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Abstract: A detailed debunking of the aleged resurrection of the sodium-pump hypothesis which
was disproved more then 35 years ago.

1.The Origin of the Membrane Pump Hypothesisand I ts Disproof 35
YearsAgo

A worthy scientific hypothesis is almost always the creation of a protagonist, an author. In
this, it is not different from creations in literature, music and the arts. The sodium-pump
hypothesis, in contrast, seemsto have no real author in the true sense of the word.

It is true that Robert Dean has been cited often as the founder of the sodium-pump
hypothesis. Yet, the contribution Dean made appears to be not much more than a passing
comment, to wit: "It is safer to assume that there isa pump of unknown mechanism which
isdoing work at a constant rate excreting sodium asfast asit diffuses into the cell" (Dean,
1941, p. 346). Dean did not provide a mechanism for the sodium pump. Nor did he provide
or citeexperimental evidence in support of the existence of the sodium pump. Then thereis
the question of priority.

In 1839 Theodor Schwann, widely accredited as the originator of the Cell Theory,
expressed the view that control of cell activities wasin the cell membrane, which possesses
"metabolic power”—a power or, in German, "Kraft" reminiscent of, if not the direct
outgrowth of, the vitalistic " Lebenskraft" of his mentor and close associate, Johannes
Miiller—by which the cell can regulate the chemical composition of the fluids inside and
outside the cells. In 1898 E. Overton proposed his famous "lipoidal membane theory"
(Overton, 1898). Since a lipid membrane is impermeable to salts and yet salts accumulate
within cells, he suggested that the salts (ions) were ferried across the cell membrane by
"adenoid" or secretary activities (see Collander, 1959, p. 9). Ralph Lillie— well-knownfor
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his* Iron Wire Model" of conducting nerves—wrotein 1923: "' Either the (sodium) salts do
not diffuse across the membrane [a concept soon proven wrong (Wu and Yang, 1931;
Kaplanski and Boldyreva, 1934; Heppel, 1939; Cohn and Cohn, 1939; Steinbach, 1940)] or
some active physiology factor is at work which opposes or compensates for the effect of
diffusion . . .” (Lillie, 1923, p. 117). Note that Lillie€'s comment cited here is not very
different from Dean's comment cited above.

An age-old idea, sporadically retrieved to serve as an argumentative last resort in order to
preservethe membranetheory — accordingto which cellsare membraneenclosed sacs of dilute
solutions (for the history of how this idea began in error and became entrenched, see Ling,
1997c)}—was more or less what | discovered in 1948, when as a graduate student at the
Department of Physiology of the University of Chicago, | was getting ready to give aseminar
on the sodium pump. Having found little substance in the sodium pump hypothesis nor
experimental data affirming itsexistence, | apologetically told the audience that the only thing
| could say firmly about the sodium pump is that nobody seemed to know much about it.

Right after the lecture, two of my professors, who had become my good friends as well
asteachers, each individually took measide and said to me privately in moreor |essthe same
tone, even the same words: The sodium pumpisa'Holy Cow." Stay away fromit. Nothing
would be gained by making yourself a martyr.

| thanked each most heartily for their kindness and concern. However, | thought that they
wereoverly worried. Why would famous scientists in power pay any attention totheopinion
of alowly graduate student? But then | began to think that maybe what we need is some
bread-and-butter [aboratory work. With good luck, perhaps the next time | give a seminar,
I might have something less apologetic to report.

So shortly after that, 1 did some very simple experiments, taking advantage of the
marvelous freedom | enjoyed as a graduate student. | reasoned that if there isindeed a
sodium pump in the cell membrane—which by its ceaseless activity at the expense of
metabolic energy keeps the level of Natin the cell lower than in the bathing medium and
the level of cell K* higher than in the bathing medium—then cutting off the energy supply
with metabolic poisons should bring about a prompt gain of cell Nat+and loss of cell K+.
What | observed was not what | expected. The concentrations of both K+ and Na+in the
poisoned muscles remained unchanged for aslong as the duration of my experiment.

This result puzzled me and excited me at the same time. It looked to me as if ion
distribution in living cells was more mysterious and perhaps more fundamenta than the
cellular electrical potentials, which had been my exclusive interest up to that time. Before
long | became deeply immersed in an attempt to seeif the sodium pump hypothesis was
really tenable and even to fantasize what may be an aternative— although, to be honest, it
was then more like trying to catch an unmarked fish swimming somewhere in the Atlantic
Ocean. | strongly suspected that it must be there, that it must be some simple physica
mechanism and even went around asking my fellow-theoretical physics friends for idess.
But | got nowhere.

And before you knew it, three years went swiftly by. All this time | could not stop
thinking about these problems even though in the meantime | had left Chicago and moved
toanew laboratory at Johns Hopkins Medical School in Baltimore.

My earliest publicationsin K+ and Nat distribution consisted of a short article in the
American Journal of Physiology (Ling, 1951) and a much longer one in the Symposium on
Phosphorus Metabolism (Ling, 1952). Described in these two papers are the firm estab-
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lishment that both K+ and Na+ in frog musclesremain unchanged hoursafter their metabolic
energy had been cut off —by the combined action of pure nitrogen (which blocks respira-
tion, which converts sugar into carbon dioxide) and sodium iodoacetate (which stops
glycolysis, which converts sugar into lactic acid) (Ling, 1952, Table 5; for later more
extensive confirmatory data, see Table 8.4 in Appendix 1). Furthermore, the experiments
were carried out at O°C, a temperature which, like the metabolic poisons, slows down
outward pumping of Nat(if the pump does exist}—as pumping, being a chemical reaction,
must have a higher temperature coefficient— morethan it slows down inward Ieakage of
Nat into the cdls—a process which is physica with a lower temperature coefficient.
Therefore, low temperature would further enhance the action of the poisons.

However, according to the common belief at that time, respiration and glycolysisare not
the only energy sourcesof the frog muscle. A third energy source comprises the reserves of
what has been known as the " high-energy-phosphate-bond" compounds, notably creatine
phosphate (CrP) and adenosi ne-tri-phosphate(ATP). | had al so given thought to the possible
existence of a fourth or even fifth source of energy, but eventually | was able to muster
evidence that no additional energy source existed in frog muscle (and most likely not in
other tissues either) beyond respiration, glycolysis and the high-energy-phosphate bonds
(Ling et al., 1973, pp. 11-12; Ling, 1984, p. 125; also see below for the cataclysmic
discovery in regard to the very existence of the high-energy-phosphate-bondenergy).

| aso found that during the hours of maintained normal K* and Nat levels in the
nitrogen-1AA poisoned frog muscles, the contents of creatine phosphate and ATP changed
little (Ling, 1952, pp. 766767, including Figure 4). From the quantitative data | could
gather, arough estimate was made. The result showed that the minimum energy needed for
the postulated sodium pump is at least four times higher than, or 400% of the maximally
available energy to the muscle cell, even if (1) the muscle spends all its energy on pumping
sodium, and even if(2) all the essential energy conversion and utilization processes operate
at 100% efficiency (Ling, 1952, p. 766767, Figure 4).

In summary, observations reported in this pair of early articles squarely contradict what
one would have expected if the K+ and Nat+concentrationsin musclecellsreally depend on
the ceaseless activity of an energy-consuming sodium pump--and they left little doubt in
my mind that the sodium pump hypothesis is not tenable. But that was only part of the story.

Oneday somewherein 1950 | wassitting in one of thelittlecubiclesinthe Welch Library
reading and thinking asusual. Suddenly an ideacame up—en ideawhich had to be modified
considerably before being presented at the Phosphorus Syposium held in Baltimorein 1951
(Ling, 1952, pp. 769-781). The central idea is that of a molecular mechanism for the
selective accumulation of K+ over Natin living cells which requires no continual energy
expenditure. To the best of my knowledge, a mechanistic theory of this nature—based on
the fundamental principle of the branch of physics called statistical mechanics— had not
been proposed beforein the history of cell physiology. | shall return to thisearly theory and
its further development below.

While | felt confident that the gist of my conclusion against the membrane-pump theory
was correct, | would admit that some of the experimental methods | used could stand
improvements and that, for a study of this singular importance, not enough repeat experi-
ments had been done. Refinements of the methodology followed (parts of the new improved
methods are described in Appendix 2). And | repeated the final version of the refined
experiments many times over. Four years later in 1956, the definitive experimental data
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were ready for publication. Six more years were to pass before they were published in my
first monograph, "A Physical Theory of the Living State: the Association-Induction Hy-
pothesis" (Ling, 1962, Chapter 8).

This monograph introduced not merely my definitive experiments against the sodium
pump hypothesis on energy grounds, but also the association-induction hypothesis (Al
Hypathess)—which  hasgrown beyond the molecular mechanism for the selectiveaccumu-
lation of K+ over Natin living cells into a general, unifying theory of cell physiology.
However, the part of the AT Hypothesison cell water was not included until threeyearslater
(Ling, 1965a). Because of itsextreme importance, it bears pointing out here that a unifying
generd theory —not necessarily this one, athough no other unifying theory to my knowl-
edgeexisted then or hasexisted Snce—is the only remedy to heal thegraveillnessof intense
fragmentation of the inherently coherent and indivisible science of cell physiology (see
Ling, 1997b, also Rothschuh, 1973, pp. 348-351).

Inthe 30 yearsfollowing, | wrotetwo moremonographs.''In Search of thePhysical Basis
of Life" (Ling, 1984) and A Revolutionin the Physiology of the Living Cell" (Ling, 1992).
Each volume describes the Al Hypothesis during its continued growth as well as the
gathering of supportive evidencefor this hypothesis.

Whilethe two later books are still in print, my first monograph, "A Physical Theory of
the Living State'" is not. But dl is not lost, since the copyright of the book now belongsto
me and accordingly | have the right to reproduce part or the entirety of my out-of-print
volume. Sincethedisproof of thesodium pump hypothesison energy grounds was publish-
ed nowhere else except in the 8th Chapter of the book—and this dispoof has been under
atack (see bdon)—  decided to reproduce the entire 8th Chapter as Appendix 1 in this
communication. (The assay methods originally used in work described in Appendix 1 were
presented as Appendix D in the monograph; it too is reproduced here—as Appendix 2).

Thework describedin Appendix 1 culminatesin Table8.9. Thedatashownin thisTable
confirm my earlier rough estimate of a large disparity between energy need and energy
available. However, with improvements made on al aspects of the work, the minimum
energy needs of the postulated sodium pump have grown from 4-times to respectively
30-times (or 3060%), 15-times (or 1542%) and 18-times (or 1800%) of the maximally
availableenergy —that is, if all energy availableto the musclecellsis devoted exclusively
to pumping Nat+, and if each and every intermediate step involved is 100% efficient.

A disparity of this magnitude between energy supply and demand leaves no room for
loose arguments. In the decade or so following the publication of my first monograph, "'A
Physicd Theory of theLiving State," the gist of my disproof of the sodium pump hypothesis
has been twice confirmed (Jones, 1965) (Minkoff and Damadian, 1973; for rebuttal of
criticism on the 1973 paper, see Minkoff and Damadian, 1974). Meanwhile no one had
challenged in print either my conclusions in regard to the disproof of the sodium pump
theory or the experimenta approaches taken to reach my conclusions. Thus, on energy
grounds aone, the sodium pump hypothesis has been unequivocally disproved. The time
was 1956, if one considersthe timethe definitiveexperiments were completed. It would be
1962, if onerelieson thetimeof publication.

But thedisproof of the membrane-pumphypothesis(includingthe sodium pump hypothe-
sis) is far from being limited to the disproof on energy grounds alone. For the other
independent disproofsaof the membrane-pumphypothesison non-energy grounds, including
thefailureto demonstrate selective K+ and Nat+distribution in acell-membrane preparation
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containing only afunctional and anatomically intact cell membrane but no cytoplasm (i.e.,
the materiasfilling up theinside of acell); and the success in demonstrating precisely the
samein acell preparationcontainingintact cytoplasm but no functional cell membraneand
(postulated) pumps, see Ling (1978), Ling (1992, p. 20; pp. 51-55, for summary, p.
324-325), also Ling (1997a).

However, as will be made clear below, the case against the sodium pump hypothesison
energy groundsaoneiseven farther beyond dispute—if one assumesthat as possible—than
that presented by these 15- to 30-fold disparities between energy available and energy
needed. Firgt, the sodium pump is but one of many pumps needed, al requiringenergy from
the same sourceal ready far-gonein bankruptcy supportingjust one (sodium pump).Second,
the largest source of energy counted on in the study described above has evaporated into
nothing. Or put more precisely, that source has never really existed except in an attractive
but mistaken theory, and in the minds of those who, for one reason or another, have been
tardy in coming to gripswith therevolutionary discovery against theso-caled high-energy-
phosphate bond concept. All these and morewill be made clear in aforthcoming section.

2. A FlabbergastingDiscovery Twenty YearsL ater

Then suddenly in 1976, 14 years after the publication of the disproof of the sodium-pump
hypothesis, a fledgling reporter for the Science magazine, Dr. Gina Kolata published in her
widely read magazine, an articleentitled""Water Structureand lon Binding: A Rolein Céll
Physiology?” (Kolata, 1976). In this article she announced that two scientists, Drs. Jeffrey
Freedman and Chris Miller had produced " crucid experimentsand calculations. . . that
provide strong evidence for the existence of pumps" (p. 1220). When this announcement
belatedly cameto my attention, | was absolutely dumfounded.

21 Whereand how did Kolataget thisstuff?

| was dumfounded because the same Dr. Gina Kolata hed earlier, in 1975, sent to me and
severd other scientistsa pre-publicationmanuscript on the samesubject. Weall thanked her
for her courtesy. Each then responded to various aspects of what she wrote, and the
responses all appeared in the L etters to the Editor Column of alater issueof Science(Ling,
1976). Y et neither my recollection of the content of Kolata's pre-publication article, nor that
of my response, indicate that her article has a section describing the so-called "crucia
experimentsand calculations” —allegedly invalidating scientificwork that took me and my
coworkersyearsto accomplish. Thequestionrose: Did Kolatasend me an earlier version of
her manuscript (and | responded to it), but put in print later a different version containing
this" crucid experiment and calculations” statement absent in the earlier version?

| raised thisissuein my letter to her dated June 21, 1996. She answered me on another
subject (see below) but not on this one. On November 5, 1996, | wrote her a second |etter
addressing this issue once more and exclusively. Again | got no response. On February 5,
1997 | sent her a third letter, asking for a yes-or-noanswer; this time the letter carried a
return slip (which was duly acknowledged and returned to me). But still no answer.

Whatever the reason for her unwillingness to respond to my simple question, the
statements she made in her article could very well have produced then and in the twenty
some years hence the impression that | was not able to rebut the " crucid experimentsand
caculaions” —utterly contrary to the truth (see below).

Fedling at that time that | had already answered all the relevant criticismssheraised in
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her pre-publication manuscript, | turned to other pressing tasksto keep my laboratory going
(seelLing, 1997, under Section entitled" Absolute Power Corrupts Absolutely'). Thus| was
not to learn about Kolata's "crucid experiment and calculations” until twenty years later
when afriend, Dr. Gerald Pollack, brought it to my attention.

Since Jeffrey Freedman and ChrisMiller, the authorsof thealleged " crucia experiments
and calculations, were once my graduatestudents, thefact that | did not respond promptly
to their broadcasted "'crucia experimentsand calculations” might also have been miscon-
strued, innocently or by design, as evidence that the en masse departure of my former
graduate studentsfrom my laboratory (Ling, 1997) was not for what | believeto beitsredl
cause(i.e., jobsand research grantsweredll totally under control of my scientificopponents)
but purely for legitimate scientific reesons—a misconception that could be made into a
deadly weapon against me and my work in the hands of those who would prefer that my
NIH-supported work be put to an end, asit was(see Ling, 1997 again, under the section cited
above and the succeeding section entitled "Twenty Moronsat the Right Places Can Kill a
Science [Erwin Chargaff].”

As my laboratory was being forcibly closed in 1988 at the height of its productivity by
the withdrawal of all public support, | would have been thrown out of scientific research
then and there, wereit not for Dr. Raymond Damadian (and his Fonar Co.), who has offered
shelter and support for myself and two close associates ever since (see Ling, 1997 under
section entitled "Noah's Ark™). Did Kolata's pronouncement of "crucia experimentsand
cdculaions' —and related doing of my former studentsMiller and Freedman—play arole
in the forced closing of my laboratory and in the state of de facto excommunicationvested
upon al those who oppose the sodium-pumptheory?Thisisaquestion | only began to ask
very recently.

2.2 Wherewerethealleged" crucial experimentsand calculations” published?

Wheredid Jeffrey Freedmanand ChrisMiller publishtheir alleged " crucia experimentsand
caculations' which would, in Gina K olata's opinion, make the membrane pumpsenergeti-
cally feasible and thus disprove my disproof of the sodium pump theory from energy
consideration? And what are these"' crucia experimentsand calculations”?

Neither Freedman nor Miller had conducted any experimental studieson the energy need
of the sodium pump in frog muscle while they were working in my laboratory.Could they
have carried out new experimental studies el sewhere unbeknown to me after they left my
laboratory?To find the answer, | went to the Citation Index and did a thorough search for
al Freedman's and Miller's scientific publications. | could not find atraceof what could be
regarded asthe sourceof Kolata's' crucial experimentsand calculations.” | then wrotetoall
three: Kolataand my two former students, asking each to provide me with a copy of the
published source(s) of the aleged "' crucia experimentsand calculations”.

Freedman never answered my letter or another follow-upletter | sent later. It is conceiv-
able that he had moved and the letters never got to him. But my letters were not returned.
Kolatadid answer and hereiswhat she wrotein her letter dated July 16, 1996:

"l amsorry to say that | can nolonger remember wherel got that information about
Dr. Freedman and Dr. Miller's conclusions. I'm especially chagrined because Dr.
Miller and Dr. Freedman never published their results and Dr. Miller says| never
even interviewed them. In retrospect, that seems hard to believe, but | was very
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young then and maybe | really was so inexperienced that | included that statement
about their work without calling either Dr. Miller or Dr. Freedman. .. .”

This explanation notwithstanding, what she reported to her world-wide audience on
Freedman's and Miller's " crucial experiments and calculations™ was and has remained the
centerpieceof her wholearticle, refuting my definitive work. And the validity of her claims
had not been challenged until just now (Ling, 1997, under ""Misled from Day One by a
Wrong Theory" and in particular, Ling, 1997b). Miller's letter dated June 28, 1996,
corroborated the fact that Kolata did not interview him or Freedman. Strangely, Miller also
could not or would not provide me with acopy of the published sourceof Kolata's " crucial
experiments and calculations”. This istherelevant part of what Miller wrote:

"When | was apostdoc at Cornell and Jeff wasoneat Yale, thetwoof us, still fresh
from the tumultuous experiencesin your lab, wrote a manuscript on analyzing Na*
efflux data in muscle—a sort of literature review —taking into account compart-
mentation effects. It was an attempt to show, among other things, that your
apparently fast efflux datacould bereconciled with amulticompartment membrane
theory. (Remember, though, that | also considered the rates measured in your
zero-degree experiments too high, as | discussed at length in my thesis.) Jeff and |
had fun writing the paper, and we sent it to J. MembraneBiology, | believe, where
it wasimmediately rejected . . . for not having any new data—going over the same
old ground once again. We didn't try to publish it after this rejection. . . . But we
may have circulated it around to friends, etc. So maybe she heard about it in the
grapevine. That's just conjecture . . . As for citing it, that's impossible: never
having passed through the fire of peer-review, it doesn't exist, and soit isn't part
of the literature— nothingfor you to argue with. | don't have acopy of the paper,
having thrown out the manuscript as useless junk over a decade ago."

This letter has made it abundantly clear that neither Miller nor Freedman carried out
experimental study on the (postul ated) sodium pump after they left my laboratory —just as
they had never studied it beforeleaving my laboratory. Therefore Kolata's alleged " crucial
experiments” never existed. Who then made up the story of " crucial experiments' ? Kolata?
Miller and Freedman?

What about Miller and Freedman's alleged "' crucia calculations' ? Did they exist? Before
attempting to answer the questions, let us get a bearing on what we do and where we stand.
Let us begin with the fundamentals of the intellectual pursuit we call Science.

In hisbook, 'The Search," C.P. Snow wrote: " The only ethical principle which has made
science possible isthat the truth shal betold all thetime. .. And of course afalsestatement
of fact, made deliberately, is the most serious crimea scientist can commit™ (Snow, 1959).
Even earlier, Charles Babbage, the English mathematician who invented the first mechani-
cal calculator, gave names to the three kinds of scientific frauds, including ' cooking," i.e.,
"to select (for publication) those only which agree or very nearly agree” (Babbage, 1830, p.
178).

Yet not telling the truth seems to have become fashionable among the most prestigious
cell physiologists, beginning with thefirst-of-its-kind review on the subject of "' TheSodium
Pump."
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In this review |.M. Glynn and S.J.D. Karlish (1975) from the Cambridge Physiological
Laboratory, Cambridge, England, cited 245 articles al supporting the sodium pump hy-
pothesis and none against the hypothesis, including al of my own on the subject. And the
new "syle" Glynn and Karlish thus introduced, was imitated in a stream of reviews on
(moreor less) thesamesubjectin yearsfollowing. All in al, thistactic of telling " haf truth"
by influentia review-writershas worked wondersin accomplishingwhat legitimate scien-
tific experimentationsand open debatecould never have done—slencing the opponentsof
the long-ago-disproved membrane-pump hypothesis (for detailsof this unbelievabletrans-
gression and desecration of Science, see my home page, Ling, 1997, section entitled
" Absolute Power Corrupts Absolutely™).

