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Abstract—The prostaglandins PGB,, PGE, and PGF,, were found to translocate calcium in a modified
Pressman cell. At pH 7.40, PGB, was more potent than PGE, and than PGF,,. When incorporated at
a 1% molar ratio in liposomes made of cholesterol and different diacyl phosphatidyl choline, prosta-
glandins are able to mediate a slow calcium exchange diffusion. A significant prostaglandin-mediated
calcium release that depends on the lipid matrix rigidity is observable at 37° but not at 22°. Conformational
analysis of the complex formed by two molecules of prostaglandins and one calcium atom, either at a
simulated membrane-water interface or in a simulated bulk lipid phase reveals rigid complexes with
great distances between hydrophilic and hydrophobic gravity centres that predict low ionophoretic

properties.

In recent years much attention has been paid to the
metabolism of arachidonic acid which after stimu-
lation of secretory cells generates leukotrienes and
prostaglandins via the lipoxygenase and cycloxy-
genase pathways [1-4]. This membrane phospholipid
turnover is generally followed by an enhancement in
Ca fluxes. It has been proposed that some phospho-
lipids, prostaglandins and leukotrienes could act as
endogenous ionophores [5-12]. More precisely,
prostaglandins E; and F,, were suggested to be ion-
ophores since their action on sarcoplasmic reticulum
vesicles resembled that of A23187 and X537A ion-
ophores [6]. Prostaglandins B, and E; were effec-
tively found to translocate Ca?* in a Pressman cell
[7]. However, several authors have shown that only
a polymeric derivative of PGB, was able to mediate
Ca?* transport in liposomes whilst none of the prosta-
glandins they tested translocate Ca* in this system
[8]. As for phosphatidic acid [9, 13, 14], there are
controversial debate about the ionophoretic proper-
ties of prostaglandins.

The aim of this study is to show that prostaglandins
may mediate to a different but small extent, a trans-
location of Ca?* through an organic phase and a
release of Ca?* from liposomes. The interaction of
different prostaglandins with Ca®* is also studied by
theoretical conformational analysis providing results
in fair agreement with the results of Ca®" trans-
location and transport.

MATERIALS AND METHODS

The prostaglandins B,, E; and F, (PGB,, PGE,
and PGF,,), the lipids distearoyl phosphatidylcho-
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line, dipaimitoyl phosphatidylcholine and dimy-
ristoyl phosphatidylcholine (DSPC, DPPC and
DMPC) and cholesterol (chol) were obtained from
Sigma Chemical Co. (St Louis, MO). *3Ca?* in the
CaCl, form was obtained from New England Nuclear
(Boston, MA).

The methods of measuring Ca®* translocation
from one aqueous phase into another across an
organic phase [15] and of measuring the exchange
diffusion of Ca?* in liposomes [16~18] have been
described in full detail in prior publications. Briefly,
an organic mixture containing the prostaglandins is
transferred between two tubes after vigorous mixing
for 1 min to ensure equilibrium partition between
the two phases. Paired samples are removed from the
aqueous media and examined for their radioactive
content [15, 18]. For the exchange diffusion of Ca**
in li?osomes incubated in a medium deprived of
43Ca**, the radioactive content in liposomes is exam-
ined as a function of time [16-18]. The final lipid
concentration (PC + chol) is 5mg/ml (approxi-
mately 6.5 mM).

The method used for the theoretical confor-
mational analysis of the different Ca—prostaglandins
complexes is based on a semi-empirical method
described elsewhere [19-21]. Briefly, the total con-
formational energy, which represents the sum of
the contributions resulting from the Van der Waals
interactions, the torsional potential and the elec-
trostatic interactions, is calculated for a large number
of conformations in a systematic analysis that takes
all torsional angles and all atoms into account. The
conformations yielding the lowest internal energy
were then submitted to an energy function mini-
mization procedure in a bulk lipid phase or at a
simulated lipid-water interface [20,21], taking
into account the values of hydrophilic and hydro-
phobic gravity centres [21-23]. Calculations were
made on a CDC cyber 170 coupled to a drawing table
Calcomp 1051 utilizing the Pluto drawing program
[24].
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RESULTS

Ca’* translocation across an organic phase

Prostaglandins at a 4mM concentration trans-
ported calcium across an organic phase (toluene/
butanol, 7/3, v/v) from a triethanolamine-HCl buffer
(20 mM, pH 7.4) containing 20 uM CaCl, on both
sides with a tracer amount of *Ca®* on one side
(Fig. 1). Under these conditions, PGB, was more
potent than PGF,, and than PGE,.

