British Columbia (3, 4); Vema Fracture
Zone (); Santa Barbara Basin, Califor-
nia (5); Lake Biwa, Japan (6); Lake
Washington, Washington (7); and the
Amazon River (8). It is thought that per-
ylene in these sediments results from the
diagenesis of terrestrial pigments which
have been rapidly deposited into a reduc-
ing sediment. This idea also seems to ac-
count for the presence of perylene in this
sewage lagoon. We feel it is important
not to perpetuate Rose and Harsh-
barger’s suggestion that perylene in this la-
goon results from the activity of jet aircraft
when a natural source seems more likely.

JoHN G. WINDSOR, JR.

ROBERT E. LAFLAMME

RoNALD A. HiTES

Department of Chemical Engineering,
Massachusetts Institute of Technology,
Cambridge 02139
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Windsor et al. offer another possible
source of perylene for the sewage lagoon
at Reese Air Force Base and suggest that
the diagenesis of terrestrial pigments
seems more likely. We offered four pos-
sibilities: a fuel spill, dumping (and sub-
sequent removal) of asphalt into the
lake, diesel fuel used as a mosquitocide,
and jet exhaust. Recent conversations
with the base entomologist confirmed
what we had expected, that diesel fuel
was used as a mosquitocide through
1976. The rate of application was 56 li-
ters per acre. Since the lake is about 30
acres in area, the input is 1680 liters
times two to five sprayings per year, or
3360 to 8400 liters per year. Agreed, this
does not account for the disproportion-
ately high level of perylene; however, re-
cent evidence indicates that while per-
ylene is high, other PAH’s [notably
benz(a)pyrene] are higher than originally
reported. The absence of tumorous ani-
mals in other sewage lagoons not asso-
ciated with the base (but not eliminated
from the diagenesis of terrestrial pig-
ments) further substantiates the view
that the high lesion rate is base-related.

Francis L. Rose
Department of Biological Sciences,
Texas Tech University, Lubbock 79409
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Potassium Accumulation in Frog Muscle: The

Association-Induction Hypothesis versus the Membrane Theory

Palmer and Gulati (/) demonstrated
that frog muscle cells could accumulate
K* up to a concentration of 580 mM,
while accommodating Na* to a steady
concentration of no more than 20 to 30
percent of that in the external medium.
Since according to their calculations the
muscle cells have less than 580 mM an-
ionic sites, they concluded that (i) (intra-
cellular) K* is free under all conditions;
(ii) at most 20 percent of the cell water is
bound, in the sense that it excludes elec-
trolytes; and (iii) the data support the
membrane theory, in which the cell is
thought to represent a simple Donnan
equilibrium, but refute the basic tenet of
the association-induction hypothesis.

I criticize the report of Palmer and Gu-
lati for two reasons. First, the version of
the association-induction hypothesis
which they present is incorrect, and
hence their conclusions concerning it are
invalid. Solute distribution in living cells
has been described in a general equation
2, 3) which, as applied to the intra-
cellular K* concentration in moles per
liter of cell water, [K*].,,, may be written
as

[KJr]cw = (IK(CI)[K+]ex + [K+Iald +
[Kflaa + [K*a (D

where gy, is the equilibrium distribu-
tion coefficient of K* (as chloride) be-
tween the cell water and the external me-
dium ¢, 5); [K*]e is the equilibrium ex-
ternal K* concentration; and the last
three terms refer to K* adsorbed on
three different types of adsorbing sites.
Equation 1 hypothesizes a cell K* frac-
tion, indicated by the first term on the
right-hand side, which increases linearly
with increases of external K* and is thus
unsaturable. Therefore, cell K™ cannot
be a saturable function of external K*.
Yet Palmer and Gulati’s argument
against the association-induction hy-
pothesis rests on their statement that it is
a crucial prediction of the hypothesis
‘‘that the K content of the cell should be
a saturable function of external K*” (/).
Second, Palmer and Gulati ignored
relevant experimental findings, including
their own. The evidence they ignored in-
cludes (i) the finding that the degree of
displacement of an accumulated cation
such as K* depends on the nature and
not merely on the valence of the dis-
placing cation, in agreement with the as-
sociation-induction hypothesis and not
with the Donnan equilibrium theory (6),
and (ii) the long-established finding that

at external K* concentrations below 2.5
mM the cell undergoes a cooperative
transition, shifting toward and approach-
ing total displacement of cell K* by Na*
at zero external Kt (2, 7-11). In (1) they
presented only the range of experimen-
tal data which indicates that at very low
external K* concentrations the amount
of cell K+ does not approach zero but
instead levels off at a constant high value
of 150 mM, as demanded by the Donnan
membrane theory.

