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ACTH-lipid interactions were investigated by: (1) lipid-monolayer studies using several zwitterionic and
anionic phospholipids and gangliosides, (2) permeability experiments by following the swelling rate of
liposomes in isotonic glycerol solutions by light scattering, using liposomes of synthetic lipids and liposomes
made of lipids extracted from light synaptic plasma membranes, and (3) by steady-state fluorescence
anisotropy measurements on liposomes derived from light synaptic plasma membranes employing 1,6-di-
phenyl-1,3,5-hexatriene as fluorescent probe. (1) The monolayer experiments demonstrated an interaction
with gangliosides G,, G4, dioleoylphosphatidic acid and phosphatidylserine, but little or no interaction
with phosphatidyicholine or sphingomyelin. The interaction with monolayers of G, or phosphatidic acid
decreased for ACTH, ;; NH, and ACTH, ,,. (2) The liposome experiments showed that 2:10~5 M
ACTH, ,, increased the glycerol permeability by 20% and decreased the activation energy only when
liposomes derived from light synaptic plasma membranes were used. Treatment of the liposomes with
neuraminidase abolished the ACTH-induced permeability increase. (3) Steady-state fluorescence depolariza-
tion measurements revealed that ACTH, ,,, ACTH, ,,NH, and ACTH  ,, did not change the fluidity of
liposomes derived from light synaptic plasma membranes as sensed by diphenylhexatriene. It is concluded
that ACTH _,, can bind to negatively charged lipids and can form an amphipathic helix aligned parallel to the
membrane surface involving the N-terminal residues 1 to 12, possibly to 16. Polysialogangliosides will
favorably meet the condition of a high local surface charge density under physiological circumstances. It is
suggested that ACTH-ganglioside interactions will participate in ACTH-receptor interactions.

Introduction

Corticotropin (ACTH) and its N-terminal frag-
ments have shown to influence specific animal and
human behavior [1-3]. In studying membrane
processes associated with the central action of
ACTH peptides, it was found that synaptosomal
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protein phosphorylation [4,5], polyphosphoinosi-
tide (polyPI) metabolism [6,7] and adenylate
cyclase activity [8] are affected by ACTH, ,,. (For
reviews see Refs. 10-13.)

The ACTH-induced excessive grooming behav-
ior and the ACTH-induced inhibition of B-50
protein phosphorylation showed a similar struc-
ture-activity relationship [5,14]. It appeared that
the effect of ACTH on the phosphorylation of the



B-50 protein, a presumably presynaptically local-
ized brain-specific membrane protein [15-17], is
mediated by the inhibition of the B-50 protein
kinase [9]. The B-50 protein kinase is a Ca’*-
activated phospholipid-dependent protein kinase
similar to kinase C [13,20]. Recently, a crucial role
has been attributed to B-50 protein phosphoryla-
tion in modulating synaptosomal polyPI metabo-
lism [13,21,22].

Despite the various well-documented specific
neurochemical actions of ACTH,,,, attempts to
demonstrate putative ACTH receptors have as yet
been unsuccessful [21]. It is suggested, however,
that ACTH affects directly the membrane proper-
ties and / or the B-50 protein kinase [13]. Consider-
ing that the effect of ACTH, ,, on lipid fluidity of
light synaptic plasma membranes [22] shows a
similar structure-activity relationship as observed
for the inhibition of B-50 protein phosphorylation
(unpublished results), and that lipid fluidity can
modulate protein phosphorylation and receptor
binding in synaptic plasma membranes {23], the
possibility arises that ACTH,,, indeed exerts its
synaptic effects by directly affecting membrane
properties. Therefore it was of interest to investi-
gate ACTH-lipid interactions in more detail.

Materials and Methods

Chemicals. 1,2-Dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) and 1,2-dioleoyl-sn-glycerol-
3-phosphoserine (DOPS) were synthesized by
standard methods [24]. 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) and 1,2-dioleoyl-
sn-glycero-3-phosphate were prepared from DOPC
according to Cullis and De Kruijff [25].

Egg phosphatidylcholine (egg PC) was isolated
by the method of Pangborn [26] and purified by
high-pressure liquid chromatography [27].