It istruly depressing but hardly surprisingthat a young scientist trying to find his way in
such an environment learns soon how to practice the art of a magician —regting the right
kind of illusionfor the right audience.

The success of a magician lies in his/her ability to make you see and believe what the
magician wants you to see and believe—something deceptiveand untrue. This is usualy
done with smoke and mirrors. But as you will discover below again and again, in the cell
physiologica sciencein itscurrent state, it may be easier. All you need to do is to assume
the role of an impartial specialist and tell the part of the study you want them to hear and
withhold the res— after making sure that the story you want them to hear happens to be
what thosein power also liketo hear.

3. Gameof llluson: Part 1

Even though Miller now is unable or unwilling to present me with a copy of what he and
Freedman once composed in fun, he did, in his June 28, 1996, |etter cited above, mention
that he had dready rejected the association-inductionhypothesis while still in my labora-
tory, and that he has given thereasonsfor thisrejection at length in hisPh.D. Thesis(italics
mine).

However, before opening the pages of Miller's Ph,D, Thesis, let us first construct a
bird's-eye view of the whole domain of asymmetrical ion and non-electrolytedistribution
across the surfaces of living cells. Only with such a complete 360 degree vision of the
background knowledge are we in a position to evaluate judiciousy Miller's (and Freed-
man's) attempt to resurrect the sodium pump hypothesisfor what it redly is.

3.1. Thesodium pumpisbut oneof many pumps, somealready postulated and others
not yet postulated but which must be postulated.

The sodium pump hypothesisis nothing much more than just a name, a rephrasing of one
arbitrarily-chosen observationout of context of a much larger and broader problem. It was
an ad-hoc make-shift device to patch up a crumbling sieve membrane theory (Boyle and
Conway, 1941), when the supposedly impermeant (large hydrated) Na+ turned out to be
fully permeant (Wu and Y ang, 1931; Kaplanski and Boldyreva, 1934; Heppel, 1939; Cohn
and Cohn, 1939; Steinbach, 1940).

As far back as 1955, | have clearly pointed out (Ling, 1955, p. 94, paragraph 2) and
repeated again and again afterward (Ling, 1962, p. 216; 1969, p. 6; 1992, p. 17; Ling et d.,
1973, pp. 8-10) that if the membrane pump hypothesisisoffered asabona fide replacement
of the now disproved Sieve MembraneTheory, it cannot be limited only to thisarbitrarily
chosen Nation alone. Instead, "'we must have 'pumps’ for al theseions" which are, likethe
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Na*, also permeant to the cell membrane, and also do not follow the predicted (Donnan)
distribution ratio according to the membrane theory. Nor can one postulate pumps only for
ions. Pumps must be postulated for nonelectrolytes, chemicals bearing no net electric
charges; many of which do not follow the equal distribution pattern predicted by the
membrane theory from its basic tenet that a living cell represents a membrane-enclosed
dilute water solution.

Thus whileit is entirely legitimateand meaningful to choose just one pump to disprove
the membrane pump theory on energy ground--as | did in 1962. To argue that the
membrane pump theory is tenable energetically—asFreedman and Miller attempted to do,
and as Kolata's alleged "strong evidence for the existence of pumps’ was supposed to
substantiate[ Kolata, 1976, p. 1220], much moreisrequired.

(1) One must take into account not just one, two or even three but every single pump
which must be postulatedto keeptheliving cell afl oat, and then explainwhy no more pumps
are yet to be added. Only when that question has been unequivocally answered, can one
draw up a truly complete list of all the pumps needed. Indeed, it would be a meaningless
waste of timeto proceed to the next step before such a truly completelist ison hand.

(2)Based on that truly complete list of requiredpumps, one can then show that thetotal
energy needs of all these pumpsadded together must fall well within the limit of the energy
available.

(3)1 must also add that the defendersof energy solvency of the membrane pump theory
cannot--asitschallenger can—assume without proof that the cell hasno other energy need
than pumping ions, non-el ectrolytesand other solutes, but must accountin detail what these
extra energy needs are, and the indisputable reason why no more additional ones might
arise, and add all these non-pumpingener gy needsto the ener gy needsfor all truly complete
listsof pumpsin arriving at the final energy balance sheet.

(4)I must also point out that the defender s of the ener gy sol vency of the membrane pumps
cannot—as the pump challengerscan—assume that all the energy conversionand utiliza-
tion processes are indeed carried out with 100% efficiency without proof. Rather the
defendersmust find out what the efficiency of each and every step involved is, and produce
concrete proof that indeed they are not otherwise. And then take the departurefrom 100%
efficiency also into account in the final energy balance sheet.

From Miller's letter cited above, the reader can see that Miller (and presumably Freed-
man too) did not do all that isrequired to resurrect the sodium pump hypothesis. However,
the question arises. "' Could Miller (and Freedman) be unaware of the need for many other
pumps at the time he wrote his Thesis?

The answer is a resounding No. At the time when Miller was preparing his Ph.D.
thess—in which he announced hisrejection of the AI Hypothesis,—there were at least 20
pumps aready published. Some of them are not single pumps but long lists of pumps like
thevarioussugar pumpsand variousfree-amino-acid pumps. Infact, alist of al these pumps
was collected from the literature and put together as a table—by none other than Miller
himself.

Furthermore, this table, reproduced here as Table |, was later published in a review
article, which Miller co-authored with Ochsenfeld and myself (Table 2 in Ling, Miller and
Ochsenfeld, 1973). | may mention that we will return to this review article again and again
below.



TABLE.I. A Partial List of Postulated Membrane Pumps*

Solute Direction System Reference
Na, K coupled many cells 169
Ca** outward RBC, striated muscle 170, 171
Mg** ouward frog sartorius 172
Choline* inward RBC 173
Amino acids inward RBC, muscle, tumor 174-176
D-xylose inward rat diaphragm 177
D-xylose outward rat diaphragm 178
Nat+ inward frog sartorius 179, 180
Noradrenaline inward vascular smooth muscle 181
Prostaglandins inward mammalian liver 182
Curarine inward mouse diaphragm 183
Br,I,ReO4~, WO4 outward Ascites 184
Cu*? inward Ascites 185
Aminopterin inward Y oshidasarcoma 186

Cr- inward squid axon, motor neurons 187, 188
Mn** inward E coli 189

Cl- outward E coli 189
Sugars inward E coli 189
Amino acids inward E coli 189
Tetracycline inward E coli 190

*  Datacollectionwas moreor lessarbitrary and not intended to be comprehensive. (For sourcesof

references, see Ling et al., 1973.)
(FromLing et al. (1973) by permissionof the New York Academy of Sciences.)

All these pumps Miller had gathered from the literatureare pumps postulated to exist at
the cell membrane, also called plasma membrane. As | pointed out repeatedly, pumps are
also needed at the membranesof the subcellular organellesbecausethe ion and nonelectro-
lyte distributionsacross their surfaces are also as arule asymmetrical (Ling, 1988, p. 873;
1992, pp. 17-20). Oneexampl eof such subcellular organellesisthe sarcoplasmic reticulum
(SR). In frog muscle cells, the SR has a totd surface 50 times larger than the plasma
membrane (Peachey, 1965). Since the energy need of the membrane pump (otherwisethe
same), varies directly with the surfaceareaof theorganelle, asimilar pump at the surfaceof
the SR would consume50 times more energy than that at the cell membrane.

Then we must also recognize that the SR is not the only subcellular organellein need of
pumps. Mitochondria is another one. The mitochondriain rat liver, for another example,
also need pumpsand haveasurfacearea20 timesthat of their plasmamembrane(L ehninger,
1964, Chapter 2) and a correspondinglylarge appetitefor energy to run all the pumps.

Not only do sodiumion, magnesiumion, chlorideion, bicarbonateion, sugars, freeamino
acidsetc., etc. found in thecells' natural environment requirepumps, exotic solutesasarule
also do. Among these exotic solutes are those chemicals synthesized for the first time by
organicchemists(Ling, 1988, p. 873; 1992, p. 18). The need of pumpsfor these man-created
chemicalsposes what | believeto betwo moredifficult if not insurmountable problemsfor
the defendersof the membrane-pump theory:
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Firgt, sincetheliving cell's genome had never been exposed to these new moleculesin past
history, how could the cell evolve genes for pumps in anticipation of their future
synthesisby humans?

Second, sincethereis no limit to the number of new chemicals organicchemistscan crezate,
how isthelimited spaceof the plasmamembraneand the subcellularparticle membrane
able to accommodatean infinity of pumps?

All these daunting, if not downright insoluble problems, in addition to the equaly
hopeless task of resolving the vanishing energy source problem to be described next, must
be solved before one can claim that the sodium pump hypothesisis energetically feasible.

3.2 Vanishing energy sour cein nitrogen-l1AA poisoned muscles

In my computationof the maximum energy availableto nitrogen-lAA poisoned musclecells
in 1962 (see Appendix 1), that energy cameamost entirely from the' high energy phosphate
bonds" of ATPand phosphocregtine initialy present in the muscle cells. However, by the
time my work was published, Podolsky and Kitzinger (1955), Podolsky and Mord es (1956)
and George and Rutman (1960) had conclusively and unequivocally demonstrated that the
high-energy-phosphate-bond concept itself was a mistake. There is no usable high-energy
in the phosphate bonds of ATP and of phosphocreatine to speak of . (For adiscussion on the
possible source of error in the original overestimated enthalpy of hydrolysis of ATP, see
long footnoteon page 195 of Appendix 3, which reproduces Section 7.1 of Ling, 1962).

Among the many mgjor impacts of this momentous discovery, was that the maximum
energy need | computed for the sodium pump must be revised. As a result, the figure of
—22.97 cal/kg/hr for the total available free energy of poisoned frog muscleasgivenin nmy
origina Table 85 in Appendix 1-& sum of the contribution from the decomposition of
creatine phosphate (—21.57 cal/kg/hr), of ATP (-0.64 cal/kg/hr), of ADP (-0.18 cal/kg/hr)
and of residual glycolysisproducing lactate (-0.56 cal/kg/hr)—must now be replaced by the
free energy from the trivial residual lactate production aone. This, of course, isequal to a
meady -0.56 cal/kg/hr. A forty-fold (40times) reduction of the maximum available energy
isthe result.

With this corrected maximum avail ableenergy, the disparity between minimum energy
need and maximum energy available would becomeeven wider from 30.6 times, 15.4times
and 18.0times (Table 8.9, Appendix 1) to 1224 times, 616 times, and 720 times respectively
(Ling, 1992, pp. 12-16). However, due to partial adsorption of intracellular Nat+in muscle
cell, thereisaneed for atwo-fold reduction of thesefiguresto612 times, 308 times, and 360
times respectively (see below). The 15-30 times figures, powerful and forbidding as they
are, are dready obsolete.

All of these new revelations of an endlessly rising number of energy-demanding pumps
and vanishingenergy source to power them are what a scientist seriously tryingto resurrect
the membrane-pump theory in general and the sodium pump hypothesis in particular, must
deal with. Doing less—no matter how innocently and under what difficult circumstances—
and claiming that the sodium pump is energetically feasible would have exactly the same
impact on Science and Humanity, which must in the long run depend for its survival on a
sound and healthy Science, asthat of deliberatedeception.

The sad truth is: Miller ignored all thelong list of pumps he himself collected from the
literature. He made no mention at all of the revolutionary discovery since 1956-1960 that
the so-called high-energy phosphate bond contains no high energy.
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4. A Decadellonglnvestigation Revealing that the Accepted “Na* Pumping
Rate" is Fully a Whole Order of Magnitude T oo Slow

Gina Kolata wroteon page 1222 of her report (Kolata, 1976):

"They (Freedman and Miller) report that Ling’s analysis of his data led him to
assume that the sodium was being transported out of the muscle cells at least 20
times faster than the rate accepted by muscle physiologists' (Kolata, 1976, p.
1221).

Offhand, | might simply retort: **So what?” Taking into consideration that the issue of
vanishing energy source alone has raised the energy discrepancy 40-fold, a 20 times over
estimation of the pumping rate--evenif it were true—would still leave the pump as dead as
dead can be.

But | choose an alternative way of responding, not forgetting that my definitive disproof
of the sodium pump hypothesisof 1956 (and reproduced in Appendix 1), augmented by the
vanishing energy source (and list of many pumps) has already made this detailed nickel-
dime hassling of no significance whatever. The pump has been dead since 35 yearsago and
it remains dead.

But | am not a trial lawyer. My objective is not limited to winning a debate— important
asitis. Asascientist, | also owetodl my (worthy) fellow scientistsliving and yet to come,
my evaluation of the validity of every accusation directed at my work—no matter how
trivial and how spurious. And todoit by subscribing toan exactly opposite approach to what
we have witnessed with mixed disbelief, disgust and sadness: telling half-truths. Namely,
by providing you with all the relevant information which | know on the subject as well as
referencesto what | think may be relevant but too bulky to include. At theend you yourself
will find that in contrast to what Kolata had claimed, that | overestimated the Na+pumping
rate by a factor of 20, it was the mgjority of so-called ""muscle physiologists” who has
underestimated the Na+" pumping rate™ by afactor of 10 or even higher.

4.1 A major discrepancy between thesize of thefast fraction and thesize of the
extracellular space

After radioactive sodium isotopes (e.g., 24Na) became available, Levi and Ussing (1948)
reported the historical first Nat+ efflux studies from living cells-efflux meaning outward
flow or movement, while influx means inward flow. These workers first immersed an
isolated frog sartorius musclefor two hoursin a Ringer's solution containing radioactively-
labeled Na*. (A sartorius muscle is a thin sheet of a muscle found on the under surface of
each thigh of afrog. Itisusualy 2.5 cmto 3.0 cmlong, haf acm wideand haf a mm thick,
comprising about a thousand or so, parallel-arranged, thread-like muscle cells or fibers.)
Levi and Ussing then washed the labeled-Na+-loaded muscle in a non-radioactive Ringer's
solution and recorded the falling labeled-Na+ concentration in the muscle, [Na“];,, as the
washing continued.

The logarithm of [Na*];, remainingin the muscle at different times, after washing began
(asordinate) wasthen plotted against the timeof washing, t (asabscissa). Thissemilogarith-
mic plot is curved but can be readily resolved into two " straight-line" fractions, one fast
(with a steeper slope) and one slow (with aflatter lope). Levi and Ussing assumed that the
fast fraction came exclusively from labeled Na+trapped in the interfibrillar or extracellular
space, the space between the 1000 or so string-likeindividual muscle cellsor fibers making
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up the sartorius muscle. They also assumed that the slow fraction represented the surface-,
or membrane-limited efflux of labeled Na+ emerging from within the muscle cells referred
to as the Na* efflux from the muscle cells. The rate of the Natefflux from the muscle cells
wasdetermined from the slopeor half time of exchange(t,,) of theslow fraction.(t,, isthe
time it takes for the radioactivity in this fraction to fall to haf of itsinitial value.) This
assignment of the sourcesof the fast and dow fraction seemed reasonabledt the time and
has been accepted by virtually al the workersin the field. But not all.

4.1.1 A cluefromtheincongruously small size of the extracellular space

| began to have doubts about this assignment long before | carried out the definitive
energy-balancestudy before and during 1956. The main reason for my doubtsthen wasthat
the size of the fast fraction of labeled Nat leaving the muscle—which is obtained by
extrapolating the fast fraction to zero t—is much larger than the size of the extracellular
space. If Levi and Ussing’s assignment were correct, thesetwo sizesshould match. But they
don't. And thediscrepancy is not so small that one can ignoreit.

| was not alone in noticing this discrepancy. For example, Levi and Ussing themselves
saw it in their own data. Six assaysof theirs yielded fast fractions equal to 27.0%, 34.6%,
28.0%, 29.6%, 32.2% and 32.1%, averaging 30.1% of the muscleweight (Levi and Ussing,
1948, Table 1). And they remarked: " These vaues are al much higher than the generally
accepted 13%” (for theextracellularspace of frog muscle) (Levi and Ussing, 1948, p. 242).
(For Levi and Ussing’s explanation of thisdiscrepancy, seeSection5.2.1 below.) Asanother
example, Johnson a so measured the fast fraction of Natefflux of the sartoriusmuscle and
found an even larger fast fraction at 37.2% + 2.9% (s.e.) (Johnson, 1955).

Since there was general agreement on the (incompatibly) large size of the fast fraction,
one asks. "' Could the extracellular space be underestimated?” While the definitive answer
was to come many years later, there was enough evidence even then to show that Boyle et
al. (1941), responsiblefor this 13% figure, did not underestimatethe sizeof theextracellular
space. Indeed, if anything, they overestimated it (see below).

Table II taken from Ling et al. (1973) shows the chloride-ion-distributiondata | had
collected from the literature many years ago. By adopting a set of more or less arbitrary
standards(individual assaysmust exceed 10, and thestandard error of the mean must be 5%
or smaller of the mean), | was able to select 4 sets of mutually-supporting data from the 7
sets | could find in the literature. These four sets surviving the test yield an average
chloride-ion content of 9.8 pmoles per gram of fresh muscle. Thechloride-ion concentration
infrog plasmais 76.8 umoles/ml. (Fenn, 1936). Dividing 76.8int0 9.8, one obtainsa 12.8%
"chloridespace” in thefrog sartorius muscles.

On thesurface, this12.8% valueagreeswith Boyleet al.’s 13% figure. But 12.8% should
be recognized as an upper limit of the extracellular space because not al the chlorideion
seen in the muscle could be in the extracellular space. Someof that chlorideis bound to be
within the musclecells (Boyleand Conway, 1941).

These chloride-space data further strengthened my doubt that the fast fraction of Nat
efflux originates exclusively from the extracellular space and that the dow fraction origi-
nates exclusively from within the muscle cdls—as Levi and Ussing originally suggested.
This doubt urged me to look for a new and more accurate way to measure the (presumed)
Na+ pumping rate of frog musclefor my energy-balancestudy in the 1950s. | shall describe
the new way | adopted in Section 4.2 below.




TABLE H. Chloride lon Content of Frog Muscle*

Meigs Boyle
and and
Katz Urano Ryan Maurer Cho Fenn Conway
Number of
detns. 2 2 2 23 7] 79 13
Cl content,
pmole/g 112 12.5 not 18.6 15.8f0.8 104+ 846 105+ 14
(*SE) not included not not
included included included included included included
Average
9.8

* Criteriafor choosing data:  number of determinations must exceed 10, and the SE. must be
smaller than 5% of the mean. The first four sets o data were excluded for one or the other
o these reasons. (For sources of references, see Ling e al., 1973))

(From Ling et al. (1973) by permisson o the New York Academy of Sciences.)

Between 1967 and 1975, | and my coworkers introduced four new methods to determine
theextracellular space of frog sartorius muscle. Using these methodsand amodified version
of an old method (inulin probe method), we were able to establish unequivocally that the
extracellular space is dlightly below 10%: low-concentration-inulin probe (10.3%) (Ling
and Kromash, 1967), poly-L-glutamate probe method (8.9%) (ibid), single-muscle-fiber-su-
crose-space method (9%) (Ling et al., 1969), 8Br-analysis method (8.2%) (Ling, 1972) and
the centrifugation method (9.4%) (Ling and Walton, 1975a). The average extracellular
space of frog sartorius muscleis9.2% + 0.69% (mean £ s.d.). With this full assurance from
thefuture, let usreturn to thefifties again.

The striking discrepancy between the size of the fast fraction of the Na+efflux and the
size of the extracellular space led me to the following working hypothesissome timein the
fifties:

The true surface-, or membranelimited efflux of labeled Na™ from within the
cytoplasm of the muscle cells makes up a part of the fast fraction.

As mentioned, in the course of the next 30 years or so, | and my coworkers devel oped
four new methods to determine the true surface-limited Na* flux rate, which will be
presented below. Before doing that | must mention another seemingly minor but in truth
highly significant error in the conventional method of determining the Na+efflux rate, an
error that | began to correct since the time | was engaged in the work described in
Appendix 1.

4.1.2 CTE: A widely overlooked source of error

Overlooked by most workers in the study of Nat+efflux of frog muscle are what | call the
"connective tissue elements” (CTE). Or perhaps one should say that the few who did
recognize a possible impact of the components of CTE (e.g., sarcolemma) did not evolve a
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method to combat it, so that in the end, the CTE contribution was ignored in virtualy al
work on the subject.

These" connective tissue elements” or CTE consist of small nervefibers, blood vessels
often on the under-surface and a so el sewherein the muscle as well as blood cells trapped
in the blood vessels. By far the most important component of the CTE are the various types
of connectivetissues making up the partsand parcelsof the muscleasatissue. They include
the tendons at the tibial end of the muscle, the fascia covering its dorsa surface, and the
sarcolemma enclosing every muscle cell. Like the muscle cells themselves, these CTE
componentsalso take up and release labeled Natin their own ways and thus subvert the
validity of conclusionsdrawn from the efflux study of a sartorius muscle as representing
efflux from musclecellsonly.

To correct for theerror in Nat+efflux data of frog sartorius muscles caused by the CTE,
we mugt first find out how much CTE is present in a sartorius muscle and then reproduce
the CTE’s own Natefflux curve so that their contribution to the Natefflux of a sartorius
muscle can be quantitatively subtracted to reved the true Nat+efflux from the pure muscle
cells. The method adopted for thiscorrection was presented for thefirst timeand exclusively
in Chapter 8 of my 1962 monograph reproduced here as Appendix 1 (Table 8.8).

