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ABSTRACT

Surface pressures and surface potentials of stearic acid
monolayers were measured at various pH values in the presence
and absence of poly-L-lysine in the subsolution. The presence of
poly-L-lysine strikingly influences the state of stearic acid
monolayers. Surface potential measurements indicated that the
maximum interaction between poly-L-lysine and stearic acid
monolayers occurred between pH 10 and 11. Poly-L-lysine solutions
exhibited surface activity in the same pH range. Air bubbles
covered with poly-L-lysine films showed maximum stability at pH 11.
These results indicate that in the pH range 10-11, where coil-to-
helix transition occurs in solution, poly-L-lysine has partial or
complete helical conformation which causes the slowest rate of
drainage of water in bubble lamellae, and which also exhibits
surface activity and hence, increases the interaction of poly-L-
lysine with stearic acid monolayers. The implications of these
findings for lipid-protein associations in biomembranes are
discussed.

INTRODUCTION

Lipid-protein interactions are of great interest to
understand the structure and function of biological membranes.
Various approaches have been taken to elucidate the interaction
of 1lipids and proteins in biological membranes. In recent

years, nuclear magnetic resonance and electron spin resonance
" spectroscopy have been used profitably to investigate these
interactions (1-4). Phospholipid bilayers and monolayers have
served as useful models for these studies (5-6). The monolayer
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102 LIPID—POLYMER INTERACTION IN MONOLAYERS

approach has been found very useful to understand molecular
meghanisms presumably occurring at the cell surface (7-10).

Barlier studies on lipid-protein interaction in monolayers
were reported by Schulman and his co-workers (11-12) who
investigated the interaction of albumin, globulin and haemoglobin
with cholesterol, cephalin, cardiolipin, alkyl sulfate and alkyl
trimethylammonium monolayers. Eley and Hedge (13,14) studied
protein-proteiﬁ and protein-lipid interactions in fibrinogen,
thrombin, albumin, lecithin and cephalin monolayers. The
interaction of synthetic dihydroceramide lactoside monolayers
with globulin, albumin, and ribonuclease was investigated by
Colacicco, Rapport and Shapiro (15). These workers (16) have
also shown from their studies on the interaction of apoprotein
with various lipid monolayers, that the unusual surface activity
of apoprotein may be intimately related to the mechanism of
formation of the lipo-protein. Recently, Arnold and Pak (17)
have investigated protein-protein interaction in monolayers.

To investigate the interaction of water with films,
Trapeznikov (18) and Garrett (19) have studied the stability of
bubbles covered with a monolayer of surface-active materials. In
general, the stability of such bubbles is related to the rate of
drainage of water in the bubble lamellae. The interaction of
polar groups with water (i.e. hydration of polar groups) impedes
the drainage of water in the lamellae, and, hence, increases the
time required to reach a critical thickness where bubble lamellae
break. Therefore, more strongly hydrated molecules increase the
bubble stability. This method was used in the present study to
investigate the hydration of stearic acid and poly-L-lysine films.

It has been recognized that both ionic and hydrophobic
interactions play a role in the lipid-protein association. A
simple model system of stearic acid and poly-L-lysine was
selected to investigate various aspects of the ionic interaction
in the present studies, since the ilonic properties of stearic acid
monolayers (20,23) and of poly-L-lysine solutions (24) have been
established. The objective of the present studies was to '
investigate how the ionization of carboxyl groups in the monolayer
and the conformation of poly-L-lysine in the subsolution influence
interactions at the interface.

EXPERIMENTAL

Materials: Poly-L-lysine hydrochloride (molecular weight
100,000 - 200,000) was bought from Mann Research Laboratories
Inc. (New York, N.Y. 10006). Highly purified (>99%) stearic
acid was purchased from Applied Science Laboratories, Inc.

