I. Membrane Biol. 7, 245-266 (1972)
© by Springer-Verlag New York Inc. 1972

Lipid-Polypeptide Interactions in Bilayer Lipid Membranes

M. Montal

Department of Biochemistry, Center for Research and Advanced Studies,
National Polytechnic Institute, P.O. Box 14-740, México 14, D.F., México

Received 15 September 1971

Summary. The modifications of the electrical properties of bilayer lipid membranes
(BLM) composed of cholesterol and an ionic surfactant upon interaction with charged
polypeptides were studied. The addition of 10~8 M polylysine (Pst) to one side of anionic
cholesterol dodecylphosphate BLM increases the specific membrane conductance over
1000-fold (from 10— to 105 mho/cm?) and develops a cationic transmembrane poten-
tial larger than 50 mV. This potential is reverted by addition of polyanions such as
RNA, polyglutamic or polyadenilic acid to the same side on which Ps™ is present, by
addition of Ps™ to the opposite side, or by addition of trypsin to either side. Both con-
ductance and potential changes are hindered by increasing the ionic strength or by
raising the pH of the bathing medium, disappearing above pH 11.5 where it is known
that Ps T folds into an a-helix. The interaction of polyglutamic acid (PGA) with a cationic
cholesterol-hexadecyltrimethylammonium bromide BLM results in increased membrane
conductance and development of an anionic transmembrane potential which is reverted
by addition of polycations to the same aqueous phase where PGA is present. Addition
of either Ps+ or PGA to one or both sides of a neutral BLM composed of 7-dehydro-
cholesterol induces no significant change. The observations suggest the formation of a
lipid polymer membrane resultant from the interaction, predominantly electrostatic, of
the isolated components. The implications of these results are discussed in terms of the
current models of membrane structure.

Model systems of membrane structure consisting of phospholipid liquid-
crystals, either in the form of a vesicle (¢f. Bangham, 1968; Huang, 1969)
or an isolated ultra-thin film (¢f. Mueller & Rudin, 19695; Thompson &
Henn, 1970) have provided considerable insights into the mechanisms
underlying exquisite membrane functions, such as excitability (Mueller &
Rudin, 1963, 1968), ionic selectivity (Mueller & Rudin, 1967; Skulachev,
Sharaf & Liberman, 1967; Finkelstein & Cass, 1968; Hopfer, Lehninger &
Thompson, 1968), light-induced phenomena (c¢f. Tien, 1970) and several
others (for an authoritative recent account see Mueller & Rudin, 19695).

In these studies, conferral of the specific membrane function to the
lipid system has been attained either by adsorption of complex and unidenti-
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fied proteinaceous materials or by the incorporation of relatively well
defined cyclic peptides, antibiotics, fungistatics, lipid-soluble weak acids
and pigments among others (¢f. Mueller & Rudin, 1969 ).

At the realm of these reconstitutions lies the fundamental problem of
the nature of lipid-protein interactions. In this paper, an attempt is made
to describe a model-system for lipid-protein associations in membranes in
which the predominant factor determining the interaction is coulombic.
For this purpose, use has been made on one hand, of anionic, neutral and
cationic isolated bilayer lipid membranes (BLM)* composed of cholesterol
and an ionic surfactant, since Lawrence (1961) has described the formation
of smectic mesophases in a ternary system consisting of an ionic and a non-
ionic amphiphile in water, and Tien and Diana (1967a) have shown that
smectic mesophases, in the form of isolated bilayer membranes, develop
when a system of an ionic (DAP or HDTAB) and a non-ionic amphiphile
(cholesterol) in oil (n-dodecane) is spread under water over an orifice in a
teflon partition separating two aqueous phases, and on the other hand,
of anionic or cationic polypeptides with well defined ionic properties in
solution (Doty, Imahori & Klemperer, 1958; Applequist & Doty, 1962;
Katchalsky, Sela, Silman & Berger, 1964). The relevance of these obser-
vations to the problem of biological membrane structure and function will
be discussed.

Similar experiments have been recently reported on other model mem-
branes by Shah (1969, 1970) using stearic acid monolayers and polylysine,
and by Hammes and Schullery (1970) and Kimelberg and Papahadjopoulos
(1971 6) with phosphatidy! serine vesicles and polylysine.