A microscopic examination of a sartorius muscle reveals that the CTE just described
usually run continually to merge with thin sheetsof |oose connectivetissues covering parts
of thesurfaceof thethighsand thecalves. Furthermore, these loose connective tissue sheets
can be readily peeled off (preferably from the same legs providing the sartorius muscle or
semitendinosusmuscle, for explanationaof its preference to the sartoriusmuscle, see bel ow)
were obtained. This anatomical continuity offers justification for regarding the isolated
connectivetissuesheetsas modelsfor the CTE in the muscle.

Using the akaline digestion method of Lowry et al. (1941), | then estimated the pure
collagen contents of both the sartorius muscle and the connective tissue sheets from the
same legs. Comparing these collagen contents with each other, | arrived at the conclusion
that on the average, the CTE makes up 9.09% of the fresh weight of the muscle. | then
studied the Nat+efflux of such apiece of connectivetissue sheet in thesame way | studied
the Nat+efflux of asartoriusmuscle. Figure 1, taken from Ling and Walton (1975b), shows
the" efflux curves™ of two piecesof |ooseconnectivetissuesheetsafter 43 min of incubation
at 25°C.

Note on one hand the general resemblanceof thesecurvesin Figure 1 to the muscleefflux
curves(to beshown below in Figures2A,2B and 4), and on the other hand, how much higher
istheinitial labeled Nat+contentsof the CTE (ca. 70 wmoles/gram of fresh tissue) compared
tothat of a normal sartoriusmuscle(ca. 20-30 umoles per gram). In contrast, asimilar piece
of connective tissue sheet after a short exposure of only 4 min and 24 seconds in the
radioactive labeled solution reveals an initial labeled Nat+ content of less than 20
umoles/gram of fresh tissue( Appendix 1, Figure 8.6A). Thislargedifferenceseen between
theinitial Natcontentsof the two sets of connectivetissue data shows that the duration of
incubation in aradioactive-Na*-containing solution playsa highly significantrolein deter-
mining thelevel of contaminationsof the CTE to thelabeled Nat+content as well asapparent
efflux rate of a sartoriusmuscle. Another seemingly trivia but in fact important difference
worth mentioningisthat after long exposureto the labeled Na*-containing solution, thelater
part of the CTE efflux curveoften appearsmuch flatter than the corresponding part of efflux
curvesfrom muscle cells, especially after correction for CTE had been made, see Figure®6.
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FIGURE 1. The time course o labded Nat+and labded K+ efflux frog connective tissue. The
connective tissue sheets were isolated and incubated & 25°C with both labded K* ad labded Natr
for atotd d 43 min ad centrifuged & 1000 g for 4 min to remove the centrifugation-removable
fluid. They were then washed in Successve tubes o Ringer's-phosphate solution & 25°C. Dda are
given aspmoles per gram d fresh tissue. (From Ling and Walton, 1975a, by permisson d Physiol.
Chem. Phys. & Med. NMR.)

[The CTE makes up 9.1% of the fresh muscle weight (Table 8.8 in Appendix 1).
However, as pointed out by Ling et al. (1969), it containswater which is accessibleto the
extracellular-spaceprobe, inulin and theref oreconstitutesa part of thewater in theextracel-
lular space measured. This means that the 9.2% extracellular space correction must be
appropriately reduced after a CTE correction has been made. For a more elaborate and
precise method of correctingfor both the extracellular space and the CTE components, see
Ling and Walton, 1975.1

Ignoring the contribution of CTE, as in the conventional way of studying ionic fluxes
from frog muscle tissues, leads to inaccuracy. The most serious inaccuracy created is a
spurious slowing down of the rate constant (or lengtheningof the halftime of exchange, ;)
of the slow fraction from the muscle cells. Thisinaccuracy becomesespecialy serious(1) if
the muscle has been soaked in the radioactively labeled solution for along period of time as
it was routinely donein many laboratories; (2) if the later portion of an efflux curvefrom a
muscleisemployed to estimate the time constantsof Natefflux from the musclecells and
(3) if theexperimentisdoneat alow temperature, say 0°C. Dueto the much slower rate(than
muscle cells) at which CTE releases its (adsorbed) labeled Na+after prolonged washing
especialy at low temperature(comparethe later partsof the plotsin Figure 1 and Figure4),
the contamination due to the contribution of the CTE becomes progressively larger as the
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FIGURE 2A. Successive efflux curvesof labeled Na* in adying frog muscle. The sartorius muscle
was repeatedly loaded with labeled Nat+ and washed in a Ringer's solution containing 0.05 mM
sodium iodoacetate. In this and the following figure, curve A was thefirst washing curve, curve B,
the next and so on. Heavy solid lines are the best fitting curve to the experimental points after
subtracting the connective tissue contribution similarly loaded wih labeled Na* and exposed to
IAA. These corrected curves were then resolved into aslow fraction (1) and afast (1I) or even athird
fast fraction(IlI). Note that the dlow fraction remained unchanged in magnitude—as indicated by its
zero time intercept on the ordinate— until it falls to even lower values. It is the fast fraction (II or II
+ I1T) which rose steadily until it reached the concentration in the loading solution (100 mM). (From
Lingetal. (1981) by permission of theJ Cellular Physiology.)

duration of washing increases. At worst, what the investigator thinks that he/she is measur-
ing (membrane-limited efflux from (pure) muscle cells) may be largely the desorption rate
of Nat+fromthe CTE.

This CTE correction was routinely applied in all my work described in Table 8.6 and 8.8
and elsewherein my 1962 monograph (Appendix 1). Curiously, Miller who knew thisCTE
correction well, saw nothing wrong in the data of Keynes and Steinhardt — who seemed
entirely oblivious of this serious source of error—but cited their 1976 publication as an
exemplary pieceof work. Indeed, it was on the basis of this uncorrected dataof Keynesand
Steinhardt, Miller then passed the judgment that my data were about 20 times too fast.
However, Keynes and Steinhardt's error was far more than merely ignoring the CTE
contribution as will be made clear below.
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FIGURE2B Successiveefflux curvesof Nat+from a dying frog sartorius muscle. For experimental
detailsand source, see legend of Figure2A.

4.2 Thecorrect membrane-limited-Na*-efflux rate(i.e.," pumpingrate') is
some 10-times-higher than the valuesubscribed to by the majority

What follows isa brief review of four independent sets of studies published between 1970
and 1980 which in a mutually complimentary fashion demonstrate that the conventional

assignment of the slow fraction of Na+efflux curve as representing the cell-surface-limited
efflux from muscle cellsiswrong, and that it isa part of thefast fraction that representsthis
surface-limited efflux of labeled Na+from the muscle cell cytoplasm, or sarcoplasm. The
four sets of experiments in general and the one described under section 4.2.4 in particular
have also provided for thefirst time unadulterated surface-, or membrane-limited Nat+efflux
rate from frog muscle cells at room temperature.

4.2.1 Fromdying muscles

When frog muscle is exposed to a low concentration of the poison, iodoacetate (0.2 mM
IAA), the muscle slowly deteriorates until it dies. In this dying process, the total Nat+
concentrationin the musclecellsrisesslowly from 20to 30 pmol es per gram of fresh muscle
cells to approach the Nat+concentration in the bathing Ringer's solution (ca. 100 mM or 100
pmoles per gram) (Ling et al., 1981).

Isolate afrog sartorius muscle and immerseit for sometimein aRinger's solution (called
Solution A) containing both IAA at alow concentration and radioactively labeled Na*, to
be followed by washing the muscle in a Ringer's solution containing only 1AA but no
radioactivity (call it Solution B). This way one can obtain a Na+-efflux plot of the poisoned
muscle. If at the end of say one hour of washing in Solution B, one soaks this muscle in
Solution A again, and then starts washing it again in non-radioactive Solution B, oneobtains
aNa+-efflux plot of the musclein a moreadvanced state of poisoning. Thecycle of soaking
and washing can be repeated a number of times, each time producing yet another Na+efflux
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plot of the muscle in a more advanced state of poisoning. (In order to minimize cell
deterioration during the reloading steps, various methods were used, for details seeorigina
article))

Each of these plots of Natefflux curves can be resolved into a slow and afast fraction.
Now if the conventional assumption isright and it isthe slow fraction which represents the
membrane-limited efflux of intra-cellular Na+*, one would expect that this ow fraction
should grow bigger and bigger as the cells deteriorate until the Nat+ concentration repre-
sented by thisfraction reachesthat of the incubating solution when the cellsdie. But we did
not see that. What we did observe was quite the opposite.

As the cells deteriorated, the size of the slow fraction in more than half of the cases
observed remained at 10 wmoles/gram or lower from the time the muscle was virtually
normal until it was dead (Figure 2A and Figure 3A). In other cases, the slow fraction went
up momentarily to some 20 ymolesigram or so before falling down to lower values again
(Figure 2B and Figure 3B). In either case, the slow fraction never rose to approach the high
concentration of Natin the bathing medium at 100 pmolesigram.

Instead, it was the fast fraction of Nat efflux which steadily rose in size with each
re-immersion in the labeled poison solution. When the cells died completely, the labeled
sodiumionin the fast fraction approached the high concentrationin the soaking Solution A
(Figures 24, 2B and 3). These experiments demonstrate that it is a part of the fast fraction
from the muscle that represents the Nat+efflux from within the muscle cells (Ling et al.,
1981). But thefast fraction seen hereisamixtureof labeled Na+from inside the musclecells
and from the extracellular space. In the next approach, we eliminated the fraction from the
extracellular space.

4.2.2 From whole sartorius muscles after removal of their labeled Na*-containing
interfibrillar fluid

In 1975 Ling and Walton (1975a) developed a new centrifugation technique to remove
quantitatively all the extracellular space fluid from a frog sartorius muscle. They first
exposed an isolated sartorius muscle to a Ringer's solution containing radioactive Nat+
isotopeand then removed the labeled Nat+caught in the extracellular space of the muscle by
this technique— beforewashing the musclein a non-radioactive Ringer's solution (Ling and
Walton, 1975b).

However, as shown in the four sets of data presented in Figure 4 (in which the simulta-
neous efflux of labeled K+ is also shown, in which a more elaborate CTE correction was
made on both the Nat+and K* efflux curves and in which labeled Na* in the extracellular-
spacefluid had been removed by prior centrifugation), the CTE-corrected Na+efflux curves
still retain both a fast and a slow fraction, confirming the hypothesis once more that a part
of the fast fraction representsthe fast fraction which as shown above representslabeled Nat+
emerging from within the muscle cells.

However, a minor departure from the usual was also noted in the resolved Natefflux
curves shown in Figure 4. The fast fraction does not appear as a simple straight line any
more. Instead, it now shows a bend.

The simplest explanation is that even though the origina labeled Na*-containing ex-
tracellular space fluid has been removed by the centrifugation procedure, the extracellular
space thus vacated must soon be filled with the non-radioactive Ringer's washing solution
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FIGURE 4. The time course of simultaneous Nat+and K* efflux from centrifuged frog sartorius
muscles. The musclein A wasincubated overnight a 25°C with labeled Na*. Labeled K* was added
to the loading solution for the final 33 min of incubation. The musclesin B, C and D wereincubated
at 25°C with labeled Nat+and labeled K* for 33 min. The muscles were exposed to the incubating
solution for 10 more mintues while wrapped and centrifuged (at 1000 g for 4 min) in the air-tight
centrifugation packets, which increased the total exposure time to 43 min. Washing was carried out
successively in tubes of Ringer's phosphate solution maintained at 25°C. Correction for connective
tissue was made on the basis of a composite curve of **Na efflux from similarly incubated connec-
tive tissue sheets. Line 1 was obtained from a 1.9% connective tissue correction in A, a 7.0%
correction in B, a 6% correction in C, and a 1.9% correction in D. An enlargement of the first 10
min of K* efflux for each muscle is illustrated with the connective tissue correction, so that the
corrected efflux curve will not become negative in value a any time. (From Ling and Walton
(1975b) by permissionof Physiol. Chem. Phys. & Med. NMR))

as soon as washing began. Asa result, labeled Nat+emerging from within the cells during
the washing process must travel through the thickness of this water-filled space before
reaching the outside bathing solution. If thisinterpretation ison theright track, working with
single musclefibersor acluster of afew muscle fibers—which do not have the kind of deep
extracellular space as in whole sartorius muscle—should produce a fast fraction without
such abend. Let usfind out next if this prediction isconfirmable.
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FIGURE 5. Time course of labeled Natefflux from a single muscle fiber and amdl multiple
muscle fiber bundies. Number of fibersis indicated on Figure. All fibers were washed in normd
Ringer's phosphate at 25°C except B, which was washed a 0°C. Experimenta pointsare in units of
pmoles per gram of fresh tissue weight. Correction for a 5% connective tissue contribution was
mede on the basis of a composite curve of 22Na efflux from similarly incubated connectivetissues
fromfour frogs. (FromLing (1970) by permissiondf Physiol. Chem. Phys. & Med. NMR.)

4.2.3 Fromsingle and multiple muscle fiber studies:

Early in the 1950s, | put together an apparatus-assembly for monitoring theloss of radioac-
tively labeled Nat+ and other isotopes from frog muscle while the muscle was being
continually washed (Ling and Schmolinski, 1956). The key component is a well-type
¥-scintillation counter illustrated in Figure 8.5B in Appendix 1. In this simple setup, the
sensing element encloses the radioactively-labeled sample and thus alows radiation in
amost all directions to be recorded. Asaresult, more readings are recorded within agiven
period of time than the older methods can register —in which the sensing element sits a
distance below the sample and "sees” only a much smaller portion of the emanating
radiation.

With a special adaptation of this new apparatus-assembly, | studied the Na* efflux from
asingleisolated muscle cell and small bundles of afew muscle cell(s) isolated not from a
sartorius muscle but from the two-bodied cylindrical semitendinosus muscle (for reason, see
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below). In all cases here, a 5% (rather than 9.1%) correction for the CTE was applied, on
account of the expected lower CTE contents in these single or multiple cell preparations
because, unlike an intact sartorius muscle, the single cell or cell cluster does not have a
coveringfascia. (Whileseemingly al right in most cases, in somecaseswherealarger piece
of tendon might be included, the correction might be too small or in other casestoo large.
For away of correcting, seelegend of Figure4.) Theresultsfrom studieson thesesingleand
multiple muscle cells preparations are reproduced here as Figure 5 (Ling, 1970).

The data show that even though | was measuring efflux from asingl e cell or afew cells
(which has no interfibrillar or extracellular space to speak of. The superficia layer of
radioactive solution on the cell surface is ingtantly washed away and hencefree from the
complicationdue to the presence of radioactivity trapped in adeep interfibrilaror extracel-
[ular space), the efflux cure remains curved and—Ilike that from an intact sartorius muscle
containingathick stack of some one thousand musclecdls—aso easily resolvableinto the
two fractions, onefast and one slow. Furthermore, thefast fraction plot isdefinitely straight
and shows no bend—as we had hoped to see.

This new set of data confirms the hypothesis that surface-, or membrane-limited Nat+
efflux occurs at a much faster rate than widely believed and is represented by the fast
fraction from the single and multiple cell preparations. Table III summarizes much of the
data with my single and multiple fiber experiment carried out in 1966 and earlier. Though
some of the data are partialy presented in the 1970 paper, this tabular datais presented for
thefirst time here. All data have been corrected for CTE.

Two aberrations were noted in some of the data: (1) Exceptiona short t,,, of the fast
fraction (e.g., 1 min or so) in Experiments 66626 and 66615. | reason that these extra-fast
fast fractions seen are due to theinclusion of one or afew injured cellsin the muscle fiber
bundle studied. These injured muscle cells as a rule have higher labeled Nat+contents and
they efflux at afast rate (seelater sets of efflux curvesin Figure 2A and 2B for example).
Asaresult, they exerciseacamouflaging effect on the normal efflux fromintact musclecells
with low radioactively labeled Nat+concentration and slower effluxing pace. (2) Extraordi-
narily longt,,, in thedow fractions. Thiscould be due toinjury or other causes which have
increased the relative adsorption energy of the Naton the - and y-carboxyl groups. This
phenomenon has occasiondly been seen following an early stageof injury or poisoning (see
the extra dow dow-fractionsof the first two efflux curves marked A and B in Figure
2A—nat found in thedow fractions of theefflux curvesof Figure 2B).

Making use of the new knowledge acquired aboveand adding a modified version of the
simple short-dip techniquefor studying the Na+efflux of muscle cdls—the prototype of
which [ firstintroduced in thefifties—wewill bein aposition to conduct thedefinitivestudy
on the Natefflux of frog musclecells. But before closing thissection, | want tocall attention
to thefact that for the ease of dissection and lesser propensity toward injury, thesingleand
multiplefiber preparations used in thisset of study and the onefollowing were not obtained
from the sartorius muscle but from the thigh muscle, known as the semitendinosus muscle.
Evidencewill be presented that the musclecellsin thesartoriusmuscleand in thesemitend-
inosus muscle provide quantitative data indistinguishablefrom one to the other. This
similarity is not surprising since muscle fibersin these as well as other voluntary muscles
are all made up of similar finer unitscalled rnyofibrils.
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TABLEIIL. Rate constants (k) and half-time of exchange (ty;2)
of labeled-Na* efflux from single and multiple-muscle fiber prepartions (25°C).

Expt No Muscle Fiber No Fast Fraction Slow Fraction
(|Erl1/i2n) (miI:F')

55K12 3 25 0.28 26
56K2 92 28 0.25 70*
6662 18 43 0.16 105*
6666 14 4.0 017 72*
6667 22 34 0.20 32
6668 | 40 0.17 40
66615 10 10 0.69* 30
66626 13 49 0.14 23
66G26a 24 1.2% 0.58* 22
66627 14 38 0.18 24
66G27a 15 20 0.35 20
66G28 13 4.0 0.17 24
66629 6 3.8 0.18 21
66H1 1 32 0.22 24
mean ¢ s.e. 36+0.78 0.27+ 043 26£5.6

Single and multiple muscle fiber preparations were isolated from the semitendinosus muscles
of leopard frogs (Rana pipiens pipiens, Schreber), loaded with radioactive “"Na and washed in
a continuous stream of non-radioactive Ringer's solution containing 25 mM K* and 100 mM
Na*. A 5% connective-tissue-element correction was applied to dl data. For more details see
legend of Figure 5. Partly taken from Ling (1970) but includes much more data than given in
that publication. (By permissionof Physiol. Chem. Phys. & Med. NMR.)

4.2.4 A definitivetechniquefor measuring the surface-, or membranelimited Na*
efflux rate of frog musclecells

The modified simple new technique, called the Small-muscle-fiber-bundle— Short-dipped
and--Centrifuged with--Closely separated-data-pointsin its efflux-curveand after-CTE-
correction™ or SSCCC technigue to be described next:

Isolatefrom a frog semitendinosusmuscleasmall muscle-fiber bundlecontainingafew
tens of muscle fibers or cells. Expose the fiber bundle for an accurately measured short
period of time, say 3.0 min to a labeled Na*-containing Ringer's solution containing high
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FIGURE 6. Na* efflux from a small muscle fiber bundle freed of extracellular space fluid by
centrifugation. Incubation in tagged solution lasted 16 hours a 4°C before another 4 hours of
incubation in the (same) incubation solution at 25°C. Correction for a 5% connective tissue contri-
bution from the efflux curve of a piece of connective tissue sheet isolated from the same frog
following identical treatments. Note how the curved later part of the efflux curve straightens out
after connective tissue correction. Muscle 1 of 11/18/77 of Table 4A. (From Ling (1980) by
permissionof Physiol. Chem, Phys. & Med. NMR.)

enough radioactivity to yield an efflux curve with closely-spaced data points. Remove the
labeled Nat-containing extracellular space fluid by the centrifugation method of Ling and
Walton (1975a). And then conduct the usua washout in a well-type scintillation counter
arrangement as illugtrated in Figure 8.5B in Appendix 1. Plot the Nat+ efflux curve on
semilogarithmicgraph paper. Make correctionsfor the CTE contribution after obtaining a
CTEefflux curve under identical conditionson apieceof connectivetissue sheet taken from
the same leg from which the muscle fibers bundles were obtained. Extrapolate from the
corrected efflux curveof the muscle bundleto zerotimeto find thetotal initial labeled Nat+
concentrationin the musclecells. Dividethisinitial, CTE-correctedlabeled Nat+concentra-
tion by thetime of exposure(e.g., 3.0 min) and the true weight in gramsof the musclecells,
one obtainsthe labeled Natinflux ratein umoles/gm/hr.
Sinceduringtheentiretime period of soaking and washout, thereisno changein thetotal

Natconcentration, this labeled Nat+infl ux rate isequa to the labeled Natefflux rate. And
this value will be what | believe to be the most accurate way—up to this time-of
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determiningthe Natefflux rateof (pure) frog musclecells. In thecontext of the membrane
pump model, this correct influx rate is within an error of less than 1%, equa to the Nat+
pumping rate.

In Figure 6 an exampleof the uncorrected and corrected efflux curve of labeled Nat+from
acentrifuged small musclefiber bundle (muscleEg of 11/23/1977)isshown. It contains40
muscle fibers, and was exposed to labeled Na+for 3.25 min. All these and additional data
can be found in Table IVA taken from Ling (1980). Obtained by this SSCCC procedure,
each efflux curveobtained can be neatly resolved into afast fraction and adow faction. Both
appear asstraight lines.

Now each one of these straight lines provides two sets of data to estimate how much
labeled Nat+has entered the cells (influx) during the initial 3.0-min exposureto the radioac-
tively-labeled Ringer's solution. One set comes from the extrapolated intercept already
described which yieldsthedirectly measured surface-, or membrane-limited Nat+influx rate.
The other set comes from the slope of the straight line in the semilogarithmic plot,
representingtherateof efflux (outward flow), but which must equal therateof influx (inward
flow) since, as just mentioned, the total Nat+ concentration does not change during the
experiment.

