student and later as a postdoctoral student — the only theory of the living
cell known to me was the membrane theory. That, notwithstanding I was in the (world’s
finest) Department of Physiology of the University of Chicago and under the guidance of
the world’s most open-minded and admirable supervisor and teacher, Prof. Ralph W. Gerard.

And, at the time, the membrane theory was in the struggle of half-heartedly shifting
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from the original sieve membrane theory to what is later known as the membrane pump
theory. The most prominent pump being considered was the sodium pump alias sodium-
potassium-pump. To maintain the low sodium and high potassium profile, these pumps
were installed in the cell membrane, pumping K* into the cell and Na* out of the cell, day
and night, year after year without end.

My unescorted journey that led to where Moore et al once visited — and
beyond

It was a Monday afternoon in the spring of 1948 when I gave a graduate student semi-
nar on the sodium pump. My hope to give a comprehensive and informative report on the
subject got me nowhere. I had no trouble finding rapidly gathering evidence that had
disproved the sieve membrane theory. Thus, tracer studies showed again and again that (hy-
drated) Na*, sucrose and other solutes supposedly too big to go through membrane pores
in fact enter and leave the cell with ease (for a list of important references, see Endnote 1.)
However, high and low I searched, I could not find any convincing evidence that demon-
strated the existence of a sodium pump in the cell membrane of the frog muscle, the squid
axon or the human red blood cell. Yet each of these extensively investigated living cells re-
tains a concentration profile of low Na* but high K* like that illustrated in Figure 1.
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FIGURE 1. Equilibrium concentrations of K* and Na* in frog muscle cells and in frog plasma.
(Ling 1984, with kind permission of Springer Science and Business Media)
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Shortly afterward, I carried out some simple experiments of my own design. It did not
take me long to reach a tentative conclusion. The maintenance of a high K* and low Na*
content in frog muscle cells could not depend on a continual supply of metabolic energy,
which is, however, indispensable for any sustained pumping activity like the membrane
pump theory postulates.

Table I illustrates the kind of data that I collected at that time. (For more extensive later
data, see Table 8.4 in Ling 1962 or the same table reproduced verbatim in Appendix 1 of
Ling 1997.) It shows that the asymmetrical distribution of high K* and low Na* in a vari-
ety of frog tissues remained unchanged hours after both the oxidative and glycolytic me-
tabolism had been put to a stop. (For a full account of the disproof of the membrane pump
hypothesis, see “Debunking the Alleged Resurrection of the Sodium Pump Hypothesis,”
Ling 1997.)

After completing my postdoctoral studies at the University of Chicago, I obtained my
first job at the famous Johns Hopkins Medical School in Baltimore. Somewhere between
1950 and 1951, while browsing around and “thinking” in the Welsh Library basement, |
hit upon a new idea — an idea, which soon grew into a set of new ideas. In retrospect,
these ideas actually marked the beginning of the association-induction hypothesis, the
first and only surviving unifying theory of cell and sub-cellular physiology in existence
up to now (Ling 1962.)

TABLE I. Effect of combined action of the poison, iodoacetate and pure nitrogen at 0°C
upon the K* contents of frog muscle and nerves.

Weight mM. K*/1. of
Frog No.  Type of Tissue Muscle No. (gms.) intracellular water

1 Sartorius 1 Control 0.0870 60.7
2 Expt’l 0.0750 69.8
1 Semitendinosus 1 Control 0.0710 72.6
2 Expt’l 0.0795 81.8
1 Tibialis anticus longus 1 Control 0.0938 71.1
2 Expt’l 0.0900 79.2
2 N. ischiadicus + 1 Control 0.0300 38.1
N. tibialis + N. peroneus 2 Expt’l 0.0260 39.5
3 Sartorius 1 Control 0.0730 73.4
2 Expt’l 0.0700 78.0
3 Semitendinosus 1 Control 0.0660 83.0
2 Expt’l 0.0730 77.4
3 N. ischiadicus + 1 Control 0.0260 42.8
N. tibialis + N. peroneus 2 Expt’l 0.0242 40.0

Muscles Nerves

Control 100.0% 100.0%

Average
Expt’l 105.2% 98.5%

Duration of incubation was 5 hours. Experimental solution contained 0.5 mM Na iodoacetate and pure nitrogen.
Control Ringer’s solution was equilibrated with air. (from Ling 1952, by permission of the Johns Hopkins Uni-
versity Press, Baltimore)
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To understand the new ideas I introduced, we must begin with a simple truth. The only
distinguishing features between K" and Na* are their respective short-range attributes;
their long-range attributes as monovalent cations are identical. Among the various short-
range attributes, the most outstanding are their respective Born repulsion constants (see
Ling 1962, p. 65.) This difference makes K* larger than Na* in their respective bare states.

However, after encountering water, the order of their sizes is reversed. Clothed now
more or less permanently in a shell of water molecules, the hydrated Na* becomes larger
than the hydrated K*. In fact, this difference in their respective hydrated sizes was invoked
repeatedly to explain the selectivity of K* over Na* in the living cell as well as in inani-
mate systems. These non-living systems include nature-made aluminum silicates (soil and
clay) and man-made aluminum silicates (permutits) as well as other man-made cross-
linked polymers known as ion exchange resins.

Thus, for the selective accumulation of K* over Na* in living cells the sieve membrane
theory mentioned in passing above offers one size-dependent mechanism. That is, a sieve-
like cell membrane is punctured with rigid pores in the otherwise impermeable cell mem-
brane. The rigidity and size of these uniform pores were such that they would permit the
passage of ions and molecules smaller than the pores but bar the passage of the larger
ones — like the hydrated Na* — absolutely and permanently (Boyle and Conway 1941.)
However, as also mentioned above, radioactive tracer and other studies demonstrated that
this theory was wrong. (Hydrated) Na* as well as other large solutes can traverse the cell
membrane without difficulty (see Ling 1993, Table II for the permeability of the living
cell membrane to very big molecules.)

Then, Gregor (1948, 1951) and Katchalsky (1954) made their respective attempts to ex-
plain the K* over Na* selectivity in cation exchange resin — a new industrial product that
could trace its origin to the confluence of the science of soil chemistry and the permutit
industry. In Gregor’s and Katchalsky’s respective size-dependent theories, it is the me-
chanical pressure generated by a stretched elastic resin matrix, which squeezes out the
larger hydrated Na* but retains the smaller hydrated K* in the resin. As their figures re-
produced here as Figure 2 and 3 show, neither Na* nor K* are engaged in close-contact
association with the fixed anionic sites.

However, both theories were made untenable later when exchange resins carrying phos-
phonic and carboxyl groups made their appearance and were shown to select Na* over K*
rather than the other way round as in the earlier sulfonate exchange resins (Bregman
1953.)

(This discovery also put in jeopardy Ling’s Fixed Charge Hypothesis to be described in
the following section. How that crisis actually turned into a blessing, stimulating the de-
velopment of a more general theory of variable ionic selectivity — a key feature of the
association-induction (AI) Hypothesis — can be found on pp. 136143 of Ling 2001.)

It was thus the third attempt in history when I offered my size-dependent quantitative
mechanism for the selective accumulation of K* over Na* in living cells. As a by-product,
the theory could also explain the selective uptake of K* in soils as well as (early sulfonate)
cation exchange resin. This, of course, is in harmony with the idea first suggested by
Moore et al in 1912 and quoted above. Namely, living cells and soils share a similar
mechanism for the selective K* accumulation — an idea, as pointed out earlier, I did not
know until many years after 1952 (Ling 1951, 1952, pp. 772-773.)
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FIGURE 2. Gregor’s model of ion exchange resin. The matrix is represented by elastic springs,
which are stretched when the resin swells. Note that there is no close-contact one-on-one associa-
tion of free positively charged ion @ and fixed negative ions ©. (after Helfferich 1962)

FIGURE 3. Katchalsky’s model of ion exchange resin. The matrix is represented by a cross-linked
network of chains. Note that there is no close-contact one-on-one association of free cations @ and
fixed anions ©. (after Hellferich 1962)

Ling’s Fixed Charge Hypothesis

My 1952 theory, referred to in years following as Ling’s Fixed Charge Hypothesis
(LFCH) (Ling 2001, Chapter 10) could be divided into four parts and each will be briefly
described next.

In Part I, T suggested that negatively charged - and y-carboxyl groups carried respec-
tively on the aspartic and glutamic residues of cell proteins — like myosin in muscle —
could be in (close-contact) association with either hydrated K* or hydrated Na*. Now the
electrostatic or Coulombic attraction between a positive charge and a negative charge fol-
lows the inverse square law. That is, it equals the product of the two electric charges di-
vided by the product of the square of the distance of separation, r, and the dielectric
constant, D. Owing to the dielectric saturation phenomena (Debye and Pauling 1925)
however, the effective dielectric constant in the close vicinity of charged ions is much
lower than its macroscopic value of 81 (see inset of Figure 4.) As a result, the energy of
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association (AE) is much stronger for the smaller hydrated K* than for the larger hydrated
Na* (main figure of Figure 4.) And the Boltzmann distribution law would dictate that of
the trillions upon trillions of B- and y-carboxyl groups in the cell, by far the great major-
ity would preferentially take up the smaller hydrated K* over the larger hydrated Na*. Se-
lective K* accumulation over Na* in the cell would be thus accomplished.

At that time, the selectivity ratio I computed was about 7. It is not nearly as high as that
shown in living cells like the frog muscle — at 100 or even higher, see legend of Figure
24 — the cause of this disparity will be explained below. Nonetheless, the value of 7 is
considerably higher than that in most cationic ion exchange resins around 2 (see below.)

However, the selectivity based on the difference in Coulombic attraction applies only
to the fraction of K* (and/or Na*) that is in close-contact association with the B- and
Y-carboxyl groups. It does not apply to ions that are not in close-contact association. In-
deed, in order to achieve the selectivity observed in living cells, most of the available - and
v-carboxyl groups must be engaged in close-contact association with either a K* or a Na*.
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FIGURE 4. A theoretical model for the selective adsorption of K™ over Na* on a fixed oxyacid site
presented in 1952 as part of Ling’s Fixed Charge Hypothesis (LFCH.) Computation takes into ac-
count the lowering of the dielectric constant of water (referred to in the Inset as “radial differential
dielectric coefficient”) when approaching an ion as illustrated in Inset. Theoretical curve (2) shows
the probability of finding a monovalent cation (e.g., K *, Na*) associated with the fixed oxyacid
anion — partially represented at extreme left of bottom section of the figure — at distance (away
from the center of the oxygen atom of the oxyacid group) indicated on the abscissa in Angstrom
units. Note that only the hydrated K* with its smaller radius shown in the bottom figure can enter
the “shell of high probability of association” around the oxygen atom of the negatively-charged
oxyacid group and becomes selectively adsorbed over the larger hydrated Na* (the center of which
stays largely out of the shell of high probability) also shown in the bottom part of the figure. (Ling
1952, by permission of the Johns Hopkins University Press, Baltimore)
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However, this theoretical requirement of full close-contact ionic association was in con-
flict with the prevailing belief of the time as discussed at some length above. That is, most
workers in the protein chemistry (e.g., Linderstrom-Lang) and in the ion-exchange-resin
science-technology (e.g., Gregor and Katchalsky.) insisted that all ions in the vicinity of
proteins and within cation exchange resins be fully dissociated (see Figure 2 and 3.)

Then, in vitro studies of isolated proteins have shown that they do not take up K* over
Na* at all (Beatley and Klotz 1951; Carr 1956, p. 177) or do so in amount and specificity
far below that needed to explain selective accumulation in living cells (for list of addi-
tional older references, see Ref. 99 in Ling 2001.)

Finally, there is the challenging fact that the selective accumulation of K* over Na* in
cells is lost upon cell death (see Figure 56 in Ling 2001.)

To provide reasonable answers to each of these pieces of apparently contradictory evi-
dence, I introduced three other sets of new ideas or hypotheses, numbered respectively
Part 2, Part 3 and Part 4.

Part 2 of the theoretical idea has been called the “salt-linkage hypothesis.” In this, I ar-
gued that proteins in living cells as a rule do not exist in the same conformation as iso-
lated “native ““ proteins do in vitro (Ling 2001, p. 243; Ling 2005.) In isolated native
proteins the B- and y-carboxyl groups are mostly engaged in forming salt linkages with
fixed positively charged €-amino groups and guanidyl groups on the same or other pro-
teins (see upper left figure in Figure 16 below.) In contrast, I suggested that many of these
B - and y-carboxyl groups in living cells are free to adsorb K* and/or Na*(see lower left
figure of Figure 16.) (For the history and current status of the salt-linkage concept, see
Endnote 2.)

Part 3 refers to the control of the cell protein conformation by ATP per se. As a cardi-
nal adsorbent occupying a controlling site called the cardinal site, ATP achieves its func-
tion of controlling the conformation of the protein through its adsorption as intact ATP
molecules and not through its hydrolytic degradation, see Figure 23 below. Since ATP is
the product of energy metabolism, Part 3 of the theory explains why the selective accu-
mulation of K* over Na* is lost upon cell death when ATP regeneration ceases.

Part 4, the last component of Ling’s Fixed Charge Hypothesis has been referred to as the
Principle of Enhanced Counter-ion Association due to Charge Fixation (Ling 1962 p. 138;
1984, p. 95; 1992, p. 39; 2001, p. 48.) It shows that spatial fixation and congregation of an-
ionic groups would profoundly enhance the statistical probability of the association of, for
example, the fixed - and y-carboxyl groups with free monovalent cations like K* and Na*.

Thus far, however, Part 4 of what I presented in 1952 was spelled out in no more than
a few sentences. Although the importance had been reiterated repeatedly in later publica-
tions, the principle has never been elaborated in detail beyond those few sentences. It is
the primary purpose of this communication to update and to develop the idea in full. In
addition, I will also review the supportive evidence that have been steadily collecting in
the last half century. However, before I begin, several hitherto unrecognized historical
errors must be set straight first.

Correcting several historical errors of omissions

The theoretical linkage made by Moore et al between selective K* accumulation in living
cells — the research subject of cell physiologists — and that in soil — the research sub-



CLOSE-CONTACT ASSOCIATION OF CELL K* 9

ject of agricultural chemists was discovered by me some forty years late. Like Moore
et al’s paper, sources of hitherto undiscovered knowledge came — by bits and pieces at
long intervals — not unlike paleontologists’ dinosaur bones.

Thus, until very recently I did not know that an agricultural scientist of the mid-19"
century, Thomas Way had already discovered that soils can preferentially take up one kind
of ion (e.g., K*) and reject another (e.g., C17) (Way 1850, see also Thompson 1850.) What
underlies this kind of phenomena was later described as ion exchange. From this soil-
science beginning, new industries have sprung up manufacturing all sorts of ion ex-
changers mentioned above, including water-softening permutits (see Jenny 1932), and
still later the modern ion exchange resins. Along with the discoveries of existing but un-
recognized knowledge also came the discoveries of errors of omission — if one could call
them that. These historic errors of omission due to the segregated search for knowledge
in different fields have been made by others and by myself.

(1) Discovering Swiss agricultural chemist, Prof. Georg Wiegner’s work at last

What has been known as Ling’s Fixed Charge Hypothesis (LFCH) was first announced
in a preliminary note in 1951 (Ling 1951) and in full in 1952 (Ling 1952.) It has been my
lifelong belief that LFCH is an original and quantitative theory of the cell physiology of
selective ionic accumulation — as well as the theory of selective K™ accumulation in ear-
lier sulfonate ion exchange resin. This was true then. It is still true today but with a twist.