Phosphatidylinositol (PI) was isolated from rat
liver microsomes [28]. Sphingomyelin from total
bovine brain and neuraminidase ex Vibrio cholerae
(EC 3.2.1.18) were purchased from Koch-Light
Laboratories (Colnbrook, UK).

The gangliosides G, and G, (nomenclature
according to Svennerholm [29]) were obtained from
Supelco (Houston, TX, U.S.A.). Gangliosides from
total bovine brain were purchased from Sigma (St.
Louis, MO, U.S.A)). All lipids were pure as evi-
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denced by thin-layer chromatography, except the
gangliosides from total bovine brain, which con-
tained small impurities of PS and PI. All lipid
manipulations were carried out under a N, atmo-
sphere and all lipids were stored in chloroform/
methanol (1:1, by vol.) at —20°C.

The following synthetic fragments of adrenoc-
orticotrophic hormone (ACTH) were used:
ACTH,,,, ACTH, ,,-NH,, ACTH, ,;-NH, and
ACTH, ;,. These peptides were a gift from Dr.
H.M. Greven (Organon Int. BV, Oss, The Nether-
lands).

All solvents and reagents used were of analyti-
cal grade.

Isolation of synaptic plasma membranes. Light
synaptic plasma membranes were prepared from
female Wistar rats (approx. 140 g body weight),
using whole brain without cerebellum as described
by Kristjansson et al. [17]. All manipulations were
carried out at 4°C.

Lipid extraction. Extraction of lipids from the
light synaptic plasma membrane pellet was per-
formed at room temperature basically according to
Bligh and Dyer [30], repeating the following cycle
three times: chloroform/methanol added to form
a monophasic composition in an air-tight tube; 5
min sonication in a waterbath (Philips, type
2100,/10); chloroform/methanol added to form a
biphasic composition; 5 min sonication in a
waterbath; centrifugation for 10 min at 4000 X g
(Heraeus-Christ, type UJ-3); careful collection of
lower phase with a blunt syringe. In the first cycle
chloroform and methanol were added to the in
water resuspended light synaptic plasma mem-
brane pellet to obtain a monophasic composition
of chloroform/methanol /water (2:2:1, by vol.).
In the second and third cycle, 0.5 vol. methanol
and 0.5 vol. chloroform were added (monophasic)
and 1 vol. chloroform (biphasic).

The three lower phases were combined,
evaporated at 37°C under reduced pressure, dried
with absolute ethanol, dissolved in chloroform/
methanol (1:1, by vol.) and filtered through a G-5
glass filter, evaporated to dryness and finally dis-
solved in chloroform/methanol (1:1, by vol.) to a
concentration of approx. 10 mg/ml. Any precipi-
tate was removed by centrifugation at 20000 X g
for 15 min.

Light synaptic plasma membrane lipids con-
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tained 57.4 mol% phospholipid, 36.8 mol%
cholesterol and 5.7 mol% ganglioside. The phos-
pholipids contained 35 mol% phosphatidyl-
ethanolamine, 40 mol% phosphatidylcholine, 10
mol% phosphatidylserine, 5 mol% phosphati-
dylinositol, 5 mol% phosphatidic acid and 5 mol%
sphingomyelin.

Monolayer experiments. Pressure increase mea-
surements of lipid monolayers at the air/water
interface [31] were performed in a Teflon trough (3
cm in diameter and 0.5 cm deep). The trough was
filled with 150 mM KCIl buffer (10 mM Tris-HCl,
pH 7.4). The subphase (5.5 ml) was stirred with a
magnetic bar placed in an additional saving of 1
cm diameter and 0.5 cm deep in the middle of the
trough.

Mono-molecular films were spread from a chlo-
roform/methanol (9:1, v/v) solution with a
capillary pipette until the desired interfacial pres-
sure was reached. After the initial surface pressure
had stabilized, peptides were injected underneath
the monolayer (275 pl, via a small bypass connec-
tion) and the increase in surface pressure was
determined with a recording Beckman LM-500
electrobalance by the Wilhelmy-plate method,
using a sandblasted platinum plate (1.96 by 1 cm).
Measurements were performed at 25 4 1°C in a
thermostated box.