The important point is this: only the fraction which truly represents the surface, or
membranelimited intracellular-extracellular exchange can yield two values of the influx
rate—one directly from the intercept and the other indirectly from the slope—that agree
with each other. (Or put alittledifferently,only in thecorrect fraction would the influx rate
determined from the intercept equal the efflux rate determined from the slope.) In contrast,
the fraction which does not represent the true intra-, extracel lular exchange will produceas
aruletwo "influx" rates that disagree with each other.

In a seriesof studieson 22 experiments (21 were on small-muscle-fiber bundlesand a
single experiment was on a whole sartoriusmuscle) in 8 setsof studiescarried out between
October 27,1977 and November 23, 1977, theratio of theintakeof |abeled sodium obtained
from theintercept of the fast fraction over that from the slopeof thefast fraction is closeto
unity or 100% from the fast fraction {107% + 3.6%, (mean * s.e.}}.

In contrast, the same ratio from the slow fraction isfar from unity, or 100%, & 481% +
39.5%.

This piece of work, in my view, provided our final and definitive proof of the hypothesis
that the true surface-, or membrane-limited Nat+ efflux from frog muscle cells is that
represented by the fast fraction (after removal of labeled Nat+trapped in the extracellular
fluid) from the small muscle fiber bundles (Ling, 1980).

From 21 experimentson small-fiber bundlesonly taken from Table IVA, column 11, and
listed in Table IVB—aong with other parameters often used to measure the rate of Na+
efflux deta—, theaveragehalftime of exchange(t,,) of thefast fractionis3.34 £ 0.21 min
and that of the dow fraction, given in column 9 minus that of the data from the whole
sartorius muscle is 24.0 £ 1.10 min (not shown in Table V). The data show that the fast
fraction is 7.18 timesfaster than the dow fraction. The data are also in reasonable accord
with the set of dataobtained from singleand multiple musclefibers—after eliminatingfrom
averaging the two exceptionally fast fast fractions and three exceptionaly sow sow
fractions, both marked by asterisksin Table111—yidd aratio of thet,,;’s of the dow and
fast fraction equal to0 26.0/3.56 = 7.30.




TABLE IVA.

Influx rate (mmoles/liter x min)

Muscle Expo- [Na' [ Ineq Slow [raction Fast fraction Slow fraction Fast fraction
Number ~ Ur¢ Slow Fast From  From From  From

Muscle Weight of WNE frction  fraction  Intercept 112 Intercept i k slope intercept  B/A slope intercept B/A

Date No (mg) fibers (mm) (mM) (mM) (mM) tmin)  (mM) tmin) (min'H A (B) (50) (A) (B) ( %)
10/27/77 ] 86 54 40 59" 88 2.1 a3 42 6.0 0.12 0.12 0.44 1.67 102 105 103
10131/77 | 75.5" 3.0 7.6 8.2 15 50 4.0 1.0 0.23 (.004 0.49 521 220 179 X1
110777 | 873 40 40 88 1.9 5.3 19.5 (1] 3.4 .20 .32 1.34 419 243 274 113
111277 | 11.8 60 45 8.8 19 73 0 33 44 016 0.20 0.75 375 1.87 2.37 127
1] 101 6l 4.5 8.8 1.9 35 21,5 4.9 17 019 .28 0.52 186 257 2.19 85

1t 87 40 45 8.8 1.9 33 28 0.1 4.8 0.14 0.21 0.74 352 205 2.36 115

v 12.0 50 45 88 78 40 21.58 S8 A7 0.19 0.29 0.88 303 2.22 216 97

11/18/77 | 10.7 60 45 49 6.8 3.0 3l 1.0 37 (019 011 0.67 609 124 134 108
1l 46 28 45 49 0.8 24 17 5.8 1.5 (.46 0.20 1.11 555 3.19 261 82

11/22/77 1 6.4 40 4.0 5.0 6.7 24 12.5 A3 4.1 0.17 0.1 0.61 555 112 144 129
1 8.9 50 4.0 5.0 0.7 27 26 3.8 2.6 0.27 0.14 0.68 486 178 164 92

11/27/77 [b]] 10.3 35 50 6.1 10.6 49 23 1.6 29 .24 011 0.97 882 254 3.10 122
D2 101 35 50 6.1 10.6 6.1 22 7.3 3.2 0,22 0.20 1.21 605 2.30 2.68 17

D3 122 50 50 6.1 10.6 0.2 26 7.0 2.6 0.27 017 1.25 735 284 264 93

D4 130 60 50 6.1 10.6 53 24 3.5 4.3 016 0.15 1.06 707 172 1.76 102

DS 41 15 50 6.1 106 6.4 23 6.4 3. 0,22 018 1.28 71 2.46 255 104

11/28/77  EI 8.0 25 325 9.1 94 47 26 5.9 11 022 024 1.49 621 2.10 264 126
E3 101 50 325 9.1 94 5.2 14 5.8 2.8 0.25 (.46 1.29 280 233 274 118

E4 50 30 325 9.1 9.4 112 22 4.6 35 0.20 0.29 0.96 331 187 173 93

ES 7.4 30 325 9.1 94 53 22 12.1 2.3 0,30 0.29 1.08 72 3.65 532 146

E6 66 40 325 9.1 94 36 26 0.l 2.3 0.30 0.24 1.12 467 284 2.99 105

E8 3.7 14 325 9.1 94 33 16 7.3 2.1 0.33 .40 1.03 258 3.10 3.27 105

Mean 2554 132+ 02294 0218+ 095+ 486+ 225+ 241+ 107%
+SE 1.76 071 0016 002 006 375 014 018 35

Rate constants (k) and half-time-of-exchange (t1/2) of Na* efflux from small muscle fiber bundles after removal of labeled Na*-containing solution in its

extracellular space by the centrifugation technique of Ling and Walton (1975a). Correction for the contribution of the connective tissue elements (CTE) on

the basis of 5% CTE in bundle weight. Mean and S.E. were calculated from all 22 sets of data including the single set from an intact sartorius muscle
(10/31/77). For average values from small-muscle-liber bundles data only. sce Table IVB. The added rate constants (k) were calculated from ti/2 by the

relationship: k = I'n 2/t12 = 0.696/112. Near equality of the Na* inllux rate ohtaincd from the intercept (B) and the Na* efflux rate from the slope (A)
establishes that it is the fast fraction of the efflux curve which represents the surface-, or membrane-limited intra-, extracellular exchange of the Na*. (Data
from Ling (1981) by permission of Plyvsiol. Chem. Phys. & Med. NMR.)
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TABLE IVB. Rateconstants(k), half-time-of-exchangel(t,;), flux rate (¢)
and specific permeability constant (x) of Na* efflux from muscle cells at 25°C.

2 k o K
(min) unin'l} (]_llt'l()]t‘.‘if(‘l'l]lh]'} [nmles.fcmlxec_l (cm/sec)
3.34+0.21 0.23 £ 0.016 0.247 £ 0.013 6.87x 107" 6.67 x 107°

+0.36 % 10_1 +0.47 % 107°
(21 (21) (42) (42) (21)

Data taken from Table IVA after eliminating that from the single intact sartorius
muscle (10/31/77). ¢’s are obtained from both the influx (from intercept) and
efflux data (from slope) of the fast fraction and the relationship ¢ = (V/A)kC;,
where VIA is the volume (V)/surface (A) ratio of muscle fibers equal to (11570)
(from Ling, 1962 or Appendix 1, Table 87). Ci is the equilibrium
concentrations of Na* in cells and given in Table IVA. x is equal to (V/A)k.
Number in parenthesis at the bottom of each column refers to number of studies
performed.

Since the dlow fraction really representsthe rate of desorption of Na+from adsorption
sites, theratio of thety,’s isitself of limited interest. It becomesof greater interest because
in the conventional practice, thet,,, of the dow fraction has been regarded as representing
the membrane-limited Nat+efflux rate (or " pumping rate™") from the muscle cells. But since
thet;"s from the mgjority of workersin thisfield were obtained without correctingfor the
CTE contamination, and the CTE contamination further slowsdown the apparentt, » of the
dow fraction, thet,,, is no longer in the range of 24 to 26 min—as correctly determined by
the SSCCC technique—but much longer. And accordingly, thet;,, ratioof theslow and fast
fraction would also end up much higher. The next section will show just how much higher.

In Table V, | have collected from the literature several setsof dataon thet,,,'s of frog
sartorius muscles obtai ned from the slope of thed ow fraction of the Natefflux curvesat the
higher temperatureranges between 18.5" and 25°C and the lower one of 0° to 1.5°C. Note
that in none of the work listed (including that of Ling et al., 1973) was correctionfor the
contribution of the CTE made. Theaveraget,, isfor the higher temperature range between
34 to 39 min, averaging 37 min. Dividing this number by thet,,, of 3.34 min from the fast
fraction that was obtained after short-dipand CTE correction, one obtainsaratioof 11.1.

Thedata of Keynesand Steinhardtat 21.5°t0 21.7°C areeven higher at 40 to 52 min. At
the low temperature of 0" and 1°C, the datafrom Levi & Ussing and Harris range from the
shortest at 33.7 min to 96 min. Again the low temperature range data of Keynes and
Steinhardt is much longer at 202 min. One possibleexplanationfor their exceptionally dow
efflux ratesis their choice of obtaining the time constantsafter unusually long washing of
the labeled muscle. Such a practice, as pointed out above, exaggeratesthe contaminating
influenceof the (uncorrected) CTE contribution, which Keynesand Steinhardt were appar-
ently obliviousof, or at least made no effort to correct for its confounding influence.

The four sets of independent studies described under Section 4.2.1 to 4.2.4 when taken
together leave no doubt that a minor revolution on the method in the way of ascertaining
the surface-, or membranelimited Na* efflux rate has been completed within the major
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TABLE V. Na" efflux ratefrom frog sartoriusmuscles
from several groups of workers.

Temp. (°C) No. of Trials ty2(min)
mean £ s.e. range
Levi & Ussing (1948) 20 18 34 26-47
1 4 70f7
Harris (1950) 18 6 342+£27
0 5 79+ 16
Keynes & Steinhardt 215 40 3941
(1968) 217 52 46-58
15 202 170-230
Ling er d. (1973 25 14 37.4+27

Data, given as haf-time-of-exchange (ti/2), al obtained from the dope of the slow fraction,
including the data of Ling et al. (1973). In none of these cited data was correction made for the
connective tissue element or CTE contamination. Only those data from Table 1 of Hams were
chosen where the (semilogarithmic) efflux curve does not show a change of slope and marked
with the symbol x in Harris' table. Keynes and Steinhardt's 21.5°C data were taken from the
initial part of their efflux curve shown in their Figure 1 in which the muscle was washed in a
Ringer's solution containing 10 mM K* and 111 mM Na®. Their 21.7°C data were taken from
the initial part of their Figure 2, in which the washing solution was free of K*. ti2's were
obtained from their rate constants, k's by the relationship ti2 = 0.693/k. The data of Ling et al.
(1973) were taken from those at 25°C in their Table 4.

revolutionary transition fromthe defunct membrane pump theory to the Al Hypothesis. The
conventional assignment of the dow fraction to represent the cell-surface, or membrane-
limited Na* efflux, iswrong. Instead, it isa fast fraction which representsthe cell-surface-
limited Na+eflux. One consequence of thisiconoclasticdiscoveryisthat thetrue Na* efl ux
rate is some 10 or more than 10-times faster than what has been accepted by most muscle
physiologistsand other workersin thisfield to thisday.

Just asimportant, thelast set of datagiven in TablelV in columns2 and 3 from the left,
are, in my opinion, the most accurate data up to now on the surface-limited influx rates (or
efflux rates since they are equal) from frog muscle cells to this date. When the two sets of
data from theinterceptsand the slopesof thefast fraction are pooled we obtain from the 42
piecesof dataaflux rate of 0.247 = 0.013 mmoles/cm?.hr (Mmeant s.e.). Thisdata can also
be converted into unitsof moles/cm?.sec by utilizing theaverage volume/surface (VIA) ratio
given in thetop part of Table8.7 in Appendix 1 which can be averaged to yield a vaue of
17.5um, equivalenttoan AN ratio of 570 cm-!. The result is the correct, uncontaminated
Nat+flux rateequal t06.87 X 10~/ £ 0.36 X 10~/ moles/crmP.sec (mean £ s.e.) for the (pure)
frog voluntary musclecells at approximately 23°C.

| want to emphasizethat the iconoclasticchange both in the value of the efflux rate and
the method to obtain it may seem a subject of limited provincial interest to speciaists. In
factitisnot soat al. Asoneexample, it may be mentioned that this 10-fold increasein the
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Nat efflux rate when cast as a new Nat+ permeability, P, in the Hodgkin-Katz-Goldman
equation would predict a resting potential of frog muscle equal to only 27.1 millivolts—in
contrast to the 80—90 millivolts actually observed (Ling and Gerard, 1949). In contrast, the
dataarein harmony with the new surface-adsorption theory of cellular electric potentias as
part of the AT Hypothesis(Ling, 1960; Ling, 1962, Chapter 10; 1984, Chapter 14; and 1992,
Chapter 11).

What thistells usis that the living cell is a self-consistent coherent system. No area of
speciality redly exists as a totdly insulated area of knowledge immune to iconoclastic
change in other areas. And the disproof of the membrane pump hypothesis isfar more than
the subject of interest to afew specialists who study Nateffluxes but an earthquake right in
the most vital center of all living cell functions.

4.3 Why the" pumpingrate" used in my 1962 ener gy calculationswassound then,
issound now and will remain sound in thefuture

Let us now go back to the mid-fifties when | wasdoing my original energy balance studies
of the Nat+pump—to be published oneday in Chapter 8 of my first monograph (Ling, 1962),
and now reproduced herein Appendix 1. Thefirst key issue | faced was how to estimate the
minimal energy need of the postulated Nat+ pump. For that, | needed to know how fast the
Natis being pumped out. In the context of the sodium pump hypothesis, this pumping rate
is virtualy the same as the Nat efflux rate (see Section 5.1.1 below for discussion on a
negligible passive exchanging component). | did not obtain a correct Natrate the conven-
tional way from the slope of the slow fraction. For reasons known to me even then (i.e., the
large disparity between the size of the extracellular space and the size of fast fraction of Nat+
efflux) | believed that it would be a fatal mistake to do so—a belief and strategy by now
proven sound beyond doubt.

Intheory, | should have chosen either theslope or the intercept or slope of thefast fraction
to obtain the true surface-, or membrane-limited Nat+efflux rate which, as| have repeatedly
mentioned, in the context of the membrane pump theory is equal to the Nat+pumping rate.
Thisiswhat | would do now. Unfortunately, thisdecision was made morethan 40yearsago.
At that time, the methods for sorting out the fast fraction from muscle efflux curves without
contamination from extracellular space fluid and CTE were not developed yet.

| did develop and use the "' short-dip™ part of the SSCCC technique—described above
under section 4.2.4--but obtained the initial influx rate by extrapolating from the slow
fraction. This technique used, entirely new at the time, is perfectly sound for the specific
objective of my study then, which wastofind out if the musclecells have enough energy to
operate the hypothetical sodium pump. Thuseven though | already knew that what | got with
my new method wasto obtain a pumping rate (equa to theefflux ratefrom the muscle cells)
slower than what it truly is, it did not matter.

It did not matter because even this admittedly slower pumping rate led to an energy
requirement far beyond the maximum energy the cells command. And that was what | set
out tofind out at that time. (To determine the true efflux rate was the objective of an entirely
different project and it was tackled many years later as the reader of Section 4.2 above now
knows.)

Though the mgjority of workers in this field and | hold different views on certain key
issues, weagree on others. Sincethe belief that theslow fraction of the Nat+efflux represents
labeled Nat+coming from within the muscle cells is thus shared, | started with this shared
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belief. . . even though the mgjority of workersand | disagree on what the rate-limiting step
for theslow fraction of Nat+efflux is. They believe the rate-limiting step to be permeation
through the cell membrane, while | believed then and believe now that it is the rate of
desorption from B-, and y-carboxyl groups of intracellular proteins (notably myosin) on
which about hdf of the intracellular Natis adsorbed (Ling and Schmolinski, 1956; Ling,
1966, Figures 14 and 15; Cope, 1967; Ling and Cope, 1969; Edelmann, 1986, Figure 4; see
also Ling, 1992, Chapter 4 and also Ling and Ochsenfeld, 1991). But that difference of
opinionon therate-limitingstep of thesow fractionisof noconsequenceto what | intended
to do as stated above.

| exposed asmall musclefiber bundle—isolated from frog semitendinosusmuscle—for
3.0 min in a Ringer's solution maintained a 0°C and containing labeled Nat+ with and
without metabolic poisons. | also treated in a similar manner a piece of connectivetissue
from the samefrog legs providing the muscle fiber bundles. | then did a standard washout
study of the muscle fiber bundles as well as its CTE model, plotted their efflux curves
semilogarithmically and made the CTE correctionson the musclefiber bundleefflux curve
before resolving the corrected efflux curve into afast fraction and aslow fraction.

Next | extrapolated to zero time the dow fraction—which, | repesat, the mgjority of
workers on this subject and | agree to represent Nat+ coming from within the muscle
cdls—and which | chose to use because at that time there was no better alternative, nor the
need for a better alternative. | then obtained from the ordinateintercept of thesow fraction
what amountsto alower limit of labeled Nat+which has entered the musclecells during the
3.0-min exposure to the labeled solution. Dividing that amount of labeled Natin the cells
by 3.0 min— after correcting for the CTE contribution—and the corrected muscle-fiber
weight in grams yielded the rate of influx into a gram of musclecells per min. Examples of
these efflux curves are shownin Figure 8.6 of Appendix 1 and the numerical datain Table
8.7. The concentration units used were in moles/kg.hr (Column 5 in bottom part of Table
8.7) or in unitsof moles/cm? sec (Column 8).

Since during the experiment there was no significant change in the total Na+ concentra:
tion, theinflux rate and efflux rateof Na+must beequal. Thereforetheinflux estimated from
theinterceptof theslow fraction gives me an estimateof alower limit of the Natefflux rate,
i.e., pumping rate in termsof the membrane pump hypothesis.

| also pointed out clearly that the method | chose for estimating this Natrate does not
yield the true initial labeled Na+ content after a three min exposure, but a "' deliberately
underestimated initial 22Na content for the musclefiber.” (Line6 from bottom of thelegend
of Table 87 in Appendix]), implying clearly that the true surface-, or membrane-limited
efflux rateisevenfaster —as subsequent studies, especially the definitive Nat+flux rate data
givenin Table VB and averagescited above have established without ambiguity.

But as far as arriving at a definitive answer on the feasibility of the membrane-pump
hypothesis—which was my only purpose then—there was no need to pursue the more
perfect higher Nat rate further. The data obtained from this admittedly underestimated
pumping rate, when augmented by the vanishing energy source of the poisoned muscle,
would give a discrepancy between minimum energy need and maximum energy available
to between 300 times and 600 times, is dl | care to spend time on. As | said before, the
membrane-pump hypothesis has been dead for more than 35 years. And in my view will
remain so in the foreseeablefuture.
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5. Miller's Attack on My Disproof of the Na+ Pump Hypothesis
on Energy Grounds

I now remind the reader once more that an "'a length™ if not exact copy of what Miller and
Freedman once circulated around might still exist, containing what Kolata called " crucia
caculations™ even though weknow by now what she called ** crucial experiments™ had never
been done. This"a length” copy is Miller's Ph.D. Thesis. And it did not take long to find
what we are looking for. Thus on page 31 of the Thesis (Miller, 1974), one discovers the
following:

"In that reference, (Ling, 1962; the relevant part of which, is reproduced here as
Appendix | —added by GL ),oneisimmediately struck by the extremely large Na*
pump rate used by Ling, in theorder of 100 pmole/gram-hr. Thisisabout 20 times
higher than the flux measured under normal conditions at 20°C by Keynes and
Steinhardt. Clearly it isthis choice of flux which isthe primary factor causing the
large energy discrepancy ...~

This paragraph is followed by a page-long description of how | determined the Na+
pumping rate in poisoned frog muscle (already described in full here under Section 4.3)
followed by hiscriticism of the technique | used in these words:

" Atany rate, whatever theexplanationfor the flux anomaly, it may besaid that Ling
used the anomaly itself to arrive at alarge Na* flux. If he had done the calculation
of pump flux in the usual manner by using the efflux directly, the energy require-
ment would have been in the manageable range of 20%.”

And on page 36, Miller made the following concluding remarks;

"The conclusion | wish to draw from this review is not that Ling's energy
calculation for the Na* pump is wrong, but simply that it is equivocal enough that
it should not be taken asdisproof of the membrane theory."

Together these passages constitute the center-piece of thisallegedly "at | ength attack on
my work on the energy balance study —which, | maintained then and maintain now, has
disproved the membrane-pump hypothesis unequivocally. These paragraphs and other
relevant partsof Miller's Thesis a so confirm once more what | had gathered from hisletter.
Namely, he made no new experimental study on the subject, he has totally disregarded the
role of the expanding list of energy-demanding pumps and the vanishing energy source of
the poisoned muscles—that which | have listed as the Game of Illusion: Part 1.

| shall now give an in depth analysisof all hisevidence cited to support his conclusion
and the other claims cited above and to leave no doubt that all these statements in their
entirety (with asingle expression) have no validity whatsoever. In anticipation of what isto
come, | may add that all that he considered as reasons to make my disproof of the
sodium-pump hypothesis equivocal wasachieved by withholding critical information estab-
lishingthe opposite, thereby creating theillusion of a dead and mummified hypothesis made
alive and breathing again.

| shall first dispose of three minor criticisms he cited against my disproof of the
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membrane pump hypothesis before proceeding to debunk his main effort to resurrect the
sodium pump hypothesis.