That is, the idea in Part 1 of Ling’s Fixed Charge Hypothesis as it was extended to ex-
plain K* over Na* selectivity in soil and in permutit is in need of correction in regard to
priority. For the Swiss agricultural chemist, Georg Wiegner had suggested an essentially
similar mechanism for the phenomenon. That is, a mechanism for the selective accumu-
lation of smaller hydrated K* over larger hydrated Na* in clay and permutit as a result a
stronger Coulombic attraction from negative charges on the surface of the clay or permu-
tit particles. Figure 5 reproduces an illustration published by Wiegner’s coworker (stu-
dent?), Hans Jenny (1927), who explicitly mentioned that the idea originated from
Wiegner (Wiegner 1925.) That would place its introduction 27 years ahead of the publi-
cation of Ling’s quantitative Fixed Charge Hypothesis — as it was extended to cover sim-
ilar phenomena in soil and permutit.

(2) J. L. Pauley’s publication on selective K™ accumulation in ion exchage resin two years
after the publication of Ling’s Fixed Charge Hypothesis

In 1954 J. L. Pauley published a model of selective accumulation of alkali-metal ions
in cation exchange resins (Pauley 1954.) His model is essentially similar to mine. It dif-
fers from mine in that the dielectric constant Pauley used is the macroscopic value of
78.54, while I took into account the dielectric saturation phenomenon as mentioned
above. The K* to Na* selectivity ratio Pauley calculated was 1.61.

Pauley assumed (without providing a reason) that cations are “bound more or less
firmly to the anionic groups of the resin.” (p. 1423.) He made no reference to my earlier
theory. (Nor did he mention Wiegner’s theory on soil and permutits. However, he did cite
Jenny’s 1932 paper but only as a source for the values of hydrated ionic diameters.)

(3) Harris and Rice’s publication four year after Ling’s Fixed Charge Hypothesis
F.A. Harris and S.A. Rice published in 1956 in the Journal of Physical Chemistry a
short note entitled “Model for Ion-Exchange Resins” (Harris and Rice 1956.) However,
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FIGURE 5. Wiegner’s model of cation (A) and anion (B) exchange respectively from negatively
and positively charged sites on the surface of permutits and on the negatively charged sites on the
surface of colloids (C). (from Jenny 1927)

when compared with the model I presented four years earlier it was a decidedly backward
step. Because theirs is not a quantitative theory, nor did they offer an explanation why ions
associate with fixed anionic in view of the fact that the more visible Gregor and Katchal-
sky claimed the opposite. Like Pauley, Harris and Rice also did not recognize my earlier
work (nor that of Wiegner on soil and permutit.)

In summary, the selective accumulation of K* over Na* in soil, various hydrated alu-
minum silicates (clay, permutit) and cation exchange resins all exhibit a K* / Na* selec-
tivity ratio of around 2. The later theories of Pauley and of Harris and Rice were, in view
of what would be presented below, all in the right direction. They all either assumed some
degree of association or explicitly postulated association without offering a specific mech-
anism as Ling’s Fixed Charge Hypotheis did, though only briefly at the time — but to be
fully expanded below for the first time in history. And, as I had mentioned above, without
association, the proposed Coulombic mechanism could not work.

The selectivity ratio of K* over Na* in living cells is as a rule much higher than in soil,
clay, permutit or cation exchange resins. For this reason, the respective theories of Wieg-
ner, of Pauley and of Harris & Rice each predict a selectivity ratio far too low to account
for the selectivity in living cells. Nor did any one of them make the connection between
selective accumulation in soil and in the living cell. That was first pointed out by Moore
et al quoted in the opening page of this paper. Nonetheless, it was all but forgotten by
then. In part at least this interference of the normal progress of science was the result of
the exclusion by trusted opinion-makers in publishing reviews. Like planting false road
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signs, the full impact as a rule could not be fully understood until long afterward (see Ling
2001, pp. 38—42; Ling 1997a, under “Absolute Power Corrupts Absolutely”.)

The fact that so far only Ling’s Fixed Charge Hypothesis could come close to produc-
ing a substantially higher selectivity ratio was for two reasons. Taking into account the
dielectric saturation phenomenon is one. Taking into account (i.e., by proposing a new
hypothesis) of the near total close-contact association between the K*/Na* and the fixed
anions is another.

Next, I would like to add an explanation as to why my theory could only offer a K*
over Na* selectivity ratio of 7 while in living cells a selectivity ratio of 100 or even higher
may be the case (see legend of Figure 24 below.) In short, it was mainly a question of
choosing the right value for the dielectric constant used in the computation.

The most relevant published data on the dielectric “profile” I could find at the time was
that of Graham (1950) partly reproduced as an inset in Figure 4. However, when the oxy-
acid oxygen atom and the K" are in close contact, there are really no freely tumbling
water molecules in the immediate vicinity and hence the cause for choosing a high macro-
scopic dielectric constant of 80. Yet the inset of Figure 4 presented in 1952 shows that the
dielectric constant has reached almost to the full macroscopic value of 80 at a location
only 4 A from the center of the oxygen atom. Clearly if I had extended the region of low
dielectric constant farther out to cover the entire area or at least a larger area, the calcu-
lated selectivity ratio would rise to a much higher value. That was what I did later in the
more comprehensive treatment of selective ion adsorption (Ling 1962, Chapter 4.)

Finally, I want to mention something akin to, perhaps even part-and-parcel of what lay
behind Fenn’s exclusion from his reviews of the idea and work of Benjamin Moore, Her-
bert Roaf and Arthur Webster. That something is lurking in Helfferich’s otherwise fine
book on lon Exchange (Helfferich 1962.) In essence, it was another case of abusing the
position of a trusted review-writer. But instead of total omission as in the case of Fenn’s
review, it was in the form of an unsubstantiated sweeping attack.

The English version of Helfferich’s book was published in 1962, three years after its
first appearance in German. As mentioned earlier, illustrations of the theories of Gregor
and reproduced as Figures 2 and 3 in this article were taken from the prominent main text
of Helfferich’s book on pages 97 and 99 respectively. In both illustrations, the counter-
cations are fully dissociated despite their extremely high concentration in the resin water
(reaching 3 M or even higher.) (And, despite the fact that the anionic sites are fixed in
space.)

It is true that Helfferich quoted the adsorption models (of Wiegner, Jenny on soil and
permutit) Pauley and Harris & Rice but not mine published before both. However, these
quotes were all given in small prints, tucked away behind the statement that “Today, these
approaches are of historical interest only” (p. 193.)

Hefferich gave no theoretical or experimental justifications for making such a sweep-
ing derogatory statement. In view of what will be presented below — which completely
vindicates the essential correctness of my view presented as part of LFCH (and repeated
later by Pauley and by Harris & Rice.)

What this kind of unexplained putdown shows is this. The rejection of preferential ad-
sorption as the cause of selective accumulation of K* in living cells (as exemplified by
Fenn’s exclusion of Moore et al’s work) was not confined to cell physiology. Rather, it
was a part of a larger movement of rejecting selective adsorption as the cause of selective
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accumulation of K* in soil, permutit and exchange resin as well. Thus, it seems that a
global culture of universal dissociation has evolved surreptitiously; see Appendix A.

Theory of enhanced association with immobilization (and aggregations) of
one kind of participating ion or molecule

As mentioned already above, in 1952 I presented very briefly at the Symposium on Phos-
phorus Metabolism a new theory on selective ion adsorption in living cells and in model
systems including soil, permutit and ion exchange resins. One component of the theory
(Part 4) deals with the question, could spatial fixation of one species of an interacting ion
pair enhance strongly their association? My answer was yes with two sets of linked mech-
anisms. One is electrostatic and the other was described as kinetic. The following is a ver-
batim quotation of the bulk of what I wrote in 1952 (Ling 1952, p. 769.)

1) “The force of attraction between ions of opposite sign in solution is opposed by the
kinetic energy of the ions themselves. If one of the ions is rigidly fixed, half of this
energy is abolished, so that the ions stay on the average closer together than they
would be able to do when both are free....

2) Fixation allows the close juxtaposition of a number of similarly charged ions, for
the repulsive forces between them are less strong than the covalent bonds of fixa-
tion. Their individual fields thus overlap, and sum with respect to the force exerted
collectively upon a free ion of opposite sign.” (Ling 1952, p. 769.)

Having repeated what I expressed more than fifty years ago, I reiterate here once more
what I already said above. On this, what I believe to be a critically important issue, close-
contact association in consequence of site fixation, neither Weigner nor Jenny before me,
nor Pauley, nor Harris & Rice after me made any comment whatsoever. They assumed full
or partial association just as others assumed full dissociation. With only one lone excep-
tion, myself, neither side gave a reason why its side is correct while the other side in in-
correct. However, for me to expect scientists in a different field to know what I wrote in
a 135-word passage in a Symposium Volume on a highly specific biochemical problem
(Phosphorus Metabolism) would be unrealistic. All these point to the urgent need to make
this present paper easily accessible.

In what follows, both the kinetic mechanism and electrostatic mechanisms will be dis-
cussed but under different headings: kinetic and thermodynamic respectively. However,
though both valid, the thermodynamic approach is in my view more rigorous and simpler.
For this reason, I shall present the kinetic analysis as an appendix (Appendix B.) The
thermodynamic analysis will be the main thesis to develop next.

A thermodynamic analysis of the cause of enhanced close-contact, one-on-
one association of K* and other charged or uncharged particles

The primary subject of this communication is association between a pair of small par-
ticles or molecules, A and B, and it is described by the following equation:

A+BZAB. (1
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However, the conventional approach of a physical chemist to this problem is from the
opposite direction. It is dissociation — represented by the same Equation 1 but read back-
ward. As such, it is also described by an equation of the dissociation constant, K,g, as
follows:

n,n CC
Kup= AllB _ CACB )
Nap CaB
_ 1000 (pf)\(f)p exp(_ x ) 3
L V(pF.) ag kT

where ny, ng and nup are respectively the number of A, B and AB in the vessel, c,, cg
and c,p are their respective molar concentrations. L is the Avogadro number. (p.f.), (p.f.)p
and (p.f.)op are the statistical mechanical parameters called partition functions of A, B
and AB respectively. v is the volume of the container. k is the Boltzmann constant, T the
absolute temperature and 7 is the dissociation energy, equal to the work needed to sepa-
rate the associated ion pair AB at rest and at its lowest vibrational-rotational state to A and
B each at rest and at its lowest internal energy states in a vacuum.

The partition function, represented here as (p.f.) is a theoretical parameter of central
importance in the science of statistical mechanics. A partition function is the sum of 1 +
exp(e,/kT) + exp(e, /KT) + exp(es /KT) + -----exp(g, /KT), where €, &, + €5 ----€, are the
quantum mechanical allowed energy levels of the particles involved (Gurney 1949.)

Note that in general, (p.f.)4 and (p.f.)g are positive numbers and that each causes the
increase of the degree of dissociation and hence rise of the dissociation constant K,p In
contrast, (p.f.)sp, the partition function for the associated AB pair as well as the dissoci-
ation energy, (=) favors association. The larger the value of (p.f.),g and —Y, the greater
the degree of association and hence the smaller the dissociation constant Kp. Please keep
these simple relationships in mind; they will come in handy later to understand a key
point of this communication.

In theory, each of these partition functions could consist of one or the product of more
than one partition function. To all intents and purposes, a mono-atomic particle in vacuum
has only one partition function, namely the translational partition function, which de-
scribes the kinetic energy of the particle. A diatomic or multi-atomic particle also has a
translational partition function. In addition, they also possess internal energies expressed
by their respective rotational and vibrational partition functions.

In their classic treatise, Statistical Thermodynamics, Fowler and Guggenheim (1960 p.
377) calculated the association energy, %, of Na* and CI~ (in air), to equal 8.63 x 1071
ergs per particle or 124 Kcal/mole. Because of such an intense attraction between them,
Na* and CI™ are fully associated in vacuum or air. Fowler and Guggenheim then went on
to examine Na* and C1” in water. Dividing the value of 7 just cited by 80, the macroscopic
dielectric constant of water, they derived a dissociation constant Ky, of 7.

This, they pointed out is still too high. That is, it is not in keeping with what they be-
lieved to be near-complete dissociation even in a moderately concentrated solution of
strong electrolytes like NaCl (see quote from them on page 16 of the present document.)
Worse, they further pointed out that to assign a dielectric constant of 80 ignored the phe-
nomenon of dielectric saturation (as I mentioned earlier.) That is, at close range, electric
polarization drastically reduces the dielectric constant to a much lower value. (See inset
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of Figure 4.) In that case, x/D would become even larger and the predicted degree of dis-
sociation would be even smaller. In the end, Fowler and Guggenheim pointed out that the
unresolved problem could originate from the hydration of the ions, a subject I have re-
ferred to repeatedly above and will elaborate a bit further next.

Whereas a bare Na* or bare CI” is a spherical entity with no internal energies, hydra-
tion makes both de facto multi-atomic and as such they now possess rotational and vi-
brational energies as well. Particularly noteworthy is the emergence of rotational partition
functions, which increase in magnitude sharply with increase in size and mass. In conse-
quence, the products of the translational, rotational and vibrational partition functions of
both (hydrated) Na* and (hydrated) ClI~ become much larger. It is true that the partition
function of the associated ion pair, Na*Cl~ would also be increased by hydration. But that
increase of a single entity (the hydrated associated ion pair) would be much smaller than
the increase of the products of two increased entities, the dissociated hydrated Na* and
dissociated hydrated CI". Thus hydration of the ions would definitely bring about greater
dissociation of Na* and CI” in water despite the intense attraction between the oppositely
charged ions.

Our next task is to return to our central subject of this communication: how, from a
thermodynamic viewpoint, the spatial fixation and aggregation of one of the interacting
species, A, affects the degree of its association with the other species, B, thus forming an
one-on-one, close-contact associated pair AB like that mentioned above in Equation 1.

To begin, let us return to our simple pair of interacting gas molecules A and B in air or
vacuum each at a moderate concentration. There is some weak attraction between them
but largely they remain dissociated. Now with a wave of a magic wand, all the A’s are
joined into a large network and thus become immobilized and fixed in space. What would
this magic act of immobilization do to the degree of association of B with A? The answer
is to produce a dramatic increase of association.

However, to make it easier to tell how and why, we need to review some basic ther-
modynamics first. The Helmholtz’s free energy, F, is equal to the sum of the energy of the
system, E, minus the product, TS where T is the absolute temperature and S the entropy
of the system. Entropy S, in turn, is equal to k In W, where k is the Boltzmann constant
and W is the number of a priori equally probable microscopic states of the system. W can
be separated into two kinds. One kind is related to what one may call thermal entropy; it
is the number of ways the shared amount of energy E is distributed among the quantum-
mechanically allowed energy levels; and we represent it as In Wy,. The other kind is called
configurational entropy, k In W, where W, refers to the number of ways the particles
can be found occupying different positions or fixed sites.

In Wy, is additive. Thus, the In W, of a solution is the sum of the In Wy,’s of its dif-
ferent component particles. In W, on the other hand, is communal and cannot be split
into different components.

With all these in hand, we can look into what would happen when all the A’s are rigidly
fixed in space and made into a network of fixed A’s. First, by rigidly fixing and arresting
all the A’s motional freedom, their W becomes (or approaches) unity and In W4 be-
comes zero (or a very small number.) Second, a new configurational entropy is created
corresponding to what we shall designate as W.;. Meanwhile, the B’s would have the
choice of either remaining free or engaging in one-on-one, close-contact association with
the individual fixed A sites. The overall impact of the magic transformation or fixation is
that the total In W of the assembly will change from
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The disappearance of In W™ produces a reduction in the trend toward the dissoci-
ated state. The de novo creation of the configurational entropy term means an entropy
gain of, and hence increase in the trend toward, the associated state. Together, immobi-
lization of what was once free A into a network of fixed A, has generated two different
but mutually complimentary entropic causes for the enhancement of association of A and B.

