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Interactions of small polypeptides
with dimyristoylphosphatidylcholine monolayers:
effect of size and hydrophobicity
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Summary

The effects of size and hydrophobicity of small (molecular weights below 2,000) polypeptides on their predominantly hydrophobic
interactions with a neutral phospholipid monolayer were studied. The changes in surface pressure were determined when various
concentrations of Gly, Gly-Gly-Gly, r-Ala, 1-Ala-1-Ala-1-Ala, L-Ala-Gly-Gly-Gly-Gly, r-Phe-i1-Leu-1-Glu-L-Glu~1-Leu,
adrenocorticotropic hormone fragments 1-10 (ACTH-(1-10)), porcine S-lipotropin, a-endorphin and human fibrinopeptide A were
injected under dimyristoylphosphatidylcholine (DMPC) monolayers at an initial surface pressure of 10 dyne/cm. In all cases, when
peptides with the same number of residues are compared, the concentration needed to increase the surface pressure of the film by 1
dyne/cm was inversely related to its hydrophobicity. A reasonably good correlation was found to exist between the calculated free
energy of transfer of a polypeptide from ethanol to water {2 measure of its hydrophobicity} and its ability to increase the surface
pressure of the DMPC film (a measure of the extent of its interaction with the neutral lipid monolayer).

The lipid bilayer : aqueous compartment parti-
tion coefficient of a liposomally encapsulated drug
is a determining factor in its ability to enhance its
in vitro and in vivo stability (Eppstein and Marsh,
1983) and its propensity to interact with and
permeate biomembranes (Tremblay et al,, 1984;
Ganesan et al., 1984). Recent interest in the utili-
zation of liposomally encapsulated polypeptides as
a means of improving stability and bioavailability
and providing rate-controlled delivery of these
potent therapeutic agents (Eppstein and Marsh,
1983) necessitate the development of methodology
to study their interactions with oriented arrays of
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lipids. Monolayer penetration experiments are a
valuable tool for exploring interactions between
lipid monolayers and proteins and can, with limi-
tations, provide insight into protein-lipid bilaver
interactions occurring in liposomal systems (Phil-
lips et al., 1975; Phillips and Chapman, 1968;
Kimelberg and Papahadjopoulos, 1971; Takada et
al, 1982). Although penetration studies have
helped elucidate the role of many factors, includ-
ing protein hydrophobicity and flexibility, lipid
compressibility and electrostatic interactions on
the mechanism of lipid monolayer and membrane
interactions with protein (Colacicco, 1970, 1972),
such studies have invariably been performed with
proteins or polypeptides having molecular weights
above 5000. Studies using smaller polypeptides
have focussed on primarily electrostatic interac-
tions with charged phospholipid monolayers
(Takada et al., 1982).
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In this work, we have sought to investigate the
effects of size and hydrophobicity of polypeptides
having molecular weights below 2000 on their
predominantly hydrophobic interactions with a
neutral phospholipid monolayer, dimyristoylphos-
phatidylcholine (DMPC).

Gly, Gly-Gly-Gly (Peninsula Labs., Belmont,
CA), L-Ala, L-Ala-L-Ala-1-Ala, 1-Ala-Gly-
Gly-Gly-Gly (Bachem, Inc., Torrance; CA), L-
Phe-1-Leu-L-Glu-L-Glu—L-Leu, adrenocortico-
tropic hormone fragments 1-10 (ACTH (1-10),
L-Ser—L-Tyr-L-Ser-L-Met-L-Glu-1-His—L-Phe-
L-Arg-L-Trp-Gly), porcine pS-lipotropin (L-
Glu-r-Leu-1-Ala—-Gly-1L-Ala-1L-Pro-L-Pro-1-
Glu-L-Pro-L-Ala), a-endorphin (L-Tyr-Gly-
Gly-L-Phe-1-Met-L-Thr-1-Ser-L-Glu-L-Lys-L-
Ser—L-Glu-L-Thr-1-Pro-1-Leu-1-Val-L-Thr),
human fibrinopeptide A (L-Ala-L-Asp-L-Ser—
Gly-L-Glu—Gly-L-Asp-L-Phe-1-Leu-L-Ala-1-
Glu-Gly-Gly-Gly-L-Val-L-Arg) and DMPC
(Sigma, St. Louis, MO) were used as received. All
other chemicals were of reagent grade and used as
obtained.