(State College, Pa., 16801). Inorganic chemicals of reagent
grade and distilled-deionized water were used in all experiments.
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For pH close to 2, the solutions of 0.05 M HCl were used; for

pH 3 to 6 0.05 M buffer solutions of citric acid-sodium citrate
were used; for pH 7 to 9, 0.05 M buffer solutions of tris-HCl were
used; for pH 10 to 11, 0.05 M buffer solutions of glycine-NaOH
were used; for pH 12 to 13, 0.05 M and 0.1 M solutions of NaOH
were used. The buffer solutions were prepared according to
Biochemists' handbook (25). A stock solution of 5 mg poly-L-lysine
per ml of distilled water was prepared. 2.4 ml (containing 12 mg
of poly-L-lysine) of this solution was added to 100 ml of the
subsolution for surface measurements. The stearic acid was
dissolved in chloroform-methanol-hexane (1:1:3 v/v/v) in a
concentration of about 0.8 mg/ml.

Methods: The surface pressure was measured by a modified
Wilhelmy plate method, and the surface potential by a radioactive
electrode, as described previously (26). The state of the
monolayers was determined qualitatively by the talc method (27).
The monoleyers of stearic acid were spread on buffered subsolutions
in the presence and absence of poly-L-lysine (12 mg/lOO ml
subsolution).

Bubble stability: The survival time (i.e., the time
interval between the formation and collapse) of bubbles was
measured with a stopwatch after producing a small air bubble by
a dropper (tip diameter 1 mm )under monolayers and subsolutions
in the following manner. When a monolayer was compressed to its
limiting area (220 A2/molecule), & bubble was produced on each
side of the compression glass barrier. For subsolutions
containing poly-L-lysine, the monolasyer side of the compression
barrier showed surface properties of stearic acid + poly-L-lysine,
whereas the other side of the barrier showed those of adsorbed
film of poly-L-lysine alone. At least ten measurements were made
for bubble stability. It should be pointed out that since the
collapse of a bubble produces considerable structural reorganization
and rearrangement of molecules in the monolayer, a second bubble
should not be produced in the same region of the monolayer.
Therefore, all ten bubbles were produced in different parts of
the monolayer and their average survival time was calculated.

The surface tension of buffered solutions of poly-L-lysine
was measured with a Roller-Smith surface tensiometer. The
surface pressure 67) of poly-L-lysine solutions is defined as
17T =¥ -¥,, vwhere ¥ , is the interfacial tension without
poly-L-lysine and ¥ p is that with poly-L-lysine in the
subsolution; hence,7"represents the lowering of the surface
tension of buffer solutions by the presence of poly-L-lysine.
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Fig. 1. Surface pressure-area curves of stearic acid monolayers
on buffered subsolutions at various pH values at 220¢C.
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Fig. 2. Surface pressure-area curves of stearic acid monolayers
on buffered subsolutions containing 0.02 mg/ml of poly-
L-lysine at various pH values at 22°0C.
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RESULTS

Figures 1 and 2 show surface pressure-area curves.of stearic
acid monolayers in the absence and presence of poly-L-lysine in
subsolutions of different pH values. It has been shown (28) that
the plateau region in the surface pressure-area curves of stearic
acid at large area per molecule is directly related to repulsion
in the monolayers because of ionization of carboxyl groups.
Figure 3 shows the surface pressure values where the plateau
region begins for different pH values. In general, the presence
of poly-L-lysine increases these initial surface pressure values
and shifts the curve to the left (or acid side).

Figure 4 shows the surface potentials of stearic acid
monolayers at 25 A2/molecule in the presence and absence of poly-
L-lysine at various pH values. It is evident that the interaction
of poly-L-lysine with stearic acid monolayers lowers the surface
potential and that the maximum interaction occurs in the pH
range 10 to 11.

Table I summarizes the state of stearic acid monolayers near
the collapse pressure in the presence and absence of poly-L-lysine
in the subsolution at various pH values. It shows that the inter-
action between stearic acid monolayers and poly-L-lysine in the
pH range 9 to 11 solidifies the monolayers.

The upper part of figure 5 shows the data of Applequist and
Doty (24) on poly-L-lysine solutions. The lower part of figure 5
shows our deta on the bubble stability of stearic acid monolayers
in the presence of poly-L-lysine in the subsolution. The bubble
stability for stearic acid monolayers alone, which is not shown
in figure 5, did not exceed 10-15 seconds over the whole pH range.
The surface activity (or surface pressure) of poly-L-lysine solu-
tions and bubble stability at various pH values are also shown in
figure 5. It is evident from figure 5 that at pH 11, the con-
formation of poly-L-lysine molecules, which is nearly helical and
surface-active, affords maximum stability to bubble lamellae.