Note also that this twofold entropic mechanism for enhanced close-contact association
applies to molecules carrying no net electric charges as well as to molecules or ions carry-
ing net electric charges.

In the preliminary version of the manuscript I put together, my next step involved the
presentation of a standard statistical mechanical treatment of the problem to reach a
rigorous result. The treatment I chose was essentially that of Fowler and Guggenheim
and as such contains nothing new beyond what they did. So on further consideration, I
decided to move this derivation part to the end of the document under the designation,
Appendix C.

With the derivation part out of the way, I proceed here straight to the result. However,
to do that I must first define a symbol, 6, as the fraction of fixed A sites that is occupied
by B and another symbol, 1-6, representing the fraction of A sites unoccupied. Then the
derivation given in full in Appendix C would produce the following formula:

0

b
iy (16)
where p is the existing vapor pressure of the gas B and p° is a function of the temperature
T and the partition function ratio of free and adsorbed B given as Equation 17 in Appen-
dix C. Equation 16 can be written in a different form:

0= . (18)

Formula 18 is, of course, the equivalent of an equation Irvin Langmuir introduced in
1918 for the adsorption of gas molecules on solid surfaces via a kinetic approach, — but
traditionally given in the following form:

X _ kkyp
I+kp’

19)

3 |

where x represents the amount of gas adsorbed on a given mass, m, of the adsorbent; k;
and k, are constants for a given gas (Langmuir 1918.) Boundary condition considerations,
however, offer us insights into the meanings of these constants.



16 LING

At very high pressure, p, k;p >> 1; x/m then equals k, . In other words, k, is equal to
the maximum number of adsorption sites per unit weight of the adsorbent; as such, it can
then be represented by the symbol, [f].

At very low pressure, kip << 1. x/m then approaches k;k, p and is thus linearly related
to p. A reasonable interpretation is that k; measures the affinity of the molecule B for the
adsorption site. In other words, it is the adsorption constant (or association constant) of B
on the fixed site A. The reciprocal of this adsorption constant is of course the dissociation
constant, K g of Equation 2 — before the magic wand has joined the free A’s into a net-
work of fixed A’s now called A sites.

In summary, in the above I have imported information from two separate Chapters of
Fowler and Guggenheim’s classic treatise, Statistical Thermodynamics.

From Chapter IX on Solutions of Electrolytes, the section on Strong Electrolytes was
selected. From Chapter 10 on Surface Layers, the section on Ideal Localized Monolayers
was selected. One is on electrolyte solutions and the others is on adsorption of gas mole-
cules on solid surfaces. Beside fundamental physics, there are no specific links between
these Chapters. Indeed, the overall direction or orientation may even be seen as heading
toward opposite directions.

Thus, the Chapter of Solutions of Electrolytes is toward dissociation. In the words of
Fowler and Guggenheim, it says that: “at least in dilute and moderately concentrated so-
lutions (of strong electrolytes) there are at most very few NaCl molecules, and in many
cases the properties of the solution can be accurately accounted for on the assumption that
no undissociated molecules at all are present.” (Fowler and Guggenheim 1960, p. 377.)

In contrast, the Chapter on Surface Layers refers to layers of gas molecules adsorbed.
Despite the fact that gas molecules like nitrogen and argon do not carry net electrical
charges — the source of intense attraction between ions like Na* and ClI”— they do as-
sociate with sites on solid surfaces especially at low temperature (McBain 1932.) At low
or moderate concentration in free space, they behave like an ideal gas. As such, they do
not associate to a significant degree.

Yet with our magic wand, a bridge between these two diverging chapters are joined to-
gether through the spatial fixation of one species of the interacting atoms. By using a
thermodynamic approach, we have shown that the observed association of gas molecules
on solid surfaces lies really in the spatial fixation of one of the interacting molecules we
call A. This spatial fixation was unnoticed or ignored in the past because it was buried and
thus hidden in the concept and word of a solid surface.

Thus far, I have shown that the two-fold entropic causes for increased association apply
to molecules bearing net electric charges as well as to molecules bearing no electric
charges. In the next section, I shall demonstrate how in the case of molecules or ions bear-
ing net electric charges (like K* and CI") there are additional causes for enhanced associ-
ation through the spatial fixation of one of the interacting species.

The electrostatic contributions that further enhance the close-contact
association of electrically charged molecules or ions due to the spatial
fixation and aggregation of one interacting species

Oxalic acid, HOOC-COOH, has two carboxyl groups, which are indistinguishable. Yet,
the acid dissociation constants or pK, of the same pair of carboxyl groups are in fact quan-
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titatively different. In 1923 Bjerrum offered an explanation for this seeming paradox
(Bjerrum 1923.) The first dissociation from HOOC-COOH could be from either one of
the two COOH groups and accordingly, there are two choices. In consequence, the first
dissociation is favored by a statistical factor equal to the natural logarithm of 2 or In 2. In
the opposite direction, the first association of -OOC-COO- also has two choices. There-
fore, the first association is also favored by a factor of In 2. Taken together, the first dis-
sociation constant differs from the second by In 2 + In 2 = In 4. The reader might
recognize that in this case, the number 4 is what we have referred to categorically as W;.
It is the contribution from the configurational entropy, k InW .

The configurational entropy contribution is not the only reason for the difference in the
two real-world acid dissociation constants, which are respectively 1.23, and 4.19. The dif-
ference between these two values is 2.96, which exceeds In 4 (= 1.39) by 1.57. Bjerrum
attributed this additonal difference of 1.57 to an electrostatic effect. That is, the dissocia-
tion of the second proton would be not only against the attraction of that (second disso-
ciated) carboxyl group but also that of the first dissociated carboxyl group.

Of course, oxalic acid has only two similar electrically charged groups. In living sys-
tems, and model systems, there might be many similar electrically charged groups
congregating together. As we move from the microscopic oxalic acid system to the sys-
tem containing more and more similar electrically charged groups, we are entering into
the realm where the Law of Macroscopic Electric Neutrality holds sway as I mentioned
in 1952.

In fact, on this subject, Guggenheim offered a numerical example worth repeating
(Guggenheim 1950, p. 330.) Consider a sphere with a radius of 1 cm. Give it an excess
of one kind of electrically-charged particles or ions equal in amount to 107'° gram-ions.
This amount of electric charges would create an electrostatic potential of 0.95 x 107 volts
— a voltage so enormous that you can find them only in high voltage laboratories or dur-
ing thunderstorms. Yet, 10710 gram-ion is such a minute number of (electrically-charged)
ions, it is not detectable by any known chemical methods.

What this example tells us is that in this and other macroscopic bodies the total num-
ber of free positive charges must be “exactly” equal to the number of free negative charges
— a rule known as the Law of Macroscopic Electric Neutrality. Protein and nucleic acid
molecules in living cells are nowhere nearly as large as Guggenheim’s sphere but still
vastly larger than an oxalic acid molecule. Both proteins and nucleic acids possess fixed
charges like the carboxyl groups of oxalic acid but in great abundance. The aggregate im-
pact is that the value of the energy of association or adsorption, represented as —y in
Equation 3, is further enhanced. That enhancement further reduces the probability of the
dissociation of the counter-cation like H*. But, that is not all.

For the ions that do manage to dissociate will suffer further restriction also because
they cannot leave the immediate vicinity without violating the law of macroscopic elec-
tric neutrality. This reduces the translational partition function of the dissociated ion and
further enhances association of counter-cations like K*. Thus, by joining and fixing into a
network one species of the interacting electrically-charged molecules or ions, the addi-
tional impact of immobilizing them is also twofold.

In summary, for molecules that do not carry net electric charges, fixation of one of the
interacting species in space enhances their close-contact associaiton by two entropic
mechanisms, one thermal and the other configurational. For molecules and ions that do
carry net electric charges like K* and CI, these two-fold entropic mechanisms operate
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fully. But their close-contact association is further increased by an electrostatic energy
mechanism and by an additional entropic mechanism of reduced translational entropy.

Thus for ions and charged molcules like K* and CI7, there are all-told three indepen-
dent entropic mechanisms and one energetic mechanism for enhanced close-contact sso-
ciation. Together, this thermodynamic treatment — in harmony with a parallel kinetic
analysis described under Appendix A — would predict extensive association of ions like
K* with available B-, and y-carboxyl groups of cell proteins as well as with negative
charged groups on soil and permutit and ion exchange resin. So far, this is theory.

As pointed out earlier, our next task is to test, and if possible verify the fully-expanded
version of LFCH. To do so rigorously, we need to put the theory derived into forms that
are more exact. That will be the main task of the next section.

Extensions of the Langmuir adsorption isotherm

As pointed out above, Equation 16 and 18 are the equivalents of an equation Irvin Lang-
muir first introduced in 1918 but more commonly given in the following form

= ; 19)

where x represents the amount of gas adsorbed on a given mass, m, of the adsorbent; k;
and k, are constants for a given gas (Langmuir 1918.)

At some intermediate pressure, x/m = kp"" with n in the range between 0 and 1 may
hold. This formula, of course, takes on a form of the classical adsorption isotherm some-
times referred to as the Freundlich isotherm.

The Langmuir adsorption isotherm itself can be extended to adsorption of dissolved
molecules in an aqueous solution. Thus, according to Henry’s Law, the amount of a gas
dissolved in a unit volume of a solvent is proportional to the gas pressure at the same tem-
perature. The proportionality constant is the solubility of the gas and we will represent it
as q; Representing the concentration of the gas in solution as [p;], we can substitute the
gas pressure p’s in Equation 19 with its concentration [p;]g.. since q; will cancel out. Sub-
stituting k; and k, with K; and [f] respectively, we have

1 = [FIK [ Tfee
[Pilaa 14K [p; oo . (20)

If each of the fixed sites carry a single negative charge and the dissolved molecule are
of two kinds, mono-valent cations, K* and Na*, we will have

[ IK g [K Jee
14 Ky [K o + K [Na* o

(K q = (1)

where [K*],4, the concentration of adsorbed K*, and [f~], the concentration of fixed anions
are both in moles per kilogram. K and Ky, are the respective adsorption constants of K*
and Na* in (moles/liter) ™. [K*];.. and [Na*];.. are the respective concentration of free K*
and free Na*. In cases, where there are more than one competing species, we have
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Equation 20 can be also written in a generalized but reciprocal form:
L = & 1 + % ; + i . (23)
Pila  [f] K )Pl [f]

A plot of 1/ [p;],q as ordinate against different values of 1/ [p;]see at zero or a constant
[piliee Would yield a straight line. The slopes of these straight lines would vary with the
value of [pjlf.. The quantitative values of [f], K; and Kj can be determined from the
ordinate intercept, the slopes etc. in these multiple reciprocal plots (for example, see Fig-
ure 30 below.)

This then marks the formal part of the theoretical section intended to update and fully
develop what was introduced in Ling’s Fixed Charge Hypothesis (LFCH) over fifty years
ago. However, as briefly mentioned above, the LFCH in time became the embryonic ver-
sion of the unifying theory called the association-induction (Al) hypothesis. Indeed, what
I have done so far in this article is further to advance the association aspect of the asso-
ciation-induction hypothesis. Association brings together the physical ingredients of pro-
toplasm; induction makes them alive.

One expression of this inductive component is the nearest neighbor interaction energy
(—=y/2) of Equation 31 in Appendix D as demonstrated among the fixed sites engaged in
close-contact adsorption of ions like K*, gas molecules like oxygen and polar molecules
like H,O. A recent theoretical breakthrough in the basic theory of long-range polarization-
orientation of water in living cells and model systems received dramatic confirmation
from the demonstration of the exclusion of microspheres from water 100 or even more
wm away from a polarizing NP- (or NO-) surface of polyvinyl alcohol by Zheng and Pol-
lack (2003.)

However, long before, there was experimental confirmation of interaction between
nearest neighboring heme sites in hemoglobin (Ling 1965) and between B-, and
v-carboxyl groups of cell proteins, that quantitatively obey the prediction of the coopera-
tive adsorption isotherm introduced by Yang and Ling in 1964. This isotherm and its vari-
ations and two illustrations (Figure D1 and D2) are presented in Appendix D. They will be
cited from time to time in the next section summarizing the experimental confirmation of
close-contact association of K* and other ions on isolated proteins and other model systems.

Experimental evidence supporting the theory of enhanced close-contact
association of K* and other ions with spatially fixed ions bearing the
opposite electric charges

Since my brief presentation in 1952 of what has been known as the principle of enhanced
ionic association with site fixation (and aggregation) of the oppositely charged ions, sup-
portive evidence have come from two sources: from other laboratories in work published
before my theory was introduced; from my own laboratory, specifically designed and car-
ried out to test the theory. All these studies confirm the essence of the theory; none to my
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best knowledge contradicts it without being reversed. However, space limitation does not
permit inclusion of all the confirmatory evidence. (See, for example, Ling 2001, p. 27, pp.
56-62, pp. 187-190.) In the following, I shall present those evidence that can be pre-
sented without an extensive background introduction. And I shall present these evidence
under two headings: studies on inanimate models; studies on the living cell.

1. Studies on inanimate models

1.1 Enhanced counter-ion association with the (micellar) fixation and aggregation of
long-chain electrolytes

Solutions of electrolytes conduct electricity according to Ohm’s law. That is, the elec-
tric current generated is directly proportional to the applied electromotive force or EMF
and inversely proportional to the resistance of the solution. The reciprocal of the resis-
tance is known as the conductance (in units of reciprocal ohms, ohm™). Placed between
two large parallel-plate electrodes 1 cm apart, the conductance of 1 gram equivalent of an
electrolyte is called its equivalence conductance, \. To measure the A of an electrolyte of
different concentration, the area of the parallel plate electrodes must vary accordingly.

Figure 6 shows the data of Hartley ef al (1936) on the equivalent conductance (L) of
increasing concentration of cetyltrimethylammonium bromide and that of its component
ions, cetyltrimethylammonium cation and bromide anion separately. Note that the con-
centration shown on the abscissa is given in the square root of gram equivalent per liter
so that a wide range of concentration can be compressed to fit a limited space.
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FIGURE 6. The equivalence conductance of cetyltrimethylammonium bromide and its component
ions, cetyltrimethylammonium cation and bromide anion at different concentrations, c. Note that the
concentrations are given as the square root of concentration, c'?, on the abscissa to conserve space.
(figure drawn after Hartley et al. from Ling 1962)
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Note also that at the concentration of about 0.001 gram-equivalent per liter, A of the
cetyltrimethylammonium bromide solution as a whole begins to fall sharply. It is at this
concentration that the long-chain anions begin to assemble into micelles with expected
loss of motional freedom and gain in the degree of spatial fixity. Concomitant with this
change, the equivalent conductance of the long chain cation began to rise and the equiva-
lence conductance of the bromide anion began to fall. Note also that the fall of bromide
conductance did not stop at zero. It went negative. That is to say, the negatively charged
bromide ion, instead of moving toward the positively charged anode, was moving toward
the negatively charged cathode. This apparently anomalous behavior of the bromide ions
shows that they were no longer the independent anions any more but were associated with
the fixed cations of the micelles and together they continued to move toward the cathode.