The procedure used for the monolayer penetra-
tion studies was a modification of that reported by
Schwinke et al. (1983). The experiments were per-
formed at 25 + 1°C, = 2°C above the phase tran-
sition temperature of DMPC (Janiak et al., 1976).
A Rosano surface tensiometer (Laboratory Prod-
ucts, Inc., Boston, MA) having a sensitivity of 0.05
dyne/cm?, equipped with a sandblasted platinum
Wilhelmy plate was used to measure surface ten-
ston. The subphase consisted of 90.0 ml of 0.05 M
N-2-hydroxyethylpiperazine-N "-2-ethane sulfonic
acid (HEPES) at pH 7.0. Sodium chloride was
added to adjust the ionic strength to 0.20. The
solution was contained in a circular polytetrafluo-
rothylene dish 7.63 cm in internal diameter. A
polytetrafluoroethylene-coated magnetic stirrer
was used for mixing the subphase without disturb-
ing the surface. The entire apparatus was enclosed
to reduce airborne contamination.

DMPC was spread from a solution of n-
hexane : ethanol (9:1, v/v) by means of an Agla
micrometer syringe (Wellcome Reagents Ltd, Be-
ckenham, U.K.) in amounts sufficient to produce
the desired initial surface pressure. The addition
of the spreading solvent alone to a clean buffer

surface produced no measurable change in surface
tension.

A stationary needle with a removable glass
syringe was used to deliver concentrated peptide
solutions beneath the surface into the subphase.
An equal volume of the subphase was removed
prior to the addition so as to keep the total
volume constant. A magnetic stirrer (= 80 rpm)
mixed the subphase for 15 min, and the system
was allowed to equilibrate for 15 min before
surface tension readings were recorded. Surface
tension changes due to peptide addition were vir-
tually complete within 30 min.

Surface pressure, 7, was calculated as the dif-
ference in surface tension in the absence of the
DMPC film and that of the film-covered surface.
The change in surface pressure, Am, was calcu-
lated as the difference in surface pressure of the
lipid film upon injection of peptide into the sub-
phase and that of the film in the absence of
peptide, i.e., at its initial surface pressure. The
surface tension of solutions of each of the peptides
of all concentrations used in the penetration ex-
periments was identical to that of the peptide-free
buffer solution, indicating that the pressures mea-
sured in the presence of the DMPC monolayer
were not caused by the peptides independently (at
the concentrations employed) or by any impurities
in them.

Preliminary experiments indicated that if the
initial surface pressure was greater than 10
dyne/cm, injection of amino acids or tripeptides,
even at high concentrations, did not show signifi-
cant interactions with the monolayer as evidenced
by changes in Az values. Therefore, 10 dyne/cm
was chosen as the optimal initial surface pressure
for these studies.

Fig. 1 shows the change in surface pressure as a
function of peptide “monomer” concentration at
an initial pressure of 10 dyne/cm. The term
“monomer” concentration refers to the concentra-
tion of a single amino acid or the amino acid
residue of a polypeptide. The monomer concentra-
tion was obtained by multiplying the molar con-
centration of the peptide by the number of amino
acid units (whether similar or different) compris-
ing it. For example, for L-Phe-L-Leu-L-Glu-L-
Glu-L-Leu, a 0.1 M concentration of this poly-
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Fig. 1. Plots of the change in surface pressure as a function of peptide “ monomer” concentration. The peptides were injected under a

film of dimyristoylphosphatidylcholine at an initial pressure of 10 dyne/cm. See text for experimental details. A: O, Gly: ®,