Materials and Methods

The lipid bilayers were formed and studied as originally reported by Mueller, Rudin,
Tien and Wescott (1962) and recently described in detail by Mueller and Rudin (19694a).
The membrane cell consisted of two concentric chambers, the inner one being a teflon
cup 2 cm in diameter, hereafter designated as the inside, and the outer one a 5 cm X 2 cm
lucite box. The wall of the inner chamber is pierced by a hole, 1.1 mm in diameter in which
the BLM is formed. The volume of the inside compartment is 4 cc and is continuously
stirred by means of a miniature magnetic spin-bar. The volume of the unstirred outside
compartment is 8 cc. The membranes were continuously observed with a stereo-micro-
scope under reflected light. The area of the membrane was taken to be that of the opening
in the teflon partition (1 mm?) and no corrections were made for the negligible torus
obtained with this type of BLM. The membrane solutions employed were: (1) 1%

1 Abbreviations used: BLM Bilayer lipid membrane; DAP Dodecyl acid phosphate;
HDTAB Hexadecyltrimethylammonium bromide; PGA Polyglutamic acid; Ps* Poly-
lysine; Vim Membrane Potential; Rm Membrane Resistance; Gm Membrane Con-
ductance.
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cholesterol (Sigma, St. Louis, Missouri) and 0.1% dodecyl acid phosphate (Hooker
Chemical Co., Niagara Falls, N.Y.) in #~-dodecane, which is anionic (Tien & Diana,
19674a); (2) 1% 7-dehydrocholesterol (Sigma) in a-decane, which is uncharged (Tien,
Carbone & Dawidowicz, 1966); and (3) 1% cholesterol (Sigma) in n-dodecane with
0.001 % Hexadecyltrimethylammonium bromide (HDTAB) included in the aqueous
phase, which is positively charged (Tien & Diana, 19674, b). The aqueous phase con-
sisted of NaCl buffered with Tris-chloride at the concentration and pH indicated in
figure and table legends. To control the pH changes introduced by the addition of the
adsorbates, the pH was adjusted before and tested after every experiment. No significant
deviation from the adjusted buffer value was detected. The temperature was 25+1 °C.
The electrical circuits are analogous to those described by Mueller and Rudin (19694)
and Tien and Diana (19675b). For the measurements of the DC membrane resistance a
selected potential Vi was applied from a calibrated source (pH millivolt testbox, Model
EUA-20-12, Heath Co., USA) to the input resistor Ri, and the membrane resistor Rm.
With the use of this instrument Ri could be varied from 10° to 10° Q and Vi from 0 to
1.4 V. The potential appearing across the membrane Vim, was measured with a high
input impedance electrometer (Keithley, Model 610 R, Keithley Instruments, Inc.,
Cleveland, Ohio) between two saturated calomel electrodes (Beckman 39270). The inner
compartment electrode was the active one, attached to the electrometer; the outer
compartment electrode was connected to ground as a reference electrode. The output
of the electrometer was connected to a strip chart recorder (VOM 6-2E, Bausch and
Lomb, N.Y., or 906T Visicorder Oscillograph, Honeywell, Denver, Colorado). Since
Viand Ri are known and Vi is measured, Rm can be calculated by means of the following
equation:
Vim

Rm=1—

- Ri.

It should be noted that the membrane potential was usually less than | mV when
the aqueous solutions were identical, so that electrode asymmetry potentials and junction
potentials were considered negligible when compared to the magnitude of the potentials
induced by the adsorbates under study. Transference numbers were calculated from
membrane potential measurements assuming that only the two ions of highest concen-
tration were permeable, that is sanion 4 geation =1 yging the following equation (McInnes,
1961):

2cation_ Vm

T 2V max +0.3

where ¢ is the transference mumber, Vm, the measured membrane potential and Vmax,
the Nernst potential, corresponding to the maximum potential across a permselective
membrane and given by the following equation:

Vmax = ————RFT il 2

aref

where R=gas constant, T"=absolute temperature, F=Faraday equivalent, a=salt
activity in the compartment designated as the inside and a.s=salt activity in the com-
partment designated as the outside.

We define the sign of the measured membrane potential developed by addition of
the adsorbates as cationic to a potential which is positive with respect to the side of the
partition to which the adsorbate is added; in other words, that the measuring electrode
in the inner compartment records a negative potential. The opposite convention applies
for an anionic potential.

