phenomena will be obtained in further work with pulsed NMR studies which enable measure-
ments of the relaxation times.
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The Double Fixed Charge Membrane Model: an H ypothesis
Concerning the Structure and Morphogenesis of Cell Membranes

Dear Sir:

The electrical properties of a membrane containing two fixed charge regions, of opposite
sign, in juxtaposition, show many similarities to those of cell membranes (e.g., Coster, 1965,
1969, 1973 a, b). In the theoretical analysis of this membrane model previously given (e.g.,
Mauro, 1962; Coster, 1965, 1973 a, b), neither the question of a possible physical realization
of the model system, nor the relationship between the model and the structures postulated
for the cell membrane, was considered.

Based on the hypothesis of the presence of a double fixed charge system in cell membranes,
we now wish to put forward an hypothesis of the molecular organization, morphogenesis, and
appearance, under electron microscopy, of the cell membrane.

Proteins, either as a separate phase or in various lipoprotein and glycoprotein complexes
are a major constituent of all cell membranes. For the present discussion they are, as sug-
gested by much recent work (e.g., see Fox, 1972), assumed to be distributed throughout the
bulk of the membrane. Fixed charges in the cell membrane could arise on the membrane
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proteins from the ionization of NH. or COOH groups not involved in the peptide links (i.e.,
on basic and acidic amino acids).

For the double fixed charge membrane (FCM) model we require that under normal
physiological conditions one-half of the membrane contains a predominance of positive sites
and the other a predominance of negative sites. Such a distribution of ionized sites, in prin-
ciple, could, for example, reflect an intrinsic asymmetry of ionizable sites on the proteins,
perhaps as a consequence of the generation of the membrane in the presence of the very large
electrochemical gradients which exist between the cytoplasm and the external medium.
Alternatively, or additionally, it could also reflect differences in pH between the external
medium and the cell interior.

The junction of a fixed positive charge lattice with the fixed negative charge lattice gives
rise to a transition region, the depletion layer, which is almost completely depleted of mobile
ions and in which the space charge is consequently very high (Mauro, 1962; Coster, 1965).

The precise form of the profiles of the concentrations of mobile ions permeating such a
membrane and the electrostatic potential depends on the distribution of fixed ionized sites,
the dielectric constant of the membrane, the concentration of ions in the external solutions,
and the cellular potential developed across the membrane (e.g., see Coster et al., 1969; Coster,
1973 b). The latter is in turn dependent on the solution concentration as well as the diffusion
constants for the various ions in the membrane.

The electric field strength in the depletion layer, which under physiological conditions
would be ~30 A in thickness, is very high. For a fixed charge concentration of ~0.1 M with a
dielectric constant of 10, under physiological conditions, the field in the depletion layer, both
for a graded and an abrupt fixed charge density profile would be of the order of 10* V ‘'m, even
with zero potential across the membrane (¢.g., see Coster et al., 1969).

Pursuing the assumption that the cell membrane does indeed contain a double fixed charge
system it is suggested that:

(a) The very high electric field strength in the depletion layer of the double FCM would
lead to an alignment, transverse to the membrane, of many long chained polypeptide, lipo-
protein, glycoprotein, and phopholipid molecules. This is at once apparent when one con-
siders that the energy difference for the aligned and nonaligned orientations of a molecule
with an electric dipole moment as small as 4 X 107 ¢cm (i.e., an electronic charge separation
of ~2.5 A) in an electric field of 105 V 'm is larger than the thermal energy 4T (at 18°C).

(h) An alignment of the molecules in the strong field would also result in a much more
closely packed arrangement of the molecules.

(c) In the regions outside the depletion layer the electric field is relatively weak and the
proteins would likely be randomly coiled, a-helical, or globular in nature.

(d) At very high field strengths the dielectric constant, which is a reflection of the electric
polarizability of the molecular constituents, decreases due to saturation effects (e.g., see
Booth, 1955; Buckingham, 1956). It would thus be likely that the dielectric constant of the
aligned molecules in the depletion layer could be significantly lower than in the adjacent low
ficld regions.

(e) The electric field in the depletion layer of a double FCM is not constant and has a
maximum value in the center of this region. From energy considerations, molecules with a
residual dipole moment in such a nonuniform field would tend to accumulate in the regions of
maximum field strength. This etfect could, of course, be largely offset by considerations of
hydrophilic and hydrophobic bonding involved in the final distribution of material. The
electrostatic effect would, furthermore, more likely be significant for molecules of relatively
small chain length, such as lecithin or cholesterol, rather than the high molecular weight
polypeptides.
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Unlike the scheme proposed in the Danielli-Davson-Robertson model (Danielli and
Davson, 1935; Robertson, 1959), the gross morphology would thus on this model reflect the
antecedent electrochemical profiles and would not result from a dimensionally fixed and
defined bimolecular lipid leaflet.