Gly-Gly-Gly; m, L-Ala; a, L-Ala-1-Ala-L-Ala; (B): B, L-Ala-Gly-Gly-Gly-Gly; 0O, L-Phe-L-Leu-L-Glu-L-Glu-L-Leu; X,
ACTH-~(1-10); ¢, porcine S-lipotropin, a, a-endorphin; +, human fibrinopeptide A.

peptide corresponds to a “monomer” concentra-
tion of 0.5 M. This approach enabled us to de-
termine the relative extents of interactions of poly-
peptides with DMPC monolayers utilizing differ-
ent concentrations of peptides of dissimilar amino
acid sequences. The “monomer” concentration of
each peptide required to increase the surface pres-
sure 1 dyne/cm (denoted as Cl,) was obtained
from the curves shown in Fig. 1 (short extrapola-
tions of the Gly—Gly—Gly, L-Ala-L-Ala-L-Ala and
porcine B-lipotropin curves were made). These
values are shown in Table 1.

Also shown in Table 1 are the calculated values
for the total free energy of transfer (Af,) of the
side-chains of each of the peptides from ethanol to
water at 25°C. These values, which represent rela-
tive indicators of hydrophobicity, were calculated
from Af, values of individual amino acids re-
ported by Nozaki and Tanford (1971). The more
hydrophobic side chains will have a large positive
Af, value and glycine as the reference is given a
value of zero. Since it is generally accepted that
hydrophobicities of amino acid residues are ad-
ditive (Tanford, 1962; Bigelow, 1967; Segrest and
Feldmann, 1974; Eisenberg, 1984), Af, for each
peptide can be expressed either as the total free

energy of transfer or as the free energy of transfer
per amino acid residue.

Although several other approximations of hy-
drophobicities of amino acid residues have been
reported (Eisenberg, 1984), Nozaki and Tanford’s
(1971) scale appears to us to be the most self-con-
sistent. Their compilation omits several amino acid
residues with charged side changes at pH 7, i.e,,
glutamic acid, aspartic acid, arginine and lysine,
because of the difficulty of measuring meaningful
hydrophobicities for such side chains using ethanol
as the non-polar phase. Ideally, the hydrophobici-
ties of such side chains should be determined from
solubilities of the amino acids in a pure hydro-
carbon solvent (rather than the semi-polar ethanol)
and water (Tanford, personal communication), but
no such data are available. Since charged side
chains are likely to remain in the aqueous phase
and therefore contribute little to the surface pres-
sure, we have assigned to them a value of zero.
This type of approximation is not without prece-
dent (Bigelow, 1967; Segrest and Feldmann, 1974).
While this approximation may be appropriate for
the present study where a neutral monolayer is
present, it should be pointed out that in the pres-
ence of a charged monolayer, charged side chains
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TABLE 1

Relationships between the size and hydrophobicity of peptides and their interactions with dimyristoylphosphatidylcholine monolayers

Peptide Number of Molecular Total 4f, “Monomer”
Residues Weight (Kcal /mole) Conen (C ll\,, )
glycine 1 75.1 0 1.8Xx 1072
L-Alanine 89.1 0.5 1.3x1072
Gly-Gly-Gly 3 189.2 0 56x107*
L-Ala-L-Ala~1-Ala 3 231.2 1.5 28x107*
L-Ala~-Gly-Gly-Gly-Gly 5 317.3 0.5 25x107*
L-Phe-1-Leu-1-Glu-L-Glu-L-Leu 5 649.7 6.1 28x107°
Porcine B-lipotropin 10 951.0 7.8 79x1073
ACTH-(1-10) 10 1299.6 9.4 5.6x107¢
Human fibrinopeptide A 16 1461.4 6.5 79x1073
a-Endorphin 16 1745.9 12.3 1.6 x107°

are likely to influence strongly the surface-seeking
tendency of a peptide. Therefore, when electro-
static interactions are present, the surface activity
of an otherwise quite polar peptide may be either
exaggerated or underestimated depending upon
whether charge attraction or repulsion pre-
dominates. The advantages and limitations of
utilizing the approach of Nozaki and Tanford and
other approaches to describe polypeptide hydro-
phobicities have been discussed in detail (Eisen-
berg, 1984).