5.1 Rebuttal of Miller's threeminor criticisms

5.1.1 Passive component ignored (p. 26 of Thesis)

In order to reducethe energy need to below what | calculated, Miller suggested that a part
of the Nat+efflux measured might not need energy-consumingpumping. This part is what
he called the passively diffusing fraction of Nat+efflux and he suggestedthat | did not take
thisinto consideration—which is not true. | have been fully awareof thisproblem all along.
In 1965 and thuseight years before Miler wrote hisPh.D. Thesis, | published in afootnote
that this passive component of the Natefflux is below the experimenta error (i.e., 0.1%)
and thus negligible (Ling, 1965, p. S-105, footnote).

5.1.2 Part of the sodium ion is adsorbed, and this reduces the energy need of the pump
(p- 28)

Thisisthe only vaid minor criticism Miller cited in his Thess—a testimonial that he had
not "*forgotten™ everything he had once learnt from his former Counselor and Professor.
Confirming my own theory, then known as Ling's Fixed Charge Hypothesis—which was
to evolve into the Al Hypothesis—I have shown that in the presence of an external Na+
concentration of 100 mM and 2 mM of K+, about half of the total intracellular Nat+
concentrationin a normal frog muscleis adsorbed on the - and y-carboxyl groups of cell
proteins most prominently myosin. This reduction of free intracellular Na+concentration,
establishedin my laboratory longafter the 1950sduring which theenergy baancestudy was
mede (Ling, 1966, p. 853, Figure 15; Ling, 1969, p. 24, Figure 15), would reduce the
minimum energy need of the sodium pump, but thisreduction is partly compensated by the
increasein theNa*-concentration gradient acrossthecell surfacewhichin turn increases the
minimum energy need.

However, even if wetotally disregard this compensatory effect, the energy discrepancy
from the recognition of the adsorption of a part of the intracellular Nat+would lower the
minimum energy need of the sodium pump from between 600 times to 1200 times of the
maximally availableenergy to between 300 timesto 600 times.

From the viewpoint of resurrecting the Na+pump hypothesis, thistwo-fold reduction of
the pumping rate really makes no difference whatsoever, just like shooting a horse 1000
timesin the head or only 500 times makes no real difference. You get a dead horsein one
case, and a dead membrane-pump theory in the other.

5.1.3 In a poisoned muscle, part of the effluxing Na™ may be running down the
gradient and thus reguires no pumping (p. 34)

Thiscomment also has no vdidity.

The intracellular Nat+concentration in the poisoned muscle at 0°C remained essentially
unchanging from its normal initial value of healthy musclestill at |least the 6th hour after
poisoning began, hovering meanwhile between 20 to 30 micromoles per gram of muscle
(whiletheexternal sodiumion concentrationwas at asteady 107.6 mM). From the 6th hour
to the 10th hour, the Na+concentrationin the cells rose to about 42 micromoles per gram, a
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concentrationstill way below theexternal concentrationof 100mM. Of the three setsof data
presented, two setslasted only 4 hoursduring which timethere was no gradient degradation
whatsoever. (Theintracellular Nat+concentrationswere not explicitly given but can beeasily
calculated from thedataof E,,/F shown in Figure 8.7 in Appendix 1 and theformulagiven
in the footnote at the bottom of the legend of Table 8.6. Thus at E,,/F equal to 40 mV, 35
mV and 22 mV, the intracellular Nat+concentrationsare respectively 19.5 mM, 24.6 mM
and 41.7 mM respectively).

Only the set of experimentscarried out on 9/12/1956 lasted till the 10th hour. But even
at the 10th hour the overall electrochemical gradient shown as the top curve of Figure 8.7
was still 90 mV outside positive (compared to between 120-130 mV outside positive when
the muscles werestill normal). It istrue that in this particular third set of experiments, there
was such a decline of some 28% of the electrochemical gradient and the energy need
accordingly reduced by that percentage—as it had aready been taken into account in my
original calculations. And it was after this correction had been taken into account, that the
minimum need of energy still exceedsthe maximum availableenergy by aratio of 3060%.

The basic law of physicsisincompatiblewith the idea that a positively charged ion like
Nat+ could run "down" a 100 mV outside-positive electrochemical gradient as Miller
suggested, no more so than water can flow "'down'* from the bottom to the top of ahill.

5.1.4 Two other comments

There remain two other comments made by Millerin hisPh.D. Thesis. One wastaken from
work from another pair of my fleeing students, Palmer and Gulati, which is briefly described
and fully rebutted in Science(Ling, 1977) and briefly rebutted again in alinked page to my
web site (Ling, 1997a under section (6)). The other concerning the electrical field effect at
the cut end of muscles on K+ diffusion from cut muscle cells was fully rebutted in TIBS
(Ling, 1979) and also in the samelinked page (Ling, 1997a under section (1)). Sincethese
commentsare not directly concerned with the resurrection of the sodium pump hypothesis,
| have decided not to include them here.

5.2 DebunkingMiller's main effortstoresurrect the Na* hypothesis

Miller's main effort to resurrect the Nat+ pump hypothesis has three components: (1) the
sequestration of a large portion of cell in the sarcoplasmic reticulum or SR; (2) Ling's
exploitationof an abnormal behavioror anomaly to obtain (3) an abnormally high"* pumping
rate." | shall deal with each of these accusationsone by one next.

5.2.1 “Compartmentation” of labeled Na" in the sarcoplasmic reticulum (SR)
(p. 28 of Thesis)

Thisisoneof the mgjor thrustsin Miller's effort to resurrect the Na+pump hypothesis. The
idea that a part of the fast-effluxing Na+coming from a separate compartment inside the
muscle cell but separate from the muscle cytoplasm (or sarcoplasm) began with Levi and
Ussing (1948). Keynesand Steinhardt (1968) pondered over a' multicompartment system"
with the sarcoplasmicreticulum (SR) arranged in parallel to the sarcoplasm and open to the
outside, but noted the difficulty posed by Peachey's electron-microscopicdemonstration
that the"'reticulumislocated entirely within the sarcoplasm (italicsmine)"* (Peachey, 1965).
Ignoring this seriousdifficulty,awholebunch of workers has subsegquently adopted theidea
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(Birks and Davey, 1969; Zierler, 1972; Kulczcky and Mainwood, 1972; Rogus and Zierler,
1973) that the fast fraction of effluxing Na+comes from the Na+sequestered in the SR.

Now theenergy need of the (hypothetical) Na+ pump depends on the free Na+concentra-
tion within the cell (and other factors including the Na+-concentration gradients across the
cell surface). Trying to reduce the energy need of the pump, Miller adopted theidea of Na+
sequestration in the SR of the above-cited workers, and claimed that alarge (fast exchang-
ing) fraction of intracellular Na+is not actively pumped because it is located at high
concentration inside the SR (p. 28). This SR sequestration or compartmentation ideaisalso
what he referred to in his June 28, 1996 letter to me cited above as "' compartmentation
effects” and "' multicompartment membrane theory."

However, there was abundant evidence showing that the idea of Na+compartmentation
in the SR is wrong. For brevity, | shall cite just two here. A third one will be brought up
below.

(1) Returning to Figure 2A and Figure 2B, | would like to remind the reader that the size
of thefast fraction of Nat+efflux growssteadily in the poisoned muscles until at thetime
of death, Na+in thefast fraction takes up the whole volume of the muscle cells. Now if
thefast fraction is truly Nat+ sequestered in the SR, then oneisforced to conclude that
as the muscle cell deteriorates, its SR expands in volume at the expense of the rest of
the muscle cell until, at the time when the muscle cell dies, the entire muscle cell
becomes a gigantic SR and all the thin filaments and thick filaments etc. of the
contractile apparatus simply vanish. Thisis absurd.

(2) The most straightforward disproof of this SR compartmentation idea came from
electron probe microanalysis of Somlyo and coworkers who concluded from their study
of muscle cells "'that there is no compartmentalization of chlorine and sodium in the
sarcoplasmic reticulum, or in other cellular organelles. . . ” (See Maugh, 1977, p. 358,
column 1, 4th paragraph; Somlyo et al., 1977).

5.2.2. The so-called "anomalous influx" (p. 32)

The reader recalls that earlier in this section, Miller has accused me of concocting an
unacceptably high Na+ pumping rate by exploiting an abnormal phenomenon he called
anomalous efflux. Thisisyet another major pillar of Miller's argument intended to resurrect
the membrane-pump hypothesis. Before showing what Miller called an anomaly really
amounts to, let us examine a broader issue of scientific anomalies.

In his" The Structure of Scientific Revolutions," science historian, Thomas Kuhn (1962)
alluded totwo divergent responses to ascientific anomaly. They arerespectively to suppress
or to discover:

"Norma science, . . . often suppresses fundamental novelties because they are
necessarily subversive of its basic commitments™ (p. 5)

"Discovery commences with the awareness of anomaly (p. 52).

In my view, the pivotal point between these two divergent responses to an anomaly lies
in what Albert Einstein called "inward freedom™ of a scientiss—a quality Einstein found
quite rare (Einstein, 1956, p. 10), but | suspect may be "educated" out of many—as



witnessed on the one hand, by the often noted lack of formal education among scientistslike
Michael Faraday and Benjamin Franklin and innovators like Thomas Edison, and on the
other hand, by the proverbiad "village child" or even "idiot" who sees what scholars with
advanced degrees do not.

Miller apparently wanted to suppress the anomaly, rather than to question the validity of
the " basic commitment™ of the mgjority of workersin thisfield, i.e., that the low fraction
truly represents the membrane-limited Nat+efflux. Miller also made a highly reproducible
phenomenon seemingly erratic and beyond comprehension—by befuddling it with claims
based apparently on some casua unpublished observations made by another graduate
student as a favor (page 34): "' (the anomaly occurs) only when measured on small fiber
bundles at 0°. The anomaly does not show up on whole muscles or at 20°C.” None of these
claims can be confirmed.

AsshowninTablelVA taken from Ling (1981), the small fiber bundlesaswell aswhole
sartorius muscle show the same " inconsistency™ between the efflux rate obtained from the
intercept of theslow fraction and from theslope of the slow fraction—all carried out at room
temperature just like the earlier ones described in Appendix 1 carried out at 0°C.

The same Table | VA also shows how with the new "basic commitment,” it is the fast
fraction of the Nat efflux of the centrifuged fiber bundle after CTE correction which
represents the surface-, or, membrane-limited Natefflux; the efflux rate determined by the
intercept and by the slope of the plot of the fast fraction now agree with each other nearly
perfectly. Thisexperiencetells usthat Nature is never anomalous. However, through a pair
of distorting eye glasses of faulty "'basic commitment,” Nature might appear anomalous.

5.2.3. Truth behind the alleged over-estimated pumping rate once more

Under Section 4, we have already shown how the claim that | overestimated the Nat+efflux
rate was totally wrong. Instead of my overestimating the Natefflux rate 20 times, it wasthe
conventional method which has underestimated the Nat+by afactor of 10 at least. However,
to keep my promise of answering in detail all the specific criticisms Miller posed, | now
return to the problem again. T o begin, let usexamine exactly what Kolata proclaimed in her
Sciencearticleand what Miller wrote in hisPh.D. thesis:

Miller:

"The extremely large Na* pump rate used by Ling is about 20 times higher than
the flux measured. . . by Keynesand Steinhardt™ (p. 31 of Thesis).

Kolata:

"They (Miller and Freedman) report that Ling's analysis of his data led him to
assume that the sodium was being transported out of the muscle cells at least 20
times faster than the rate accepted by muscle physiologists” (Science, vol. 192, p.
1222, column 1).

Note that ** about 20 times higher" from Miller is not the sameas" at least 20 times faster™
from Kolata. Nor isthe "flux measured by Keynes and Steinhardt™ the same as "' (flux) rate
accepted by muscle physiologists™. But spending moretime on these offenseswould detract
from far more serious offenses below.

Nor do | want to do morethan just asking: "*Why did Miller chooseto select from my data
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the flux rate of the order of 100 M/kg.hr or pmoles/gm.hr (cited at the beginning of section
5) and compare them with Keynes and Steinhardts's datafrom normal muscle?™ ® look at
the Table 8.7 in Appendix 1 revealsthat al the values around this 100 M/kg.hr figure were
taken from musclesfiber bundles that had been exposed to the metabolic poison IAA. This
is dl the more difficult to understand when immediately beneath these data is that of a
normal control muscle—with a considerably slower rate of Na+flux.

Thegrossoffenseisthat Miller compares my correctly but deliberately under-estimatedNa™
pumping ratedescribedin Appendix 1 (andin Section 4.3) withan erroneously determined flux
rate obtained from the slope of the dow fraction without CTE correction by Keynes and
Steinhardt. Finding them different, he proclaimsthat my pumping rateis 20 timestoo high. As
will be made crystal clear below, Miller reached thisspurious conclusion by repeating what he
has been doing all along: deliberatewithholding of decisivekey information.

For the reader to understand without ambiguity what are withheld, it would be worth-
while to review the contents of Sections 4.1.1, 4.2.1 to 4.2.4 and 5.2.1 to show how new
findings presented in these sections permitted our step-by-step logical progress toward the
conclusion that it isfrom thefast fraction (of centrifuged muscle fiber bundles) and not from
the slope of the slow fraction, one obtains the true membrane-limited Nat+efflux rate. These
steps are summarized next:

(1) Section 4.1.1 demonstrates an extracellular space of only around 10%, thus precluding
the much larger fast fraction to beentirely dueto Natin the extracellular space.

(2) Section 4.2.3 shows that single and multiple fiber bundles studies revealed that a part of
the fast fraction come from within the muscle cells.

(3) Section 5.2.1 shows that the fast fraction from single muscle fiber or multiple fiber
bundles free from contamination of the extracelluar space or CTE, does not
comefrom Natin the sarcoplasmic reticulum (SR).

(4) Section 4.2.1 shows that from the studies of IAA-poisoned muscles, the fast fraction
coming from within the muscle cells must come from the entire cytoplasm of
the muscle cell interior or sarcoplasm.

When considered together, these findings have established that the conventional assign-
ment of the slow fraction as representing membrane-permeation limited Na+efflux to be
wrong. And that it isthe fast fraction from the muscle (after removal of extracellular space
and CTE contaminations) which measures thetrue surface, or membrane-limited Nat+efflux
rate, which in the context of the membrane-pump theory, is virtually identical to the
pumping rate.

With this information in mind, let us examine the following replay of the same step-by-
step logical sequence and Miller's active participation in it.

(1) On page 16 of the review coauthored by Ling, Miller and Ochsenfeld (1973), 3 out of
the5 new methods for determining the extracellular space size given in Section 4.1.1
aredescribed, in addition to the conclusion that the newly estimated extracellular space
volume is less than 10%. This recognition precludes the fast fraction as coming
exclusively from the extracellular space and demands an additional source of Na+in the
fast fraction.

(2) On pages 16 and 17 of this same review co-authored by Ling, Miller and Ochsenfeld,
thesingle and multiple fiber studies described above in detail under Section 4.2.3 were
aready included. The study shows clearly that not all thefast fraction comesfrom the
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extracellular space or the connective tissue elements. A fast fraction of the effluxing
Nat+ must come from within the musclecells.

(3) On pages 17 to 18 of this review co-authored by Ling, Miller and Ochsenfeld, the

evidence was described —including the figure reproduced here as Figure 6—why this
fast effluxing Nat+from within the muscle cells cannot originatefrom the sarcoplasmic
reticulum (SR). To prevent misunderstanding, | have reproduced verbatim here this
section by Ling, Miller and Ochsenfeld--offering yet another set of evidenceagainst
the SR compartmentation interpretation in addition to the two later ones aready
described under section 5.2.1:

""that only the T-tubulesare open to the outside, (Porter and Bonneville, 1964), that
the T-tubule space, a some 0.2-0.4% in volume (Peachey, 1965; Hill, 1964;
Huxley, 1964) can be reached by the extracellular space probes, and therefore is
aready included in the below-10% figure (for the extracellular space) cited.
However, even if we assume that this membrane separating the sarcoplasmic
reticulum (from the musclecytoplasm, or sarcoplasm—added by GL for clarity) to
have specific high permeability toward small molecules and ions, there are till
ample reasonsto rgect Keynes and Steinhardt's suggestion (that the SR contains
most of theintracellular Na™): (1) No such fast fraction is observablein the (small,
added by GL) Br™ ion exchange (Ling, 1972). (2) When sartorius muscles are
exposed briefly to Ringer solution containing 100 mm K* or Rb* ion (in which the
K" and Rb" concentrationswere made equal to theNa* concentrationin a normal
Ringer solution), the efflux curves can be resolved into two single fractions—a
very fast fractioncorrespondingto an extracel lul arspaceof below 10% and another
dow fraction from thecell. No second fast fraction exists(Figure5).” ( Figure5in
theoriginal isreproduced hereas Figure7).

(4) On pages 20to 21 of the samereview co-authored by Ling, Miller and Ochsenfeld, the

©)

Nat+effluxesfrom IAA poisoned dying musclesdescribed in detail under section 4.2.1
were reviewed, leading to the conclusion that the fast fraction of Nat+ efflux coming
from within the cells must comefrom all partsof the musclecell interior or cytoplasm.
All told, the 4 quotes above have aready disproved that the slope of the dlow fraction
measures the pumping rate. In affirmation, on page 21 of the same review co-authored
by Ling, Miller and Ochsenfeld, they wrote: "'the true intracellular-extracellular ex-
change rate. . . has been shown to be approximately eight times faster than the ex-
changerateof they-fraction (bothat 25°C). They-fractionreferred toin this 1973article
is what we call the"'dow fraction™ here, the slope of which has been used in virtualy
all conventional studiesto yield the erroneous membrane-limited extra-, intra-cellular
exchangerateof Na*, includingthose of Keynesand Steinhardt.

In summary, Miller's claimthat Ling's pumping rateis 20 timestoofastisentirely upside

down. It isthe conventionally accepted figure that is 10 timestoo low. Thereis no labeled

Na

+ concentrated inside the SR. Nor is there anything anomalous except from a wrong

viewpoint. Miller's central claim that | overestimated the Na+ pumping rate is an illusion
created entirely by withholdingkey information pointing to the oppositein each and every
turn of thecase. Sois Miller's conclusionthat "' Ling's energy calculation for theNa+ pump

is equivocal enough that it should not be taken as disproof of the membrane theory™
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FIGURE 7. K-+-ion-efflux curves of frog sartoriusmuscles briefly exposed to **K-labeled Ringer's
solution. A: 7-min exposure in 0.118 M KCI with enough glucose to prevent swelling. B: 7.9-min
exposure to normal Ringer's con]t[%ning 2.5 mM labeled K+-ion. All incubation and washout carried

. . 0.282-0.174
of —_—— 0, —_— = [y
out at O°C. Fadt fraction was 14.3_5_).4—8.9/o|nAand 55 =4.3%,

(From Ling et al., 1973 by permission of New York Academy of Sciences.)

(Ph.D. thesis, p. 36). Miller was not being falsely modest when he himself described the
materials he once circulated around and set Kolata on her misbegotten mission, as"' useless
junk."

Thefact that areporter like Gina Kolata should fall for something Miller and Freedman
circulated around gave me onereason that | have to put the record straight. And that is what
| have done here—in part also fulfilling a personal belief that | answer every printed
criticism of my work no matter how trivial it may appear to me—as | have been doing all
my life.

There islittle question in my mind that the mass exodus of my former students per se,
aided by the kind of unfounded claims put out by Miller, Freedman (and my other fleeing
students) in addition to GinaKolata's cavalier endorsement have all contributed to the plight
of legitimate cell physiology today. Nevertheless, thereis also little doubt in my mind that
Miller and all my other graduate and postdoctora students would have behaved altogether
differently if they did not see atotal hopelessnessin front of them following what they once
started to do: tolead thelifeof areal scientist. Read my home page (Ling, 1997); you should
have a good ideafrom where the evilness really came.

Finaly areader may ask: " Have you spent too much time dwelling on something which
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took place so long ago?” My answer is No. To convince yourself of what | think, you can
go to thelibrary and borrow a copy of any major newspaper published on October 16 this
year (1997). There you will discover an announcement from the Royal Swedish Academy
of Scienceswhich stated that

One hdf of the 1997 Nobe prize for Chemistry is awarded to Jens Skou from
Denmark for hiswork on the sodium pump.

Thisannouncement tellsyou volumeson how far the practice of the gameof illusion has
infested the world of cell physiological sciencein theclosing yearsof the 20th century. And
agreat opportunityfor rapid progressin this basic scienceand for healingthe sick have been
squandered in the obscenity of glorifying the Holy Cow named the Sodium Pump. And
generations upon generationsof students from high schools to graduate schools are il
routinely spoon-fed the same uselessjunk.

Is the future of our last major domain of unexplored relevant basic science entirely
hopelessthen?To answer, | shall tdl you astory. (However, for amore direct and specific
answer, read the concluding sections of my home-page, Ling, 1997).

The story | tell is that of afrail Japanese historian, Saburo lenaga, now 83 years old.
Thirty-two years ago lenega went to court to contest the right of the Government to delete
parts of the history textbook he wrote, describing the atrocitiescommitted by the Japanese
army during the Second World War, including the holocaust of Nanking (seeChang, 1997),
and the use of Chinese prisoners for conducting medical experiments, killing thousands.
Afteraninitia victory at alower court for lenaga, the Supreme Court in 1993 ruled that the
Government was well within its right to delete whatever it sees as inappropriate (Sanger,
1993).