Permeability measurements. The permeability of
liposomes towards glycerol was expressed as the
relative initial swelling rate, % (d1/4)/(dt), of
liposomes in isotonic solution as observed by light
scattering according to Bangham et al. [32] and De
gier et al. [33].

Liposomes were prepared by dispersing an
aliquot of the light synaptic plasma membrane
lipid extract or other lipid mixtures (approx. 10
mg lipid /ml liposomes) in 150 KCl buffered with
10 mM Tris-HCI, pH 7.4 (KCl buffer). Prior to the
determination of glycerol permeability, 30 ul lipo-
somes were incubated at room temperature with
30 pl KCl buffer, with or without ACTH frag-
ments for 10 min. The initial swelling rate was
recorded at 438 nm (Vitatron, type MPS) and at
25°C, after adding 55 pl of incubation mixture to
5 ml of 300 mM glycerol in 10 mM Tris-HCI (pH
7.4), vigorously stirred in a thermostatically con-
trolled cuvette. The activation energies for the
permeation were calculated by linear regression

from Arrhenius plots in which In[% (d1/4)/(d?)]
was plotted against 1/7, T being the absolute
temperature.

Steady-state fluorescence depolarization. Steady-
state fluorescence depolarization measurements
were performed with diphenylhexatriene as fluo-
rescent probe using a self-constructed instrument
described previously [34].

Labeling of the liposomes was performed by
incubating 400 p1 liposomes with 500 pl of a 2 uM
dispersion of diphenylhexatriene in KCl buffer for
30 min at 35°C. The diphenylhexatriene dispersion
was prepared by mixing a 2 mM diphenyl-
hexatriene solution in tetrahydrofuran with KCI
buffer for 30 min at room temperature under a
constant flow of N,. After the labeled liposomes
were incubated with 100 pl ACTH fragments for 5
min at 35°C, I, and I/ were measured indepen-
dently at about 20 temperatures between 20°C
and 37°C. The final liposome concentration was
0.1 mg/ml.

The liposome concentration and the incubation
time of the liposome with diphenylhexatriene were
chosen at their P-plateau. The structural order
parameter S was estimated using a semi-empirical
method [35,36]). After linear regression S at 25°C
was calculated by interpolation.

Miscellaneous. Phosphorus was determined as
described by Rauser et al. [37] and cholesterol as
outlined by Broekhuyse [38]. N-Acetylneuraminic
acid was determined by the method of Svenner-
holm [39] as modified by Miettinen and Takki-Lu-
ukkainen [40].

Neuraminidase treatment was based on Ada et
al. [41] and Haksar et al. [42]. A liposomal suspen-
sion in KCI buffer (approx. 10 mg lipid per ml)
was incubated with 1 mM CaCl, and 10 mU /ml
neuraminidase at 37°C for 30 min. After cooling
to room temperature the whole incubation mixture
was processed as described under permeability
measurements.

Light synaptic plasma membrane gangliosides
were isolated from light synaptic plasma mem-
brane lipids by preparative thin-layer chromatog-
raphy on silica (Kieselgel 60, Merck, Darmstadt,
F.R.G.). After elution with chloroform/
methanol/ammonia/water (55:45:5:5, by vol.)
and localization with iodine-vapor (on the side)
the corresponding track was scraped from the



glass support, transferred into a glass column and
eluted with chloroform/ methanol/ water
(30:60: 20, by vol.) [43].

Results and Discussion

Monolayer experiment

A significant increase in surface pressure (Ar)
was observed after the injection of ACTH, ,, un-
derneath mono-molecular layers of negatively
charged lipids at different initial pressures (;)
(Fig. 1A, B). At initial pressures of 30-35 m-
Nm ™!, which are considered to be most relevant
for biological membranes [44,45], the highest pres-
sure increase is observed for dioleoylphosphatidic
acid and gangliosides G, and G;. A smaller
effect is measured for dioleoylphosphatidylserine
and phosphatidylinositol. Neutrally charged lipids
as dioleoylphosphatidylcholine, dioleoylphospha-
tidylethanolamine and sphingomyelin, had hardly
any effect. While interaction of ACTH,,, with
phosphatidic acid and phosphatidylserine mono-
layers (Aw) decreases progressively at increasing
m;, with G 1, and G, monolayers this interaction
levels off at #,>25 m-Nm™!. This different be-
havior can possibly be explained by the large
lateral compressibility of gangliosides, relative to
phosphatidic acid and phosphatidylserine [46].