17 J. Merabrane Biol. 7
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All data presented are representative and have been reproduced in a minimum of
3 different BLM. Processed data points represent means of at least 3 observations in
3 different BLM. Poly-L-lysine HBr of defined molecular weights were obtained from
Sigma (St. Louis, Missouri) and Miles-Yeda Ltd. (Kiryat Weizmann, Rehovoth, Israel).
Cytochrome ¢ Type III, polyglutamic, polyadenilic and ribonucleic acids were from
Sigma, L-lysine from Mann Research Laboratories, N.Y., and other chemicals were of
the highest purity commercially available. Glass-redistilled water was used throughout.

Results
Effects of Polylysine on Cholesterol-Dodecyl Acid Phosphate BLM

The specific membrane conductance, defined as Gm=1/Rm, of the
unmodified cholesterol-DAP BLM is of the order of 1x10~® mho/cm?
(Table 1) (Tien & Diana, 1967a). As illustrated in Fig. 14, after the for-
mation of the black film is complete, the membrane conductance is tested
giving a value of 1.2 x 10”8 mho/cm?. Thereafter, 1.25 pg/ml of polylysine
(mol wt 127,000) are added to the inner compartment; approximately
25 sec after the addition of polylysine, a cationic membrane potential starts
to develop reaching a steady state value of 58 mV after about 5 min. Simul-
taneous to the potential generation, the membrane conductance increases
attaining a value of 4 x 10~ mho/cm? after about 9 min. The onset time of
these changes varies inversely with the polylysine concentration and, above
2.5 pg/ml, a transient potential precedes the steady state changes described
in Fig. 14. An example, of the two types of potentials measured after
addition of 25 pg/ml of polylysine (mol wt 280,000) to a cholesterol-DAP
BLM is presented in Fig. 1 B. Rm is 0.5 x 10® Q cm?. Immediately after ad-
dition of polylysine a transient potential of 71 mV can be measured; it
decays in less than 30 sec to a value of 25 mV and then gradually increases

Table 1. Influence of the degree of polymerization of polylysine on the induced modifi-
cations of the electrical properties of cholesterol-DAP BLM @

Polylysine Final Vi Rm
(mol wt) concentration (—mV) (Qcm?
(108 m)

None - - 108
18,000 2.8 69 1% 10

127,500 2.0 71 7 x10°

195,000 1.3 75 9 x 10°

280,000 1.6 80 1x10°

a Reaction mixture: 1 mm NaCl, 1 mm Tris-Cl, pH 7.6.
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to reach a steady state value of 86 mV at 5 min with an Rm of 8.7 x 10°> Q cm?,
Six min after the addition of Ps* to the inner compartment, 25 pg/ml of
Ps™ are added to the outer compartment and it can be noted that in less
than 3 min the potential reverts to the zero base line (as judged by opening
the circuit) and Rm now has the value of 3.3 x 10* Q cm?. It should be pointed
out, that whenever a BLM is formed in a solution containing Ps* on one
compartment the potential and conductance changes are immediately and
reproducibly monitored, i.e., that the overall modifications of conductance
and potential are independent of the order of membrane formation and
addition of polylysine, but kinetically the steady state values are attained
faster by addition of Ps* prior to BLM formation.

The steady state potential and conductance changes are stable for several
minutes, usually between 15 and 30 min, but occasionally the potential
slowly decays, in a way reminiscent of the potentials elicited by adsorption
of cationic detergents to BLM composed of total brain lipids and E. coli
total lipids described by Seufert (1965), and Tien (1970), respectively.

Addition of 107® M concentrations of polyanions such as polyglutamic,
polyadenilic or ribonucleic acids to the inside, after the potential induced
by Ps™ has attained a steady state, results in its complete reversal, without
significant modifications of the membrane conductance. It is relevant to
note that polyanions per se do not modify the electrical properties of
anionic BLM. (See Table 3). Fig. 1C, illustrates that reversal of the Ps*-
induced potential can also be obtained by a proteolytic enzyme such as
trypsin. This particular membrane with an initial Rm of 1.1 x10% Q ¢cm?
broke after addition of 2.9 x 1078 M Ps™ to the inside; a new membrane is
formed in the same solution, and as shown in Fig. 1C a steady state potential
of 65mV is readily measured, the membrane conductance being of the
order of 2 x107® mho/ecm? The membrane was left in this situation for
over 30 min and no significant changes of either Vm or Gm were detected.
Thereafter, 100 pg/ml of trypsin are added to the outside; 20 sec elapsed
between the trypsin addition and the reversal of potential of approximately
54 mV, bringing the conductance down to a value of 2 x 10~7 mhojcm?.
The circuit is opened and a residual transmembrane potential of 18 mV is
recorded. The membrane is kept under these conditions for 10 min when
100 pg/ml of trypsin are added to the inside; as can be noted, there is a
further reversal of the potential with a small overshoot which slowly decays
to the zero potential line. No further modifications of Gm were detected.
The time span of the experiment was over 60 min; the BLM dielectric
breakdown voltage was 200 mV. It should be added that, if trypsin is added
only to the polylysine side, a complete reversal is readily obtained, and no

