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SUMMARY : A computational approach was used to study the confor-
mation of mixed monclayers of amphiphilic molecules in order to
characterize the assemblage of phospholipids around tumor-promo=
ting and biclogically inactive phorbol esters. The theoretical
model was in fair agreement with both experimental data obtained
in mixed monolayers of phorbol esters and dipalmitoylphosphati-
dylcholine spread at an air-water interface and the binding of
phorbol esters to phospholipid bijlayers. Thus, the present me-
thod may represent a useful tool to predict the orientation and
molecular interaction of amphiphilic drugs at the membrane level.
Several phorbol esters are potent tumcr-promoting agents,
whilst cther phorbol esters are biologically inactive {i-3),
The biological response to phorbol esters is thought to involve
their binding to membrane receptors (4-7). Several aspects of
this specific binding can be mimicked in artificial membranes
formed solely of phospholipids (8). Thus, phorbol esters could
be first located in the lipid domain of cell membranes and cause
a primary disorder in the physico-chemical properties of such a
domain (9, i0). Under suitable experimental conditions, there is
indeed a close parallelism between the tumor-promoting potency
cof different phorbol esters and their capacity to either inter-
act with phospholipids (11, 12) or interfere with ionophore-me-
diated calcium transport in multilamellar lipid vesicles (13, 14).

For instance, 4oa-phorbol 12,13-3didecancate, which is biclogically

inactive in terms of either tumor promotion or stimulation of
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insulin release, is much less potent than its biologically ac-
rive iscmer, phorbol 12,13-didecanoate, in displaying repulsive
interaction with dipalmitoylphosphatidylcholine (DPPCY , in faci-
litating A23187-mediated calcium exchange-éiffusion in multilamel=-
lar liposcmes formed of DPPC and cholestercl or in inhibiting the
vinding of [ 20-*H({N)}-phorbol 12,13-dibutyrate to liposomes for-
med of egg yolk phosphatidylcholine (12, 14, 8). In orgder to
gain insight into the molecular determinism of such differences,
we have previocusly investigated, by conformational analysis, the
configuration and orientation of phorbecl esters at a simulated
memhrane-water interface and their assemblage to form pure mono-
layers (15, 16}. 1In the present study, we have applied the same
procedure to visualize the insertion of distinct phorbol esters

within a phospholipid monolayer.

METHODS

A step-wise computation approach was used to predict the con-
figuration of mixed monolayers of DPPC and a phorbol ester. The
conformation of isolated molecules and their orientatiocn at a si-
mulated hydrophilic-hydrophobic interface were first established
by a method described elsewhere (17, 18). The position of a first
molecule of DPPC relative to a molecule of phorbol ester was then
assessed by systematic changes of the five following parameters :
the distance between hydrophilic centers, the rotation of the 1li-
pid molecule around its Z axis, the gravitation of DPPC around the
phorbol ester, the up-and~-down migration of the lipid molecule
and its oscillation around the 2 axis. Among the 14,400 possi-
ble positions of the DPPC molecule relative to that of the phor-
bol ester, we selected the position yielding the lowest energy,
as judged from both electrostatic and Van der Waals inter-—
actions. The position of a second DPPC molecule relative to the
selected pair was then calculated in the same manner, and the
procedure further repeated until the phorbcl ester molecule was
completely surrounded by phospholipids. The -configuration of
the final mixed monolayer was eventually projected either on the
interface plane (X,Y) cr on a plane perpendicular to the inter-
face. Computations and calculatiomns were made on a CDC-CYBER 170
coupled to a Benson drawing +raple. The drawing program (PLUTO)
was kindly provided by Dr. A. Englert (19}).

Four phorbol esters were examined, namely phorbol 12-myrista-
te 13-acetate (PMA), phorbol 12,13-dimyristate {PDM) , 4a-phorbol
12,13-dimyristate (4g-PDM) and phorbol 12,13-dibutyrate (PDB).
The r~onformation analysis of the isolated molecule of each phor-
Lol ester was performed as described elsewhere (15). We selec~
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ted PCM and 4a-PDM for this study, rather than PDD (phorbol 12,
13-didecanocate} and 4u-PDD, in order to facilitate comparison
with PMA, the long acyl chain(s) being identical in PDM, 4a-PDM
and PMA, respectively. 1In pure monolayers, the molecular areas
of PDD and PDM were identical, whereas that of 40-PDM (1.35 nm?)
slightly exceeded that of 4o=-FDD (1.15 nm?).
RESULTS

The assemblage of DPPC molecules arcund a phorbol ester is
illustrated in Figs. 1 (PMa), 2 (PDM) and 3 (4c-PDM), which re-
present projections on the interface plane. Fig. 4 provides a
projection of the 4c-PDM/DPPC mixed monclaver on a plane perpen-—
dicular to the interface. 1In all figures, the carbon atoms in
position 15, 16 and 17 were withdrawn from the phorbol backbone
in order to increase the legibility of these illustrations.