Thistotal defeat, however, did not faze lenaga. Instead, he told areporter: "'l did not start
this thinking | could win. In the end almost no one wins a lawsuit in Japan against the
Government. But for 20 years | think | have proved a great deal. Even if | couldn't win in
court, in the court of history | think | have been victorious." "I think | have been motivated
by guilt, nothingelse," lenagaadded. In spiteof hisoutward cynicism, he continued to battle
in court even after the 1993 defeat.

Then in 1997 the Supreme Court in a 3-2 split decision, reversed itsearlier verdict. In
pronouncing the court's verdict, Presiding Justice Maso Ono quoted from one of Japan's
most famous novelists, Ryotaro Shiba: A country whose textbooks lie. .. will inevitably
collapse." Ono then pronounced that the Education Ministry had illegally forced thedel etion
of accuratedescription of Japaneseatrocitiesduring World War 11 (Efron, 1997).

lenaga at long last won his court battle. And truths, harsh savage and mortifying truths
though they are, have replaced the soporific fabricationstaught in Japanese schoals.
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APPENDIX 1

The Role of Metabolism in Biological Functions
(Reproduced from Chapter 8 of Ling, 1962)

8.1 TheRoleof High-Energy Phosphate-Bond Compoundsin the Maintenanceof Biologi-
cal Functions

8.2 Evidence that the Maintenance of Selective lonic Accumulation in the Resting Cell
Represents a M etastable Equilibrium State Rather than a Steady State

ALTHOUGH ISOLATED nonliving systems approach lower states of energy and higher
degrees of randomness with the passage of time, living systems appear to counter this
universal trend in two ways. They perform work reversibly, returning to their initial state
after each cyclicevent. They also maintain—for aconsiderablelength of time—a labile but
constant state, which invariably disintegrates after death. To reconcile these phenomena
with physical laws, biologists have contended that reversible work performance, as illus-
trated by mechanical work in muscular contraction and electrical work in nerve action
potentias, is coupled with energy-yielding reactions. Many biologists maintain that the
sustenanceof the labile living system, even in the resting condition, requires a continuous
supply of energy; for example, maintenanceof the high level of K+-ionselectively accumu-
lated in mogt living cellsis thought to require a machineike pump operation. This type of
work is referred to as osmotic work and is conceived as the continuous use of metabolic
energy to pump out undesirableelements(the Nat+ion, for instance) and to maintain asteady
living state.

Whilethey weredevel oping these ideas, physiologists and biochemists added acompre-
hensive store of exact information about the complex sequenceaof chemica processes that
constitute metabolism. Of central interest is the oxidativeand glycolyticconversion of food
matter into those usable packets of metabolic energy, which we now call high-energy
phosphate bonds, residing in compoundssuch as phosphoenolpyruvate, acetyl phosphate,
creatine phosphate (CrP), and particularly ATP. This processis outlined in Figure 8.1 (see
Baldwin, 1957).

81 TheRoleof High-Energy Phosphate-Bond Compoundsin the Maintenance
of Biological Functions

To point out the significanceof the high-energy phosphate bond in the present theory, first,
we shall show that oxidation, glycolyticreactions, and the storesof high-energy phosphate-
bond compoundssuch as CrP and ATPare the only significantsourcesof metabolic energy
that maintain biological function; then we shall demonstrate that normal functions are
maintained when both oxidative and glycolytic activities are entirely blocked, leaving
high-energy phosphate bonds in the form of CrP and ATP as the only source of energy.
Finaly we shall ask: If ATP and CrP can maintain functions, do they accomplish this by
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FIGURE 8.1. The main pathways of glycolytic and oxidative metabolism. The main products of
metabolism are ATP, lactate, CO,2, and H,O. The points of action of the inhibitors, iodoacetate
(IAA), cyanide (CN7), and nitrogen (N2), are indicated by broken lines.

continually hydrolyzing and directly deliveringtheir high-energy phosphate-bond energy or
do they act through another mechanism?

Figure 8.2 presents the results of an experiment in which a frog sartorius muscle,
poisoned with iodoacetate(which completely blocksglycolysis) and nitrogen (which com-
pletely inhibitsrespiration), was stimulated el ectrically. Exhaustivestimulation under such
conditionsremoved the ATPand CrP content of the muscle. Asthefigure shows, following
such stimulation, the muscle promptly beganto loseitssel ectivelyaccumulated K+ ions. On
the other hand, any one of thefactors, pure nitrogen (Table8.1), glycolyticblockage (Table
8.4), or sciatic stimulation(Figure8.2, control muscle), by itself, produced littleeffect (pure
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FIGURE 8.2. The loss of K* ion from muscle stimulated in the presence and in the absence of
iodoacetate (IAA) plus nitrogen (25°C). Paired musclesfrom the same frog were placed in tandem
in separate watch glasses electrically connected through a moist cotton wick. At the time indicated
by the arrow, tetanic stimulation from an inductorium was applied directly to both musclesfor two
minutes. Successive aliquots of the bathing solution were then analyzed for K* ion. Points marked
with triangles indicate the control muscle in norma Ringer's solution and air; points marked with
circles indicate the experimental musclein Ringer's solution containing 0.005M |AA and N,. Other
experiments showed that the loss of K* ions from the experimental musclescontinued until external
and internal K+-ionconcentrations were equal —about four and a haf hours.

nitrogen, electrical stimuli), or a very dow one (0.005M iodoacetate alone, Ling, unpub-
lished; see Dean, 1940). Table 8.2 shows the analogous behavior of the resting potential of
muscle fibers; Figure 8.3, Table 8.3, Figure 8.4, and Figure 85 illustrate the companion
observationson contractilefunction, action potentials, and the rate of Na*-ion exchangein
frog muscle. All of these functionscan be performed normdly in the absence of active
oxidative and glycolytic activity as long as the norma CrP and ATP contents are present.
But, as soon as these compounds are removed from the poisoned cells, all functions cease.
We must conclude that respiration, glycolysis, and high-energy phosphate-bond com-
poundsin the form of CrP and ATP are the only energy sources which effectivelymaintain
cellular excitability, contractility, and ability to accumulate ions selectively. Other sources
of energy, if they exist, are so trivial in effect that they can be ignored.
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Frog Muscle Muscle  Temp.. Duration, K,
Date No. Environment types wt, mg °C hr uM/g
3-3-55 1 Air 1,2,3 287.6 25 1 77.6
1 N, 293.4 1 81.7
2 Air 280.6 2 72.6
2 N, 281.0 2 77.0
3 Air 325.6 3 70.0
3 N, 318.2 3 74.9
4 Air 265.2 4 65.9
4 N, 240.0 4 68.5
5 Air 221.4 5 65.1
5 N, 222.4 5 65.4
2-2-55 6 Air 1,2,3,4 368.2 20 4 87.4
6 N: 376.6 4 92.8
7 Air 318.6 4 87.4
7 N, 317.0 4 83.5
8 Air 270.6 4 91.7
8 N, 260.8 4 96.1
9 Air 210.6 4 95.4
9 Na 201.2 4 81.2
10 Air 392.8 4 95.2
10 Na 408.6 4 83.8
11 Air 316.6 4 95.6
1 N, 314.8 4 82.7

TABLE 81 The effect of anoxia upon the K+-ioncontent of frog muscles. The K+-ioncontent of
paired sartorius (1), semitendinosus (2), tibialis anticus longus (3), and iliofibularis (4) muscles
from frogs was determined by means of flame photometry after the muscles had been soaked for
one to five hours in Ringer's solution bubbled with either air or N, purified by passage through a
column of activated copper. The data indicate no significant lossof K* ions after complete blockage
of oxidative metabolismfor up tofive hours a& room temperature.

Next, experimentswere designed to assure complete suppression of respiration (oxida
tive metabolism)and glycolysisin frog muscle. Under these conditionsand at atemperature
of O°C, the tissues maintained their excitability, contractility, and normal selectiveionic
accumulation pattern for at least eight hours (Tables8.4 and 8.5). We concluded that, in
adequate quantities, the high-energy phosphate-bond compounds, ATP and CrP, are capa
ble, by themselves, of maintainingthetissue's capacity for normal performanceof mechani-
cal and electrical work aswell as the norma asymmetric ionicdistribution. Thisconclusion
serves as the foundation for our discussion on the mechanisms of functions such as
contractionand nerve activity.

8.2 Evidencethat the Maintenanceof Selectivel onic Accumulation in the Resting
Cell Representsa MetastableEquilibrium State Rather than a Steady State

We have shown that respiration, glycolysis, and the store of high-energy phosphate-bond
compounds are the only significant sources of energy in the cell. Yet a normal ionic
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Potential*
Muscle condition Average, mv Maximum fiber
In 0.005M TAA for 1 br at 0°C, then at 22.5°C 85.2+29
After 100 shocks to muscle, 2/secs 82.1+3.8
After 100 moreshocks to muscle 76.0+ 3.8
After 100 more shocks to muscle 80.3+3.0
After LGD more shocksto muscle 84.9+5.1
20 min after stimulation 84.1+20
40 rnin after stimulation 64. 4 irreg.
60 rnin after stimulation 15. O irreg.
In 0.01M NaCN for 3 hr at 20°C 80.0+ 2.2
After 90 sec tetanization of muscle. 100/sec 47.7+ 5.5
45 min after tetanization 62.8+9.5
120 min after tetanization 75.4+ 4.8
In 0.005M IAA for 15 min at 22.5°C 77.6
After 3 min tetanization of nerve, 100/sec 55.7 56.0
30 rnin after tetanization 55.7 56.0
60 rnin after tetanization 13.0 47.5
90 min after tetanization 12.0 45. 6
120 min after tetanization 8.5 43.0

TABLE 8.2 Resting potentialsof single muscle fibers in iodoacetate or cyanide before and after
stimulation. These experiments demonstrate that the normal resting potential (84.5 £ 3.2mv in Vivo,
Ling and Gerard, 1949a) can be maintained in the absence of active glycolytic and oxidative
metabolism. The potentials of such poisoned muscle cells degenerate after electrical stimulation
which removes CrP and ATPfrom them, see Table 8.3, also Ling, unpublished. (Datafrom Ling and
Gerard, 1949b.)

The interval between successive periods of stimulation is 3 to 5 minutes during which readings
are made.

Each figure is obtained on 4 to 12 fibers. The probableerror of most figures given is between 2
and 5 mv.

accumulation pattern is maintained when both respiration and glycolysisare blocked. Thus,
if the maintenance of the ionic accumulation pattern depends upon a continuous energy
expenditure, this energy must be that liberated in the degradation of the ATP and CrP
originally present in the system. Thus we can estimate the maximum energy-delivery rate by
observing the difference between the amount of ATP and CrP in amuscleat the beginning
of an experiment and the amount present at the end (in paired muscles).

Wecan a so estimatetheminimum energy-delivery rate required by the membrane-pump
theory to maintain the normal asymmetric ionic distribution through the operation of a
metabolic pump. If Nations areto be pumped out of acell, work must be doneagainst both
a concentration gradient (the intracellular concentration [Nal;, is much lower than the
extracellular concentration [Na],) and an electrical potential gradient (the resting potential
is positive outside the cell). The work done against the concentrationgradient, per mole of




Creatine phosphate

in milligrams
P;0O, per gram of
Date Enrironment sartorius muscle
5-17-30 Musclein Ny 0.20
Musclein @ 1.32
5-19-30 Musclein Ny 0.15
Musclein Oq 1.23
5-19-30 Muscle in N; 0.17
Musclein @ 0.89
5-20-30 Musclein Ny 0.09
Musclein O, 0.73
5-23-30 Musclein N, 0.11
Musclein 0. 1.25
5-23-30 Musclein Ny 0.27
Musclein 0y 0.97
5-25-30 Musclein Na 0.16
Musclein O 0.93
Average Musclesin N; 0.164
Musclesin O, 1.046

TABLE 8.3 Creatine phosphate content of iodoacetate-poisoned sartorius muscles after stimula-
tion in oxygen and nitrogen. Paired muscles were used as for Figure8.3. The early exhaustion of the
ability to perform mechanica work in IAA plus nitrogen was accompanied by an early exhaustion
of CrP content as compared with the paired muscle contracting in IAA plus oxygen. (Data from
Lundsgaard, 1930.)

Nattransported, isgiven by

[Nal.

m L

'[Na],r
Ey, () RTIn < (8-1)
(]

From microelectrode measurements, we obtained the electrical potentia gradient y() at
various times during the experiment (Table 8.6). The work per mole done against the
potential gradient isequal to Jy(f), where 7 isthe Faraday constant. The minimum energy
required by the Na pump to sustain selectiveionic accumulation for alength of time#,— ¢,
isgiven by the total work AW donein thistime:

1 -
AW = J., [FY (1) +E,, (D '{;”_" (1) dt 8-2)

[:

where J§i;? e« (t) isthe rate of pumpingin molesof Nat+ion exchanged per kilogram of fresh
muscle per hour; this measurement was also made from time to time on the experimental
muscles using the radioactive tracer Na?? (Table 8.7); these measurements enable us to
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IAA+N,

IAA 4 0,

Figure 8.3 Successive muscle twitches from paired frog sartorius muscles poisoned with
iodoacetate. Stimulation was carried out in nitrogen (upper record) and in oxygen (lower record).
These experiments establish that normal contractile function can be totally independent of active
glycolytic and active respiratory metabolism. The ability to perform mechanical work ceases with
the exhaustion of the CrP in the muscles, see Table 8.3. (Figurefrom Lundsgaard, 1930.)

estimate the minimum energy necessary for the effective operation of a hypothetical Na
pump for the duration of the experiment; we made the unlikely assumptionthat all energy
transfersand utilization processesare 100 per cent efficient.

Representative data accumulated from more than five years of work (1950-1956) are
presented in Tables8.5, 8.6, 8.7, 8.8, and 8.9, and in Figures8.6 and 8.7. We wereforced to
concludethat the mean maximum energy liberated per kilogram of muscle per hour cannot
exceed 25 calories(Table8.9); themean minimumenergy needed to perform the postul ated
pumping operation is more than ten timesgreater (343 cal).

Experimentsaof thistype necessitate the conclusionthat theenergy availableto thecell is
not sufficient to operate the Na pump-even if the cell performs no energy-requiring
function but the maintenance of its asymmetrical Na*-ion distribution. Thus the phenome-
non of selective ionic accumulation, per se, does not belong in the same category as the
performanceof mechanica work (in contraction)or el ectrical work (intheaction potential).
It cannot depend upon acontinuousexpenditureof energy, and, therefore, cannot be said to
involve the performance of osmotic work.

Although the above experiments indicate that selective ionic accumulation cannot de-
pend on a continuous expenditure of energy, they do not suggest that metabolism is not
essential. Metabolism is essential; even though muscle deprived of its ability to carry on
either oxidative or glycolytic metabolism can maintain itsfunctionsat 0°C for eight hours
or longer, thetissue eventually doesdegenerate. It |osesitsexcitability and contractility,and
liberates all of its selectively accumulated K+ ions. It has been noted that there is a
simultaneousexhaustion of the CrP and ATP contents.

We conclude that the maintenance of physiologica function dependscrucially upon the
presenceof ATP and other metabolic products within the protein fixed-chargesystem. This
dependencerestson the role of ATP and CrP as cardinal adsorbentsonto the fixed-charge
system rather than on the continuous liberation of energy from these compounds through
their hydrolytic degradation. This conclusion follows naturally from our hypothesis which
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FIGURE 8.4 Electrical and mechanical activity of iodoacetate-poisoned frog gastrocnemius mus-
cles. (Room temperature.) A and B are electromyograms from indirectly stimulated gastrocnemii; C
and D are isometric contraction tracings. Muscles A and D have been poisoned with IAA; muscles
B and C are normal controls. The figure shows that normal electrical and mechanical behavior can

be maintained in muscles whose glycolytic metabolism is blocked. (Figures from Henriques and
Lundsgaard, 1931.)
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FIGURE 85 Washout of Na’* from frog toe muscle. A, paired extensor digitorium 1V muscles
were equilibrated overnight at 0°C in Ringer's solution containing Na? and washed in Ringer's
solution at 0°C. The washing solution used to produce the upper curve contained 0.001M IAA and
was bubbled with nitrogen; the lower curve was obtained with normal Ringer's solution bubbled
with oxygen. These curves are similar in nature; the differences in their absolute magnitudes are
largely results of the initial quantities of tracer present in and weight difference among the muscles.
B, the washing-out apparatus used in this experiment consists of a U-shaped glass tube that can be
placed in the well of a scintillation counter. A radioactive muscleis held at the bottom of the tube by
piecesof thread tied to either end of the muscle and affixed to the inlet and outlet of the glass tube.
A continuous stream of nonradioactive Ringer's solution is drawn through the tube by negative
pressure. Since small changes of position of the specimen do not affect the radioactive count
(because of the 4m geometry of the well), several samples can be studied simultaneously if the
U-tubes containing them are placed in the well alternately. To assure a constant temperature for the
experiments the entire apparatus was kept in a constant-temperature room.




Control or Tiue K, Na.
Frog No. Tiue experiment wt, mg sM/g sM/g
1 muscle 22 control 96.8 78.6 25.8
muscle 2 experiment 96.8 78.6 28.5
muscle 3¢ control 94.6 82.8 23.0
muscle 3 experiment 93.6 8l.1 24.6
2 muscle 2 control 109.6 70.2 18.0
muscle 2 experiment 109.6 73.0 18.0
muscle 3 control 105.6 67.6 20.8
muscle 3 experiment 103.6 70.5 20.5
3 muscle 2 control 85.4 74.8 25.2
muscle 2 experiment 84.6 4.4 30.9
muscle 3 control. 100.0 64.6 30.5
muscle 3 experiment 101.4 75.6 23.2
4 muscle 2 control 86.4 55.5¢ 41.6°
muscle 2 experiment 86.4 79.5 18.5
muscle 3 control 88.8 45.1% 57.7¢
muscle 3 experiment 91.3 1.5 24.9
nerve control 33.0 34.8 73.0
nerve experiment 31.4 35.0 69.8
5 muscle 2 control 100.2 71.8 29.9
muscle 2 experiment 101.0 71.0 29.9
muscle 3 control 83.2 71.0 24.5
muscle 3 experiment 84.3 62.0 34.4
testis control 26.8 56.0 35.8
testis experiment 23.0 56.7 41.3
kidney control 66.4 30.0 51.4
kidney experiment 64.0 35.2 51.9
nerve control 32.8 38.7 62.8
nerve experiment 28.0 35.8 51.1
6 muscle 2 control 100.0 70.5 36.7
muscle 2 experiment 102.6 75.5 26.3
muscle 3 control 97.0 71.4 31.0
muscle 3 experiment 97.0 65.6 52.0
testis control 26.4 43.5 52.3
testis experiment 17.4 39.1 47.1
kidney control 74.2 40.4 60.7
kidney experiment 69.4 45.9 54.8
nerve control 30.2 37.1 79.5
nerve experiment 28.6 40.6 84.0
7 muscle 2 control 102.2 75.2 38.6
muscle 2 experiment 103.6 86.7 27.5
muscle 3 control 97.0 83.8 29.5
muscle 3 experiment 97.0 82.6 28.1

TABLE 8.4 (Continuedonfacing page)
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Control or Tissue K, Na,

FrogNo. Tiue experiment wt, mg sM/g sM/g
8 muscle 2 control 88.0 83.0 27.6
muscle 2 experiment 82.0 86.2 31.7
muscle 3 control 80.4 78.4 33.7
muscle 3 experiment 83.4 84.4 27.6
9 muscle 2 control 98.2 80.0 28.6
muscle 2 experiment 94.8 84.3 27.4
muscle 3 control 92.6 78.9 30.4
muscle 3 experiment 92.8 77.4 35.9
10 muscle 2 control 90.8 71.5 29.6
muscle 2 experiment 90.8 72.7 32.8
muscle 3 control 98.2 73.5 28.1
muscle 3 experiment 100.3 72.8 26.1
9 heart experiment 97.6 29.8 52.5
5 heart experiment 104.0 21.4 38.7
6 heart experiment 88.6 33.9 48.6
7 heart experiment 90.4 22.2 63.0
8 heart control 83.4 36.3 56.3
4 heart control 80.0 45.0 49.0
10 heart control 83.4 40.2 47.2

TABLE 8.4 The effect of iodoacetate and pure nitrogen on the K+-and Na*-ion contents of frog
tissues. Isolated frog tissues were placed in a Ringer's solution (0°C) containing 0.005M sodium
iodoacetate (Eastman). The solution had been equilibrated with 99.99% pure nitrogen (Linde Air
Corp.). At the end of the experiment (after 7 hours and 45 minutes), the individual tissues were
boiled in 3ml of distilled water to extract their K+- and Na*-ion contents. (For experiments after
1953, adifferent procedure was adopted; extraction was accomplished by overnight emersion of the
tissues, in 3 ml of 0.1N HCI without heating.) The aliquot for the K*-ion determination was diluted
to contain a fina concentration of 0.1M NaCl; aliquots for the Na*-ion determination contained
0.1M KCI. These radiation buffers in the samples, as well as in dl standards, eliminate both
self-interference and radiation interference which can be considerable for direct flame photometry.
A Beckman DU spectrophotometer with a flame attachment was employed. The results presented
are those of an experiment performed on February 27, 1953; thisexperiment is one of more than 20
similar series performed since 1950; dl yielded similar results. (For example see Table 8.5; herethe
control of respiration and glycolysiswas morerigorous.) ) .

% Muscles 2 and 3 represent the semitendinosus and tibialis anticus longus, respectively; "'nerve”
refersto sciatic nerve.