17*
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Fig. 2. (4) Relation between membrane potential developed on anionic BLM and

polylysine concentration in the aqueous phase. Reaction mixture: 1 mm NaCl, 1 mM

Tris-Cl, pH 7.0; (B) Relation between the membrane conductance of anionic BLM and

polylysine concentration in the aqueous phase. Reaction mixture: 1 mM NaCl, 1 mm
Tris-Cl, pH 7.0

effects of trypsin on the unmodified BLM are detected. Moreover, it has
been determined by standard assay techniques that under the conditions of
these BLM experiments, hydrolysis of polylysine by trypsin is indeed
occurring.
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The continuous observation of the membrane has permitted the detec-
tion of changes in its appearance during the course of an experiment.
When the changes induced by Ps* reach a steady state, the BLM is no
longer completely black, but minuscule lenses of colored membrane appear
and tend to progressively occupy all the black area. In most of the experi-
ments a “silvery” appearance dominates the area of the membrane (Mysels,
Shinoda & Frankel, 1959).

Fig. 24 presents a concentration dependence of the potential changes
elicited by polylysine (mol wt 127,000) and Fig. 2B is a log polylysine con-
centration versus log membrane conductance piot. From Fig. 28 a slope
of 6 can be obtained.

No significant differences in the extent of Rm or Vm changes are detected
when polylysines of 18,000, 127,500, 195,000 and 280,000 mol wt are tested
(Table 1).

Influence of Ionic Strength and pH on the Polylysine-Induced
Modifications of Cholesterol-DAP BLM

As shown in Fig. 34 the potential generated by addition of Ps* to
anionic BLM is considerably diminished by raising the ionic strength of
the aqueous solution prior to the addition of polylysine.

Fig. 3B illustrates that while the Ps*-induced potential at pH 8.4 can
be as high as 84 mV, it is null above pH 11.6 (closed circles). The data of
Applequist and Doty (1962) on the variations of the fraction of helix con-
tent of polylysine solutions with pH have been replotted in Fig. 3B (open
circles), indicating that the Ps*-induced potential is absent at those pH’s
where Ps™ exists predominantly as a helix and the membranes maintain
their initial high Rm (0.5 -1 x10® Q cm?) over considerably long periods,
even at very high polylysine concentrations.

Mueller and Rudin (1968) observed that in the presence of alamethicin
and an ionic-gradient, adsorption of basic polymers on sphingomyelin BLM
developed an anionic membrane potential. The installation of an ionic
gradient on cholesterol-DAP BLM once the modifications induced by the
addition of Ps™ to the inner compartment have reached completion, results
in the development of a membrane potential of anionic sign as demonstrated
in Fig. 4 A. The transference number for anions of the unmodified cholesterol-
DAP membrane is less than 0.42 and becomes between 0.86-0.98 after
adsorption of Ps*. Furthermore, the membrane potential varies with the
log of the salt activity gradient across the membrane as illustrated in Fig. 48
where the line represents the Nernst potential, and the symbols illustrate the
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Fig. 3. (4) The effect of ionic strength, which was increased by addition of NaCl, on the
membrane potential developed on anionic BLM in the presence of polylysine. Immedi-
ately after the addition of polylysine to the inner compartment, the BLM was formed.
Reaction mixture: NaCl at the molarity indicated; 1 mm Tris-Cl, pH 7.6, 1.59 x 108 m
polylysine (mol wt=280,000); (B) Effect of pH on the polylysine-induced membrane
potential on anionic BLM (closed circles) and the fraction of helix content of polylysine
solutions, [data of Applequist and Doty, 1962] (open circles). Reaction mixture: 6 mM
NaCl, 6 mm Tris-Cl at the indicated pH, 8.9 x 10~ M polylysine (mol wt ==280,000)
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Fig. 4. Conferral of anion selectivity to cholesterol-DAP BLM by adsorption of poly-
lysine. (4) Reversal of the Ps t-induced potential on cholesterol-DAP BLM by installa-
tion of a NaCl gradient across the membrane. Reaction mixture: 1 mm NaCl, 1 mm
Tris-Cl, pH 7.6. After the formation of the black film is complete Rm is tested with
Vi==25mV and Ri=10°, giving a value of 2.4 x 10® © cm?2. 25 ug/ml of Ps+ (mol wt=
127,000) are added to the inner compartment giving rise to a Vm of about —75 mV
and to a decrease of Rm to a value of approximately 2 x 10% Q cm2. After approxi-
mately 7 min of the addition of Ps+, a 10 pliter aliquot of a 4 M NaCl solution is added
to the inside to give a final concentration of NaCl in the inner compartment of 11 mm.
A reversal of potential of 58 mV is measured. (B) Membrane potential as a function
of the log of a NaCl concentration gradient across a cholesterol-DAP BLM after inter-
action with polylysine. Initial reaction mixture: 1 mm NaCl, 1 mm Tris-Cl, pH 7.6 and
9.8 x 108 M polylysine on the inner compartment. The line represents the Nernst
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potential calculated as mentioned in the methods section introducing —F =59.2mV