Ca®* exchange diffusion in liposomes

Prostaglandins incorporated in membranes of lipid
vesicles at a final concentration of 1mole per
100 moles of total lipids, significantly stimulated
45Ca?* outflow from liposomes formed of
DSPC:chol (2/1 molar ratio) (Fig. 2), DPPC:chol
(2/1 molar ratio) (not shown) and DMPC:chol (2/1
molar ratio) (Fig. 3) when incubated at 37°. When
DPPC: chol liposomes containing the prostaglandins
were incubated at 22°, no Ca** outflow could be
significantly detected (data not shown).

Conformation of Ca—prostaglandins complexes

The molecular structures [25], the numbering of
the torsional angles, together with the all trans con-
formations of half of the three prostaglandins com-
plexes taken as our initial configurations are illus-
trated in Fig. 4. Each complex has 23 or 25 rotational
angles when one considers the PG-Ca-PG
complexes. If all angles of Pg,—Ca complexes were
affected by systematic 60° changes, up to 7.89 107
or 2.84 10'° conformations could be designated. A
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Fig.2. Outflow of *Ca®* from DSPC :chol (2: 1 molar ratio)

liposomes containing either PGB, (closed circles), PGF,,

(closed diamonds) or PGE, (closed triangles) at a 1% molar

concentration vs control liposomes (open circles). The

45Ca®" content of the liposomes is expressed in % of the

initial content. Mean values (=S.E.M.) refer to 4 or 12
(control) individual observation.
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Fig. 1. The translocation of **Ca’* was mediated by an organic phase containing as required PGB,

(closed circles), PGF,, (closed diamonds) and PGE, (closed triangles) at 4 mM concentration, and

occurred between aqueous media initially containing 20 uM CaCl,. The *°Ca?* content of the aqueous

media was measured in the phase initially deprived of “*Ca?* after each back and forth transfer of the

organic phase, and is expressed as percentage of the total radioactive content of the first compartment.
Mean values (+S.E.M.) refer to 3 individual observations.
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Table 1. Probabilities (in %) of the most probable configurations obtained after successive analysis on the
3 complexes and bearing on the indicated torsional angles (see Fig. 4)

Torsional angles PGB, PGE, PGF,,
0-Ca-0,1,2,3,1,2" and 3/ 50 84 57
4,5,7,4,5 and 7' 100 100 52
8,9, 10, 8, 9" and 10’ 91 36 96
11, 12, (13), 11’, 12’ and (13") 100 100 100
Probabilities products 45.5 30.2 28.5
Hydrophilic-hydrophobic distance in bulk hydrophobic 2.55 3.12 2.04
Hydrophilic-hydrophobic distance at membrane interface 3.90 2.91 2.64

The torsional angles 1’ to 13’ are the symmetrical angles of angles 1 to 13 defined in Fig. 4 (point

symmetry on Ca®*).

more economic procedure was used therefore [26],
systematic analysis being carried out on different
parts of the complexes. In this procedure, the pres-
ence of all atoms is considered while only small
parts of the whole complex are twisted. All the
conformations obtained are eventually submitted to
the internal energy calculation. Table 1 summarizes
the most probable configurations obtained after four
successive systematic analyses in a medium of low
dielectric constant representative of the hydrophobic
part of a membrane and in a medium of dielectric
constant that simulates the lipid-water interface
[20, 21]. Figure 5 illustrates the most probable con-
formations of PGB,, PGE, and PGF,, complexes
after application of the minimization procedure at
the membrane-water interface. No obvious dif-
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Fig. 3. Outflow of **Ca?* from DMPC:chol (2:1 molar
ratio) liposomes containing either PGB, (closed circles),
PGF,, (closed diamonds) or PGE; (closed triangles) at a
1% molar concentration vs control liposomes (open
circles). The 4°Ca®* content of the liposomes is expressed
in % of the initial content. Mean values (=S.E.M.) refer
to 8 or 18 (control) individual observation.
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ferences could be seen between the bulk lipid phase
complexes (Fig. 6) and the interfacial complexes
since the distance between hydrophilic and hydro-
phobic gravity centres are weakly affected.