I will now demonstrate that the data
presented by Palmer and Gulati (/), the
data presented earlier by Gulati and Rei-
sin (/0), and our experimental data to-
gether confirm the general equation for
solute distribution presented as part of
the association-induction hypothesis (2).

Potassium in cell water. According to
the association-induction hypothesis,
cell water existing as polarized multi-
layers on certain extended polypeptide
chains is not nonsolvent water in the
sense that it does not dissolve any so-
lute. Instead, different solutes have vari-
ous solubilities in it because they have
different standard free energies of distri-
bution between cell water and water in
the surrounding medium , 5). So far,
there has been little direct experimental
investigation of gk, in cell water. The g
value of KCl in water in a silica gel is
0.77, whereas that for NaCl is only 0.51
(12). Similar values were obtained for the
nitrate salts (/3). Both sets of data show
that the ¢ value for K* in this model sys-
tem tends to be significantly higher than
that for Na*.

The concentration of Na' in the cell
water in Palmer and Gulati’s experiment
was about 20 mM at an external NaCl
concentration of 91  mM, giving
Gnaccy = 20/91 = 0.22. In our experi-
ments, the somewhat higher value of
0.29 was obtained. Thus, ggcp = 0.5
should be a reasonable value under the
conditions of Palmer and Gulati’s experi-
ment. This value yielded the first com-
ponent of the theoretical curve shown in
Fig. 1 as the straight line labeled C.

Adsorbed potassium. According to the
association-induction hypothesis, fixed
anionic sites on cell proteins (for ex-
ample, 8- and y-carboxyl groups) in nor-
mal cells not only provide preferential
adsorption sites (type I sites) for K* but
also help to maintain cell shape and vol-
ume by forming salt linkages with oppo-
sitely charged sites (such as imidazole, e-
amino, and guanidyl groups) on neigh-
boring proteins within the cells (/4). Salt
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linkages that form between fixed anion
(F7) and fixed cation (F*) groups can be
dissociated by high concentrations of
salts such as KCI:

F*F~ + K* + CI" 2 F*Cl- + FFK*(2)

resulting in new anionic adsorption sites
specific for both K+ (type II and type III
sites) and CI~.

Type I sites, according to the hypothe-
sis, adsorb most of the K* in frog muscle
cells in vivo. The predicted cooperative
shift to Na* adsorption at low K* con-
centrations has been confirmed repeat-
edly in frog muscle and other tissue (2,
7-9). The characteristic constants of this
type of adsorption sites described pre-
viously are used to construct the second
component of the theoretical curve de-
picted as curve D in Fig. 1.

When frog muscles are immersed in an
isotonic KCI solution, swelling of the
cells occurs. In terms of the association-
induction hypothesis, the high concen-
tration of KCI dissociates the restraining

salt linkages. More water can then move
into the cell to compensate for the
““loss’” of water activity through multi-
layer adsorption on the protein back-
bones (/5). Muscle cells that become
swollen in isotonic KCl do not show a
pronounced gain in the intracellular K*
concentration because water accumula-
tion accompanies the increased adsorp-
tion and thus dilutes the K* gained. This
dilution effect can be inhibited by includ-
ing in the KCI solution an ‘‘isotonic’
concentration of NaCl, as was the case
in the experiment of Palmer and Gulati.
With little or no inward movement of wa-
ter, the net gains of adsorbed KT,
through salt-linkage dissociation, then
produce a significant increase in the con-
centration of cell K*.

With a low external NaCl concentra-
tion, increasing the external KCI concen-
tration produces marked swelling in two
steps, as shown in curve B of Fig. 1. A
high external concentration of NaCl (91
mM) increases the concentration of Cl~

in the system, driving the reaction in Eq.
2 farther to the right. Therefore, we
would expect both salt-linkage dis-
sociation steps to occur at somewhat
lower KCI concentrations. The con-
sequent unmasking of type Il and type
II1 sites with increasing external KCI
concentrations is described by theo-
retical curves E and F in Fig. 1. Adding
curves C, D, E, and F, we obtain curve
A, the theoretical curve based on the
general form of Eq. 1 (3) for the total in-
tracellular K* concentration. I have ob-
tained new experimental data confirming
those presented in (/) and, as shown
in Fig. 1, curve A goes through most of
the experimental points. Similarly, with
somewhat different parameters, theo-
retical curves have been derived that fit
the data of Palmer and Gulati at high ex-
ternal K* concentrations and those of
Gulati and Reisin at low external K* con-
centrations (Fig. 2).

