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The ion-exchange properties of protoplasmic
polyelectrolyte proteins are now recognized
to contribute significantly to the overall ionic
composition of a cell (1). This concept of
biological ion-exchanger resin has been re-
cently introduced by Damadian (1-3) and
experimentally proven in intact cells and in
the cell-free system of Escherichia coli. It
was of interest to test if this concept of the
biological ion-exchanger resin applies to proto-
plasmic molecules derived from mammalian
cells. '

Our earlier investigation of the tissue-
specific antigens from different corneal layers
of cattle resulted in the observation of differ-
ences in the electrophoretic mobility between
the antigens extracted from corneal epithelium
and endothelium, the majority of the former
being weakly and of the latter strongly
anodic (4). One of the aims of this investi-
gation was to see if the proteins from separate
corneal layers of other mammalian species
exhibit similar characteristic behavior in an
electrical field. The main objective, however,
was to test if the observed differences in the

electrophoretic mobility of extractable corneal

macromolecules can be related to the ion-ex-
change properties of the protoplasmic poly-
electrolytes of corneal epithelial and endo-
thelial cells.

Materials and Methods. Rabbit corneas
were dissected from fresh rabbit eyes (Rock-
land, Pa.), carefully rinsed in cold physiologi-
cal saline, and blotted with filter paper.
Different corneal layers were separated and
collected as described earlier (4). Special care
was exercised to obtain uncontaminated,
clean corneal layers. Separated corneal
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epithelium, stroma, and endothelium were
stored frozen at —20° or in liquid nitrogen.

The cell structure of the rabbit corneal
layers was broken with the aid of a frozen-
tissue pulverizer (Scientific Industries, N.Y.)
at —75°. The pulverized powders were ex-
tracted with cold saline-phosphate buffer
(0.15 M sodium chloride, 0.01 M sodium
phosphate, pH 7.2) in a glass Ten-Broecke
tissue grinder. The homogenates were then
centrifuged at high speed to sediment all the
insoluble residue. The protein concentrations
in the supernatants were determined as de-
scribed by Lowry et al. (5).

Muscovy ducks were immunized with
homogenized whole rabbit corneas by intra-
muscular injections in the breast. At every
immunization a total of 1 ml of a mixture
containing complete Freund’s adjuvant (M.
butyricum) and corneal antigens at the con-
centration of 100 mg wet weight/ml was in-
jected at five different points. The first three
injections were given weekly, all others at
monthly intervals. The ducks were bled from
the heart 10-12 days after the last immuni-
zation.

Duck antisera were absorbed with lyo-
philized rabbit serum proteins at the con-
centration of 10 mg/ml in a manner described
previously (4).

Scheidegger’s (6) microimmunoelectro-
phoresis technique in 1.5% agar (Noble,
Difco Laboratories) and 0.05 M veronal-
acetate buffer at pH 8.2, 0.05 xm was used.
The conditions and details for immunoelectro-
phoresis were described earlier (4).

Polyacrylamide disc-gel electrophoresis was
performed in the standard Canalco 7% alka-
line gels. Migration was toward the anode at
5 mA/gel. The gels were stained for protein
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Frc. 1. Immunoelectrophoresis of soluble protein
fractions extracted from different layers of a rabbit
cornea. The precipitin patterns in the left column
were developed with the unabsorbed antiserum (U),
while those in the right column with the antiserum
absorbed with lyophilized rabbit serum proteins (A).
Anode is on the left.

with Coomasie blue (7) and scanned in a
Joyce-Loebl Chromoscan at 700 nm.

The ion-exchange properties were deter-
mined by equilibrium dialysis of corneal
soluble proteins against 0.1 mM KCl under
conditions similar to those described by
Damadian (1). Potassium bound by any given
protein fraction was determined by measuring
the difference in concentrations of K+ in the
medium and inside the sac before and after
equilibrium dialysis for 5 hr at room tempera-
ture. The K+ content of epithelial, stromal,
and endothelial proteins was measured in an
atomic absorption spectrophotometer (Per-
kins—Elmer). In all experiments, the protein
concentrations inside the sacs were adjusted
to be 1.0 mg for epithelial and stromal pro-
teins, and 0.2 mg for endothelial proteins. The
protein fractions were freshly extracted and
dialyzed against distilled water before equili-
brium dialysis.