The concentration dependency of the ACTH, ,,
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Fig. 1. Increase in surface pressure (A=) after injection of
ACTH,_,, (final concentration 5 M, in 150 mM KCl, 10 mM
Tris-HCl, pH 7.4) underneath monolayers at different initial
surface pressure (7). (A) Dioleoylphosphatidic acid (®), di-
oleoylphosphatidylserine (O), dioleoylphosphatidylcholine (),
dioleoylphosphatidylethanolamine (0). (B) Monosialoganglio-
side Gy, (&), trisialoganglioside G 1, (a), phosphatidylinositol
(¥), sphingomyelin (v).
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monolayer interaction (Fig. 2) shows that already
at 0.3 uM ACTH,_,, an increase in surface pres-
sure can be measured, dependent on the type of
lipid. At an initial pressure of 35 m- Nm ™', 20-30
pM ACTH, ,, increases the surface pressure simi-
larly for phosphatidic acid, gangliosides G ; and
G 1, demonstrating that a negative charge is im-
portant for the ACTH, ,, monolayer interactions.
It was found that the rate of ACTH, ,, monolayer
interaction was significantly different for the vari-
ous lipids. At 5 uM ACTH,_,, the maximal pres-
sure increase was obtained after 1 min for phos-
phatidic acid, 3 min for ganglioside G 1, 7 min for
phosphatidylserine and 25 min for ganglioside
G- Structure-activity studies of ACTH frag-
ment-monolayer interactions using phosphatidic
acid and ganglioside G, monolayers, showed a
decreasing activity with a decrease in the chain
length of the N-terminal fragment of ACTH (Fig.
3). The interaction with mono-molecular layers
decreased in the order ACTH, ,,, ACTH,_,-NH,,
ACTH, ;5;-NH, and ACTH, ,,. A similar decrease
in activity with shorter chain length has been
found for a variety of biological effects of the
peptide [3,5,6,8,47-49].

It can be concluded that both the negative
charge of the monolayer lipids and the positive
charge of the ACTH peptide are of critical impor-
tance for the interaction of the peptide with a
membrane interface. The pressure increase indi-
cates that not only polar interactions but also
hydrophobic interactions occur which could be
reflected in a permeability change of membranes.
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Fig. 2. Increase in surface pressure (Aw) after the injection of
ACTH, ,, underneath mono-molecular films of trisialogan-
glioside G, (O), dioleoylphosphatidic acid (D), monosialo-
ganglioside G, (®) and dioleoylphosphatidylserine (). The
initial surface pressure was 35 m-Nm ™.
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TABLE 1

EFFECT OF ACTH ON THE PERMEABILITY OF LIPO-
SOMES, MADE FROM LIGHT SYNAPTIC PLASMA
MEMBRANE LIPIDS, TOWARDS GLYCEROL

Data (relative initial swelling rate) are expressed as mean + S.E.
(n=135) as percentage of control. Control values: mean+S.E.
(n =15). A: concentration of ACTH,_,, was 30 pM, concentra-
tion of other fragments was 50 uM. Liposomes made from light
synaptic plasma membrane lipids were found to behave as ideal
osmometers according to Boyle-Van ’t Hoff. Statistically sig-
nificant differences from control values were obtained: * 2
P < 0.05; ** 2 P <0.01 (Student’s t-test).

A. Effect of ACTH fragments

Control 100+£2
ACTH, ,, 105+1
ACTH, ;-NH, 1134+2*
ACTH, -NH, 11943 %
ACTH, 4 11743 **
B. Effect of ACTH, _,, concentration (M)
Control 10042
ACTH,,,, 1077 9+4
10°¢ 105+3
4-10¢ 103+2
7-107¢ 11144*
10°° 110+ 3 *
3.107° 12043 **
TABLE II
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Fig. 3. Increase in surface pressure (Aw) after the injection of
ACTH fragments underneath monolayers of trisialoganglioside
G 1, (A), and dioleoylphosphatidic acid (B) at different initial
surface pressures (m;). The peptide concentration in the sub-
phase was 5 uM.