At each step cof the computation procedure, the initial mole-

cule of phorbol ester or the assembly formed by one molecule of

phorbol ester and one or more molecule(s) of DPPC vas given the

Fig. 1. Prcjection on the interface plane of a mixed monolayer
of PMA and DPPC at a simulated hyvdrophobic-hydrophilic interface.
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Fig. 2. Projection on the interface plane of a mixed monolayer
of PDM and DFPC at a simulated hydrophobic-hydrogphilic interface
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Fig. 4. Projection on a plane perpendicular to the interface of
a mixed monclayer of 40-PDM anad DPPC at a simulated hydropnoblc—
hydrophilic interface. For the sake cof clarity, only 2 molecu-
les of DPPC (2 to the left and one to the right) out of the §

molecules surrounding the 40-PDM molecule are shown in this
projection.

opportunity to interact with either a second meolecule cof pherbol

ester or a further DPPC molecule. In all cases, however, the in-
teraction with DPPC was eventually selected because of a lower
energy. This clearly indicates a low probability of existence

for monolayers formed of close-to-egual numbers of DPPC and

phorbol esters melecules, a situation probkably attributable to

the repulsive interaction between DPPC and phorbcli esters at mo-
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lar ratio close to unity {(12).

The number of DPPC molscules requirved to completely surrocund

a phorbol ester varied from 6 (PDB) to 9{io-FDM]
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summation of the individual areas (Table 1), the minor differen-
ce suggesting limited attractive interaction. This finding is in
good agreement with experimental data collected irn mixed mono-
layers of DPPC and a phorkol ester spread at an air-watsr inter-
face {(12). In such monclayers, & mcdest attractive interaction
berween the two molecular species was indeed observed at close-to-
physiclogical surface pressure and at a low phorbol ester/DPPC
molar ratio. Incidentslly, the phorbol ester/UPPC molar ratio in
the mixed monolayers (Figs, 1 to 3) remained well above the ex-
perimental value for the hinding of phorbol esters to living or
artificial membranes. Our model may thus provide a fair view

of the insertion of phorbol ester in the phospholipia demain of

membranes.
TABLE 1, Mixed wmonolayers of DPPC and phorbol esters
Area in Number of Theoretical area Computed area Cohesion
Molecule pure surrounding in mixed in mixed energy?
monolayers? DPPC monclayers®:P monelayersd
DPEC 0.60 - - - 16.0
PMA 0,64 7 z2.14 i 8.5
PO 0.69 8 2.49 .32 15.G
Lo—-PDM 1.35 9 3.45 .41 8.5
PDB 0,72 6 1.92 1.83 £.9

a . .
Molecular areas are expressed in nm? and the mean cohasion snergy between
adjacent molecules in kcal/mole.

®The theorerical area is taken as the sum of the individual areas in pure
monoiayers corrected for the number of DPPC and phorboel ester molecules in
each assembly. In this caiculation, the number of DPPC mclecules in taken
as (n - 23/2, with n representing the number of DPPC melecules completely
surrounding each molecule of phorbol ester. This takes Into sccount the
facts that (i) the sum of angles in a polygon with n angles eguals (n-2).180°%,

and (ii)} in imbricated polygones, the sum of angles around each cross
point equals 360°.
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The cohesion energy in each type of monolayer was due mostly
to Van der Waals interaction between adijacent acyl chains rather
than to electrostatic interaction between polar heads. From the
values for such a cohesion energy, as listed in Table 1, it can
be surmised that the insertion of PDM, as distinct from 4a-PDM
or PDB,into a monoclayer of DPPC is favcured by the attractive in-
teraction between acyl chains. This is in good agresment with
experimental data indicating that PDD is about 8 times more ef-
ficient than 4a-PDD in inhibiting the binding of tritiatec PDB
+o multilamellar liposomes (8). The cohesion energy in the mixed
ranolayer of PMA and DPPC was also lower than that fcund with
DM and DPPC, a situation attributable to the presencs of only
& single leng acyl chain in the PMA molecule,

In conclusion, the present data reinforce the view that the
interaction of phorbol esters with phospheolipids may play an
important role in the expression of their biological potency.
Moreover, the present wofk indicates that the conformaticnal
analysis of mixed monolayers formed of distinct amphiohilic mo-
lecules may provide useful information to predict the insertion

of drugs in the phosgpholipid domain of biclogical membranss.
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