I conclude this section with a word of caution. The fact that we witness the migration
of the negatively charged bromide ion toward the negative cathode offers a strong argu-
ment that the bromide ion is associated with, and thus became an appendage to the posi-
tively charged micelles. Nonetheless, by itself, this fact cannot be construed as conclusive
evidence for close-contact, one-on-one adsorption between bromide and micellar cationic
sites. The phenomenon observed could also be explained if the Br™ ions merely follow the
micelles as part of a diffuse ion cloud. We need more discriminating studies that could
give us the right answer.

1.2 Demonstration of “inactivation” of free and “visible” Na* when sodium iso-butyrate
molecules, (CH; — CH — CH3;) polymerize into
I

COO™ Na*
long chains of sodium polyacrylate (-~CH — CH, -CH —CH, — CH - CH, —),
I I I

COONa" COO™Na" COO™Na*

With a Na*-specific, sodium amalgam electrode, Kern (1948) measured the activity of
Na* in solutions of sodium isobutyrate at concentrations ranging from 0.0125 M to 0.2 M.
Table 11 shows that the activity coefficients, f, obtained by dividing the Na* activity mea-
sured with the Na*-specific electrode by the total Na* concentration, were all close to
unity. In contrast, the activity coefficient of Na* in solutions of polyacrylate carrying car-
boxyl groups at similar concentrations were much lower, ranging from 0.30 to 0.168.

The primary difference between these two sets of solutions lies in the immobilization
and aggregation of the carboxyl-groups in one set and absence of such immobilization and
aggregation in the other. Thus, Kern’s data again confirm the theory of enhancement of
counterion association with site fixation. Kern’s data also corroborate Hartley’s evidence
of counterion association — following the immobilization and fixation of long-chain
electrolytes though micellar aggregation. One may add that the main conclusions of Hart-
ley et al and of Kern stated above has been confirmed by Bradley and Sulley (1948) and
by Huizenga et al (1950.)

While Kern was of the opinion that by joining the monomers into a fixed network in-
activated the Na*, that inactivation also cannot be equated with close-contact one-on-one
association or adsorption. Conceivably, this too can be achieved by the Na* hovering
around anionic polyacrylate as part of a diffuse ion cloud. Once more, a discriminatory
test would be needed to establish unequivocally one or the other alternative. Such a dis-
criminatory test will be introduced in the next section.
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TABLE II. Electrometric measurements of Na* activity of an aqueous solution
of Na* isobutyrate and that of Na* polyacrylate.

Concentration of Na* Activity of Na*
™M) ™M) Activity coefficient
Isobutyric acid, CH;CHCOOH CH;

0.2 0.186 0.93

0.1 0.090 0.90

0.05 0.049 0.98

0.025 0.025 1.00

0.0125 0.0122 0.98

Polyacrylic acid, (-CH,CHCOOHCH,-),

0.2 0.060 0.30

0.1 0.0315 0.315
0.05 0.0146 0.292
0.025 0.0058 0.232
0.0125 0.0021 0.168

(data from Kern 1948, table from Ling 1984 by permission of Springer-Verlag GmbH/Plenum Publishers)

1.3 Experimental proof of one-on-one, close-contact association of Na* with anionic sul-
fonate groups on linear chains of polystyrene sulfonate

Ling and Zhang repeated what Kern had done before (Ling and Zhang 1983.) But in-
stead of polyacrylate, Ling and Zhang used sodium polystyrene sulfonate (NaPSS), which
is a close model of commercial cation exchange resins; NaPSS is, in fact, a sulfonate
cation exchange resin with zero percent cross-linking. Thus, if we can prove that counter-
cation Na* is engaged in close-contact, one-on-one association with the fixed sulfonate
groups in the NaPSS model, it would firmly and unequivocally establish that in the con-
ventional cross-linked ions exchange resin the counter-cations are fully associated in a
similar manner — since incorporating a cross-linking agent would further immobilize the
polymer and, accordingly, further promote close contact association as made clear in the
theoretical section above.

Figure 7 shows that the concentration of total Na* (measured by chemical analysis) and
free Na* (measured with the Na*-selective glass electrode) are different in solutions con-
taining increasing concentration of the polymer, NaPSS. That only a fraction of the Na*
present is visible to the Na-sensitive electrode confirms in essence what Kern reported
earlier. If we tentatively call the invisible fraction as bound (and provide proof for this as-
sumption later), we obtain the data presented in Figure 8.

Note that in Figure 8, the percentage of invisible Na* starts out at a very low value. At
about 5% NaPSS concentration, the percentage of invisible Na* begins to rise steeply until
it reaches a plateau of about 80%. This suggests an autocooperative aggregation (see Ap-
pendix D) similar to what is known as micellar aggregation discussed in Section 1.1.

Now, we move on to a new approach or tactic. This new tactic was designed specifically
to verify the postulate of close-contact, one-on-one association of the “invisible” Na* (or
moving-in-the wrong-direction Br’). Before presenting the result, we need to refresh our
memory on long-range attributes versus short-range attributes as we discussed earlier.
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FIGURE 7. The concentration of total Na* and free Na* in increasing concentration of Na* poly-
styrene sulfonate (NaPSSP.) The abscissa represents concentration of NaPSS as percentage of solu-

tion (weight in g. /volume in ml.) Free Na* was detected by a Na*-selective glass electrode. (from
Ling and Zhang 1983)
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FIGURE 8. The fraction of Na* that exists in a form that is not detected by the Na*-selective glass
electrode in increasing concentration of NaPSS. (from Ling and Zhang 1983)
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If the invisible Na* ions exist exclusively as part of a hovering ion cloud, they would
be displaced and made visible by any other free cation. This follows because as part of a
diffuse ion cloud, the total impact of any monovalent cation is that of the long-range at-
tribute of positive electric charges. And, that long range attribute is shared by all cations,
be it inorganic K*, Rb", or organic cations carrying a single positive net charge like
choline, guanidine, lysine or arginine (as well as multivalent cations.).

On the other hand, if that invisible Na* were in fact engaged in a close contact, one-on-
one association, the respective impact of competing cations could be quite different. That
follows because the association energies of the competing cations on the fixed anion de-
pend on the short-range attributes like polarizability, dipole moment, Born repulsion con-
stant etc. Since these short-range attributes of the different competing ions are as a rule
different, the effectiveness of each in displacing the close-contact, one-on-one associated
Na* would be different. This is, of course, theory. Let us now see what the actual experi-
mental results tell us.

The experiments shown in Figure 9 confirm this general rule. To wit, the effectiveness
of each (monovalent) ion in displacing the invisible Na* and making it visible to the Na*-
sensitive electrode varies widely. One may argue that the more powerful impact exercised
by guanidine and choline over lysine might be somewhat related to the possession of
o-amino and a-carboxyl groups in lysine but absent in guanidine and choline. But, that is
not the right answer. Arginine, which also possess an a-amino and an a-carboxyl group
is as effective or even more effective than guanidine and choline in displacing and mak-
ing visible the invisible Na*.

100
8o} guanidine
g gholine
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FIGURE 9 Respective fractional displacement of “invisible” Na* (ordinate) in 5% NaPSS solution
and made visible to Na* selective glass electrode by increasing concentrations of competing posi-
tively-charged solutes: arginine, choline, guanidine and lysine. (from Ling and Zhang 1983)
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In conclusion, this set of data has established the true significance of the invisibility of
Na* to the Na* selective glass electrode. It shows that this invisibility is because these Na*
ions are engaged in close-contact, one-on-one association with the fixed sulfonate groups.
By analogy, Kern’s Na* made invisible by the fixation and aggregation of monomeric isobu-
tyric acid into poly-acrylic acid are similarly engaged in close-contact association. So is the
Br™ moving in the wrong direction when the long-chain anions assemble into micelles.

There should be no difficulty now in believing that counter-ions in ion exchange resins
are not in the form of free fully-dissociated ions as envisaged in the theories of Gregor
and Katchalsky. Rather, that they are in close-contact association with fixed anionic
groups as I first suggested as part of Ling’s Fixed Charge Hypothesis in 1952 but pre-
sented here as an updated and fully-developed theory on pages above.

In the next study, Ling and Zhang (1984) addressed the question whether or not K* and
other alkali metal ions also engaged in close-contact one-on-one adsorption on B- and
Y-carboxyl groups of proteins when these carboxyl groups are liberated from the grip of
salt-linkages.

1.4 Step by step neutralization of the fixed cationic €-amino groups and guanidyl groups
of bovine hemoglobin with NaOH produces a stoichiometric one-on-one close-
contact adsorption of Na* on every one of the liberated - and y-carboxyl groups of
the protein

Using essentially the same measuring technique described in the preceding section,
Ling and Zhang (1984) continued their study of alkali-metal ion adsorption on the solid
component of living cells, the intra-cellular protein, hemoglobin. This specific (oxygen-
transporting) protein makes up 97% of the intracellular proteins of mammalian red blood
cells (Ling et al, 1984, p. 389.) Unlike polystyrene sulfonate, hemoglobin is endowed
with about an equal number of fixed cationic sites and fixed anionic sites. Apparently, most
if not all of these fixed anions and fixed cations are engaged in forming salt-linkages (for
a brief review on this subject, its controversy and its eventual resolution, see Endnote 2.)

First, we studied the adsorption of Na* on five native proteins — should be better called
“native proteins” — in a neutral 200 mM NaCl solution. The protein concentrations stud-
ied were between 10% and 15% in concentration after the protein solution had been ex-
haustively dialyzed to remove contaminating ions. The contents of the dialysis sacs were
then analyzed respectively with atomic absorption spectroscopy for its total Na* concen-
tration and with the Na* selective glass electrode for its free Na* concentration. By dif-
ference, the concentrations of adsorbed Na* shown in Table III were obtained.

These data in Table III show that while native hemoglobin adsorbs no or very little Na*,
other proteins do adsorb Na* but to varying degrees. Thus, nearly 15% of the Na* in the egg
albumin solution was invisible to the Na* selective glass electrode and from what was de-
scribed in Section 1.3 above, adsorbed. In contrast, Table IV shows that the adsorption of
Na* of all five proteins rose to 40% to 50%, when they were incubated in 200 mM NaOH
instead of 200 mM NaCl. Thus, high pH dramatically increases Na* adsorption in all native
proteins. Taken together, the data of Table III and Table IV have falsified the not uncommon
belief: proteins do not adsorb alkali metal ions — a misconception that had played a key
role in the ill-fated adoption of the membrane pump theory long ago (Lillie 1923.)

In agreement, Figure 10 shows that if intead of NaCl, NaOH in increasing amount
it added to a hemoglobin solution, only a fraction of the Na* added is visible to the
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TABLE III. Na* binding on five native globular proteins at neutral pH.

Protein [Na*] bound

Concentration pH [Na*] il [Na*]fee wmoles/100 g.
Name (%) (mM) (mM) % dry protein
Bovine serum 15.6 5.06 209 201 3.83 5.13

154 5.06 215 201 6.73 9.41

14.1 5.14 219 208 4.85 7.50

14.2 5.14 215 205 4.78 7.27

(14.8+.39) (5.10+0.02) (214£2.0) (204£1.7) (5.05+£0.61)  (7.33+.87)
Egg albumin 13.4 8.43 228 188 17.5 29.7

13.5 8.47 233 193 17.2 29.5

11.9 7.99 227 199 12.3 23.5

12.0 7.99 227 199 124 23.5

(12.7+£0.43) (8.22+0.13) (229+1.4) (195+2.6) (14.85+£1.44) (26.35%1.76)
¥-globulin 18.9 6.61 217 196 9.76 11.22

19.0 6.62 208 200 3.94 2.07

15.6 6.64 215 205 4.55 6.27

15.8 6.64 206 205 5.82 3.67

(17.3+£0.94) (6.63+0.01) (211£2.6) (201£2.2) (6.02+1.3) (5.81+2.00)
Hemoglobin 16.6 7.47 203 198 2.60 3.18

16.6 7.47 203 200 1.67 2.04

13.1 7.44 200 200 0.00 0.00

13.2 7.45 205 205 0.00 0.00

(14.9+0.99) (7.46x0.01) (203£1.0) (201£1.5) (1.07+£0.64)  (1.30+0.79)
Myoglobin 13.8 7.49 209 194 7.44 11.27

13.8 7.51 210 197 6.23 9.46

11.0 7.41 208 198 5.02 9.50

114 7.43 209 197 5.97 10.96

(12520.75)  (746x0.02)  (205:0.41)  (197+0.86)  (6.161.24)  (10.30+0.48)

All proteins were dissolved in 200 mM NaCl at a protein concentration of 20% (w/v) and then dialyzed against
200 mM NaCl at 4° C for 1 to 4 days. (from Ling and Zhang 1984)

TABLE IV. Percentage of bound Na* in NaOH-treated globular proteins.

Bound Na*

(% of total Na*)
Proteins 1 2 3
Hemoglobin 53.7,40.7, 50.4
Bovine serum albumin 43.5, 36.8, 49.0 52.4 56.0
Egg albumin 40.4 57.8 45.0 34.0
Y-globulin 41.3 48.7 36.0 41.0
Myoglobin 46.2

1. 20% protein in 200 mM NaOH solution kept at room temperature overnight. 2. 10% protein in 200 mM
NaOH kept at room temperarture and then dialyzed against 10 mM NaOH. 3. 10% protein in 400 mM NaOH
kept at room temperature overnight and then dialyzed in 10 mM NaOH. (from Ling and Zhang 1984)
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FIGURE 10. The relation between total Na* concentration and free Na* concentration detected and
measured with a Na* selective glass electrode in a 10% hemoglobin solution containing increasing
amount of NaOH. Dashed line indicates total Na* concentration. (from Ling and Zhang 1984)

Na-sensitive electrode, suggesting that by neutralizing the fixed cationic amino groups,
the NaOH destroys the salt linkages thereby making the masked [3-, and y-carboxyl groups
available.

Figures 11 and 12 show respectively how variation of free Na* (as NaOH) on a 10%
hemoglobin solution and how variation of the concentration of hemoglobin in a fixed con-
centration of NaOH (125 mM, A; 250 mM, B) affect the adsorption of Na*. Both curves
show a steep initial rise before reaching a more or less flat plateau. In this general pattern,
the adsorption of Na* on proteins resembles ion adsorption as in all the three other sys-
tems presented earlier above. Apparently, only when both the NaOH and protein have
reached a certain level can full uptake of Na* be achieved.

However, it is the data presented in Figure 13 that is truly dramatic; it affirms what I
referred to earlier in this paper as Part I of LFCH (or the salt-linkage hypothesis) (Ling
1952.) For what it shows is that the same curve that describes the step by step neutral-
ization of the (non-histidine) fixed cationic groups matches exactly the step by step stoi-
chiometric adsorption of the cation, Na*.

What this exact matching shows is diagrammatically illustrated in Figure 14. A car-
boxyl group either forms a salt linkage with a fixed cation, or it adsorbs a monovalent
cation. None is left free — fully and completely contradicting the Linderstrom-Lang
model of proteins, in which all fixed charged groups are left free as mentioned at the early
part of this communication.