The theoretical Cl~ distribution curve
in Fig. 2 is a composite of curves similar

500 . [ T ]
Theoretical K" Curve // 600 ///
According fo ! Palmer- Gulati Experimental Points ($3) 7
Membrane S T . 7
400 + Hypotr:esxs \ Gulat - Reisir Experimental Points (e)
- g A
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Fig. 1 (left). Potassium concentration in frog muscle cells in the presence of 91 mM external NaCl. (O) New data on K* accumulation confirming
those of Palmer and Gulati (/); (®) new data on muscle swelling; and (©) old data of Ling and Bohr (8) on K* accumulation. Curve A is a
theoretical curve derived from the explicit form of Eq. 1 (3), which is resolvable into components shown as curve C [free K(CI)], curve D (type |
adsorption), curve E (type II adsorption), and curve F (type Il adsorption). The contribution of type I sites was determined from the results of
previous studies (7-9); those of type II and type 111 sites were estimated from curve B, which records the two-step swelling of frog muscles under
conditions similar to those of curve A, except that a low external NaCl concentration of 30 mM was used (/9). The ¢ value used to obtain curve C
was 0.5. Other numerical values used to obtain curves D, E, and F, respectively, were [F], = 122, 55, and 85 mM; K, = 1.35, 35, and 185 mM;
and —y/2 = 0.54, 1.36, and 0.91 kcal/mole. For all data points the lengths of the error bars represent twice the standard error based on four or
more determinations. The dashed straight line, predicted on the basis of the membrane theory as given by Palmer and Gulati (/), intercepts the

ordinate at about 150 mM.

Fig. 2 (right). Potassium and chloride in frog muscle cells. The experimental points are from Palmer and Gulati (/)

and Gulati and Reisin (/0) as indicated. Solid curves were derived from the explicit form of Eq. 1 (3). Dashed lines were derived on the basis of the
membrane theory. The numerical values used to obtain the theoretical curves for K* were ¢ = 0.5 for curve C and, for curves D, E, and F,
respectively, [F], = 150, 12, and 120 mM; K, = 1.0, 28, and 210 mM; and —y/2 = 0.60, 1.36, and 0.91 kcal/mole. The theoretical curve of CI~
accumulation is equal to that for K* accumulatici minus type I adsorption.
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to C, E, and F of Fig. 1; in this case
curve D is omitted because normal rest-
ing muscle contains an insignificant num-
ber of CI~ adsorption sites. As shown in
Eq. 2, the adsorption of CI~ on type II
and type III sites is quantitatively equal
to that of K*. Similarly, the ¢ value for
Cl is equal to that for K* when they are
added together as KCI.

The total concentration of anionic
sites in cell water is 250 mM for the theo-
retical curve describing the data shown
in Fig. 1 and 282 mM for the Palmer-Gu-
lati data shown in Fig. 2. The total con-
centration of anionic protein sites in frog
muscle cells is 288 umole per gram fresh
weight (6). Converted to concentration
in cell water, this corresponds to 406
mM , which is more than adequate for ad-
sorption (/6).

Palmer and Gulati’s theoretical curves
based on the membrane hypothesis are
shown as dashed lines in Figs. 1 and 2 for
comparison.

In summary, the association-induction
hypothesis can quantitatively explain
both the data of Palmer and Gulati (Fig.
2) and our confirmatory data (Fig. 1). It
can also explain (i) the data on cell K*
concentrations when the external K*
concentration is below 2.5 mM in both
sets of data, (ii) the clear-cut demonstra-
tion of specificity in the effectiveness of
competing monovalent cations in dis-
placing cell K*, and (iii) the exclusion of
permeant Na*t from the cell water (2, /4,
17, 18). To the best of my knowledge, the
membrane theory cannot do the same.