Permeability experiment

The permeability of liposomes derived from
light synaptic plasma membrane lipids, for small
non-electrolytes was found to be affected by the
interaction with ACTH, ,,. ACTH,_,, increases the
permeability of these liposomes towards glycerol
by about 20% (Table I). A similar effect was found
for ACTH, -NH,. The effect decreased in the
presence of ACTH, ,-NH, and ACTH, ,, in this

THE INVOLVEMENT OF LIGHT SYNAPTIC PLASMA MEMBRANE GANGLIOSIDES IN THE INCREASE OF LIPO-

SOMAL GLYCEROL PERMEABILITY INDUCED BY ACTH, ,,

DOPC/Dioleoylphosphatidic acid liposomes contained 15 pM DOPC+0.6 pM dioleoylphosphatidic acid per ml KCI buffer (150
mM KCl, 10 mM Tris-HCl, pH 7.4). DOPC/dioleoylphosphatidic acid +bovine gangliosides: 0.5 mg of total bovine brain
gangliosides added to DOPC /dioleoylphosphatidic acid, per ml. Egg-PC+light synaptic plasma membrane gangliosides: 12 mg
egg-PC+1 mg light synaptic plasma membrane gangliosides (isolated by preparative TLC), per ml. Light synaptic plasma membrane
liposomes contained approx. 10 mg lipid per ml. Data are expressed as mean+S.E. (n = 5) as percentage of control. Neuraminidase
data are expressed as mean + S.E. (n = 5) as percentage of control before neuraminidase treatment.

Liposomal composition Control 30 uM ACTH _,,
DOPC /dioleoylphosphatidic acid 100+2 97+3
DOPC /dioleoylphosphatidic acid +
bovine brain gangliosides 100+ 3 106 + 6
Egg PC + light synpatic plasma
membrane gangliosides 100+1 113+4*
Light synaptic plasma membrane lipid liposomes
before neuraminidase treatment 100+1 113+1*
Light synaptic plasma membrane lipid liposomes
after neuraminidase treatment 9742 9542

* Statistically different from control values: 2 P < 0.05 (Student’s r-test).



order. The dose-response relationship for the
ACTH-induced permeability increase shows that
the effect becomes evident at concentrations of
107 M (Table I). At a concentration of 3-10°
M a permeability increase for glycerol was mea-
sured of about 20%. This ACTH concentration
and structure dependency as measured for the
glycerol permeability is very similar to that of the
inhibition of the B-50 protein phosphorylation [14].
Since monolayer studies showed an interaction of
ACTH, ,, with negatively charged lipids, it is well
possible that the presence of specific anionic lipids
in light synaptic plasma membranes can cause the
increase in liposome permeability. The presence of
about 3.8 mol% bovine brain gangliosides in di-
oleoylphosphatidylcholine liposomes enhanced the
permeability by about 6%, and the presence of
about 7 mol% light synaptic plasma membrane
gangliosides in egg-PC liposomes with about 13%
(Table II). Although ACTH, ,, showed a strong
interaction with phosphatidic acid in monolayers,
the presence of this negatively charged lipid in
liposomes did not enhance the glycerol permeabil-
ity (Table II). That gangliosides might be required
for the enhanced glycerol permeability as induced
by ACTH, ,,, is supported by the observation that
neuraminidase treatment of the liposomes
abolished this effect.

It might be well possible that polysialoganglio-
sides are involved, since they provide the highest
charge density. In mono-molecular layers the in-
teraction was more rapid with G, than with G ;.
In addition, neuraminidase preferentially hydro-
lyzes polysialogangliosides to monosialoganglio-
sides [50,51], whereas light synaptic plasma mem-
brane lipids are enriched in polysialogangliosides
compared to total brain [52]. From the temper-
ature dependency the activation energy for the
glycerol permeation of light synaptic plasma mem-
brane liposomes was calculated [53]. In the ab-
sence and presence of 30 uM ACTH, ,, the activa-
tion energy for the glycerol permeation through
these liposomes was 20.0 + 0.2 and 18.3 + 0.1 kcal
-mol ™!, respectively. The activation energy is the
sum of the dehydration energy, and the diffusion
energy. The dehydration energy is a constant and
is for glycerol 11 kcal - mol ™! [54]. It can be calcu-
lated that the diffusion energy is decreased by 19%
in the presence of ACTH.
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Steady-state fluorescence depolarization