at 25 °C. Each symbol represents values obtained from a single membrane
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experimental results. In other words, the adsorption of Ps* has conferred
to the membrane the property of an anion-selective system; this type of
effect has been described by Sollner (1969) for protamine-collodion mem-
branes that exhibit anionic transference numbers greater than 0.95 and have
been designated as membranes of highest ionic selectivity or permselective.

Effects of Cations Other than Polylysine
on the Electrical Properties of Anionic BLM

To assess the specificity of the polylysine-induced modifications of
anionic BLM, several types of cations were studied and the results of the
prototype cations are summarized in Table 2. L-lysine and cytochrome c,
a basic protein containing a high proportion of lysine residues, modified the
membrane to a negligible extent (see also Mueller and Rudin, 19695).
It should be noted that though the molar charge of cytochrome c¢ is about
one-tenth that of Ps* (mol wt =18,000), concentrations of the former over
103-fold that of Ps* did not affect the BLM. HDTAB, modified the mem-

Table 2. Effect of different cations on the electrical properties of cholesterol dodecyl-

phosphate BLM &
Cation Concentration Molar Resistance Cationic potential developed
d
charge  decrease Transient Steady

(mV) (mV)
Polylysine 2.8 x10-%m 83 10%-103 Only at higher  50-70

concentrations

(see text)
L-lysine® 1.8 x103m 1 none none none
Cytochrome c¢? 3.7 x10~°M 9 less than 10!  Less than 10 none

(variable)
HDTAB?Y 685x10-%m 1 101-102 40-90 20-90

(variable)

CaCl, 2 mm 2 less than 101 25-30 8-12
NaCl 25 mM 1 none 20-25 none
(KCI or C,Ci)
HC1 10-5m 1 none 40 none

a Reaction mixture: 1 mm NaCl, 1 mm Tris-Cl, pH 7.0; all additions are made only to
one of the compartments separated by the membrane.
b The concentration presented is the maximal attainable without inducing BLM break-

down.
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brane in a manner similar to that elicited by Ps*, although variable steady
state Rm and V m changes were detected. A divalent cation such as Ca™*,
and monovalent cations such as Na*, K*, Cs* or H" induced only transient
cationic potentials but no steady alterations were developed.