Only the diagram does even more. It also shows how the titration of hemoglobin with
NaOH also causes the full-scale polarization and orientation of the bulk-phase water near
and farther away from the protein NHCO groups — that is, however, discussed in detail
elsewhere (Ling and Hu 1988) and not further pursued here.
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FIGURE 11. Double log plot of the concentration of “invisible” (adsorbed) Na* on a 10% hemo-
globin solution against the “visible” (free) Na* concentration in the media. (from Ling and Zhang
1984)

Na* Adsorbed (%)

O 1 1 1 L 1 L 1 1 L J
0 10 20 30 40 50

Hemoglobin Concentration ( % )

FIGURE 12. Concentration of “invisible” (adsorbed) Na* as a percentage of total Na* in a 125 mM
(A) and 250 mM (B) NaOH solution, containing increasing concentration of hemoglobin. (from
Ling and Zhang 1984)
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FIGURE 13. The quantitative relation between fixed cations of hemoglobin neutralized and Na* ad-
sorbed. Points are experimentally measured concentrations of “invisible” Na* in a 10% hemoglobin
solution at different pH’s. The solid line going through or near most of the experimental points is
the theoretically calculated composite titration curves of all the a-amino groups, €-amino groups
and guanidyl groups in 100 g. of hemoglobin. (from Ling and Zhang 1984)

+ 3Na" + 30H

3H,0 +

FIGURE 14. Diagrammatic illustration of the interaction of NaOH and folded native hemoglobin
leading to the dissociation of the salt-linkages by the neutralization of the fixed cationic €- amino
and guanidyl groups shown as NH;* and the liberation of all the -, and y-carboxyl groups. Each of
these liberated B-, and y-carboxyl groups then adsorbs one-on-one a Na*. The backbone NHCO
groups also liberated from their former a-helical engagement now adsorb and orient multilayers of
water molecules. The stoichiometric relationship predicted between the molarity of the fixed cations
neutralized and the molarity of Na* adsorbed as shown in Figure 13 is thus confirmed.
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Once more, we are at the same position we confronted in our three preceding sections.
Invisibility to the Na*-selective electrode by itself does not prove that the invisible frac-
tion of the Na* is engaged in close-contact, one-on-one adsorption. To prove that requires
additional evidence that here too the invisible Na* can be displaced to different degrees
by other monovalent ions that have different short-range attributes. Indeed, that is pre-
cisely what the data shown in Figure 15 tell us.

The figure shows how different alkali metal ions, which differ among themselves only
in short-range attributes, produce different degree of displacement of the adsorbed Na*,
making it visible to the Na'*selective electrode —, Li* being the most effective, Rb*
and Cs* the least, with K* somewhere in-between. Thus the Na*/Rb* selectivity ratio
(KRh—sna) 18 16.5; the Na* /Cs* selectivity ratio is 14.0. In contrast, the Na/Li selectivity
ratio is only 2.3. Seen as a whole, there is no doubt that the Na* invisible to the electrode
is in fact due to its close contact one-on-one adsorption on the o-, B- and y-carboxyl
groups of the hemoglobin.

2. Studies on living cells

This, the last and concluding section of this communication is divided into five sub-
sections. In the first subsection, I shall present evidence that bulk-phase protoplasm
(rather than the cell membrane and pumps postulated to exist in the cell membrane) se-
lectively accumulates K* over Na*. In the second subsection, I shall demonstrate that ATP
molecules per se (rather than its rate of hydrolysis) control the level of selectively accu-
mulated K* in living cells. In the third subsection, I shall demonstrate that K* in living
cells are exchangeable one for one with Na* and other monovalent cations. In the fourth
subsection, I shall demonstrate that 3-, and y-carboxyl groups carried respectively on as-

100
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[ displacing cation ] (mM)

FIGURE 15. Displacement of adsorbed Na* by Li*, K*, Rb* and Cs* with different short-range at-
tributes . Ordinate represents percentage of “invisible” (adsorbed) Na* displaced by increasing con-
centration of the displacing ions indicated in the graph. All displacing ions were added as chlorides
in a 10% hemoglobin solution containing a fixed concentration of NaOH (125 mM.) (from Ling and
Zhang 1984)
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partic and glutamic acid residues of cell proteins are the seat of adsorption of K* and its
surrogate ions like TI*, Cs*, Na*. In the fifth and last subsection, I shall demonstrate that
K* (and/or surrogate ions) are adsorbed one-on-one, in close-contact on B-, and
v-carboxyl groups of intracellular proteins.

2.1 Bulk-phase protoplasm (rather than membrane pumps) as the seat of selective K*
accumulation

Figure 16 shows an Effectively Membrane-less Open-ended Cell or EMOC preparation
of an isolated frog sartorius muscle. Only the cut end of the muscle — which does not

i

— —

0-25 to 0-35 mm

FIGURE 16. Effectively membrane-pump-less open-ended cell (EMOC) preparation of a frog sar-
torius muscle. (A) side view; (B) bottom view. Only the cut end (d) of the sartorius muscle (a) is in
direct contact with the radioactively labeled Ringer’s solution (e). Cut muscle is secured on one end
by the tight-fitting slit (g) of the silicon rubber gasket (b) and on the other end by an anchoring piece
of string (f). Vaseline (c) originally filling the entire lower end of the glass tube including the gas-
ket slit effectively prevents seepage of labeled solution into and out of the gasket slit, through which
the tibial end of the muscle passes. (Ling 1978, by permission of Journal of Physiology (London))
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regenerate a new cell membrane (see Ling 2001, p. 20; Ling 2004, p. 14) — is exposed
to a Ringer’s solution (e) containing radioactively labeled K* and Na*.

Now, each sartorius muscle from the North American leopard frog (Rana pipiens
pipiens, Schreber) comprises some 1000 hair-like cells, each reaching from one end of the
muscle to the other end without interruption. By far the largest part of each muscle cell
in an EMOC preparation is directly exposed to either moist air or vaseline or a micro-
scopically thin layer of Ringer’s solution in the extracellular space. Neither air nor
vaseline, nor this microscopically thin layer of Ringer’s solution could serve as a source
of K* or sink for Na*. As a result, in the EMOC preparation, the postulated sodium (po-
tassium) pump could not operate and keep the cell K* high and the cell Na* low. Yet
Figure 17 shows how such an EMOC sartorius muscle preparation continues to accumulate
K* and exclude Na* in the intact part of the muscle (away from the injured cut end) as if
they were in their normal environment. Taken as a whole, the data show that the selective
accumulation of K* and exclusion of Na* are manifestations of the properties of the bulk-
phase protoplasm and not those of a sieve-like cell membrane and/or (postulated) pumps.

2.2 ATP per se controls the level of selectively accumulated K*.

Figure 18 taken from Gulati et al (1971) shows the quantitative relationship between
the equilibrium level of K* in a poisoned frog muscle and its ATP content. The quantita-
tive relationship demonstrated appears indifferent to which of the arbitrarily selected
metabolic poisons was used to slowly kill the muscles. In this set of data, each experi-
mental point represents a single frog sartorius muscle. In Figure 19, in contrast, the
demonstrated correlation between K* and ATP occurred in different parts of the same
muscle cells installed in an EMOC preparation. In regions near the cut end, where the
ATP concentration has fallen to zero or near-zero, virtually all the accumulated K* has
vanished. Further toward the intact end of the muscle, the steep rise of ATP concentration
paralleled a steep rise of K* concentration and a correspondingly steep fall of Na* con-
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FIGURE 17. Distribution of labeled K* and Na* in segments of the muscle at different distances
from the cut end (abscissa) of a frog sartorius muscle mounted in an EMOC setup (illustrated in
Figure 16). Durations of incubation are indicated in the figures (25° C). Ringer’s solution bathing
the cut end of the muscle contained radioactively labeled K* and Na*. Ordinate represents the con-
centration of labeled K* or Na* in cell water expressed as a ratio to their respective concentration
in the Ringer’s solution bathing the cut end at the conclusion of the experiment. (Ling 1978, by per-
mission of Journal of Physiology (London))
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FIGURE 18. The relation between the equilibrium concentration of K* and the concentration of
ATP in healthy, dying and dead frog muscles. These muscles were exposed to 10 different poisons
(as indicted) for different lengths of time at 25°C with shaking, followed by an equilibrium period
of 2 to 4 hours at 1°C also with shaking to achieve diffusion equilibrium. (Gulati et al 1971, by per-

mission of Biophysical Society)
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FIGURE 19. The concentration of ATP in part of a frog sartorius muscle EMOC preparation at dif-
ferent distances from the cut end, which alone was immersed in Ringer’s solution. The muscle was
in the EMOC setup for 3 days at 25°C. ATP concentration is given in pmoles per gram of fresh
muscle sections. Distances from the cut end are given as a ratio of the distance from the cut surface
to the center of the segment, divided by the total length of the cut muscle. ATP was analyzed using
the firefly enzyme method. The K* (and Na*) concentrations are given as ratios to the final concen-
tration in the Ringer’s solution bathing the cut end of the muscle. (after Ling 1992a)

centration. Both sets of data as shown in Figure 18 and Figure 19 confirm the predicted
quantitative relationship between the amount of cell K* and the concentration of ATP as
cardinal adsorbent — occupying key control sites called cardinal sites as illustrated in
Figure 20 and Figure 21.

2.3 Cell K* can be stoichiometrically replaced one-on-one by all monovalent cations
studied (e.g., TI*, Cs*, Na*) but not by divalent cations (e.g., Mg*")

Figure 22 shows that the total concentration of TI* (thallium ion), K* and Na* in frog
muscle remained constant as the ratio of external TI* and K* varied (while the external
Na* concentration was kept constant at 100 mM. This constancy in total monovalent
cation content indicates a one-for-one exchange among all three monovalent cations. In
contrast, Figure 23 shows that there is no one-for-one replacement of cell K* by the in-
creasing concentration of both extracellular and intracellular divalent cation, Mg**. Seen
together, these two sets of data suggest that in the resting living state, virtually all the
B-, and y-carboxyl groups of the frog muscle cells exist as isolated anionic sites and not
in pairs or clusters. (In a paper yet to be published, Ling and Ochsenfeld would describe
conditions, under which this specificity for monovalent ions could be relaxed and divalent
and monovalent cations become mutually exchangeable and compete for similar appar-
ently paired or clustered sites.)

Figure 24 shows two sets of X-shaped pairs of K* and Na* curves. The points here are
experimental. The lines going through and near the points are theoretical according to
Equation 24 of cooperative adsorption in Appendix D. In the left-hand set of X-shaped
curves, the data shows strict obedience to one for one exchange of Na* for K* when the
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FIGURE 20. Two types of autocooperative transitions between i state in which the sites are occu-
pied by solute i (open circles) to the j state in which the sites are occupied by solute j (solid circles).
(A) In this type called “spontaneous,” the transition results from a change in the relative concentra-
tions of i and j in the surrounding medium. (B) In this type called “controlled”, a similar transition
occurs between the i and j state but at a constant relative concentration of i and j in the surround-
ing medium. The transition is caused by the interaction of a specific cardinal site with a cardinal
adsorbent, W. (from Ling 2001)
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FIGURE 21. Diagrammatic illustration of how adsorption of the cardinal adsorbent ATP on the
ATP-binding cardinal site and of “helpers” including the congruous anions (shown here as “ad-
sorbed congruous anions” and Protein X (shown here as Z) unravels the infroverted (folded) sec-
ondary structure shown on the left-hand side of the figure. As a result, selective K* adsorption now
takes place on the liberated -, and y-carboxyl groups (shown on the right-hand side of the picture
as carboxyl groups) and multilayer water polarization and orientation can now occur on the exposed
backbone NH and CO groups. The resting living state is thus achieved and maintained. (This figure
is the latest version of a basically similar but simpler one first introduced in Ling 1969.) (from Ling
2001)
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FIGURE 22. Equilibrium distribution of TI*, K* and Na* in frog muscles. To produce the wide
range of [TI*], / [K*]. ratios shown on the abscissa, [K*],, was kept constant at 2.5 mM below a
[TI"]ey / [K*]ex ratio of unity. Above that, [TI*],, was kept constant at 4 mM. while [K*]., varied. In
all bathing solutions the external Na* concentration was kept constant at 100 mM. Each point is the
mean of 4 or 5 determinations + S.D. Constancy of the sum of the three ions shown in the straight
horizontal line marked (TI+K+Na ) demonstrates full interchangeability among these monovalent
cations on the intracellular -, and y-carboxyl groups. (from Ling 1977a)
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FIGURE 23. Equilibrium Mg** and K* distribution in healthy frog muscle, demonstrating no ex-
change between monovalent cations and divalent cations. This specific set of experiments was con-
ducted at 4°C. A companion study carried out at 25°C yielded similar results. Before assaying for
their cellular ionic contents, the muscles were centrifuged at 1000g for 4 minutes in hermetically
sealed paraffin film (parafilm) packets to remove extracellular fluid by the method of Ling and Wal-
ton, 1975. Resting frog muscle cells possess one set of adsorption sites for Mg** with strong affin-

ity. [f]yg = 11.0 pmole/gram fresh muscle cell; K§j, = 107* M. (from Ling et al 1979, reprinted by
permission of John Wiley & Sons, Inc.)

ratio of external K*/Na* is lowered. The data demonstrate a selectivity ratio of K* over
Na* (K{,_k) equal to 100. In the right-hand set, the selectivity ratio of K* over Na*
(KRXu—k) has dropped from 100 to 21.7 — in consequence of the inclusion in the bathing
solutions of a minute concentration of the cardiac glycoside, ouabain (10”7 M.) In the as-
sociation induction hypothesis, ouabain as well as ATP are cardinal adsorbents, so are
drugs and hormones in most cases and illustrated diagrammatically in Figure 20 and 21.

2.4 -, and y-carboxyl groups of intracellular proteins offer by far the greatest majority
of adsorption sites for K* in frog muscle cells

This subsection comprises two parts. The first part presents evidence that -, and
v-carboxyl groups adsorb K* on the basis of the known intracellular locations of the j-,
and y-carboxyl groups; the second part presents evidence that 8-, and y-carboxyl groups

adsorb K* on the basis of the characteristic acid dissociation constant or pK, of the -, and
Y-carboxyl groups.
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FIGURE 24. Equilibrium distribution of K* and Na* adsorbed on intracellular -, and y-carboxyl
groups in frog muscle cells at varying external K* and Na* concentration ratio, [(K* )., / (Na")e]
(shown on the abscissa.) As a whole, the data demonstrate full exchangeability of all adsorbed K*
and Na*. All points are experimental; the two sets of X-shaped lines going through or near the ex-
perimental points are theoretical according to Equation 24 in Appendix D. The muscles yielding the
left-hand side pair of curves were untreated normal; the muscles yielding the right-hand side pair of
curves were exposed to the cardiac glycoside, ouabain at a pharmacological (very low) concentra-
tion (10~" M.) Data show that ouabain treatment has lowered the intrinsic equilibrium constant for
the Na* to K* exchange (K{,_,x) from 100 to 21.7 with little or no change in the nearest-neighbor
interaction energy (—y/2). In parallel studies reported in the same paper, no detectable change in the
concentration of ATP in the muscles was shown for ouabain concentration lower than 107° M. At
ouabain concentration above 10 M, ATP concentration decline was visible. (from Ling and Bohr
1971)

2.4.1 Identifying B-, and y-carboxyl groups as K* adsorption sites from their known
cytological locations.

In presenting LFCH in 1952, I pointed out that myosin, which makes up about half of
the voluntary muscle proteins, contains enough -, and y-carboxyl groups to adsorb all the
muscle cell K* (Ling 1952, p. 773.) In 1977, Ling pointed out that since it has been known
that myosin makes up the dark bands of striated muscle cells (Huxley 1853; Engelmann
1873; Huxley & Niedergerke 1958) the LFCH would predict that much of the muscle cell
K* is located in the A bands (Ling 1977.)

And, once more, experimental support for this theory has been in existence long before
the theory came into being. Thus using K-precipitating chemicals, Macallum (1905) and
Menten (1908) have demonstrated that K* in various voluntary muscle cells is specifically
located at the A bands and sometime at the Z-line as well.