Low K™, high Na* found in these control muscleswere probably from the same abnormal leg.

b




Duration of
Control or Muscle soakingin

Frog No.  experi- wt. IAA-CN-N,, K, CrP, ACrP, aF (CrP), ATP, AATP,
and sex ment mg hr uM/g uM/g uM/g cal/kg/hr uM/g uM/g
1 Q Control 418.1 0 72.5 10.5 . 7.31
Experiment 421.5 4 617 6.8 —37 ~—11.8 6.48 —0.83
29 Control 421.3 0 725 17.7 . 7.00
Experiment 441.1 4 67.8 10.3 — 1% —23.7 6.66 —0.34
39 Control 373.3 0 77.7 11.3 . 6.78
Experiment 350.5 4 683 55 —o8 —186 g4y +0.27
44  Control 367.9 0 735 172 _ o 50, 746 )
Experiment 374.9 4 724 8.7 ~°%° “  pg1 —0.65
5g  Control 407.3 0 69.5 24.2 6.49
Experiment 412.7 4 763 171 — 7t —228 g, +0.53
Experiment 313.8 4 74.7 11.3 5.3 g73 t0.63
Average —21.57
Frog
No. AF
and aF (ATP), ADP, aADP, aF (ADP), Lactate, a Lactate, (Lactate); aF (Total),

sex  cal/kg/hr uM/g uM/g cal/kg/hr uM/g aMe cal/kg/hr  cal/kg/hr
19 0.09 0.972 253§
_ . + e 4y 3222  _q-
6.10 .o +0.36 B1:36. oot 0.235 A 17.20
- - =
29 0.0 0.848 sE52
- . - . a9 = =
-2.49 o' H0.42 4138 ., —0.219 248 . 25.18
39 0.10 , 0.719 , =E9 .
+1.00 0.21 +0.11 +0.45 0.387 -0.117 r"-_E '52::. -17.71
S 12
1 g 0.93 0.623 g2 °a
—-4.75 0.61 -0.32 -1.20 0.478 —0.055 ggEQ -33.71
g E:\ g
5 0.38 _ _ 0.511 838
+3.87 0 0.38 135 o 'aes 0.065 ~E'§§§ 20.84
=S
0 4 9 o0 =105 MW g om é‘, 3‘;.E§ —23.18
‘ 0.0 ' 720,369 : 2g8z8 ~
o0 g =
== g Y]
Average —0.64 —-0.18 —0.56 —-22.97
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TABLE 8.5 Maximum rate of energy delivery in muscles poisoned with iodoacetate, cyanide, and
pure nitrogen. Sartorius, semitendinosus, tibialis anticus longus, and iligfibularis musclesfrom one
frog were used in each experimental group; the paired musclesserved as controls. First, both control
and experimental muscle groups were equilibrated with 0.001M 1AA a 0°C for one hour; this
ensures complete penetration of 1AA and inhibition of glycolysis. The control muscles were then
homogenized in 10 per cent perchloric acid and the extract was immediately neutralized. The
experimental muscles were transferred to a specia flask with 100ml of Ringer's solution (pH 7.4)
containing 0.001M 1AA and 0.001M NaCN (also a PC); the solution had been equilibrated with a
5% CO» + 95% N, mixture. The oxygen tension of this mixture was no higher than 4x 10~ per
cent; to assure this, it was passed first through heated copper turnings and then through a tower of
activated copper. After the solution containing the experimental muscles had been bubbled for two
hours with the CO;-N, mixture, both inlet and outlet tubes were closed and the entire flask was
immersed in the ice water bathing the flask. At the end of four hoursin IAA-CN-N3, the experimen-
ta muscles were also homogenized. Aliquots of the perchloric acid extract from both controls and
experimentals were analyzed for K* ion, CrP, ATP, ADP and lactate. The lactate contents of the
bathing solution were determined at the beginning and end of the experiments. K+-ionconcentra-
tions were determined by flame photometry, CrP by Gomori’s modification (1942) of the method of
Fiske and Subbarow (1929), ATP and ADP by a modification of the method of Kalckar (1947)
using 5-adenylic-acid deaminase, myokinase, and potato apyrase. (Appendix D, reproduced as
Appendix 2 below, outlines an easy method for preparation of a large quantity of stable adenylic-
acid deaminase that can be used for the accurate and simultaneous determination of the ATP, ADP,
and AMP contents of a large number of samples.) Average lactate production (under 1AA) was
determined by the method of Barker and Summerson (1941), taking into account the changes both
in the muscles and in the bathing solution. The calculation is shown in the column under AF
(lactate); the average shown is the total change in free energy, taking both the muscle and the
bathing-medium lactate into account. For calculation of the maximum rate of free energy delivery,
we used the relatively high valuesof Burton and Krebs (1953; see also Levintow and Meister, 1954;
Vladimorov et al., 1957; George and Rutman, 1960): AF (ATP — ADP + P) between -125 and
-16.0, averaging —14.3 kcal/mole; AF (ADP — AMP * P) —15.0 kcal/mole; A F (CrP — Cr + P)
—-12.8 kcal/mole and A F (glucose — 2 lactate) —28 kcal/mole of |actate. These A F values are free
energy changes for the conditions presumed to exist in living cells and are not standard free energy
changes.

Total amount of lactate change by muscle was obtained by multiplying the difference between

experimental and control lactate concentrations by the weight of the experimental muscle.
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FIGURE 8.6 The rate of Na*-ion exchange in normal connective tissues and muscle-fiber bundles
poisoned with IAA-CN-N2. A, connective-tissue elements weighing 5.35 mg were soaked in Na?
Ringer's solution for 4 minutes and 24 seconds. For data on norma muscle-fiber bundle D4, see
Table 8.7. For details of the experimental procedure, see legends of Table 8.7 and Figure 8.5. The
straight line through the last points on curve Dy gives the extrapolated initial concentration of Na??
ion. B, similar to A except that all muscle-fiber bundles were treated with IAA-CN-N,. Details are
given in Table 8.7. From these curves, the extrapolated initial concentrations of Naz ion were
obtained.
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FIGURE 8.7 Time course of change of the resting potential y and the intracellular Na*-ion
concentration in iodoacetate-, cyanide-, and nitrogen-poisoned frog sartorius muscles (0°C). The
Na*-ion concentration is expressed as En.//, a potential gradient derived from the Nernst equation,
Ena = RT in ([Nale/[Naliz) for 0°C. Empty triangles, squares, and circles are taken from a single
experiment (Table 8.5); solid points are averages of other experimental values.

implies that the mgor propertiesof normal resting cells can be explained best if thecdll is
described, not as asystem in an energy-consumingsteady state, but rather, if it isdescribed
as a system in a metastable equilibrium state. Like any equilibrium state, this equilibrium
state requires no expenditure of energy for its maintenance. How ATP functions as a
cardinal adsorbent to maintain this metastableequilibrium state and the role of ATP in the
establishmentof new metastablestates form a central theme of later chapters.
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Resting potential
¥, mv Ex./F°,
No. mv
Muscle Duration in of muscle Mean + Average
Frog Muscle wt.  CN-N:-IAA, fibers standard o Indi- ¥+ Exa/5,
No. No. mg hr measured deviation means vidual Mean mv
1 1 58.0 0 8 99.5+4.0 __ 40.5
2 625 0 8 95=x29 200 37, 391 128.0
2 1 84.0 1 8 91.5+5.5 37.0
2 8.6 1 8 948+29 B3 455 44 1268
3 1 62.4 2 8 97.5+4.9 . 31.7
2 62.3 2 8 96011 07 355 33 .
4 1 62.2 3 10 94.8=3.5 43.2
2 60.2 3 100 930+37 M0 49 926 1286
5 1 41.3 4 8 90.4 =3.1 34.6 ..
2 38.6 4 g 91S+66 O 459 W0 1SS
6 1 4.9 5 8 849+235 34.3
P 12.6 5 8 90.8+20 380 354 336 1141
7 1 63.7 6 8 79.4+46 33.3
2 605 6 8 Bs=4e T gqpg ST 130
8 1 61.5 7 8 7T9.4=1.9 39.0
2 62.9 7 g 81.7+38 305 44 325 1062
9 1 57.2 8 10 74.2=78 . . 36.6 -
2 51.6 8 10 826250 ° g0¢ W 100.5

TABLE 8.6 Theaverage resting potential and intracellular Na*-ion concentration of frog sartorius
muscles poisoned with nitrogen, cyanide, and iodoacetate (0°C). We determined the intracellular
Nat ion by flame photometry and measured resting potentials of individual fibers with Gerard-
Graham-Ling microelectrodes. The intracellular-extracel lular Na*-ion concentration gradient is ex-
pressed as a potential gradient derived with the Nernst equation for 0°C. The last column gives the
minimum energy, on the basis of a membrane-pump hypothesis, for the extrusion of one mole of
Nations against the measured electrical and concentration gradients. Experimental conditions were

similar to those described under Table 8.4 except that onlv sartorius muscles were used.
: [Nﬂlo

a

Ena/' values are given by the relation Ena/’ = 54.3 log

per liter.

[Nali

, Where [Nal, = 107.6 millimoles
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Fiber diameter
Muscle- Total No.
fiber  of muscle No.of Aver- A Duration
Muscle Muscle length, fibersin fibers age, A w in poison.
No. wt, mg cm bundle  counted i » cm?/g hr
A 1 6.82 1.8 59 9 71 18 530 0.33
2 2.07 1.8 17 9 73 20 477 0.33
3 2.26 1.2 24 10 63 16 596 0.83
4 5.68 1.3 70 11 63 16 396 1.50
5 5.18 1.5 53 9 63 16 596 1.50
6 8.60 1.4 80 10 82 20 477 2.33
7 2.76 1.5 20 10 71 18 530 2.33
8 7.45 1.4 73 10 75 19 500 4.33
9 3.49 1.5 32 11 67 17 560 4.33
10 9.84 1.7 67 10 69 17 569 8.00
11 4.99 1.5 39 10 65 16 596 8.00
Average 550
B D, 17.03 0.00
L, 6.00 76 1.00
L, 17.45 204 2.50
K, 3.50 45 4.50
K, 8.60 101 8.00
Rate of Na* flux
Duration in M/kg/hr M /em?/sec
Na®* Ringer's
Muscle solution, Uncor- Cor- Aver-
No. min rected rected age Uncorrected Corrected
A 1 3.0 0.133 0.121 6.97 X% 10~ 6.33 X 10—
0.118
2 3.0 0.125 0.114 7.28 X 10-1  6.62 X 1071
3 3.0 0.073 0.066 0.066 3.40 X 10~ 3.09 X 10—u
+ 3.0 0.114 0.104 5.31 X 10— 4.83 X 10~
0.107
5 3.0 0.121 0.110 5.64 x 10-u 518 1)L
6 3.0 0.071 0.064 4.13 X 10~ 3.75 X 10~u
0.081
7 3.0 0.108 0.098 5.66 x 10-1 5.14 x 10~
8 3.0 0.173 0.157 9.61 x 10~ 8.73 X 101
] 0.128
9 3.0 0.109 0.099 5.41 X 10~ 4.92 x 10-1
10 3.0 0.169 0.154 8.35 10~ 7.50 X 10
0.152
11 3.0 0.165 0.150] 7.69 X 10~ 6.99 X 10-U
B D, 3.1 0.035  0.035 1.76 X 10~1
L, 2.8 0.074 0.074 3.74 X 10~
L, 2.7 0.162  0.162 8.18 X 1074
K, 2.5 0.197 0.197 9.95 x 10~
K, 2.3 0.113  0.113 5.71 X 1071
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TABLE 8.7 The rate of Na*-ion exchange in muscle-fiber bundles poisoned with IAA and pure
nitrogen. Muscle-fiber bundles were isolated from the parts of frog semitendinosus musclesthat are
practically free of small-fiber-inervated muscle fibers (Kuffler and Vaughan-Williams, 1953). Se-
riessA bundles were soaked in Ringer's solution containing IAA {0.001M) and bubbled with pure
N for up to eight hours a 0°C. The container of Ringer's solution was in a large covered glass jar
containing ice water and continuously flushed with pure nitrogen; the glass jar was kept in a
constant-temperature room maintained at 0° to 2°C. After the specified time, the muscle bundle was
transferred by means of a remote-handling device to a smaller vessd of Ringer-lAA mixture
containing Na?, After soaking for 3 minutes in this solution, the muscle bundle was placed in a
large beaker and washed there for 1.5 minutes in nonradioactive Ringer's solution vigorously
bubbled with nitrogen. The radioactivity of the tissue was then assayed in the well of ascintillation
counter. Diffusion through the extracellular space can be determined from the following equation
(Jost, 1952):

-

oo . 3 [ 2v
i(ﬂ__c(-)-=iz 1 -;exp{—ﬂ' v+ .-')f}
C (0) — C (o) T s Qv+ 1) h
v=
Here C(¢) is the concentration at time r; C(e0) is the final concentration, and C(0) is the initia
concentration; v is an integer equal t0 0, 1, 2...; h is the height of the capillaries, and D is the
self-diffusion constant which, for the Nd ion, isequal to 1.30 X 107 cm?sec (Mills, 1955). From
this calculation, we find the washing for 1.5 minutes removes virtualy al Na®* contained in the
extracellular space. A more significant error arises from the connective-tissue elements which, in
whole sartorius muscle, constitute about 9.1 per cent of the wet weight (see Table 8.8). Such
connective-tissue elements take up less Na?? than whole muscle does (see Figure 8.6) and release it
more rapidly. A deliberately over-estimated correction for connective tissue was made by the
subtraction of 9.1 per cent of the assayed Na?? content from this latter figure. For series B, a totally
different method of estimating the Nad ion exchange rate was adopted. The muscle-fiber bundles
were kept in IAA-CN-N; Ringer's solution for the specified length of time. Then they were soaked
in a Ringer's solution containing Na*> for a few minutes, mounted in the washing apparatus (see
Figure 8.5), and washed continuously with nonradioactive Ringer's solution containing IAA and
cyanide. In thiscase, the muscle-fiber bundle was tied to a small luciterod to prevent tearing of the
tissue. A straight line was fitted to the last part of the plot of Na’? content against time (see Figure
8.6). Extrapolation of this line to zero time gives another deliberately underestimated initial Na”?
content for the muscle fibers. Dividing this by the time the muscle was actually soaked in the Na*?
Ringer's solution, we obtained a minimum value of the rate of Na?> exchange in such poisoned
muscles. The last column of valuesfor series B gives the rate of flux in moles per square centimeter
per second; we obtained this by using the average value for area/weight of 550 ¢cm?/g obtained for
series A.
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Average percentage

Tissue Collagen Collagen o connective tissue
wt, wt, content, in muscle,
Source No. mg mg % fresh wt/fresh wt
1 496.9 1.2 0.24
Muscle 3 550.4 1.3 0.23
3 546.6 1.6 0.29
4 547.3 1.5 0. 2T
Average 0.26 9.09
1 51.9 {7 3.28
Connective tissue 2 49.1 1.5 3.05
3 56.4 1.3 2.30
4 42.6 172 2.81
Average 2.86

TABLE 8.8 The percentagein weight of connective tissuesin frog sartorius muscles. To estimate
this, we used the fact that pure collagen can beisolated from tissues by akaline digestion (Lowry et
al., 1941) and the reasonable assumption that the collagen content of the connective-tissueelements
is closely approximated by the similar connective-tissue elements immediately surrounding the
muscle. From the percentage of pure collagen found in these "'pure” connective tissues and the
content of pure collagen found in intact muscles, the average percentage by weight of fresh connec-
tive tissuesin fresh muscle was cal cul ated.
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Minimum.
Rate of rate of
Na energy Maximum Minimum required
exchange, ¢ + Ew./§ required rate of energy
integrated integrated for Na energy
Duration. average, average, pump, delivery. Maximum available
Date hr M/kg/hr mv cal/kg/hr cal/kg/hr energy
9-12-56 10 0.138 111 353 11.57 3060%
(highest value,
22.19)
9-20-56 4 0.121 123 343 22.25 1542%
(highest value.
33.71)
. 9-26-56 4.5 0.131 122 368 20.47 1800%
(highest value.
26.10)

TABLE 8.9 Energy balance sheet for the Na pump in frog sartorius muscles (0°C). The minimum
rate of energy delivery required to operate a Na pump according to the membrane-pump theory was
caculated from integrated values of the measured rates of Na*-ion exchange (Table 8.7) and the
energy needed to pump each mole of Na+ion out against the measured electrical and concentration
gradients (Table 8.5; Figure 8.7). The maximum energy-delivery rate was calculated from the
measured hydrolysis of CrP, ATP, and ADP, the only effective energy sources available to the
muscles which were poisoned with IAA and N2, Total inhibition of respiration and of glycolysis was,
assured by the simultaneous presence of 0.001M NaCN (in addition to N») and verified by the actual
measurement of residual lactate production (in addition to IAA). The ratios between the required
and available energy are underestimations. There is no significant difference if the data on flux rate
for series A in Table 8.7 are used rather than those for series B. Detailsof one of the three complete
sets of data obtained in September of 1956 are given in Table 8.4. It should be pointed out that six
more series of similar experiments were completed (3-20-53, 4-12-54, 1-13-55, 5-20-55, 5-30-55,
and 8-9-55); the duration of soaking in the poison gave a mean maximum rate of energy delivery
even lower than the data from the three series used in these calculations. Since the development of
the procedure for ATP-ADP determinations (Appendix D, reproduced as Appendix 2 below) was
not completed until theend of 1955, the earlier data have not been included.
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The Procedurefor the Determination of ATP, ADP,
and AMP Described in Appendix 1

THE FOLLOWING PROCEDURE, which has been modified from Kalckar (1947), has
been used successfully in the author's laboratory for the past seven years. It is presented for
two reasons. First, several important arguments depend upon the accurate determination of
the ATPand ADP contents of tissues. Second, thereisarea need for an easy, time-saving,
and accurate procedurefor the assay of the AMP, ADP, and ATPcontents of alarge number
of tissue samples. The following procedure requires neither special apparatus nor the
experience of an enzymologist.

Thebasis of this procedureisthefact that adenosinemonophosphate (AMP, or 5-adenylic
acid) has an absorption peak at 265myu, whereas dearninated AMP (inosinic acid) has no
absorption peak at this wavelength. The transformation from adenosinemonophosphate
(AMP) to inosinic acid is brought about by the action of the enzyme, 5-adenylic acid
deaminase, which isspecific for this reaction. The determination of ATPand ADP utilizes
enzymesspecific for thetransformation of thesecompoundsinto AMP. In thedetermination
of ATP, the enzyme used is potato apyrase which also converts ATP into AMP. In the
determination of ADP, the enzyme, myokinase, which is specific for the reaction
ADP—AMP, is used; one-half of the ADP present in the sampleisconverted to AMP.

(1) Purification of adenylic acid deaminase (method modified after Nikiforuk
and Colowick,' 1955)

A rabbit iskilled by a blow on the head and skinned. The muscles are removed as quickly
as possible and placed in a beaker which is sitting in an ice bath. The muscles are weighed
and ground in a meat grinder in a cold room (4°C). An equal part of 0.9 per cent NaCl is
added to the ground muscle and the mixture is shaken or stirred vigorously in the cold for
15 minutes. It is then filtered through two layers of cheesecloth. Thefiltrateis put aside in
thecold. Theground muscleisagain shaken for 15 minutesin the cold with an equal volume
of 0.9 per cent NaCl and again filtered through cheesecloth. The second filtrate iscombined
with thefirst and saved for the later preparation of myokinase [see Section (2)]. The ground
muscle is washed twice more using the same procedure; the third and fourth filtrates are
discarded.

After the fourth washing, the sediment is shaken for 90 minutes at room temperature with
two volumes of 2 per cent NaHCO;. The resultant sticky mixture is filtered through three
layers of cheesecloth; the filtrate volumeis made as large as possible by squeezing. The
sediment is again shaken for 15 minutes with two volumes of 2 per cent NaHCO; (at room

' The author is indebted to Dr. S. Colowick for maki ng available to him in 1952 the then unpublished manu-
script of Nikiforuk and Colowick (1956). The present modified procedure is based on this, as well as on the
original work of G. Schmidt (1928).
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temperature). After filtering through cheesecloth, the second filtrateisadded to thefirst and
both are measured in a large graduate. Celite, a diatomaceous filtering agent (Johns
Manville), is added to a concentration of 4 per cent (weight/volume) and the mixture is
filtered through large Buchner funnels employing Whatman No. 1 paper. Since this proce-
dure may bevery slow, it isadvisableto add only avery thin layer of theextract tothefunnel
at atime. If it isnecessary to complete the filtering overnight, the funnel and flask must be
placed in the cold; afrequent change of filter paper may hasten the procedure somewhat. A
trandlucent filtrate isobtained.

Thefiltrateisadjusted topH 7.0 with a0.3M acetic-acid-sodium-acetiitebuffer at pH 5.0.
It can now be frozen in a deep freeze; in this condition it will remain active for severd
months. When purified adenylic acid deaminaseis needed, part of thefiltrate may be thawed
and further purified to isolate the enzyme asfollows: The thawed Celite filtrate is adjusted
topH 6.0 by drop-by-drop addition of the 0.3M acetate buffer at pH 5.0. To one volume of
this adjusted Celitefiltrate, 0.3 volumesof saturated ammonium sulfate, also adjusted topH
6.0, are added. This should be added drop by drop in the cold, using extreme care to mix
well during the addition. The mixture isthen allowed to stand for 15 minutesin the cold and
spun for 10 minutes at high speed (approximately 12,000 X g). The precipitate is discarded
and twice the original volume of ammonium sulfate is added to the clear filtrate in the
manner described above. The resultant mixture is again allowed to stand in the cold for 10
minutes and again spun at high speed. Following this, the supernatant is discarded and the
precipitate treated in the following way.