Effects of Polycations and Polyanions on Cationic Cholesterol-HDTAB-BLM

Tien and Diana (1967a) observed that pure cholesterol in n-dodecane
would not form stable BLM but in the presence of a surfactant such as
HDTAB in the aqueous phase, at the concentration of 0.008 % (o/v),
stable BLM could be obtained. More reproducible results have been obtained
in this laboratory using 0.001 %, (o/v) HDTAB in the aqueous phase. At this
concentration of surfactant there should be over 10** HDTA™ ion/cm?
adsorbed on the cholesterol film (Ter Minassian-Saraga and Wietzerbin,
1970) conferring to the surface of the membrane a considerably high positive
charge. Indeed, addition of different concentrations of Ps* to one or both
sides of the membrane induce no modification of either Rm or Vm of the
cationic BLM even when studied for considerably long experimental
periods. However, as shown in Fig. 5, polyanions, as typified by poly-
glutamic acid (mol wt =40,000 to 100,000) drastically alter the electrical
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Fig. 5. Effect of polyglutamic acid on the electrical properties of cholesterol-HDTAB
BLM. Reaction mixture: 1 mm NaCl, 1 mm Tris-Cl, pH 7.0, 0.001% HDTAB
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properties of cationic BLM ; the addition of 2.5 x 1073 M PGA to the inner
compartment results in a progressive increase in conductance simultaneous
to the development of an anionic transmembrane potential attaining values
after 7min of 107¢mho/cm? and 14.5mV, respectively. After 450 sec,
1.96 x 1078 M Ps™ is added to the inside and as a consequence, a reversal of
potential is monitored, though no significant changes in conductance are
detected. In general terms, the phenomenology of the interaction of poly-
anions with cationic BLM is the mirror image of that described in certain
detail for the interaction of polylysine with anionic membranes. The fact
that in the case of cationic BLM the surfactant is present both in the mem-
brane and the solution may explain the low value of the membrane potential
developed, by the existence of detergent-polypeptide interaction at the
membrane-water interface as well as in solution.

Effects of Polycations and Polyanions
on Neutral 7-Dehydrocholesterol BLM

Tien et al. (1966) described the formation of stable BLM with 7-dehy-
drocholesterol in n-decane. Neither polylysine, nor polyglutamic acid, at
the concentrations at which they interacted with anionic or cationic BLM,
respectively, notably modified the electrical and optical properties of 7-dehy-
drocholesterol neutral BLM.

Table 3. Effect of cationic and anionic polypeptides on the specific membrane conduc-
tance and transmembrane potential of anionic, neutral and cationic cholesterol bilayer
lipid membranes @

Additions Cholesterol-DAP BLM 7-dehydrocholesterol Cholesterol-
(anionic) (neutral) HDTAB BLM
(cationic)

Specific Potential  Specific Potential  Specific Potential
membrane developed membrane developed membrane developed

conduct- (mV) conduct-  (mV) conduct- (mV)

ance ance ance

(mho/cm?) (mho/cm?) (mho/cm?)
None 10-8 — 2-4%10"7 — 10-8 —
Polylysine 10-3 50-70 2-4%x1077 lessthan 108 -

(cationic) 5: transient
(cationic)

Polyglutamic 102 — 2-4%x10-7 — 10—-5-10-% 10-20
acid (anionic)

2 Reaction mixture: 1 mm NaCl, 1 mu Tris-Cl, pH 7.0, and, when indicated, 2.5 x 10-3»
polyglutamic acid, 1.59 x 10~8 M polylysine.
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As a summary, the effects of polylysine and polyglutamic acid on the
specific membrane conductance and transmembrane potential of anionic,
neutral and cationic cholesterol BLM are presented in Table 3. Thus, Ps*
increases by more than 10? the specific membrane conductance and develops
a cationic potential of 50 to 70 mV on anionic BLM while no significant
alterations are detected on neutral or cationic membranes. PGA, while
increasing the specific membrane conductance by more than 10* and
developing an anionic potential of 10 to 20 mV on cationic BLM, induces
no notable modifications on neutral or anionic membranes.

Discussion

The interaction of charged polypeptides with ionic cholesterol mem-
branes results in drastic modifications of the electrical and structural pro-
perties of the lipid bilayers. The notably high membrane resistance of
unmodified cholesterol-ionic surfactant BLM (0.5 — 1 x 108 Q cm?) is lowered
by more than 102, thus bringing this value to a range characteristic of several
biological membranes (¢f. Mueller & Rudin, 19695) and comparable with
the resistance of phosphatidylserine vesicles reacted with polylysine, as cal-
culated from the isotopically determined ionic fluxes reported by Kimelberg
and Papahadjopoulos (19715). A steady membrane potential, of the same
sign as the polypeptide molecule itself and of varying magnitude, is devel-
oped and maintained for considerably long periods. With respect to the
nature of the species carrying the current, two possibilities appear con-
sistent: either an outward directed positive current supplied by Ps™ per se
or an inward directed negative current arising from the extraction of DAP
from the BLM upon complexation with Ps*, followed by replenishment
from the material present in the torus; however, it remains difficult to
precisely establish the source.