It is true that one can raise questions about what these authors really demonstrated.
However, there has been such a wealth of new experimental confirmation of the earlier-
announced and later theoretically-predicted location of K*, one cannot deny that Macal-
lum’s (and Menten’s) findings were largely correct.
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Nonetheless, it would be remiss if I do not mention Ludwig Edelmann’s masterful and
original work, nor the work of Nesterov & Tigyi-Sebes (1965), Trombitas & Tigyi-Sebes
(1979.) and still others. Together, they have firmly established that most muscle cell K*
is, as predicted on the basis of the known location of the proteins carrying most of the
B-, and y-carboxyl groups, at the edges of the A bands (and Z lines.) However, there is no
way to do justice especially to Dr. Edelmann’s superb work here. As the next best, I shall
pick out a few highlights of his work with which I am most familiar.

Figure 25 shows my own early results of radioautographic studies of air-dried frog
muscle cell preparations. The radioautographs demonstrate that the K* surrogates, labeled
Cs* and TI*, are as predicted located mostly on the A bands (Ling 1977.)

Figure 26 was the earliest of Edelmann’s transmission EM studies. Again, T1" and Cs*
were chosen as the K* surrogates, not for the long-life, inexpensive radioisotopes this pair
of ions offer as in the study that had produced Figure 25, but for their respective high elec-
tron density and hence opaqueness to the electron beam and thus direct visibility in a
transmission electron microscope. Once more, the locations of these two K* surrogates
confirm that K* is normally found primarily at the edges of the A band (and at the Z-line.)

FIGURE 25. Auto-radiographs of dried single muscle fibers. (A) Portion of a single muscle fiber
processed as in all the other auto-radiographs shown here but not loaded with radioisotope. (B), (C)
and (D) are auto-radiographs of dried muscle fibers loaded with radioactive '**Cs while living and
before drying. (B) and (D) were partially covered with photo-emulsion. (B) was stretched before
drying. Bars represent 10 micrometers. Incomplete coverage with photo-emulsion in B and D per-
mits ready recognition of the location of the silver grains produced by the underlying radioactive
ions to be in the A bands. Careful examination suggests that the silver grains over the A bands are
sometimes double. In some cases (C), a faint line of silver grains can also be seen sometimes in the
middle of the I bands, corresponding to the position of the Z line. (from Ling 1977)
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FIGURE 26. Electron micrographs of dry-cut, unstained section of freeze-dried frog sartorius mus-
cle fibers. Muscles were loaded physiologically with Cs* (a) and TI* (b,c) before freeze-fixation,
freeze-drying and embedding. (b) was processed immediately after sectioning. (c) was obtained
after exposure of a cut section to room temperature for 1 hr. (d) is the central part of (a) after stor-
age of 2 days in distilled water. (e) is from a normal “K*loaded” muscle. A, A-band; H, H zone; M,
M-line; L, L zone; Z, Z-line; gly, glycogen granules, Scale bar: 1.0 um. (from Edelmann 1977)

The EM plates c and d in Figure 27 were all produced by means of a revolutionary new
technique that Edelmann invented — a technique Edelmann named “adsorption staining”
(Edelmann 1984.) Briefly, living muscle cells were frozen in liquid nitrogen and the
frozen water in the cells replaced with pure acetone by a combinatin of feeeze-substitu-
tion and then low temperature imbedding in Lowicryl K11M. 0.1 to 0.2 um thick sections
were then dry-cut and exposed to a “staining” solution containing 100 mM LiCl, 10 mM
CsClI and 0.5 mM CaCl,. Lo and behold! These seemingly dead sections have maintained
their resting living state.

And, they did exactly what intact muscles cells loaded with Cs* or T1* in their natural
living state do, selectively adsorb these surrogate ions at the two edges of the A bands.

In summary, conventional and new EM methods as well as radioautographic methods
have confirmed the prediction that the K* surrogate Cs* and TI* are located where most
of the B-, and y-carboxyl groups are known to be located offering further support that it
is these B-, and y-carboxyl groups carried respectively on the aspartic and glutamic acid
residues of myosin and other intracellular proteins that specifically adsorb K* or its sur-
rogates including Cs*, Rb*, TI* or Na*.

Next I shall demonstrate that the characteristic acid dissociation constant, or pK, of
B-, and y-carboxyl groups provides another means to test the hypothesis that these -, and
v-carboxyl groups are the seats of preferential adsorption of cell K*.

2.4.2 Identification of B-, and y-carboxyl groups as the adsorption sites for K* by the
carboxyl group’s characteristic pK,,

The standard way to determine the pK, of an acid is by titration. Unfortunately, it is not
easy to titrate the -, and y-carboxyl groups inside living cells; the cell membrane or sur-
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FIGURE 27. Electron micrographs of parts of a frog muscle cell near and far away from its cut end.
(a) an ultrathin section stained with uranium and lead by conventional procedure, showing the cut
surface of the muscle fiber at the top of the figure; (b) a similar section made at 0.4 mm away from
the cut end. (c) and ( d) are from 0.2 pum-thick wet-cut section (not stained with uranium and lead
but) stained with electron-dense Cs* by Edelmann’s “adsorption-staining method” in which the cut
section is exposed to a solution containing 100 mM LiCl, and 10 mM CsCl. (c) obtained from the
cut edge of the muscle, (d) from a section 0.4 mm away from the cut edge. Note poor or no uptake
of uranium/lead in (a) nor of Cs* in (c), but normal uptake in both (b) and (d). (from Edelmann
1989, by permission of Scanning Microscopy)

face offers a road block to what lies inside the cell. To overcome this road block, a sim-
ple solution is to use a muscle cell preparation with its ends cut thereby directly exposing
the cell interior to the outside medium. Unfortunately, as made clear in Figure 17 and 19
above, cutting a muscle cell causes a spreading deterioration of the muscle cell from the
cut end toward the intact end. After many trials, I was lucky in finding a modified medium
containing about 17% (w/v) of PEG-8000, which greatly prolongs the survival time of the
cut muscle (Ling 1989) and it was with its help that the data shown in Figure 28 from
Ling and Ochsenfeld was obtained.

The central finding here is that the (K*-surrogate) labeled Na* adsorbing sites show a
uniform pK, of 3.85 (Figure 28.) Now the pK, of the B-carboxyl groups has a pK, of 3.65;
the pK, of the y-carboxyl group of glutamic acid is 4.25 (Stecher 1968, p. 107 and p. 497.)
The measured value of 3.85 falls within the range of these known pK values, again con-
firming the theory that it is these -, and y-carboxyl groups that selectively adsorb K* and
its various surrogates.

At this junction, it is relevant to point out that phosphate groups, could in amount offer
alternative anionic groups to bind some cell K*. However, the single pK, of 3.85 also rules
out that possibility because the three pK, values of phosphoric acid are respectively 2.12,
7.21 and 12.67 and all too far removed from 3.85 to merit more attention (Hodgman et al
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FIGURE 28. Uptake of labeled Na* at different pH’s by 2-mm-wide muscle segments with both
ends open (0°C). Incubation solution contained 16.7% (w/v) PEG-8000. Each point represents the
mean * S.E. for 4 samples. For pH 7.5 and lower, H,SO, — Na,SO, buffers were used. For pH above
7.5, glycine-NaOH buffers were used. Ordinate represents molar labeled Na* concentration in tissue
water. Note that at pH 2.3 and lower, the curve levels off, indicating that at this and still lower pH
(and corresponding higher H* concentration), all adsorbed labeled Na* have been chased away by
the H* and the only labeled Na* in the muscle segments is free labeled Na* found in cell water. The
downward arrow indicates the midpoint of the titration curve and hence the pK, of the acidic group
after the free fraction in cell water has been subtracted from the total labeled Na* uptake. (from Ling
and Ochsenfeld 1991)

1961, p. 1757.) Indeed, there is no sign that any detectable amount of labeled Na* is ad-
sorbed on acidic groups with any acidic groups characterized by these pK, values.

2.5 K* (and its surrogates ions) in living frog muscle cells are engaged in close-contact
one-on-one adsorption on the 8- and y-carboxyl groups on myosin or other cell proteins

As we have shown above (section 1.3), Na* is engaged in close contact one-on-one ad-
sorption on the sulfonate groups of polystyrene sufonate, because different competing
monovalent cations displaced Na* from adsorption sites to different degrees and the only
difference among these displacing ions are their short-range attributes and short-range at-
tributes cannot be perceived or felt without close contact.

By a similar combination of technique and logic, we have shown that in NaOH-titrated
hemoglobin solution, the Na* that has become invisible to the Na*specific electrode, is
also engaged in close-contact one-on-one adsorption on the B- and y-carboxyl groups of
the hemoglobin.

In this, the concluding section of the experimental confirmation of LFCH, I shall
demonstrate that K* (and its various surrogate ions) in living cells behave like counter-
cations in inanimate model systems also engaged in one-on-one, close contact adsorption
on these B- and y-carboxyl groups. Again, this subsection can be divided into two parts
2.5.1 and 2.5.2.
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2.5.1 Close contact, one-on-one adsorption of K* from the total failure of Mg** to dis-
place any intracellular K* from its adsorption sites

Let us suppose that K* in muscle cells exists wholly or partly as free ions in an ion
cloud hovering around the fixed B- and y-carboxyl groups carried on some cell proteins.
In that case, that part of the K* that is free would be replaceable by divalent Mg*™ because
as part of the ion cloud, only the number of electric charges count and two singly charged
K* would be fully and completely replaceable by one doubly-charged Mg**.

The fact is, as shown in Figure 23, quite the opposite. The cell K* concentration stays
entirely unchanged in the presence of increasing concentration of Mg** outside and inside
the muscle cells. Therefore, no cell K* exists in the form of free ions hovering around the
fixed B- and y-carboxyl groups.

Elementary logic dictates that the absence of no-contact, free-floating K* in muscle
cells means that all K* in muscle cells are engaged in close-contact, one-on-one associa-
tion with fixed sites — already establised above to be the B- and y-carboxyl groups on
myosin and other proteins.

2.5.2 Close-contact, one on one adsorption of nearly all intracellular K* on fixed B- and
Y-carboxyl groups from divergent impact of different competing cations with only
short-range attribute differences among themselves

Figure 29 shows a double reciprocal plot of the equilibrium concentration of labeled K*
at different external labeled K* concentrations in the presence of varying concentration of
competing non-labeled K*. The family of straight lines converging toward the same locus
on the ordinate shows that the adsorption follows what the Langmuir adsorption isotherm
predicts as shown as Equation 23. However, Ling and Ochsenfeld pointed out in 1966 that
converging straight lines are by themselves no proof that the ions are engaged in close
contact adsorption. Countercations hovering near the fixed anions could give rise to a
similar set of converging straight lines (Ling and Ochsenfeld 1966.) To prove close con-
tact, one-on-one association, they also pointed out, we need to demonstrate different
effectiveness in competing for the 8- and y-carboxyl groups among competing ions that
differ only in short-range attributes. A pair of monovalent cations that meet this criterion
are K* and Cs*. Indistinguishable in terms of their respective long-range attributes as
singly charged cation, they differ profoundly in their respective short range attributes.
Most outstanding among them is in their respective Born repulsion constants, which in
units of ergs/cm’ x 10%* are respectively for K*, 26.5 and for Cs*, 82.5.

Figure 30 shows the reciprocal plots of the equilibrium concentrations of '**Cs labeled
Cs* and “’K labeled K* against their respective concentrations in the external media. The
profoundly different impact produced by the same (nonlabeled) K* on the equilibrium
concentration of these two ions, — which differ from each other only in short term at-
tributes — leaves no doubt that virtually all the K* adsorbed in frog muscle cells are en-
gaged in one-on-one, close contact adsorption on the B- and y-carboxyl groups.

I thank Dr. Raymond Damadian, and his Fonar Corporation and its many friendly and helpful mem-
bers for their continued support, Margaret Ochsenfeld and Dr. Zhen-dong Chen for their dedicated
and skillful cooperation, and librarian Anthony Colella and Michael Guarino, director of Media Ser-
vices and Internet Services, for their patience and tireless assistance.
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FIGURE 29. Double reciprocal plots of the equilibrium intracellular labeled K* concentration,
[K*];y, against the external labeled K* concentration, [K*],, in the presence of 0, 20 and 50 mM of
non-labeled K* (both labeled and non-labeled K* were in the form of acetate) (23-26°C). Incuba-
tion lasted 26 hours. The reciprocal of the equilibrium intracellular labeled K* concentration shown
as ([K*];,)"" is in units of reciprocal millimoles of the ion in 1 kilogram of fresh muscle and shown
as (mmoles/kg) ™" ; the reciprocal of the extracellular labeled K* concentration shown as ([K*].,)™
is in units of reciprocal millimolarity or (mM)~'. Each point represents data from a single frog
sartorius muscle. Lines obtained by the method of least squares. The total concentration of
K*-adsorbing sites in the muscle computed from the experimental data ranges from 137 to 154
mmoles per kg of fresh muscle. The average apparent adsorption constant of K* calculated is 665
(moles/liter)™. (Ling and Ochsenfeld 1966, reproduced from Journal of General Physiology by per-
mission of Rockefeller University Press)
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FIGURE 30. Double reciprocal plots of the equilibrium intracellular labeled Cs* concentration,
([Cs*];, 7Y, against the reciprocal of external labeled Cs* concentration, ([Cs*]., ")), in the presence
of 0, 20 and 50 mM of non-labeled K* (all as acetate) (23-26°C). Incubation lasted 45 hours. Each
point represents data from a single sartorius muscle. Lines obtained by the method of least squares.
Dotted lines are taken from Figure 29 for comparison. Taken together, the two sets of data show that
the same concentration of (nonlabeled) K* produces dramatically different impacts on the adsorp-
tion of labeled K* and of labeled Cs* respectively. The apparent adsorption constant for Cs* from
the single set of data shown is 488 (moles/liter)™". For additional explanation of units and symbols
used, see legend of Figure 29. (Ling and Ochsenfeld 1966, reproduced from Journal of General
Physiology by permission of Rockefeller University Press)
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Endnotes

1. The experimental disproofs of the original (sieve) membrane theory include those re-
ported by Gerard 1912, by Wu and Yang in 1931, by Kaplanski and Baldereva in 1934,
by Cohn and Cohn in 1939, by Heppel in 1939 and by Steinbach in 1940. Experimental
disproof of the pump version of the membrane theory includes that of Ling 1962, Jones
1965, Minkoff and Damadian 1973, and further affirmation and extension by Ling in 1997.

2. The sensible idea that electrostatic attraction between the negatively charged - and
v-carboxyl groups and positively charged €-amino groups and guanidyl groups caused the
formation of bonds called salt linkages was suggested by Speakman and his coworkers for
the fibrous protein, keratin (Speakman and Hirst 1931.) The idea was then extended to
collagen (Lloyd et al 1933) and to globular proteins (Mirsky and Pauling 1936; Eyring
and Stearn 1939.) For those like myself who have an interest in the history of biological
sciences, it was truly astonishing to discover that the salt linkage was rarely found in the
literature among protein chemists even after Perutz and his coworkers not only detected
salt-linkages in crystalline hemoglobin, a bona fide globular protein, but described their
exact locations in the protein molecule as well (Perutz et al 1968; Weissbluth 1974.)

This rejection of the salt linkage concept could be traced to a paper published by
Jacobsen and Linderstrom-Lang (1949) on the basis of a single piece of circumstantial
evidence. Namely, during acid titration of egg albumin and serum albumin, the volume
change of the proteins matched the volume change measured in the titration of simple car-
boxylic acids. But proteins are not collections of isolated and independent chemical
groups. Titration of the carboxyl groups and amino groups could produce far reaching
changes in the entire protein molecules (see Ling 2003, Ling and Hu 1988.) Thus, the
matching observed could be entirely coincidental — as indeed, Jacobsen and Linder-
strom-Lang had themselves noted when they tried but failed to find matching in the titra-
tion of the amino groups.