The glycerol permeability experiments indicated
a perturbation of the hydrophobic core of the lipid
bilayer by ACTH,,,. It has been reported that
light synaptic plasma membrane fluidity increases
after ACTH, ,, addition [22]. Therefore, the effect
of ACTH,,, on the order parameter of light syn-
aptic plasma membrane lipid liposomes was in-
vestigated as determined by diphenylhexatriene
(S) [35]. It was found that ACTH, o, ACTH, ¢
NH, and ACTH,,, did not perturb the hydro-
phobic core in a way that could be sensed by
diphenylhexatriene. This effect of ACTH,,, on
diphenylhexatriene depolarization in light synaptic
plasma membrane lipid liposomes deviates from
the effect of ACTH, ,, on diphenylhexatriene de-
polarization in light synaptic plasma membranes.
It is well possible that the ACTH-membrane inter-
action is not identical with light synaptic plasma
membranes and light synaptic plasma membrane
lipid liposomes and that diphenylhexatriene senses
fluidity changes in the central part of the mem-
brane [55,56], rather than closer to the polar
headgroup. Considering the affinity of diphenyl-
hexatriene for apolar regions of proteins [56], it is
also possible that diphenylhexatriene depolariza-
tion monitors structural changes of proteins as a
consequence of the ACTH-membrane interaction.
It has been suggested that the increased fluidity in
adrenal cell membranes after ACTH addition
originates from conformational changes in recep-
tor proteins [S7]. It is most likely that the posi-
tively charged amino acids at position 15-18 are
involved in the ionic interaction with negatively
charged lipids. The monolayer and permeability
experiments suggest that ACTH penetrates into
the hydrophobic core. A penetration of the N-
terminal part of ACTH, ,, deep into the hydro-
phobic core of the membrane is opposed by the
presence of charged amino acids at positions 1
(Ser), 5 (Glu) and 8 (Arg) and is not supported by
fluorescent depolarization experiments. An undeep
penetration of ACTH, ,, into the membrane lipid
layer could be visualized by an amphipathic helix
[58].

In order to determine the amphipathic proper-
ties of ACTH,,, in an a-helical conformation, the
approach of Eisenberg et al. {59] was used. They
showed that amphipathic peptide sequences (ap-
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prox. 15-20 residues) in an a-helical conformation
are characterized by a high hydrophobic moment
({#y)), which is a measure for the degree of
amphipathic character, combined with a negative
mean hydrophobicity ((H)), indicating the gen-
eral hydrophilic character. For the most amphi-
pathic 5-22 segment of mellitin they calculated a
hydrophobic moment ({uy;)) of 0.40 and a mean
hydrophobicity ((H )) can be calculated of —0.02.
Applying this approach to ACTH,_,, as illustrated
in Fig. 4, it is found that the most amphipathic
N-terminal segment ACTH, ;¢ gives a (py) = 0.34
and a { H) = —0.38. In general helices with a high
amphipathic character and a negative mean hydro-
phobicity are surface-seeking helices [59].

This possibility becomes increasingly plausible
recognizing the well-documented behavior of
melittin [60), a small peptide sharing structural
similarities with ACTH,,, and other peptide
hormones [61]. Also Schwyzer et al. [62] assumes
that the N-terminal part of ACTH (ACTH, ;,) has
an a-helical structure when being part of
ACTH, ,,. The fragment ACTH, ,, itself, when
studied without the sequence (11-24) seems to
prefer a a-pleated sheet structure. If indeed the
a-helical structure of the fragment ACTH,,, is
dependent on its presence in ACTH, ,,, then the
difference in effectiveness between ACTH,_,, and
ACTH, ,, (Table I) may originate from these con-
formational differences. In view of the similarity
in effectiveness between ACTH, ,, and ACTH,,,
in several behavioral test situations, Schwyzer et
al. [62] assume that the, as yet unidentified, brain
receptors differ in their recognition properties from
those of peripheral target cells to ACTH. In con-
trast with the B-pleated sheet structure of the
(1-10) fragment, Van Nispen and Greven [63]
suggest that the fragment ACTH,,, itself may
have an a-helical conformation at the brain recep-
tor sites. The present data are clearly in line with
the notion that the biological important N-termi-
nal part of ACTH assumes an a-helix.