Into each centrifuge tube, one or two drops of 2 per cent NaHCOj; are pipetted and the
precipitate is then taken up in twice the minimum amount of a mixture of one part 0.3M
sodium-acetate-acetic-acid buffer at pH 6.0 and two parts of a 0.75M NaCl solution. The
resultant solution should be clear and the pH should be 6.0. Otherwise, the pH should be
adjusted with the sodium-acetate-acetic-acid buffer and spun once more to get rid of
particulate matter. The completely soluble enzyme is now ready for use and is free from
ATPase or myokinase activity.

(2) Myokinase and potato apyrase preparation
A satisfactory myokinase preparation may be obtained from the combined NaCl washings of
the rabbit musclediscussed in Section (1), using the method of Colowick-Kalckar (1943):

The muscleextract isacidified with 0.05 volumeof 1N HCI and heated to 90°C for three
minutes. It is then cooled rapidly in ice bath, neutralized with 2N NaOH topH 6.5, filtered,
and the precipitate is discarded. Ammonium sulfate is added to the supernatant to about 80
per cent of saturation at room temperature and the precipitate spun down at the same
temperature. The resultant precipitate is dissolved in 15 to 20 milliliters of H,O. The
preparation is then frozen in the deep freeze; a small amount may be thawed and used as
needed.

Potato apyrase may be satisfactorily prepared by the method of Krishnan (1949). One
kilogram of peeled potatoesis ground in a Waring blender with an equal volume of 0.01M
NaCN solution and the supernatant centrifuged in the cold to remove particulate matter.
After returning to room temperature solid (NH,4),SO, is added to the supernatant with
stirring to a concentration of 45 grams per 100 milliliters of extract. The mixture isfiltered
through Whatman No. 1 filter paper at 4°C. The "precipitate” is then taken up in water,
dialyzed against distilled water (changed frequently) in the cold for 24 hours. The dialysate
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FIGURE 1. The relationship between AA xrp and the amount of ATP in sample. A fresh prepara
tion of crystalline Na;»ATP-3H,0 (SigmaChemical Co., St. Louis) wasemployed.

isthen lyophilized. The powdery preparation, if kept in the deep freeze, will remain active
at least for several months. For use, the powder isdissolvedin asmall amount of distilled
water.

(3) Determinationof ATP, ADP, and AMP

The tissue, in cold 2 per cent perchloric acid, is homogenized at low temperature and
centrifuged. To the clear supernatant is added one drop of 0.1 per cent phenolphthaleinin
alcohol. ThepH isthen adjusted to near neutrality with NaOH. A final pH of 7.0 isachieved
by further adjustment with the aid of brom-thymol-blue on a porcelain spot test plate. The
neutralized samplescan be frozen and preserved overnight or even somewhat longer. Due
totheease of ATPhydrolysisin basicor acidic medium, extremecaution must be exercised
that a neutralized sample does not become contaminated by dropletsof acid or base on the
side of the centrifugetubes. For the determination of AMP, ADP, and ATP, three aiquots,
each 0.5 millilitersin volume, are needed for each piece of tissue.

(a) Reagents. The reagents used are (1) succinic acid buffer containing 15 parts 0.1M
succinic acid adjusted to pH 5.9 with NaOH, 1 part 0.3M MgCl,, and 9 parts 1.5M NaCl;
(2)2 per cent perchloric acid neutralized topH 7.0 with NaOH; (3) samplesprepared by the
cold perchloric-acid extraction method given above; and (4) solutions of adenylic acid
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deaminase, myokinase, and potato apyrase as prepared above, kept in small test tubes
immersed in an ice-water mixture.

(b) Determinations. The succinic acid buffer (2.5ml) and 0.5ml of sample (well shaken
before pipetting) are pipetted into asilicacuvette. The blank contains0.5 ml of neutralized
2 per cent perchloricacid instead of asample. The solutionsare stirred with small polyeth-
ylene stirring rods and the absorption is read on a Beckman DU spectrophotometer at
265my. Thisinitial reading isonly tentative and aids in the rapid reading of thefollowing
samples.

(i) AMP determination. Add 0.05 ml of 5-adenylicacid deaminaseto the samplesand to
the blank prepared as above. The contents of the cuvettes are rapidly stirred and the
absorption at 265mp read three timesin rapid succession. The pointsso obtained are plotted
on semilogarithmicgraph paper; the initial absorption is obtained by extrapolation to zero
time. The samples and blank are then poured into small stoppered tubes and kept in the
refrigerator overnight or longer. After that the absorption at 265my is determined to give
thefinal reading. The differencebetween theinitial and final readings will bereferred to as
AA,.

(i) ADP determination. The procedureisexactly the sameas that for AMP, except that
0.05ml of myokinase is added to the samples and to the blank when the 5-adenylic
deaminaseis added. The difference between the initial and final readings at 265mp will be
called AA,.

(iii)ATPdetermination. The procedureis exactly the ssmeas that for AMP, except that
0.05ml- of potato apyrase is added to the samples and to the blank when the 5-adenylic
deaminaseis added. The difference between the initial and final readingsat 265my will be
referred to as AAs.

(c) Calculations. The relationships between the AA vaues obtained above and the
concentrationsof ATP, ADP, and AMPin the sampleexpressed in terms of the changes of
absorptionat 265mp are given by theequations,

AA =44,

AA\pp=2(AA,-AA )

MA’]'P=M3_2M2+M]'
If the procedure is followed exactly as outlined a AA value of 0.260 correspondsto 0.1
micromole of adenosinecompound in the sample. The relationshipbetween AA 4 p and the
micromolesof ATPin thesampleasdetermined for the purest preparation of ATPavailable
as astandard isshown in Figure 1. Note that therelationshipisastraightlineto at least 0.4
micromolesof ATP. The samerelationshipholdstrue for both AA spmp and AA s pp.
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APPENDIX 3

The Characterizationof a Protein by Itsc- and
¢’-Value Ensemble The Protein asa Functional Unit

(Reproduced from Chapter 7 of Ling, 1962)

FIGURE 7.1 SHOWS the conspicuously different plots of pH versus apparent heat of
ionization AH' for four different proteins: myosin, wool, lysozyme, and oxyhemoglobin.!
Figure 7.2 shows the pH-versus-AH” plots of serum albuminsfrom three different species.
With respect to polar amino-acid composition, myosin and human serum abumin differ
about as much as human serum abumin and bovine serum abumin (Table 7.1). The
functional characteristics of these proteins indicate that there is no distinct difference
between human and bovineserum albumin (for ion adsorption data; see Carr, 1952). But the
tremendous functional difference between serum albumin and the contractile protein,
myosin, needs no emphasis. We may thusdraw the important conclusion that a pH-versus-
AH' plot characterizesthe propertiesof proteinin itsinteractionsbetter than a description of
the amino-acid composition does.

A. The Heterogeneity of Nominaly Identical Polar Groupson Proteins

The work of Derick, Ingold, and others demonstratesthat the affinity of acarboxylicgroup
for a proton dependson the nature of the remainder of the molecule.? It iswell known that
the acid-dissociation constants or pK vaues of the same o-carboxyl groups on different
amino acidsdiffer from each other. The pK value of the carboxyl group of an aminoacidis
alsochanged itsaminogroupislinked to anotheraminoacid toform adi peptide(seeSection
5.2 in Ling, 1962; also Cohn and Edsall, 1943, p. 84). Similarly, the pK value of the
side-chain polar group in a trifunctional amino acid (glutamic acid or lysine, for example)
alterswhen theamino acid participatesin theformation of aprotein molecule. Such changes
have usually been considered small (scarcely over 2 pH units). Many studies made in this
field have emphasized uniformity in the characteristicsof different proteins. However, a
number of exceptions exist, notably, the work of Crammer and Neuberger (1943), who
studied the phenolic group of the tyrosine residue; and the work of Karush and Sonenberg
(1949), Teresi and Luck (1948), and Tanford and Wagner (1954), who studied - and
y-carboxyl groups. All concluded that individual groupsmay have very different pK values.

' The apparent heat of ionization is defined as
AH' = —2.303RT’ (aLH
L aT |53
where (dpH/dT)X refers to the change of the pH of a solution with temperature when the amount of base or
acid (represented by x) is kept constant.

2 Derick, 1911; G. N. Lewis, 1923; Bjerrum, 1923b; Kirkwood and Westheimer, 1938a,b; Ingold, 1953;
Branch and Calvin, 1941.
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FIGURE7.1. The apparent heat or ionization AH' of ionizing groups of various proteins plotted
against the pH. Note the great diversity of the AH valuesin functionally different proteins. [Data
from Mihdlyi (1950): myosin (25"-38°C); from Wyman (1939): oxyhemoglobin (25"-37°C); from
Tanford and Wagner (1954): lysozyme (4"-25°C); from Steinhardt et al. (1941): wool (0°-25°C).]

For the present, we emphasize the heterogeneity manifested by the nominaly identica
carboxyl,amino, and other functional groups. Weshall consider both their pK values(which
aredirectly related to thefreeenergiesaof dissociationof the protonsAF), and their apparent
heats of dissociationAH , which areclosdly related to their true heats of dissociationAH

(1) Carboxyl groups

The AH values usually given for carboxyl groups on various organic molecules vary
between +1.5 and —1.5 kcal/mole (Cohn and Edsall, 1943). This variation represents true
variation resulting from changesin the nature of therest of the molecule. Thus, although the
a-carboxyl group of oxyvalinehasaAl value of —1.30 kcal/mole, the A valuefor the
B-carboxyl group of aspartic acid is +2.10 kcal/mole and the A value of the y-carboxyl
group of glutamic acid is +1.04 kcal/mole (Cohn and Edsall, 1943, Chapter 4, Table 6).
Wyman (1939) has shown that within agivenpH rangethe A1 of protein molecules seems
to depend solely upon the relative abundance of the various groups which ionize in that
range.

In most large protein molecules, al the side-chain carboxyl groups belong to either
glutamic- or aspartic-acid residues. If the pK and AH vaues of the carboxyl residues in
protein are only dightly different from the pK and AH values of the corresponding groups
inthefreeaminoacid, theA of al proteinsof large molecular weight should be about +1.0
to +2.0 kcal/mole of carboxyl groupsat apH near 4. However, as we have indicated, the
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FIGURE 7.2. The apparent heat of ionization AH' of ionizing groups of three serum abumins
plotted against pH. Compare the plots of these functionally similar proteins with those of the
functionally different proteins shown in Figure 7.1. [Data from Tanford (1950): human serum
albumin (0°-25°C); from Tanford et al. (1955): bovine serum abumin (5"-25°C); fromE.J. Cohn et
al. (1943): horse serum abumin (5°-25°C).]

Amino-acid content

Protein Tyr Try CySH Arg His Lys Asp Glu
Wool 465 1.8 — 104 1.1 2.76 7.2 141
Myosin (rabbit) 3.4 0.8 - 7.362.41 11,92 8.9 23.1
Hemoglobin (horse) 3.03 1.7 056 3.65 8.71 8.51 10.60 8.30
Lysozyme 3.6 10.6 0 127 1.04 5.7 18.2 4.32
Bovine serum abumin 5.06 0.68 0.3 590 4.0 12.82 10.91 16.5
Human serum abumin 4.0 0.2 0.7 6.20 3.50 12.30 8.95 17.0

TABLE 7.1. The trifunctional amino-acid composition of several proteins. [Data (given in grams
of amino acid per 100 gramsof protein) fromTristram (1953).]
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usual AH vaues assigned to protein carboxyl groups vary from —1.5 to +1.5 kcal/mole. In
fact, thepH-versus-AH: plots of wool protein, myosin, and lysozyme, as well as Wyman's
origina plot for oxyhemoglobin, demonstratean even wider variation (Figure 7.1). At pH
4, the AH valuedf the carboxyl group can be as high as +2.0 kcal/mole or lower than -2.0
kcal/mole. In proteins such as B-lactoglobulin, wool keratin, and myosin, plateaus in the
curves indicate a uniformity in the pK vaues of the carboxyl groups; in proteins like
oxyhemoglobin and lysozyme, the steepness of the slope indicates multiple pK and AH:
values. The possibility of multiple pK vaues for protein carboxyl groups has often been
suggested recently. In the case of some small protein molecule, a high proportion of
C-terminal residues(a-carboxyl groups) may account for very low AH: values; thisappears
to be the case with insulin (Tanford and Epstein, 1954). The shape of the pH-versus-AH:
curve in Figure 7.1 for lysozyme (molecular weight, 14,700), which has one C-terminal
residue and 10.5 dissociablecarboxyl groups, indicatesthat the AH' values for the - and
y-carboxyl groupsvary considerably.

(2) Amino groups

Itis probablethat in thepH range7.0to 9.5, only the imidazole group of histidineand the
¢-amino groups of lysine significantly determine the measured AH: of proteins. If these
groups, as present in protein, possessed uniform pK: values, one would expect thepH-ver-
sus-AH: plots of lysozyme, myosin, and wool keratin to show that the AH: values at thepH
range follow the relativeabundanceof histidineas compared with lysine(for lysozyme, the
histidinecontent is 18.2 per cent of the lysine content, Fromageot and deGarilhe, 1950; for
myosin, itis20.2 per cent; and for wool keratin, 39.8 per cent; see Table7.1). However, the
AH-versus-pH plot of these proteins (Figure 7.1) showswide variation in this range; and
thevariationisnot a all predictableon thissimplebasis. Bailey (1951), using thefluorodini-
trobenzene method of Sanger, showed an absence of a-amino groups in myosin; this
indicatesthat the high AH: value for myosin a pH 8 cannot be due to termina a-amino
groups. A possible explanation is that the pK values of the ¢-amino groupsin myosin are
much lower than the pK values of 9.4 to 10.6 usually given for ¢-amino groupsin protein3

If a lower pK value for the ¢-amino groups of myosin is accepted, at least two interesting paradoxes can be
resolved. (1) Dubuisson (1941) and Dubuisson and Hamoir (1943) compared the actua titration curve of
myosin with a theoretical one constructed according to its known constituent amino acids, assigning the usual
pK values to each of these groups. They found that there is an amino-acid residue which inonizes in the pH
range from 7 to 8; but this is unknown from the chemical analysis. A reduction of the pK vaue of the
6-amino-acid residue would fill in this gap. (2) A great discrepancy exists between the value of the heat of
dephosphorylation of ATP given by Meyerhof and Lohmann (1932) as —12.0 kcal/mole and the much smaller
figure of 4.7 kcal/mole determined by Podolsky and Kitzinger (1955) and Podolsky and Morales (1956).
Podolsky and Morales suggested, in a footnote, that the difference originated from the heat of neutralization
(equal to minus the heat of dissociation) of the imidazole group of histidine residues on muscle proteins
present in the Muskelsafi used by Meyerhof and Lohmann. Bemhardt (1956), discussing the same general
topic, mentioned that there is insufficient histidine residue in the intracellular fluid of muscle to make a
significant contribution to the total heat change measured during ATP cleavage. Meyerhof and Lohmann's
Muskelsaft could not contain a higher concentration of histidine than muscle itself; consequently, we suspect
that histidine residues cannot account for al the extra heat. However, if we assume a low pK value for the
t-amino group of myosin, the participation of these groups in the buffering capacity of muscle proteins near
pH 8 should be expected. The concentration of c-amino groups is much higher than that of the histidine
groups, and the ¢-amino groups also have a much higher heat of neutralization (-10 to —12 kcal/mole); thus
they could easily compensate for the difference between Podolsky and Morales figure and the larger one
found by Meyerhof and Lohmann.
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(Cohn and Edsall, 1943). Thisis certainly an admissible possibility since amino groupsin
simpler moleculesare known to have pK valuesaslow as7.60 (hexaglycine,see Section 5.2
in Ling, 1962), and 7.17 (a-hydroxyasparagine, Cohn and Edsall, 1943, p. 84). Conversely,
in wool protein, the pK of the¢-aminogroupsof thelysineresiduemay be much higher than
that usualy given. We conclude that the pK and AH' values of e-amino groupsas well as
thoseof carboxyl groupsvary significantly when thesegroupsare part of aprotein molecule.

B. Thec-VaueEnsembleasthe Determinant of the Functional Characteristicsof Proteins

The apparent heat of ionization AH' is usualy considered virtualy equal to thetrue heat of
ionization AH. In turn, AH is related to the dissociation energy —AF by the relation

AH = -AE + pAV (7-1)

where pAV represents the compressional work done on nearby water molecules during
ionization. An estimate of this value, based on the treatment of Webb (1926), shows that
pAV contributesmuch |essthan theel ectrical work AEdoes. Thus, AH ~ —AE.4 Theenergy
of dissociationof a proton at adefinitetemperature, pressure, and concentrationis substan-
tially determined by the c-value. Thus the pH-versus-AH' plot in the acidic range may be
visualized as a"'profile” of the c-valueensembleof aprotein.5

We have mentioned that thevariation in the pK value of aspecificpolar groupin aprotein
(which isrelated to thec-valueand AH' variation)is not large, and usually does not exceed
two pH units. If each fixed carboxyl group could combinewith a proton and nothing else, a
pK shift of this magnitude would not beimportant. However, a pK shift of 2 unitswill result
in an estimated differenceof more than 2.8 kcal/mole in the free energy of dissociation of
H+.A changeof dissociationenergy of thisorder of magnitudewill involvesignificantshifts
of c-value. Consider, for example, the carboxyl groups: we may expect such ac-value shift
to be very important when these anionic groups have cations of severa speciesas possible
counterions. Since al physiologically active proteins have both cationic and anionic side-
chains, even in a salt-fee solution, the carboxyl groups have the choice of associating with
H+ ionsfrom water or with thefixed positive groupson the protein moleculeitself (t-amino
group or guanidyl group, for example). Inliving cells, ionsof theakali metals, theakaline

* Actually, the AH' values measured from the change of pH with variation of the temperature are related to the
AE values but not quite as simply as equation (7-1) predicts. This is because the acid dissociation phenomenon
is not really

H + A" & HA

but rather
H' (H20)m + A" (H20) = HA(H20),

and m, n, and / vary with temperature. This involvement of varying numbers of water molecules also accounts
for the seemingly unreasonable negative values of AH found for some protein carboxyl groups.

® This statement is usually true. The AH’~versus—pH plots in the basic range are related to, but are not
equivalent to, the c-value profile.
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earths, and othersare always present. Thusin general, the fixed anionic groupsof proteins
may combine with a variety of counterions. According to the present theory, small pK
differencesare sufficient to alter the preference for these counterions. This alteration will

bring about profound changesin the physicochemical nature of the protein.

It should now be clear why the pH-versusAH' plot of a protein characterizes its
functional aspectsbetter than itsamino-acidcomposition does; thisplot isareflection of the
c-value ensemble of the polar groups of the protein. The c-vaue ensemble is of basic
importance in the interaction of a protein with its surroundings, (ions, water, and other
proteins) and theseinteractionsdetermineits functional characteristics. Let us now discuss
the mechanism that producesthe marked heterogeneity in the c-vadue, and therefore, in the
AH' valuesand the pK valuesof the polar groupson aprotein.

C. TheOrigin of the Heterogeneity of Functiona Groups

The electrostatic effect of the ionization of charged groups on the dissociation of other
side-chain polar groupsisgenerally recognized. The Debye-Hiickel theory of ionic solution
was applied to proteins by Linderstrgm-Lang in his well-known electrostatictheory. In this
theory, the protein molecule is treated as a sphere with its net electric charge uniformly
smeared over its surface. Theeffect of the removal or addition of chargesfrom or to such a
body isa uniform one; it affectsall charged groups in the moleculeequally. This theory of
proteinsattributesno significanceto theexact location of theionizing or the affected groups
or to the sequential order of arrangementof amino-acid residueson the protein polypeptide
chain.

In theory, adirect el ectrostati ceffect transmitted through space along a path of minimum
length dways exists.6 The weight of evidence to be presented shows that in molecules of
high polarizability, like proteins, particularly in the form of true fixed-charge systems,
neither the macroscopic nor the microscopic electrostaticeffect playsasimportant aroleas
do the inductive effects. The combined F-effects acting through the resonating, highly
polarizable polypeptide chain, produce changes on groups al aong the molecule; these
changes depend upon the relative position of the interacting groups and the molecular
structure that intervenes between the affecting and the affected groups. An exampleof the
variety thus produced in the polar groupsis the amino-acid sequence of a particular protein.
The dructural analysis of B-corticotropin (Shepherd et al., 1956) led to the complete
identification of itsamino-acid sequence. Part of the molecule may be represented as:

Try Gly LysPro ValGly LysLysArg Arg Pro
9 10 11 12 13 14 15 16 17 18 19

where the numbers designatethe sequentia position of the amino-acid residues (Table0.1
in Ling, 1962). The present theory emphasizes the fact that the pK vaue of the 11-lysine
determined by, say, el ectrometrictitration would be considerably different from that of the
16-lysine, which is flanked by three other positively charged side chains. Further, the
ionization of the 16-lysine would have a very different effect on the ionization of the
15-lysinethan it would on the ionization of the 11-lysine. When we consider the B-cortico-

® This microscopic electrostatic effect is not quite the same as the macr oscopic electrostatic effect in Linder-
strgm-Lang’s theory.
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tropin molecule asa whole, it isevident that the pK value of the lysine residues as well as
those of many other polar side chains must be heterogeneous. Only in exceptional caseswill
they be the same.

Although we have focused our attention on the pK and AH value of the fixed ionic
groups, these are by no means the only groups whose interactions are affected by their
neighboring amino-acid residues.
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