Steinhardt and Zaiser offered another independent set of evidence for the existence of
salt linkages in isolated hemoglobin. More specifically, they titrated hemoglobin with acid
and observed the uptake of H* at different times thereafter (Steinhardt and Zaiser, 1951,
1953.) They found that 36 carboxyl groups were released from an inaccessible state to an
accessible state in an all or none manner. They also pointed out in their 1955 review that
the iso-electric point (I.LE.P.) of the proteins remains near pH of 7 before and after full acid
denaturation. From this unchanging I.LE.P. they reached the conclusion that these carboxyl
groups must be bound to an exactly equal number of cationic amino groups, which were
released at the same time. This is another way of saying that the fixed carboxyl groups
were engaged in salt linkages in native hemoglobin (Steinhardt and Zaiser 1955; Edsall
and Wyman 1958, p. 539.)

Then in 1984, thirty-nine years after the publication of the Jacobsen and Linderstrom-
Lang paper, an unequivocal confirmation of the salt linkage hypothesis was provided by
Ling and Zhang (1984.) Here they demonstrated that for each fixed cationic group neu-
tralized, exactly one fixed anionic group is set free and that freed fixed anionic group then
adsorbs exactly one Na* (see Figures 13 and 14 of the present paper.)

Finally, I want to explain why it is important to review this history of the salt-linkage
hypothesis. The myth of the non-existence of salt linkages was a part of the foundation
for the mistaken notion of free ions surrounding proteins as proposed by Linderstrom-
Lang mentioned earlier.
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Appendix A

How the idea of ionic dissociation, which began as a brilliant scientific
achievement has inadvertently degenerated into a misleading dogma and
roadblock to progress

At one time, natural philosophers thought that sodium chloride exists as intact mole-
cules just as sucrose does when dissolved in water. However, this idea was to make a 180
degree turn by the middle of the 20™ century — as the reader of the earlier pages of this
article have begun to suspect already.

Though ionic association and dissociation are bona fide physical chemistry, the story
actually began in the research on (muscle) physiology. Two centuries later, it has returned
to the science of (cell) physiology.

Aloisius Galvani (1737-1798) studied the way electricity brought about contractions
of isolated frog legs. One day he was on the way out to carry out an experiment with elec-
tricity brought down from thunderclouds as Benjamin Franklin did in his famous kite ex-
periment. To Galvani’s astonishment, the frog legs suddenly contracted violently before
he got to the thunderclouds — when the brass hook on which he had skewered his frog
legs accidentally touched the iron railing of the building.

This surprising discovery eventually prompted Galvani to propose — for a while highly
controversial — theory of animal electricity. It also set the stage for his detractor, physics
professor, Alessandro Volta (1745-1827) to verify and extend his idea that it was entirely
the result of electric activities at the point of contract between two different metals that
caused the muscle to contract.

In time, Volta’s study led him to invent what is known as his “Voltaic Pile”. This primi-
tive electric battery, in turn, played an important role in the discovery of electrolysis by
Michael Faraday.

With the help of Rev.William Whewell of the Trinity College, Faraday then introduced
the name cations for positively charged ions (like Na*) and the name anions for negatively
charged ions (like CI".) Obviously, Faraday must have known and known well that elec-
trolytes could dissociate in water; or else he would have no need to invent the names of
the products of dissociation: cations and anions. The time was 1834 (Faraday 1834.)

Twenty seven years later, Thomas Graham — in his historic paper introducing the con-
cept of colloid (Graham 1861) — described results of a relevant observation. Here, he
showed that “a mixture of chloride of potassium and sulphate of soda is the same thing
as a mixture of sulphate of potash and chloride of sodium, when the mixtures are in a state
of solution.” Graham went on to point that this finding is “in harmony with (Claude-
Lewis) Berthollet’s view, that the acids and bases are “indifferently combined.” (Graham
1861, p. 197.) Graham gave no date when Berthollet’s expressed this view (and where)
but it must be earlier than 1861.

Most textbooks, however, made no mention of Berthollet, Graham or Faraday in their
earlier discovery of electrolyte dissociation. Instead, the textbooks tell us that it was to
Svante August Arrhenius (1858-1927) that we owe the knowledge that sodium chloride
exists in water as dissociated sodium and chloride ions (Arrhenius 1887, 1888.)

Credit was also given to J.H. van’t Hoff. van’t Hoff suspected dissociation of salt in
water when he found that the osmotic pressure of a solution of sodium chloride exceeds
that of an equi-molar concentration of sucrose. But van’t Hoff’s work was published at
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about the same time as Arrhenius’s theory (van’t Hoff 1885, 1887) and therefore also
years after the same idea was expressed by Berthollet and by Graham. One asks, Is it
pure coincidence that van’t Hoff was the recipient of the first Noble Prize for Chemistry
in 1901 and his pupil, Svente Arrhenius got the third Nobel Prize for Chemistry three
years later?

In broad terms, the theory of ionic dissociation in water has largely proved correct. It
is worth pointing out at this juncture that there are in fact two separate events underlying
what we refer to as ionic dissociation. The first event is ionization. That is, the sodium
atom gives off one of its valence electrons, thereby becoming a positively charged ion or
cation and the chlorine atom gains an extra electron, thus becoming a negatively charged
ion or anion. On this subject, there is now no dissension known to me.

Today, all agree that even in the form of (the most concentrated) solid crystal forms, all
Na and Cl exist in the ionized Na* and CI~ forms respectively — as X-ray crystallogra-
phy studies carried out in the 1920’s clearly showed. However, in his proof of his ionic
dissociation theory, what Arrhenius called dissociation (in support of his theory) was in
fact ionization. Accordingly, the accord he reported between theory and (that part of the)
experimental observation is fortuitous (see Glasstone, 1946. p. 888.)

It is on the second event that difference in opinion exists — namely, the dissociation of
a cation or an anion from an associated ion pair. Again, there is little dissension that in an
infinitely dilute solution of NaCl, for example, all the Na* and CI~ are fully dissociated.
However, a profound difference in opinion exist in regard to an electrolyte as found in liv-
ing cells, in soils, in permutit, and in cation exchange resins.

As pointed out earlier, Moore, Roaf and Webster believed that soil and proteins in liv-
ing cells have special affinity for K*. Wiegner and Jenny also believed that K*, Na* and
other cations in permutits could be preferentially adsorbed. In contrast, most textbooks of
biology teach as established truth that ions in living cells are all free. And in the popular
theories, counter-ions in exchange resins, near proteins and in living cells are all free.
That, despite the fact that in the case of the cation exchange resin, the concentration of
counter-ions could be as high as 3 Molar or higher.

How and when did this profound divergence on full ionic dissociation and association
begin? And I repeat what specific evidence was there that has so thoroughly convinced
some of the best scientific minds to their extreme view on the subject? Again, I repeat
what I said above that I searched and searched but found none. No one denies that Fara-
day, Berthollet, Graham, Arrhenius, and van’t Hoff have all played brilliant roles in
establishing ionic dissociation in aqueous media. But none of them suggested that full
ionic dissociation is an absolute truth under all conditions.

So common sense dictates that perhaps this extreme view on universal ionic dissocia-
tion as an immutable truth came about as a mistake. And, that once adopted by the opin-
ion makers of the time, it acquired a life of its own. Next thing you know it has taken on
the stern face of absolute and categorical truth. While the full story behind may never be
known, I would venture a guess that it began with the work on ionic dissociation by van’t
Hoff and Arrhenius discussed above but in particular the famous Limiting Law of ionic
dissociation of P. Debye and E. Hiickel of 1923.

For what this Limiting Law tells us is that ions like Na* and CI™ are fully dissociated
in an infinitely dilute concentration. However, though they are fully dissociated, they are
not entirely independent of each other Rather, each ion is surrounded by an ion cloud
bearing an excess of oppositely charged ions. It is this ion cloud that causes the ions in



52 LING

even an extremely dilute solution to behave in a way other than ideal. The factor that de-
scribes this non-ideality is known as the activity coefficient. For an electrolyte carrying a
cation R and an anion X, the activity coefficient Yz is according to Debye-Hiickel’s
limiting law, described by the following formula:

Inyrx=az, lzI1". (A1)

In an aqueous solution at 25°C, the term, “a” equals 1.17 for an one-one electrolyte like

NaCl. The product of the valence of the positive ion, z, and the absolute value of the

valence of the anion Iz_| is in this case equal to +1. I, the ionic strength, is equal to

11,3, z m;, which is 1/2 of the sum of the squares of the valence of the ith (and other)

ion(s) multiplied by its respective molal concentration, m. Again, for an one-one electro-
lyte like NaCl, I is equal to m”. Therefore,

InYrx = 1.17 m" (A2)
For a more concentrated solution, Debye introduced a modification,
Inygx=az, |z {I”/ (1 + opgx 1"}, (A3)

where prx could be seen as proportional to the diameters of the X and R ions if they are
seen as rigid spheres of equal size. However, as pointed out by Guggenheim, it would be
safer to regard orx as an empirical parameter. In 1925 Hiickel introduced still another
equation containing a second added parameter, Prx:

Inyrx=az, lzl (1" /(1 + ogx 1)} + 2Brx m . (A4)

Once more in the words of Guggenheim, “in spite of what Hiickel might have thought,”
Brx is yet another empirical parameter (Guggenheim 1950, p. 314.) In 1926 Giintelberg
also suggested another equation in which prx of Equation 4 is set to unity (1926). In
1935, Guggenheim himself introduced still another equation with only one empirical
parameter, Brx:

InYox =2, |21 {I”/ (1 + 1)} + 2 Brx Vm} , (AS)

where ¥ is the harmonic mean of the number of positive and negative ions in the electro-
lyte, v, and v_ through the relation

2/ =1 v, +1/v_. (A6)

For an one-one electrolyte like NaCl, v,, v_and V are all equal to unity. As pointed out
by Guggenheim, his Brx too is a purely empirical parameter. To find its value, one has to
obtain the experimental data first.

I have chosen to quote all these improvements of the original limiting law of Debye and
Hiickel to cover not just very dilute solutions but concentrated electrolyte solutions as
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well. With no exception, every equation dealing with the higher electrolyte concentrations
is (partly) empirical.

Unfortunately, what these various empirical extensions of a rigorously derived limiting
law could have done might not be what was intended. Thus, they could have misled others
into believing that the absence of significant association between cations and anions
covers the entire range of concentrations from the infinitely dilute to near saturation or not
too far from it (e.g., 3 M or even higher.)

In my view, this misinterpretation might have occurred this way. The empirical para-
meters to describe activity coefficient at the higher end of the concentration spectrum
were not accompanied by a clear warning. That is, a warning to the effect that these pa-
rameters could hide from view the impact of significant association of the cations and an-
ions on the activity coefficient. As a result, readers could have been inadvertently led to
believing that the introduction of the empirical parameter(s) does not in any way alter the
validity of the assumption of full ionic dissociation — intended for the infinitely dilute so-
lutions only.

Take as an example the superb Textbook of Physical Chemistry by Samuel Glasstone.
It refers to Hiickel’s equation (Equation 4) as the Complete Debye-Hiickel Equation
(Glasstone 1946, p.966.) Even though Glasstone correctly pointed out that orx and Prx
can only be determined empirically, he did not mention that these parameters could be
covering up ion-to-ion direct-contact association.

To make my point that this is more than speculation, I quote Bjerrum (1926) and Fuoss
(1934). Both have long believed and expressed the view that a fraction of the ions in aque-
ous solution stronger than the infinitely dilute are associated with their oppositely charged
partners. Unfortunately, most popular textbooks do not cite their opinions.

In summary, there still is a widespread belief that alkal-metal ions like K* and Na* do
not associate with anions regardless of the concentration and regardless of whether or not
the anion may be fixed in space. The mistaken notion could be traced to the misunder-
standing of the significance of the empirical parameters in the several equations. In all
probability those empirical parameters hide the impact of ionic association.

Finally I add that this notion of full dissociation under all conditions is wrong will be
made still clearer from additional new theoretical reasons presented in the main text and
in Appendix B but especially from the extensive experimental evidence showing full ionic
association with site fixation as observed in living cells and in inanimate systems of soil,
permutit and ion exchange resin.
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Appendix B

A kinetic interpretation of enhanced association with the spatial fixation of
one species of the interacting particles

The reasons I offered for the enhancement of association between a pair of interacting
particles due to the spatial fixation of one species applies to particles bearing net electric
charges as well as particles bearing no net electric charges. But as a rule, interaction be-
tween oppositely charged particles tend to be stronger.

Consider a pair of particles A and B, which exist partly in a dissociated state as free A
and free B and partly in the associated state, AB. Under constant temperature and pres-
sure, the total percentage of A and B in the dissociated state and in the associated state
are constant. That is to say, at any given moment, the number of A and B associating is
equal to the number of AB dissociating. What we have here is then a direct second order
reaction from left to right with a specific rate constant k opposed by a first order reaction
from right to left with a rate constant k”:

A+BZAB. (B1)

At equilibrium, the reversible reaction is described by an association constant, K, g, and

Kag=k/K, (B2)
where

k = pZ exp (-AE/RT) (B3)
and

k' =p’Z’ exp (-AE'/RT) . (B4)

p and p’ are the steric factors for the forward and reverse reaction respectively; Z and Z’
are their respective collision numbers; AE and AE’ their respective activation energies. The
difference between AE and AE’ is equal to y, which is often considered as the total energy
change of the reaction. In fact, that is true only when the activation energies in opposing di-
rections are exactly equal. Otherwise, % contains the difference in the activation energies.

Having put down the well-known basics of chemical kinetics, I now replace it with a
more specific model. Here A would be replaced by a positively charged mono-valent
cation, K™ and B would represent a carboxyl anion represented as XCOO™ in a moderately
dilute aqueous solution.

K"+ XCOO™ 2 XCOO - K*. (B5)

Assuming that XCOO™ is the anionic component of a strong acid, the salt XCOO™— K*
is fully ionized under all conditions. Furthermore, strong electrostatic attraction between
XCOO™ and K* makes the forward reaction exothermic and the reverse reaction endo-
thermic. Nonetheless, we also know well that at room temperature and atmospheric pres-
sure, the reaction is in favor of the reverse direction toward dissociation.
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From the kinetic viewpoint, the extensive dissociation speaks for a much larger value
of k” when compared to k. Now, the electrostatic attraction is very powerful at close range,
especially if one takes into consideration the phenomena of dielectric saturation. That
makes —AE’ much larger than —AE, and by necessity, p’Z’ must be much larger than pZ.
Yet as a first order reaction involving one kind of “molecules”, the collision number Z’
would be equal to 2 (t kT/m)” 6® n?, where w is 3.1416; k, the Boltzmann constant; T,
the absolute temperature; m, the mass of a molecule; G, its collision diameter; n, the con-
centration of the reactant expressed as number of molecules per ml. (Frost and Pearson
1962.) In a moderately dilute solution of say 0.1 M, the concentration of the associated
XCOO™— K" is a very small number. Thus as a whole, there must be another hidden fac-
tor that would make p’Z’ a large number. Most likely, this expected large p’Z’ is the con-
sequence of the reaction taking place not in air but in water, which exists at the enormous
concentration of over 55 Molar.