GILBERT N. LING
Department of Molecular Biology,
Pennsylvania Hospital,
Philadelphia 19107
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The discussion here concerns a com-
mon property of most cells, the mainte-
nance of an asymmetric distribution of
solutes between the cell and its environ-
ment. In the case of electrolytes, the po-
tassium concentration is high in the cell
and low outside, while the sodium and
chloride concentrations are low in the
cell and high in the external solution.
Two major classes of mechanisms, the
membrane theory and the binding hy-
pothesis, have been proposed to explain
these properties of the living cell. Ac-
cording to the membrane theory, solutes
are freely dissolved in the cell water, im-
plying that some solutes (such as Na™)
are maintained at concentrations far
from those of electrochemical equilibri-
um. In contrast, the binding hypothesis
postulates that ions are at equilibrium
between the cell and its external environ-
ment. Thus K* is concentrated in the cell
because of its selective binding to fixed
anionic sites, while the Na™ concentra-
tion is low because of exclusion by a
tightly structured cell water.

Our recent experimental findings (/),
confirmed by Ling above, showed that
frog muscles can be made to survive in
solutions containing as much as 0.5M
KCI. These cells accumulated K* to a
level that exceeded the available anionic
sites. We therefore consider our findings
inconsistent with the binding hypothesis.
In contrast, the membrane theory gives a
straightforward explanation of the data.
It indicates that the bulk of K+ in the cell

is free and that at most 20 percent of the
cell water may be inaccessible to the
solutes.

The main issue raised by Ling is that
of the equilibrium distribution coefficient
(gx) for free K* ions between the cell and
the external water. Proponents of the
membrane theory usually assume that
this parameter is approximately equal to
one. Ling and Ochsenfeld (2) used a val-
ue of zero in 1966. In 1973 Ling et al. (3)
suggested a value of about 0.1 for both
K* and Na*. Now to fit the new data (1),
Ling postulates a distribution coefficient
of 0.5 for K*. He does this in order to
selectively attribute large fractions of ac-
cumulated K* near and at the highest
values of K(ex) in our experiments to
those dissolved in cell water. We argue
for negligibly small distribution coeffi-
cients for both K* and Na™ in the binding
theory. These small g’s are due to the
important influence of cellular electrical
potentials, which Ling ignores.

Ling’s theory contends that Na* is ex-
cluded from the cell water at equilibrium
because of an increase in the standard
free energy (Aw;®) of the ions in the cell
over those in the external medium. For
nonelectrolytes, or for electrolytes in the
absence of electrical potential gradients,
g; of a solute i is related to Au® by the
expression ¢)

6i = eDu" (M

where R is the gas constant, T is the ab-
solute temperature, and

Ap® = u(ex) — p(cell)

Equilibrium distributions of charged
species in living cells are complicated by
the presence of electrical potential grad-
ients. For the frog muscle, under physio-
logical conditions, we can use the gener-
al relation

wu(cell) + RT In a;(cell) + Fy(cell) =
w’(ex) + RT In a;(ex) + Fx(ex) (2)

where a; is the activity of species i, x is
the electrical potential, F is the Faraday
constant, and (cell) and (ex) refer to the
cellular and the extracellular com-
partments, respectively. It is assumed
that the potential gradient Ay exists only
across the cell membrane or surface and
that the points along the cytoplasm are
all equipotential.

Rearranging and replacing activities
with concentrations

Cicell) = Cilex) x PAHIRT 3¢ eFAXIRT =
Cilex) X g; X p 3)

where p is substituted for eF4X/RT,
For Na* in normal Ringer’s solution,
Cya(cell) = 30 mM and Cy,(ex) = 113
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mM (I). Using Ax = 100 mv, we calcu-
late at 25°C p = 50 and gy, = 0.0055.
This is probably an overestimate of gya,
since many studies have indicated that
only part of the total Na* is free cyto-
plasmic ion (5). Subtracting the bound
fraction of Na* from the measured value
yields gy = 0.0028. In contrast, the new
value calculated above by Ling is too
high since it includes neither the p term
nor the contribution of bound sodium.