Results. Figure 1 compares the antigenic
compositions of soluble macromolecules from
corneal epithelium, stroma, and endothelium.
The left column presents immunoelectro-
phoretic precipitin patterns developed with
unabsorbed antiserum. In the right column,
where only tissue antigens are visualized
by means of anticornea antiserum absorbed
with lyophilized rabbit serum proteins, char-
acteristic differences in the electrophoretic
mobilities of corneal epithelial and endothelial
antigens can be clearly seen. Rabbit epithelial
antigens are grouped nearer to the cathode.
By comparison, rabbit endothelial antigens
moved farther to the anode. The stromal anti-
gens were about evenly distributed between
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the two electrical poles. When unabsorbed
antiserum was used for the development (Fig.
1, left column) such differences in the electro-
phoretic mobilities could no longer be detected
because of the reactions of antibodies to
strongly antigenic serum proteins in the tissue
extracts.

Since proteins separate in an electrical field
on the basis of their net charges as well as
molecular sizes, it was of interest to check
how the size factor influences the electro-
phoretic distribution of epithelial and endo-
thelial proteins. With this purpose in mind,
freshly extracted corneal proteins were sub-
jected to disc-gel electrophoresis in 7% alka-
line gels. As seen in Fig. 2, the differences in
mobility distributions between epithelial and
endothelial proteins, first observed in agar
electrophoresis, were not obscured by the
sieving effect of the acrylamide gels. From a
cursory examination of the ‘“clustering” of
the bands in both gels in Fig. 2, it is obvious
that a majority of epithelial protein bands
was closer to the cathode, while a majority
of endothelial bands moved closer to the
anode. Using the spectrophotometric scans,
it was possible to draw lines at the mid-
mobility points for each gel (starting from
the fastest-moving protein band) and cal-
culate the total areas under the scans on
each side of the line (Fig. 2). In our experi-
ments, 71.49% of all epithelial proteins ver-
sus 43.5% of all endothelial proteins was on
the cathodic side (Fig. 2) of the mid-
mobility points.

In order to see if these “average” net-
charge differences between the mixtures of
extractable epithelial and endothelial proteins

TABLE 1. Binding of Potassium by the Soluble
Protein Fractions from Different Corneal Layers.

Corneal layer Potassium bound*

(rabbit) (vmole K /g protein)
Epithelium 2684 + 30.5
Stroma 4368 + 94.2
Endothelium 2,159.5 + 889.1

® Results of equilibrium dialysis against aqueous
KCl1 (0.1 mM) performed under conditions described
in “Materials and Methods.” Each value is the mean
of nine measurements from three different equilib-
rium dialysis experiments, & the standard error of
the mean.,
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F1c. 2. Polyacrylamide gel electrophorems of the proteins freshly extracted from corneal epitheli-
um and endothelial (60 ug/gel), performed as described in Methods. Gels were stained with Coo-
masie blue. The diagrams of stained gels are at the bottom. Gel scans of stained polyacrylamide
gels were used to calculate the percentages of relative electrophoretic mobilities of epithelial and

endothelial proteins, as explained in the text.

may be reflected in their relative ability to
bind cations, equilibrium dialysis experiments
against 0.1 mM KCl were performed (Table
I). Each mean value for potassium binding
reported in Table I represents the results
from three different experiments, each done
in triplicate. Standard errors in Table I were
calculated from all combined experimental
data. When the mean values for potassium
binding from any individual triplicate experi-
ment were calculated, the standard error was
significantly smaller: less than 10% for
epithelium, 5% for stroma, and less than
109% for endothelium. The larger standard
deviations calculated from all combined ex-
periments are an indication of the dependence
of the ion binding by extracted macromole-
cules on conformational changes occurring
during the preparation even under carefully
controlled conditions. The results clearly in-
dicate that endothelial proteins, even outside
of their cellular environment, act as a much
stronger cation exchanger, binding nearly
10X more potassium ions than epithelial
proteins. The reported difference significantly
exceeds the calculated standard deviation of
the procedure.