In all cases, when peptides with the same num-
ber of residues are compared, the more hydro-
phobic one exhibits a lower C}; value (Table 1).
An examination of Table 1 also shows that molec-
ular weight (or size) influences the extent of inter-
action., For example, L-Ala-L-Ala-1-Ala, with
roughly 3 times the molecular weight of L-Ala
requires only 1/45 the equivalent concentration of
the monomer to cause the same change in surface
pressure. A similar effect of chain length has been
demonstrated for the interaction of polylysine and
lysine with a negatively charged polyphos-
phoinositide monolayer (Takada et al., 1982).

An examination of Fig. 2 reveals that a rea-
sonably good correlation exists between the free
energy of transfer of a polypeptide from ethanol
to water (a measure of its hydrophobicity) and its
C}, value (a measure of the extent of its interac-
tion with the neutral lipid monolayer). Since both
the size of the polypeptide and the hydrophobicity
of its individual amino acid residues affect its

interaction with the DMPC monolayer, the total
free energies of transfer values rather than the Af,
per residue were used. It should be pointed out
that calculations of this type do not account for
the possibility that secondary structure may be
present in the larger polypeptides studied, and
that such structures would be altered upon inter-
action with the monolayers.

It is well known that proteins most readily
penetrate phospholipid monolayers when the film
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Fig. 2. Plot of the peptide “monomer” concentration required

to increase the surface pressure of a DMPC monolayer 1

dyne/cm (Cl,; a measure of the extent of its interaction with

the neutral lipid monolayer) vs its free energy of transfer from

ethanol to water (Af,; a measure of its hydrophobicity). Cl,

values were obtained from the curves shown in Fig. 1. See text
for experimental details.




pressure is low (Quinn and Chapman, 1980; Van
Deenen et al, 1976). As the lipid film is con-
densed, closer packing of the lipid molecules will
tend to exclude the protein from an area-de-
termining position. However, when conditions are
optimal, e.g., surface active proteins interacting
with charged lipid films, film penetration is evi-
dent at surface pressures as high as 60 dyne/cm
(Hendrickson et al., 1983). Even in the absence of
primary electrostatic interactions, proteins have a
capacity to interact hydrophobically with neutral
phospholipid monolayers resulting in film pene-
tration still seen at surface pressures comparable
to the internal lateral pressures expected in phos-
pholipid bilayers (Hendrickson et al., 1983; Pattus
et al.,, 1979; Lea et al., 1975; Pink, 1984).

Since the molecular packing and lateral pres-
sures of the monolayer and bilayer system are
virtually the same at the equilibrium surface ten-
sion of liposomes (MacDonald and Simon, 1987),
it is not surprising that results obtained from
monolayer penetration studies have been success-
ful in furthering our understanding of how
peptides affect phospholipid bilayer systems in
natural membranes (Bougis et al., 1981) and lipo-
somes (Teissie, 1981). The partitioning of a peptide
between the lipid bilayers and aqueous compart-
ments of a liposome is very difficult to measure
experimentally and is not easily predicted since its
value would be quite dependent on specific and
non-specific intermolecular interactions occurring
between the peptide and the oriented lipid array.
Thus, even highly charged, very water-soluble
compounds can become associated with lipid bi-
layers via predominantly specific interactions (Au
et al, 1986). Since the partition coefficient of a
bioactive peptide within a liposome would be ex-
pected to influence its stability and therapeutic
efficacy (Eppstein and Marsh, 1983), experimental
procedures to determine the effects of lipid and
peptide structure on their propensity to interact
with each other would be most useful. The corre-
lation shown in Fig. 2, which can in principle also
be done at higher surface pressures, e.g., 30—40
dyne/cm, suggests that relative accumulation of
polypeptides at oriented lipid interfaces can be
estimated by penetration experiments of this type.
It remains to be seen whether these subtle hydro-
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phobic effects will be apparent with charged
monolayers, where electrostatic interactions pre-
dominate, and whether data of this type can be
extrapolated to explain the distribution of small
polypeptides in liposomes.
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