Accordingly, as it would be expected if the phenomena were due to
surface charge, the screening of this charge by increasing the ionic strength
of the solution with indifferent monovalent electrolytes, (Fig. 34), or the
induction of the random-coil-helix transition by raising the pH of the
solution and consequently removing the charge of Ps* (Applequist & Doty,
1962; Bradburry, Crane-Robinson, Goldman & Rattle, 1968) (Fig. 3 B)
significantly hinders (Fig. 34) and even nullifies (Fig. 3.B) the interaction.
Other examples of bilayer conductance changes dependent on surface
charge have been previously described by Bangham, Standish and Watkins
(1965) for vesicles and by Hopfer, Lehninger and Lennarz (19704, b) and
McLaughlin, Szabo, Eisenman and Ciani (1970) for isolated thin films.
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As a result of the interaction, notable, macroscopic changes of the
structure of the membrane are detected. The membranes are completely
“black” (i.e., no light is reflected) (c¢f. Mysels ef al., 1959; Mueller & Rudin,
19695), when the bimolecular configuration is attained. After interaction
with the polypeptides, light is reflected from the membrane giving a ““silvery”’
appearance to the previously “black” area, thus indicating that the thick-
ness of the film is now comparable to “a quarter of the wavelength of the
average color” (~1000 A; Mysels ef al., 1959).

The drastic electrical and structural modifications of the membranes
resultant from the complex formation suggest that significant phase tran-
sitions are occurring in both lipid and polypeptide components. With
regard to the lipid phase, transition from bilayer to micelle (Luzzati &
Husson, 1962; Ohki & Aono, 1970), or microemulsification in discrete
regions of the bilayer, as observed with lysolecithin on lecithin-cholesterol
bilayer vesicles (Bangham & Horne, 1964) or with HDTAB on lecithin-
cholesterol isolated bilayers (Ter Minassian-Saraga & Wietzerbin, 1970),
could constitute the initial membrane rearrangement which would be mani-
fested electrically being optically silent due to the isotropic and hence
transparent nature of micelles and microemulsions (¢f. Bangham, 1963). This
would be followed by more complex aggregation phenomena resulting in
a thick, light-reflecting film; the high-order dependence of membrane con-
ductance on Ps* concentration would be consistent with this suggestion.
These observations are reminiscent of the formation of complex coacervates
(dicomplexes) following the precipitation of colloid cations with colloid
anions so thoroughly studied by Bungenberg de Jong (1949).

As far as the polypeptide is concerned, Hammes and Schullery (1970)
using circular dichroism, optical rotatory dispersion and nuclear magnetic
resonance recorded the transition from random coil to a-helix of polylysine
upon its interaction with phosphatidyl serine vesicles. Since charge repulsion
is a major factor in destabilizing the helix, and since the effects of an electric
charge are far more pronounced at a surface than in the bulk (Davies &
Rideal, 1961), this phase transition of the polypeptide would be expected
to occur upon interaction with anionic BLM. In contrast, cytochrome c,
which affected anionic BLM to a negligible extent, has been reported to
undergo no change in optical rotation upon interaction with mixed beef
heart phospholipids (Ulmer, Vallee, Gorchein & Neuberger, 1965) when
in the form of an isooctane-soluble complex (Das & Crane, 1964), thus
suggesting that the protein is already stabilized. However, it has been
recently demonstrated by Kimelberg and Papahadjopoulos (19714, b) that
cytochrome c increased up to 3 orders of magnitude the ?*Na*-permeability
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of phosphatidylserine but not phosphatidylcholine vesicles and increased
the surface pressure of phosphatidylserine monolayers at the air-water
interface. In line with this report, Gulik-Krzywicki, Schechter, Luzzati and
Faure (1969) detected remarkable differences between the CD spectra of
phosphatidyl-inositol-cytochrome ¢ complex in water and free cytochrome ¢
in solution. To the best of our knowledge, the effect of cytochrome ¢ on
phosphatidylserine or phosphatidyl-inositol black membranes has not been
studied in detail and no comparison between the 2 models is yet available;
however, these findings do indicate that, provided adequate experimental
conditions are encountered, the interaction of cytochrome ¢ with anionic
BLM may be obtained.

It is of interest to note that similar modifications of the electrical charac-
teristics of anionic BLM were induced by Ps* and by the cationic detergent
HDTAB whose interaction with the membrane is predominantly hydro-
phobic. In 1935, Danielli and Harvey and Danielli and Davson suggested
and presented some evidence regarding the surface-active nature of mem-
brane proteins. Shah (1969, 1970) has studied the interaction of polylysine
with stearic acid monolayers and detected decrease of the surface potential
as well as expansion of the monolayers upon interaction with Ps* ; moreover,
Ps* exhibited surface activity between pH 10 and 11 where coil-helix trans-
formation occurs. With regard to the observations on anionic BLM, the
profound structural and functional alterations of the membrane after inter-
action with Ps™ suggest a surfactant tendency of the polypeptide.