As such, what is represented, as a first-order dissociation reaction is in fact a reaction
of a second or even higher order. It is the fraction of high-energy waters molecules that
by its collision with the associated XCOO™— K that causes its dissociation to its compo-
nents. In other words, what we may vaguely refer to as dissociation by thermal agitation,
the energy that creates the agitation must be mostly provided by high-energy water mole-
cules — going in the correct direction with a correct orientation and hence with a favor-
able p factor.

To cause the dissociation of the ion pair, XCOO™— K", the effectiveness of a high-
energy water molecule depends strongly upon its orientation and direction of movement
in reference to the orientation of the associated ion pair at that moment. In addition, we
must also keep in mind that a water molecule is not electrically neutral but is a strong
electric dipole with what one may visualize as one positive end and one negative end. To
approach the associated ion pair XCOO™— K* from its anionic end, the minimum energy
path would be along the axis joining the centers of the two oppositely-charged ions with
the positive pole of the water molecule in the lead toward the anion of the associated ion
pair. This way the approaching water dipole would be drawn to, and in the process
weaken the electrostatic attraction between the ion pair. And this twofold action would in
turn lower the value of —AE’, thereby enhancing the probability of dissociation.

In summary, the high degree of ionic dissociation in a dilute aqueous solution of mono-
valent salts like XCOO™— K* is seen as due to a large extent to the relative high value of
k’. This in turn reflects the highly favorable steric factor and collision number on account
of the participation of the enormous number of water molecules. Together, the favorable
p” and Z’ are able to overcome the strong electrostatic attraction between the ion pairs,
which would have kept the ions in an associated state.

In the following, I shall present the hypothesis that spatial fixation of one species of the
interacting ion is able to cause a dramatic change in the balance of the forward and back-
ward reactions shown in Equation B1 — leading to strong association.

1. The influence of spatial fixation on the rate of association.

If a pair of ions, R and X, are represented as rigid spheres with respective radius of oy
and oy then the collision number will be T Grx”> t ny, Where Ggx is equal to the sum of
oy and Gx. nx is the number of X in one cubic centimeter. r represents the relative mean
velocity of the ion R in reference to X and it is a deciding factor in the rate of the reaction.
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One asks, would the spatial fixation of one of the interacting species strongly slow down
r? In fact we already have a clear answer. And J.C. Maxwell provided it.

What Maxwell did was to show that the actual velocity is in fact smaller than the ve-
locity measured against stationary molecules by a factor of \ 2 (see Glasstone 1946, p-
275.) What this tells us is that spatial fixation of one species of the interacting ions does
not slow down the relative velocity between the pair of ions X and R. On the contrary it
actually accelerates it.

All in all, the collision number of R and X encounters and hence the rate of association
is not adversely affected if X is fixed in space. On the other hand, fixation of X would have
profound influence on the rate of dissociation of the associated ion pair RX as shown next.

2. The influence of spatial fixation of one species of ion on the rate of
dissociation.

As explained in the preceding section, when both R and X are free, their predominantly
dissociated state in an aqueous solution bespeaks of many collisions with the (numerous)
water molecules. If now X is rigidly fixed in space, the consequence that is most obvious
is that half of the collisions with water molecules will be made futile. This simple fact
would by itself reduce the rate of dissociation of RX by a factor of two. But the impact
on dissociation by the fixation of X is far more.

To get a better visual image of the impact of a collision, one must change our visual
image. That is, to replace one in which two billiard balls sitting next to each other are
being hit and hence knocked apart by a third one — by one in which the two juxtaposed
balls are actually tied to each other with a breakable rubber band and they are being hit
by a third ball.

Accordingly, the reduction of dissociation will be reduced to far beyond a factor of two,
because only a portion of the collisions are effective enough to break that rubber band.
And, the most effective collisions, as mentioned above, are those in which the collision is
along the minimum energy paths. With the fixation of X in space not only are the colli-
sion of the kind R X «- H,O — where the high-energy water molecule collides with the
fixed entiry, X — made less effective, the collision of the kind, XR «- OH, — where the
high-energy water molecule collides with the adsorbed entity, R — are also made inef-
fective. Since these are the main pathways leading to dissociation, the p factor for the dis-
sociation reaction is reduced to a factor far lower than 1/2. But there is still another factor
that contributes to the further reduction of the number of successful collisions between
RX and the water molecules. This originates from the water of hydration.

Thus far, we have considered X, R as well as RX as simply themselves. In truth, each
is clothed in a shell of water molecules, comprising k, 1 and m water molecules for each
of the interacting entities (see Equation B6). Indeed, in constructing my 1952 model de-
picted in Figure 4, I have already encountered the problem. The assumption I made was
that if R represents either K* or Na*, then the number of water molecules for either ion
would remain unchanged when each comes into contact with the fixed anions, X. It turned
out that this was a lucky choice, when considered from a later date after a much broader
approach was taken on this problem and limited to the special case considered (see Ling
2001, p.143.)
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R(H,0), + X(H,0), 2 RX (H,0),, (B6)

in which the sum of k and I equals m. In a more comprehensive approach introduced in
1962, I realized that if we return to the more specific model cited above, then it is the
number of water molecules that exist between the interacting ions that is not constant but
that variations then determine the degree of association and the energy of adsorption. This
is expressed in the simple equation form as follows

COO~ (H,0), + K* (H,0),, 2 XCOO~ (H,0), K* + 0 (H,0) . (B7)

I then found that for a given X in the entity XCOQO, the energy of what is referred to
as Configuration 0 with no water molecules between the interacting ion pair, or Configu-
ration 1, 2 or 3 respectively with 1, 2 or 3 water molecules in between (Figure B1), the
total energy difference may not be very large as shown in Figure B2.

e d g
*” *+ ﬁ Configuration O
1l /\2 3 4
B nllG |
a d d g
1 " +: Configuration I
1 2 3 1 5
Eat HH
a f d d g
- 0+ Configuration II
1 2 3 4\i 5 6
TRk O
a’ / g d d £
. - ?'+ Configuration 11T
o /\J2 3 4 3 6 7
R R R CENT

FIGURE B1. The linear model. The total interaction energies were computed (but not shown here)
for each monovalent cation in each of the four confirgurations of fixed anions and water molecules.
(from Ling 1962)
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FIGURE B2. The variation of the total potential energy AU of the fixed anion-counter-cation-water
system as a function of the c-value at near 0°K. In this figure, the fixed anion has a polarizability
of 2.0 x 1072* cm® Values are plotted for each cation in each of the 0 — , I — , II— and IIT — con-
figurations (see Figure B1.) Roughly speaking, the c-value is a quantitative measure of the electron
density of the singly-charged carboxyl oxygen. High c-value denotes a weak acid (e.g., acetic acid
with a pK, of 4.76); low c-value denotes a strong acid (e.g., trichloroacetic acid with a pK, of less

than 1.0.) (from Ling 1962)

Accordingly, a collison which would have knocked away one of the intervening water
molecules will only shift the ion pair-water assembly into a different Configuration and
not full dissociation. In other words, only a succession of multiple collisions would bring
about dissociation. Since each of these needed steps would be hampered or made impos-
sible by the fixation of one the interacting ions, this requirement of multiple collision, fur-
ther reduces the chance of dissociation with the fixation of one of the pair of interacting
entities.

Again, the cited example here deals with ions having net charges. But the principle
should operate if the interacting pair does not carry net changes, though conceivably in

degree it could be weaker.
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Appendix C

We began with a mixture of three kinds of particles or molecules, free A, free B and
their associated product, AB. We ask what would happen if all the free A’s are rigidly
fixed in space and made into a network of fixed A’s. First, by rigidly fixing and arresting
all the A’s motional freedom, their W{ becomes or approaches unity and In W, becomes
or approaches zero. At the same time, a new configurational entropy is created corre-
sponding to what we shall designate as W ;. Meanwhile, the B’s would either remain free
or associated one on one to a now immobilized A site. Because of the fixation of A’s, the
total In W of the assembly will change from

In WA + In WET) 4 1n WAP “)
to
In WE®9 4 In WET + In W . ©)

Let us now focus our attention on In W¢;. When we have rigidly immobilized all the A’s
into a network, the total number of these fixed A sites would become a constant, to be
called N;. Now, a number of these sites would be associated with B particles, others
would be vacant. Let us designate these numbers respectively as Ng, and Ng — Ng. Thus
the number of recognizably different ways of distributing Ng number of sites to B and to
vacant sites would be

N, !

TN (N, -Np)!’ ©

cf

The complete partition function of adsorbed molecules would be

N e[ 2]
Ng ! (Ng—Np)! | B Plyr ) | (7)

where y is the minimum energy needed to dissociate the B molecules from its adsorption
on the fixed site at its lowest energy level and take that lowest energy level as zero.
The free energy, F** of the adsorbed molecules can then be written out as

ads N.! x N
=—log| ———S° | (pf. A
KT O8Ny ! (Ng—Np)! {(p & eXp(kTH ®)

=—Nglog Ng + Ny log N + (Ng — Ng)log(Ng — Ng)

—Njp log{(p.f.)B exp(%ﬂ. ©)
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Now, the chemical potential or what Fowler and Guggenheim call partial potential of free
B paricles, Up, is described by the following equation:

u_B:i oF
kT KT dNg ) (10)

_ Ng |_ ads ool X 11
log[NS_NBj log{(p.f.)B exp(kTH. 11

If we designate the fraction of sites occupied by B as 6 and the fraction of vacant sites as
1 -6, then

Uy 0 ads X
= =log| — |-1 )5S - — 1. 12
T og(l_eJ Og{(p )B exp(kTﬂ (12)
We can then calculate the absolute activity of adsorbed B, A" as follows:
2 = exp| BB = [ & s - exp| X 13
B kr) 19 ) P8 kT 3)

and the absolute activity of free B as

Mpe—__PB__ 14
B KT (p £ (9

free

where pg is the pressure of free B; (p.f.)g* is its partition function.
At equilibrium, the absolute activities of free and adsorbed B molecules are equal,

AR = Afee (15)

From this, we derive

6 _p
==, 1
1-0 p° (16)
where p replaces pg and p° is defined as follows
o KT(p.f.)fee
pr=— B an
£)305 . exp 2
(pf)p p KT
Equation 16 can be transformed to read
o=—P (18)



CLOSE-CONTACT ASSOCIATION OF CELL K* 61

Appendix D
The Yang-Ling Cooperative adsorption isotherm

Based on the one-dimensional Ising model, Yang and Ling published in 1964 their co-
operative adsorption isotherm of proteins and other linear polymers containing a liner
chain of similar adsorption sites (Ling 1964):

£- -1
[Pila = e 1+ e
2 JE=1)? +4E exp(y /RT)

(24)

where [pil.q and [p;lex are respectively the concentration of adsorbed and free ith solute.
[f7] is the concentration of fixed adsorption sites. R is the gas constant and T, the absolute
temperature. —7 /2, the nearest neighbor interaction energy, is equal to the additional
energy each time a new i—j pair of nearest neighbors of adsorbed solutes is formed. & is
defined as follows:

e= —{E} K, (25)
jex

where Ki°,; is the intrinsic equilibrium constant. It is related to the intrinsic free energy
change, AF{’,; involved in an j—i exchange adsorption by the following equation

AF®, = RT In K°,; . (26)

The Yang-Ling isotherm presented above as Equation (24), can also be written in the fol-
lowing form:

[Pila _ V(&= +4Eexp(y/RT) +& -1
[Pila  J(E—1)2 +4Eexp(y/RT) —E+1

27)

A plot of log {[pilad/[pjlaa} against log{[pilex/[pilex} at varying values of the nearest
neighboring interaction energy, —y /2, is shown in Figure D1. A tangent along each curve
at the point when half of the sites are occupied by i and the other half by j, is of the fol-
lowing form:

[pi]ad =n IOg [pi]ex
[p_] ]ad [pJ ]ex

log +nlogKS2,; . (28)

Note that this equation has essentially the same form as one introduced by Rothmund
and Kornfeld (1918) for ion exchange in soils:

[Alaa |_ | [Alfee ,
log{ (Bl,, } = n{ (Bl,.. } +nlogK (29)
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FIGURE D1. Theoretical plot of the cooperative adsorption isotherms of two competing solutes ac-
cording to Equation 19. The number near each curve is the free energy of nearest neighbor inter-
action (—Y/2.) and is in units of kcal/mole at 25°C. (from Ling and Bohr 1970, by permission of
Biophysical Society)

as well as that of Hill and Wolvekamp (1936) for oxygen binding on hemoglobin:
logIL =nlog pO, +nlog K (30)
-y

where y represents the fraction of (hemoglobin) sites occupied by oxygen and (1 —y) rep-
resents the fraction not occupied by oxygen. In both the Rothmund-Kornfeld equation and
the Hill-Wolvekamp equations, the constants n’s are empirical. This is, of course, not true
in the (analogous) n of Equation 28 derived from the Yang-Ling isotherm, Indeed, the pa-
rameter, n, here is explicitly related to the nearest neighbor interaction energy, —y /2 by
the following relation

n = exp (—y/2RT) 31

when —y /2 is larger than 0, n is larger than 1. In this case, the adsorption is what is con-
ventionally called ferro-magnetic type of cooperative interaction but called auto-
cooperative in the lingo of the Al Hypothesis. It signifies that each time an ith solute is
adsorbed it would favor the adsorption of another pair of ith solute on the two nearest
neighboring sites. When —y /2 is less than 0, n is less than 1, we have what I call hetero-
cooperative interaction. It means that each ith solute adsorption favors the adsorption of
the alternative jth solutes. When —y /2 is equal to 0, n is equal to 1, in this case, the Yang-
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Ling cooperative adsorption isotherm and the tangent equation at half saturation are not
distinguishable. Both are in fact become a simple version of the Langmuir adsorption
isotherm.

For easy recognition of the nature of a set of adsorption data, I have reproduced in
Figure D2 typical cases of auto-cooperative interaction (—=y /2 > 0), hetero-cooperative
interaction (—y /2 < 0) and non-cooperative (or Langmuir) adsorptions (=y /2 = 0) in
reciprocal plots (A) and in what is known as Scatchard plots (B).

As Langmuir first introduced this theory, its most distinction feature is that each ad-
sorbent molecule occupies a single localized site. At the time, he was referring to ad-
sorption on a solid surface. However, as time went by, it has become broadly applied to
adsorption in other types of systems. The approach I have given here, which is essentially
that given by Fowler and Guggenheim, did not suffer any restriction to two dimensional
systems. But, the main reason it is given here is to show how the fixation of one species
of an interacting pair of molecules or ions has transformed what one may see as an aber-
ration from the limiting law of full dissociation to the critically important phenomenon of
association or adsorption. What caused this transformation is the fixation and aggregation
of one of the interacting species.

SCATCHARD PLOT A

Lpilaq

[pjlex CPilga

[pilex

FIGURE D2. Reciprocal plot (left) and Scatchard plot (right) of adsorption isotherms in which the
free energy of nearest neighbor interaction (—y /2) is positive, negative or zero. In the reciprocal
plots, the reciprocal of the ith adsorbent is plotted against the ratio of the ith and jth solute in the
bathing solution, [pilex / [pjlex- The sigmoid curve indicates auto-cooperativity with (=y /2) > 0.
Heterocooperative adsorption with (—y /2) < 0 assumes a hyperbolic shape. When the plot is in the
form of a straight line, it is non-cooperative or a Langmuir isotherm with (—y /2) = 0. In the
Scatchard plot again the non-cooperative (Langmuir) isotherm appears as a straight line; heteroco-
operative isotherm concaves upward and autocooperative isotherm concaves downward. (from Ling
1980 with permission from Elsevier)