Discussion. The cornea of an eye has a
very unique tripartite structure in which a
lamellar stroma is limited by several layers

of epithelial cells anteriorly, and by a single
layer of endothelial cells on the posterior
side (8). In addition to its special anatomical
features, the avascular cornea has the unusual
ability to maintain detergescence under
hyper- and hypotonic conditions in different
species. For these reasons, the cornea has
been a favorite model for the study of ion
transport across cellular barriers (9).

Our observation that the differences in
electrophoretic mobilities between epithelial
and endothelial protoplastic macromolecules
were not changed by the sieving effect of
polyacrylamide gels, indicates that they were
due to net charge rather than to molecular
size differences. In polyacrylamide gels, the
amount of endothelial proteins that moved
further than the electrophoretic mid-mobility
point was about twice that of epithelial pro-
teins (Fig. 2). This value is directly related
to the relative content of proteins with higher
electronegative net charge in the soluble ex-
tracts from these corneal cells.

The potential physiological significance of
these net-charge differences was demonstrated
by the fact that in this report the binding
of potassium ions by endothelial extractable.
macromolecules was ten times greater than
that by epithelial macromolecules. Thus, it
appears that the cation binding expresses
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the net charge differences between corneal
endothelial and epithelial protoplasmic
macromolecules in a much more pronounced
way than the electrophoretic mobility does.

The observation that the extractable pro-
teins from corneal tissues retained their
ability to bind potassium ions even in the
cell-free environment is significant in terms
of a biological ion-exchanger resin concept
(1-3). According to this concept, the bind-
ing occurs through the nuetralization of
fixed charges on intracellular proteins in the
absence of any energy source, of a suitable
substrate, and of cellular membranes (2).
Such an interpretation is supported by the
evidence from recent NMR experiments
(10), which indicated that potassium ions
inside a cell are complexed to fixed charges
and/or are solvated in a semi-crystalline
state.

Damadian reported that with bacterial
protein fractions in the cell-free system, the
amount of cation bound was close to that ob-
tained with whole, intact cells (1, 2). How-
ever, the ability to discriminate between dif-
ferent monovalent cations was greatly re-
duced in the cell-free system. The selectivi-
ty aspect was not looked at closely in the
present study, but from our preliminary ex-
periments it appeared that some selectivity
for potassium over sodium ions was retained
by corneal proteins in a cell-free environ-
ment.

The values for potassium binding by cor-
neal macromolecules are higher than those
given by Damadian for bacterial protein frac-
tions (1). This might be a reflection of dif-
ferent amounts and/or easier accessibility
of fixed charges on corneal versus bacterial
(E. coli) intracellular proteins.

The difference in the passive binding of
potassium ions by intracellular macromole-
cules from separate corneal layers offers a
simple explanation for such a well-known
phenomenon as the accumulation of rela-
tively large concentration gradients of ca-
tions in corneal cells and tissues. Although
membrane-situated pumps have been pro-
posed as mechanisms for cellular ion ac-
cumulation in the cornea (9, 11), a concept
of cell polyelectrolytes serving as ion-ex-
changer resins may contribute to a possible
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explanation of the movement of ions against
“apparent concentration gradients” and to an
understanding of differences known to exist
between the transport activities of corneal
epithelial and endothelial layers (9, 11).

Summary. The experimental evidence de-
scribed in this report shows that the elec-
trophoretic mobility differences between
epithelial and endothelial proteins appear to
be a general phenomenon for mammalian
corneal tissues. The characteristic behavior
in an electrical field of epithelial and endo-
thelial proteins was demonstrated to be a
result of net charge rather than molecular-
size differences by using agar and polyacryl-
amide as support media for electrophoresis.
In both techniques the majority of endo-
thelial proteins was grouped closer to the
anode.

Data are given to show that the observed
net-charge differences are reflected in the ion-
exchange properties of epithelial and endo-
thelial protoplasmic proteins. In the cell-free
environment, the endothelial macromolecules
bound about ten times more K+ than the
epithelial macromolecules. These binding
differences could account, at least partially,
for the net accumulation of ions against an
“apparent concentration gradient.”

We wish to thank Dr. Raymond Damadian for
his interest in this work and his helpful suggestions
in regard to equilibrium dialysis experiments.
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