The observations on the effects of trypsin on lipid-polypeptide inter-
actions deserve particular comment. While it should be clear why addition
of trypsin to the side where Ps™ is present leads to reversal of the potential
it is not readily apparent why addition of trypsin to the side opposite to
that where Ps* is present would exert approximately the same effect, unless
one conceives a profound rearrangement of the structure of the membrane.
These observations are reminiscent of the inhibition of the excitability
phenomena induced by EIM (excitability-inducing material) on BLM by
protease addition to the compartment opposite to that where EIM is present
(¢f. Mueller & Rudin, 19695) and the antigen-antibody reaction occurring
when the components are present on opposite sides of the membrane,
provided complement is supplied (Barfort, Arquilla & Vogelhust, 1968).
This trypsin-sensitivity of the electrical changes induced by Ps* on anionic
BLM, taken together with the expansion of stearic acid monolayers in the
presence of Ps* (Shah, 1969, 1970) and the nuclear magnetic resonance
evidence of the Ps™-induced immobilization of the fatty acid chains of
phosphatidylserine vesicles (Hammes & Schullery, 1970) indicates that the
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“polypeptide phase” extends across the lipid film and suggests that while
the initial force determining the interaction is predominantly electrostatic,
the overall complex formation and membrane reassembly involves impor-
tant hydrophobic interactions between the lipid and polypeptide com-
ponents.

On account of these observations one is tempted to envision the structure
of a biological membrane as a lipid protein mosaic, with a lipid bilayer as
its core, which is penetrated, micellized or simply modified at discrete
regions and to a varying extent by the protein, which confers to it the
transport and enzymatic functions so characteristic of living systems
(Gorter & Grendel, 1925; Danielli & Davson, 1935). This proposal explains
most of the observations made so far on natural and artificial systems;
moreover, it provides a physical basis on which the dynamicity and plasti-
city of biological phenomena can be understood in terms of phase transitions
of lipid and protein components.

I subscribe to the opinion of Mueller and Rudin (1969 ) that ““attempts
to reformulate or abandon the ... (bilayer) ... theory (Green & Purdue,
1966; Korn, 1966; Green et al., 1967) lack comprehensiveness and con-
sistency with the experimental observations. In some cases, ¢.g., (Lenard
and Singer (1966)) (see also Glaser, Simpkins, Singer, Sheetz & Chan, 1970),
the proposal that the insertion of protein regions into lamellar lipid layers
presents a new alternative to the bilayer theory results simply from a mis-
understanding of the more general aspects of that theory”.

It is relevant to note that, in line with the polybase induced modifications
of the permeability and structural characteristics of anionic model mem-
branes are the modifications that follow the interaction of negatively
charged viruses, bacteria, fungi and blood cells with positively charged
polypeptides (c¢f. Katchalsky et al., 1964) as well as the major influence of
charged polypeptides on the uptake of macromolecules at the cell surface
(¢f. Ryser, 1968).

Finally, it is worth noting the possibility of constructing asymmetrically
charged membranes by the selective adsorption of charged polypeptides or
surfactants on ionic BLM; this might give rise to electrically active mem-
branes of the type described by Shashoua (1969) and might give some
insights into the problem of symmetry and function of biological membranes.
It is also to be expected that the comprehension of the fundamental factors
determining model lipid-polypeptide interaction in BLM will orient our
efforts toward a rational reconstitution of more complex membrane func-
tions such as transport ATPases (Jain, Strickholm & Cordes, 1969; Red-
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wood, Muldner & Thompson, 1969; Mueller & Rudin, personal communi-
action; Montal & Racker, unpublished observations).

I wish to express my indebtedness to Prof. Efraim Racker for his continuous en-
couragement during my stay in his laboratory at Cornell University, where the initial
observations of this study were obtained. I am sincerely grateful to Drs. S. Estrada-O.,
A. Finkelstein, C. Gitler, C. Gomez-Lojero, P. Mueller, B. A. Pethica and D. O. Rudin
for instructive discussions and criticisms and to the reviewers of the paper, for very
pertinent comments and suggestions.
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