The K* distribution ratio can be as
much as twice that for Na* in a silica gel
model system (6), and Ling postulates
that a similar correlation between gx and
gna €Xxists in the living cell. If this is cor-
rect, it may be reasonable to assume an
upper limit of 0.01 for gx in the muscle
cells. Thus, under physiological condi-
tions, the concentration of free K* ac-
cording to the equilibrium model is 2.5 X
p X g=125 mM. At the highest ex-
ternal K* concentration we used (500
mM) (1) the cell is most likely depolar-
ized, so that Ax =0 and p = 1, and the
concentration of free K* calculated with
Eq. 3 is at most 5 mM, a negligible
amount. According to the association-in-
duction hypothesis or any other equilib-
rium binding model, essentially all the
accumulated K* must therefore be
treated as if bound. And for the binding
hypothesis to be correct, our original
statement should hold—within experi-
mental error the K* uptake must be a
saturable function of K(ex). This is clear-
ly not the case [see also reference 19 in
(1.

It is possible to postulate that the dis-
tribution coefficient for K* is two orders
of magnitude larger than that for Na*. As
far as we know, no one has considered
this possibility, nor does it have any the-
oretical or experimental basis. An inter-
esting modification of the binding theory
is to postulate that g increases as K(ex)
is increased. In this case, g could be low
(as calculated above) under physiologi-
cal conditions and approach 0.3 (for gy.)
and 0.5 (for gx) at high K* concentra-
tions. However, our measurements of
the sucrose distribution at various KCl
concentrations (/) argue against this pos-
sibility. According to Ling’s ideas, su-
crose can permeate the muscle cell but
distributes mainly in the extracellular
space because of its low partition coeffi-
cient (3). Since the sucrose space did not
increase with increasing K(ex), we as-
sume that the putative water structure
did not change.

The sodium measurements showed a
drop in cell Na®™ as the K(ex) was in-
creased over 2.5 mM [see figure 1 in (/)].
This is additional evidence that g in the

1284

binding theory is not influenced by varia-
tions in the K* concentration (7). Since
the cell water structure is considered the
main mechanism for the exclusion of sol-
utes in this theory, the observed de-
crease in cell Na* at high KCI indicates
also that the g values for the monovalent
cations must be low—of the order of
magnitude calculated from Eq. 3. As-
sumptions of high values for ¢ fail to ex-
plain the drop in cell Na* (7).

Type 11 and type 111 adsorptions are
postulated by Ling to account for the in-
tracellular K* accumulated after the type
I or high-affinity sites have been satu-
rated. The amounts of these secondary
adsorptions are estimated by arbitrarily
selecting 30 mM NaCl in the external so-
lution, causing cell swelling. The as-
sumption is made that the new sites be-
come unmasked in the swollen muscle.
In our experiments, the NaCl concentra-
tion was controlled strictly in accord-
ance with the theoretical considerations
to keep the cell volume constant (8);
thus, even if these secondary sites exist-
ed, they would have remained masked.

Finally, our use of the Donnan theory
after Boyle and Conway (9) was based
on the idea that under our experimental
conditions Na* ions are effectively non-
permeating. Since Na't can penetrate the
cell water, an active transport system
must be invoked to keep the intracellular
Na* concentration low (/0). This mecha-
nism is commonly thought to involve a
membrane-bound adenosine triphospha-
tase which requires the presence of ex-
ternal K* for enzyme activity (/1). The
observed decrease in cell Na* with in-
creased KCI (I, 7) implies, according to
the membrane theory, (i) that the pump
operates with greater efficiency and/or
(ii) that leakage of Na* into the cell is de-
creased under these conditions. At low
external K* concentrations (C near 2.5
mM and below), the condition of ef-
fective nonpermeation appears to break
down, which also explains the well-
known deviations (/2) from the Donnan
theory under those conditions.

In summary, it should be noted that in
addition to (i) using values for g that are
too high and (ii) making the ad hoc as-
sumption regarding the presence of three
different types of binding sites, Ling re-
quires nine arbitrary parameters to ex-
plain our findings by the binding theory
(the values of [F],, K, and —v/2 are sep-
arately selected for each of the three
types of postulated adsorption sites to do
the curve fitting; see the legends of Figs.
1 and 2 in Ling’s comment above). Even
a linear plot of K(cell) against K(ex)
could be accounted for by assuming a

large number of low-affinity sites. On the
other hand, assuming only that the Don-
nan principles apply, the membrane
theory gave the simplest explanation of
the data (7). In conclusion, even though
the ideas contained in the association-
induction hypothesis have, in the past,
provided a stimulating challenge to the
membrane theory, the new findings show
that the binding hypothesis is no longer
a useful alternative.
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