DISCUSSION

Figure 1 shows that for pH values from 2 to 9, the limiting
area of stearic acid is approximately the same (320 A%/molecule),
implying that the monolayers are insoluble in this pH range. At
pH 9.9 and 10.8, the limiting areas are respectively 16 and 18
A2/molecule, which may be due to slight solubility of ionized
stearic acid molecules in the subsolution, or to rearrangement of
molecules in the monolayers. The initial surface pressure values
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of the plateau region indicate the extent of ionic repulsion in
monolayers (fig. 1). As shown in figure 2, the presence of poly-
L-lysine strikingly alters the surface pressure-area curves of
stearic acid monolayers above, but not below pH 6, indicating that
poly-L-lysine does not interact with stearic acid monolayers in
the pH range 2 to 6.

It is interesting to compare the effect of cations such as
calcium with poly-L-lysine on stearic acid monolayers. It has
been shown (29-31) that the binding of calcium ions to stearic
acid monolayers begins to occur at sbout pH 5; this causes con-
densation of the monolayers. In contrast, the interaction between
poly-L-lysine and stearic acid expands the monolayers presumsbly
due to penetration of side chains of poly-L-lysine in the mono-
layers. The kinks in the surface pressure area curves at pH 9.0
and 9.9 at about 35 A2/molecule indicate the areas at which pre-
sumably some of the penetrated side chains of poly-L-lysine are
squeezed out of the monolayers (fig. 2).

Figure 3 shows the initial surface pressure values of the
plateau region in the presence and absence of poly-L-lysine in
subsolutions. Stearic acid monolayers without poly-L-lysine show
a maximum at pH 9, whereas, the maximum occurs at pH 8.0 in the
presence of poly-L-lysine in the subsolution.

It has been shown (28, 32) that at pH 9, where 50% of the
molecules are ionized (i.e., pK = 9), there is maximum separation
between the molecules in stearic acid monolayers. It is clear
that in the presence of poly-L-lysine in subsolutions, the max-
imum sepasration occurs at pH 8.0, which suggests that the pK value
has shifted by one pH unit. A similar decrease in the pK of oleic
acid by the presence of calcium ions was reported by Benzonana
and Desnuelle (33). A second maximum observed at pH 11 may be
due to the penetration of poly-L-lysine into the monolasyers. In
general, the initial surface pressure values above pH 6 are higher
in the presence of poly-L-lysine in the subsolution than in the
absence of it. This can be explained as follows: because of
coulombic attraction the cationic side chains of poly-L-lysine
may penetrate the negatively charged stearic acid monolayers.

This will increase the surface concentration of molecules and,
hence, the surface pressure in monolayers.

Figure 4 shows the surface potentials of stearic acid
monolayers in the presence and absence of poly-L-lysine in sub-
solutions. It shows that the maximum interaction occurs in the
pH range 10-11 where the surface potential decreases by about
175-185 mv. It is interesting to note that the presence of cal-
cium ions in the subsolution also decreases the surface potential
of stearic acid monolayers by about 200 mv (31). Hence, the



113

D. O. SHAH

*£3TTTARIS 9TAQNq 93

S987BaJ09p SB[TOWET oY} UT J93BM JO 93BUTRIP JO 99BI I93SBI
YV CWTTJI ® UITM DPOIOAOD oTAANq JIT® UB JO K3TTTA®IS

oY} SUTUISAOCS WSTUBYOSW Y3 JO UOT3ejussaadod OT38WSYDS

T

d




114 LIPID-POLYMER INTERACTION IN MONOLAYERS

mechanism of action of poly-L-lysine on stearic acid monolayers is
presumably the same as that of calcium ions. In contrast, the
interaction of calcium ions with lecithin, sphingomyelin, cardio-
lipin and dicetyl phosphate monolayers increases the surface
potentials (26, 34, 35). ’

Applequist and Doty (2l4), using birefringence, viscosity,
sedimentation and optical rotatory dispersion measurements, have
shown that random coil-to-helix transition in poly-L-lysine solu-
tions occurs in the pH range 10 to 11. The dissociation of
groups also takes place in this pH range. Figure 6 schematically
shows the interaction of poly-L-lysine with stearic acid
monolayers at pH 11 where poly-L-lysine molecules have nearly
helical conformation.