(f) Based on the assumption of a bipolar distribution of ionized sites it is proposed that
the central high field region containing transversely aligned molecular chains, sandwiched
between the two weak field regions containing more randomly coiled protein molecules,
corresponds to the trilayer structure of cell membranes scen under electron microscopy.

A quantitative comparison of the trilaminar cell membrane structure and the three regions
which are generated in the double FCM can be made by calculation of the width of the
depletion layer (for details sce Coster [1965] taking into account the effect of partition co-
efficients, Coster [1973 b)).

A direct comparison of the dimensions of the theoretical profiles and the resultant molecu-
lar organization and the membrane structure revealed in the clectron micrographs of OsO,-
fixed cells of Chara corcllina is shown in Fig. 1. The values of the fixed charge parameters
used in calculating the profiles were: fixed charge concentrations 0.1 M, dielectric constant
10, and a product of 1 mM for the external ion concentrations and the ion partition coefhi-
cients. These values arc not oaly physiologically reasonable but were also required to fit the
theoretical DC and AC characteristics to typical experimental results obtained for these cells.

It is evident from the figure that the theoretical widths of the central high field (depletion)
layer and the adjacent low field regions, indicated on the electron micrograph, closely cor-
respond the central electron-lucent and adjacent electron-derse regions, respectively, in the
0Os0O-fixed membrare.

On the hypothesis proposed the dimensions of the trilayer structures seen in cellular mem-
branes are casily accounted for by variations in the fixed charge parameters such as, for
instance, the fixed charge concentration (through variation in the amino acid composition of
membrare proteins or external pH), or the dielectric constant (e.g., through variations in
the lipid content).

The pH which is known to have profound effects on the electrical and permeation proper-
ties of cell membranes would thus also perhaps be expected to have an affect on the mem-
brane structure. Indeed a dependence on pH of the relative widths of the three layers in the
plasma membrane structure has alrecady been observed in electron microscope studics of the
membranes of cells of C. corallina cultured and fixed at different pH (Coster and Kaplin,
in preparation).

The observations of Fleisher and Stoeckenius (1967) that membranes from which 90¢; of
the lipids had been extracted still displayed the trilayer structures seen in the original mem-
branes would, further, not be unexpected with the double FCM model. This would not deny
the importance of lipids in the membrane, for instance through their effect on the dielectric
constant. The latter quantity would have a twofold effect. Firstly the width of the depletion
layer in the double FCM is a function of the dielectric constant for a given potential differ-
ence appearing across the depletion layer. This would thus also reflect in the molecular
structure and morphology of the membrane. Secondly a decrease in the dielectric constant
would increase the solution-membrane ion partition coefficients and hence increase the
“Donnan’’ potentials at each solution-membrane interface (Coster, 1973 ). This would thus
enhance the bipolar nature of the membrane profiles (and hence also its stability).

Finally, it is worth noting that given the formation of an initial, perhaps amorphous,
membranous layer in which either an intrinsic or induced asymmetrical profile of concentra-
tion of ionized sites is present, the morphogenesis of the molecular organization and trilayer
structure would proceed spontaneously.
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FIGURE 1 A comparison of the theoretical profiles and suggested resultant molecular or-
ganization in the double FCM model, with the trilaminar structure of the cell membrane
seen under electron microscopy. The theoretical profile shown is for an abrupt junction
double FCM with the parameters listed in the text, at zero membrane potential (zero po-
tential for comparison with an OsO,-fixed cell). The values chosen are both physiologically
reasonable and were required to fit the theoretical AC and DC electrical characteristics
of the double FCM to typical experimental results for the membranes of cells of C. corallina
(Coster, 1965, 1969, 1973 a, b). The electron micrographs show the plasma membrane of
these cells fixed in OsO,. The large electron micrograph on which the theoretical profiles
for the double FCM have been plotted is a photographically enlarged segment of the cen-
tral portion of the encircled area in the electron micrograph shown in the inser. The scale
shown in the larger print was determined by calibration of the electron microscope using a
diffraction grating. The photographic enlargement factor was determined optically. The
depletion layer in the theoretical profiles, indicated on the electron micrograph, where
the electric field strength is very high and the molecules would tend to align transversely
to the membrane, is here identified with the electron-lucent central region in the OsO,-fixed
membrane. The outer low field regions in the double FCM, where the molecules would more
likely be randomly coiled, are identified with the electron-dense regions in the OsO,-fixed
membrane. (Top, X98,000; inset, X 3,400,000.)
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