It can be visualized that an amphipathic helix
aligned parallel to the membrane surface and
penetrating only a short distance to it, may explain
the observed effects of ACTH,,, in the mono-
layer, permeability and fluorescence experiments.
It is well possible that proline at position 12 might
interrupt the amphipathic helix structure.

val a (5 Lys*
® ®
His (6) ®) 6w~
@ Pro
Gly @ SerTNH,
Ser @ A'g*
Gly @LVs“‘
Phe@ @ @I)Vle(

Lyst

Fig. 4. Projection of ACTH,_,,-NH, in an a-helical conforma-
tion along the helical axis.

Biological significance

As described already before, the interaction of
an amphipathic helix of ACTH, ,,, possibly to 16,
with membranes is favored by negatively charged
lipids giving a high charge density. The involve-
ment of these localized charges can be understood
applying the amphipathic helix model. The impor-
tance of a negative charge near the hydrophobic
core is well in agreement with the localization of
Lys'! and Lys'®, bordering the hydrophilic side of
the amphipathic helix in ACTH, ,, almost oppo-
site to each other (Fig. 4).

A high local surface charge density may well be
needed to induce and stabilize the C-terminal part
of the amphipathic helix in ACTH considering
that Lys'!, Lys'> and Lys'® will become located
close to each other. The condition of a high local
surface charge density can be met in biological
membranes by gangliosides due to their clustering
properties [64—68].

After early suggestions that gangliosides may
participate in the internalization of environmental
signals [69], it has been shown that gangliosides
participate in the actions of glycoprotein hormones
[70-72] and bacterial toxins [73,74] with consider-
able specificity. The monolayer and permeability
experiments do not allow a definite conclusion
with respect to ganglioside headgroup specificity
since the permeability experiments suggest specific
interactions between ACTH and gangliosides while
the monolayer experiments point to general



ACTH-anionic lipid interactions. In addition, an
absolute headgroup specificity in ganglioside-
ACTH interactions seems very unlikely consider-
ing the metabolic constraints, especially when is
recognized that gangliosides are located over the
entire neuronal surface [75,76] and are found in
brain microsomal subfractions with a species com-
position similar to that of synaptic plasma mem-
branes [77]. The specificity in ACTH-receptor in-
teractions does not necessarily involve specific
ganglioside-ACTH interactions as is implicated by
the observation that ACTH binds with high affin-
ity to adrenal proteinaceous receptors [78].

Judging the importance of the lipid-induced
amphipathic helix in ACTH in ACTH-receptor
interactions, we share the conviction of Epand [79]
and Gysin and Schwyzer {80,81] that ACTH-lipid
interaction may be part of ACTH-receptor inter-
action by capturing ACTH from the surrounding
fluid and by inducing conformations and topologi-
cal arrangements that are favorable for receptor
interaction.

Though ACTH-lipid interaction may provide
some of the specificity of the ACTH-receptor in-
teraction by means of the conditional properties of
the anionic lipid and possibly by headgroup
specificity of the anionic lipid, it seems ap-
propriate that ACTH-lipid interactions may at
best not be more than part of the ACTH-receptor
interactions, as judged by the specific binding of
ACTH to adrenal [78] and pituitary proteins [82]
and by the complex pleiotropic actions of ACTH
in several tissues.

The participation in ACTH-receptor interac-
tions of the amphipathic helix in ACTH along the
membrane surface introduces a few feature, which
may explain some of the peculiarities observed in
detailed structure-activity studies: the direction of
the hydrophobic moment, which will differ among
different fragments, resulting in different exposure
of the residues relative to the membrane surface.
Obviously, besides these differences between
ACTH fragments, also differences in surface con-
centration (due to different charges) and dif-
ferences in conformation will complicate the inter-
pretation of structure-activity studies.
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