Figure 5 shows that poly-L-lysine solutions exhibit surface
activity (or surface pressure) in the pH 10 to 11l. Although the
surface pressure of poly-L-lysine is very low ( 3 dynes/cm), it
strikingly influences the bubble stability. Below pH 9, the
bubble stability of poly-L-lysine solution is about 1O seconds,
whereas at pH 11, its bubble stability is 8 minutes.

The bubble stability of stearic acid monolayers in the
absence of poly-L-lysine is about 10-15 seconds over the whole
pH range, whereas that of stearic acid in the presence of poly-L-
lysine is about 11 minutes at pH 11l. It is evident that this
enhancement of bubble stability is due to the presence of poly-L-
lysine since it also shows maximum bubble stability (8 mins.g
without stearic acid monolayers. The upper part of figure 5 shows
that at pH 11, poly-L-lysine has almost helical conformation in
solution. ‘

Figure 7 schematically shows the mechanism of bubble
stability in the presence of a film. If the rate of drainage is
rapid, the bubble has a shorter survival time. If the molecules
in the film impede the drainage of water due to film-water
interaction, the stability of the bubble increases. The data
presented in this paper suggest that helical conformation of
poly-L-lysine decreases the rate of drainage of water in the
bubble lamellae and, hence, increases the bubble stability. The
interaction between stearic acid and poly-L-lysine causes further
increase in the bubble stability.

The question may be raised whether poly-L-lysine molecules
at pH 11 retain their helical conformation at the interface or
not. In this author's opinion, the helical conformation is
preserved at the interface. If poly-L-lysine molecules are
denatured at the interface, one would not observe the striking
properties in the pH range 10 to 1l. Moreover, using deuterium
exchange, infra-red spectroscopy and electron diffraction methods
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to study skimmed monolayers, Malcolm (36, 37) has shown that
helical conformation of poly-peptides is retained in the monolayer
at the air-water interface.

It is difficult to extrapolate the results of monolayer
studies to interactions in biological membranes. However, the
correlation of these studies with those of others on biological
membranes should be mentioned. It has been established by various
workers with different techniques that membrane proteins have
partially helical conformation (38-40). From the results reported
in this paper it appears that partially helical conformation of
proteins in biological membranes may cause maximal interaction
with water (i.e., maximum hydration) and enhance the interaction
with lipids presumably because of the surface activity of the
proteins in such conformation.

In summary, the results presented in this paper indicate
that the lipid-polymer interaction in monolayers is strikingly
influenced by the conformation of the polymer. Extensive studies
on the interaction between various lipids and poly-peptides in
monolayers are in progress in this author's laboratory.

ACKNOWLEDGEMENTS

The author wishes to express his sincere gratitude to the
National Research Council for providing an NRC-NASA Resident
Research Associateship, and to Dr. L.P. Zill and Dr. M.R. Heinrich
of Ames Research Center, and Dr. O.A. Roels of Lamont-Doherty
Geological Observatory, for providing helpful suggestions and en-
couragement at various stages of this work. Part of this work
was supported by Sea Grant GH-16, and was completed at the
Lamont-Doherty Geological Observatory of Columbia University.
Special thanks are also extended to Mr. E.J. Murphy (Senior
Research Scientist) for help in the preparation and to Dr. 0.A.
Roels for critical review of this manuscript.

REFERENCES

1. D. Chapman, V.B. Kamat, J. De Gier, and S.A. Penkett, J. Mol.
Biol., 31 (1968) 101.

2, D. Chapman, V.B. Kamat, J. De Gier, and S.A. Penkett, Nature
213 (1967) Th.

3. M.D. Barratt, D.K. Green, and D. Chapman, Biochim. Biophys.
Acta, 152 (1968) 20.

4. J.M. Steim, 0.J. Edner and F.G. Bargoot, Science, 162 (1968)
909.



11.

12,
13.