DISCUSSION

It has been suggested that prostaglandins may act
as Ca®* ionophores [6] and demonstrated that they
effectively transport Ca®** through organic phases
[6, 7]. We have shown here that prostaglandins may
act as weak Ca’* ionophores depending on their
chemical structures. Indeed, PGB, appears more
active than PGF,, which is itself more potent than

H—O0"

H—O.,
Ca

H—O"

Fig. 4. Initial all-trans conformations of half of the com-
plexes formed by PGB; (top), PGE, (middle) and PGF,,
(bottom) with calcium together with the numbering of the
torsional angles. Conformations are taken from ref. 25.
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Fig. 5. Stereoscopic view of the conformation of PGB, (top), PGE, (middle) and PGF,, (bottom)

complexes with Ca at the simulated lipid—water interface (imaginary plane through Ca separating two

spaces of dielectric constant of 3 above and 30 under the plane) when transfer energies between the two

media [25] are taken into account. The distances between hydrophilic and hydrophobic centres are 3.90,
2.91 and 2.65 A respectively.

PGE, (Figs 1 and 2). Prostaglandin-mediated Ca?*
release is observable at 37° but not at 22°. DPPC-
chol liposomes containing 0.3, 1 or 3% molar prosta-
glandins were effectively stable for Ca?* efflux at
22°, showing neither that these membranes are lysed
by the presence of PGs nor that micelles formed by
high concentrations of PGs could destabilize the
membrane (data not shown).

As stated by others [8], the activity of prosta-
glandins is very weak in regard to that one can
obtain with calcium ionophores like A23187 [8, 16],

ionomycin [9, 17] or FOD [18]. It is, however, con-
ceivable that the ionophoretic activity of prosta-
glandins may be better by acting with the “endogen-
ous ionophores” by forming cooperative iono-
phoretic complexes [20, 27, 28]. It could be argued
here that 1 mole PG per 100 moles of lipids is a
high concentration but the final concentration of
prostaglandins is 65 uM so that they respond to all
the criteria proposed by others [9] for testing calcium
ionophoresis except that the permselectivity has not
been tested.
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Fig. 6. Steroscopic view of the conformations of the prostaglandins~Ca complexes (same presentation
as in Fig. 5) but calculated in a continuous medium of dielectric constant of 3. The distances between
the hydrophilic and hydrophobic gravity centres are 2.55, 3.12 and 2.04 A respectively.

It could alsc be noted that the calciphoretic proper-
ties of prostaglandins have unsuccessfully been tested
in lipid vesicles [8, 9], but these works were done at
room temperature. We were effectively unable to
significantly detect a *Ca?* exchange-diffusion while
this is possible at 37° and our method allows to
determine transport rate as low than 0.1 mmole of
Ca?* per mole of lipid per min [12,18,29] also
recently reported by others [14]. It is clear from
Fig. 1 that the differences in calciphoretic activities
between the PGs are significant, so that it is unlikely
that these activities are solely attributable to a Ca?*-
ferrying by their carboxylic moieties. It is true, how-

BP 34:21-D

ever, that in liposomes, when judged between the
10th and the 60th min, only the differences between
PGB, and PGE, (P < 0.025) and between PGE, and
PGF,, (P <0.050) in DSPC~chol are significant. In
DMPC—chol liposomes, these differences are less
significant (P < 0.100 for both) while the differences
between PGB, and PGF,, are never significant in
both types of liposomes.

The conformational analysis reveals that the
(PG),~Ca complexes are quite rigid and that the
distances between their hydrophilic and hydrophobic
gravity centres are weakly affected by the passage
from the simulated interface into the simulated bulk
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lipid phase. These distances remain too large to
obtain good permeant species [26, 30]. Indeed, the
conformation of calcium ionophores demonstrates
an important diminution of this distance when the
complex is pushed into the membrane core. Con-
formation of cis-leukotriene B,-Ca complexes
reveals, for instance, an important lowering of this
distance [26] and this molecule has been demon-
strated to be a potent Ca** ionophore [10]. The
results of conformational analysis are effectively in
good agreement with the low calciphoretic properties
of the PGs. Moreover, if one consider the diminution
of the hydrophilic-hydrophobic gravity centres dis-
tance, the conformation results parallel the potency
of the prostaglandins seen in the experiments. PGB,
shows a diminution of 1.35 A while PGF,, and PGE,
give diminution of 0.60 and —0.21 A respectively.

In conclusion, we have attempted to show in this
study that some prostaglandins may demonstrate
weak but different calciphoretic properties that are
well correlated by conformational analysis of the
different PG—Ca complexes at the simulated mem-
brane-water interface and in the bulk lipid phase.
This does not mean that PGs have to be considered
as calcium ionophores, but that they may for
instance, be transported from their sites of synthesis
as Ca¥*-complexes. It could also be that their Ca
binding properties may favour their interaction with
membrane receptors and by doing so may affect the
calcium mobilization in cells.
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