1k,
150

16.
17.
]-8'

19!
20.
2l.

22,
23.
=L
25.
26.
27.
%0
29.
30-

31.
32-

LIPID—POLYMER INTERACTION IN MONOLAYERS

T. Hanai, D.A. Haydon and J. Taylor, J. Theoret. Biol., 9
(1965) L22.
L.M. Tsofina, E.A. Liberman, and A.V.Babakov, Nature, 212
(1966) €81. )
D.O. Sheh and J.H. Schulman, J. Colloid Interface Sci. 25
(1967) 107.
?éo. Sheh and J.H. Schulmsn, Advances Chem. Ser., 84 (1968)

9. '
A.D. Bangham, B.A. Pethica and G.V.F. Seaman, Biochem. J. 69
(1958) 12.
B.A. Pethica and J.H. Schulman, Biochem. J., 53 (1953) 177.
P. Doty and J.H. Schulman, Faraday Soc. Disc., London 6
(1949) 27.
R. Matalon and J.H. Schulman, Faraday Soc. Disc., 6 (1949) 27.
D.D. Eley and D.G. Hedge, Proc. Roy. Soc., Ser. B, 145
(1956) 55k.
D.D. Eley and D.G. Hedge, J. Colloid Sci., 11 (1956) Li5.
G. Collacicco, M.M. Rapport, and D. Shapiro, J. Colloid Sci.,
25 (1967) 5.
G. Camego, G. Colacicco, and M.M. Rapport, J. Lipid Res.,
9 (1968) 562.
J.D. Arnold and C.Y. Pak, J. Am. Oil Chemists' Soc., L5
(1968) 1.
AéA. Trapeznikov, Acta Physicochemica (U.S.S.R.), 13, (1940)
265. '
W.D. Garrett, Deep-Sea Res., 14 (1967) 661.
D.O. Shah, J. Colloid Interface Sci., in press
J. Bagg, M.D. Haber and H.P. Gregor. J. Colloid Interface Sci.,
22 (1966) 138.
A.P. Christodoulou and H.L. Rosano, Advences Chem. Series,
84 (1968) 210.
E.D. Goddard and J.A. Ackilli, J. Colloid Sci., 18 (1963) 585.
J. Applequist and P. Doty, In Polyamino Acids, Polypeptides,
and Proteins, Ed. M.A. Stahmann. The University of Wisconsin
Press, Madison, (1962) 161.
C. Long, ed. "Biochemists' Handbook", Van Nostrand, Princeton
(1961) p. 30.
D.O. Shah and J.H. Schulman, J. Lipid Res. 6 (1965) 3h41.
D.0O. Shah and J.H. Schulman, Lipids, 2 (1967) 1.
D.O. Sheh, J. Colloid Interface Sci., in press, (1969) .
J. Bagg, M.B. Abramson, M. Fichmen, M.D. Haber and H.P.
Gregor, J. Am. Chem. Soc., 86 (196k4) 2759.
D.W. Deamer, D.W. Meek and D.G. Cornwell, J. Lii id Res.,
8 (1967) 255.
J.V. Sanders and J. A. Spink, Nature, 175 (1955) 6Lk.
J. Bagg, M.D, Haber, and H.P. Gregor, J. Colloid Interface
Sci., 22 (1966) 138.

&



D. O. SHAH 117

33.

3k,
35.

36.
37.

39.
Lo,

G. Benzonana and P. Desnuelle, Biochim. Biophys. Acta, 16k
(1968) L7.
D.0. Shah and J.H. Schulman, J. Lipid Res., 8 (1967) 227.
D.0O. Shah and J.H. Schulman, Biochim. Biophys. Acta, 135
(1967) 184, .

BéR. Malcolm, Proc. Roy. Soc. (London) Ser A. 305 (1968)

3 3.

B.R. Malcolm, Nature, 219 (1968) 929.

J.M. Steim, Advan. Chem. Ser., 84 (1968) 259.

ié 8é.enard and S.J. Singer, Proc. Natl. Acad. Sci., 56 (1966)
D.W. Urry, M. Mednieks, and E. Bejnarowicz, Proc. Natl. Acad.

Sci., 57 (1967) 10k3.




