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Abstract—Piracetam, Nootropil® (2-oxo-1-pyrrolidine acetamide), is a drug promoting erythrocyte deformabil-
ity. To establish the mode of action of this compound, we have investigated its influence-on the organization of
model phospholipid membranes. *'P NMR data show that the drug induces a structural modification in lipo-
somes made cf phosphatidylcholine and phosphatidylethanolamine. Our conformational analysis results have
allowed the interpretation of the effect of piracetam on these model membranes: the specific interaction between
the drug molecules and the phosphate headgroups induces a new organization of the lipids favouring formation
of mobile drug-phospholipid complexes that exhibit an isotropic-type signal in the *'P NMR spectra.
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In most cases, all drugs that act in the human body
interact with certain metabolic pathways and are trans-
formed into one or more metabolites. However, pirace-
tam, which is very soluble in water and only poorly
soluble in organic media, is neither ionized nor bound by
proteins. It is not metabolized; no metabolite of any sort
has been evidenced (¢ven when starting from radioactive
carbon) in the excretory products (urine, faeces), the
blood, the liver, or the brain [1]. In addition, piracetam
improves red blood cell deformability in vitro and re-
stores the impaired deformability of physiologically
deoxygenated sickle cell anemia cells [2].

Given that this drug is not metabolized yet improves
erythrocyte deformatility, we hypothesized that it might
have a physical effect on some membrane components,
specifically, a reorganization of membrane phospholip-
ids. To verify this hypothesis, appropriate physical and
theoretical approaches to answer these questions have
been used.

The ability of hydrated lipids to adopt a variety
of phases in addition to the bilayer phase is well docu-
mented in the literature. Early significant contribu-
tions to this research have been made by using X-ray
techniques [3], frecze-fracture techniques [4], and
*IP NMR [5).

3P NMR is a particularly useful analytical tool for the
study of the polymorphic phase behavior of hydrated
phospholipids. It reveals membrane structure without la-
belling or isotopic enrichment and without perturbing
the membrane. This physical method senses the behavior
and environment of the phosphorus atom in the phos-
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pholipid headgroup, and reports on the conformation and
structural dynamics of the phosphate headgroup. The
observed *'P spectra are characteristic of the different
possible organizations adopted by the phospholipid mol-
ecules: bilayer structures, hexagonal phases, and phases
where isotropic motion can occur. In this investigation,
3P NMR has been used to examine the polymorphic
behavior of aqueous dispersions of DPPC,' DPPE,
BBPE, and CL/PC mixture in the presence of piracetam.
3P NMR data have revealed that the drug induces struc-
tural modification in lipid organization.

The results of our conformational analysis have en-
abled us to explain our NMR observations. Conforma-
tional analysis is also a very helpful method for the study
of the interaction between phospholipids and drugs [6],
thus allowing a molecular understanding of the mecha-
nism of action of piracetam on the phospholipids. Using
this theoretical approach, the assembling mode of DPPC
and DPPE has been analysed in the presence of pirace-
tam. The results show that piracetam molecules surround
the polar head of the phospholipids, and thus are able to
modify lipid organization.

MATERIALS AND METHODS

DPPC, DPPE, BBPE, EYPC, and CL were purchased
from Sigma Chem. Co. (St. Louis, MO) and Serva
Chem. (Heidelberg, Germany).

T Abbreviations: DPPC, dipalmitoyl phosphatidyl choline;
DPPE, dipalmitoyl phosphatidyl ethanolamine; BBPE, bovine
brain phosphatidyl ethanolamine; EYPC, egg yolk phosphatidyl
choline; CL, cardiolipine; PC, phosphatidyl choline; PE, phos-
phatidy] ethanolamine.
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The powder spectrum of phospholipids organized in
bilayers results from the rapid rotation along the molec-
ular axis, which provokes a partial average of the chem-
ical shift tensor [7]). The observed spectrum shows a
peak at high field and a shoulder at low field; the dif-
ference between these two edges is called effective
chemical shift anisotropy Aoy (the index B is for bi-
layer). It is known that Acy of phospholipids in the
bilayer phase is of the order of —40 ppm for PC [8] and
PE [9]. In non-bilayer phases, additional motional aver-
aging mechanisms result in distinctive >'P NMR spectra
for lipids in the hexagonal (Hy) phase or phases where
isotropic motion occurs (cubic, rhombic, micellar, in-
verted micellar, and small vesicles). Such lipids in the
hexagonal H;; phase exhibit lineshapes with a low field
peak and a high field shoulder where Aoy, = 20 ppm (the
index H is for hexagonal) because of the rapid rotation of
the cylinders [7]. Phases where phosphate heads undergo
rapid isotropic averaging motion produce a narrow sym-
metrical >'P NMR spectrum at the chemical shift value
oi (isotropic shift), characteristic of sonicated vesicles.
Thus, *'P NMR easily allows detection of these different
phases.

Approximately 40 mg of phospholipid was prepared
from a chloroform-methanol solution. Solvent was then
evaporated under vacuum in a dessicator and the residual
lipid film on the glass wall allowed to swell with a buffer
containing 15% D,0 (for field-frequency stabilization on
the deuterium signal}), 100 mM NaCl, and 17 mM Tris-
HCI, pH 7.4. Piracetam and/or CaCl, were added as
aliquots of stock solution (200 mM). The samples were
subjected to several freeze-thaw cycles and vortexed for
several minutes. *'P NMR spectra were acquired at
101.3 MHz on a Bruker WM 250 spectrometer. Ten-mm
NMR tubes were used. Typical Fourier transform pa-
rameters were: 3000-5000 scans; 60° (10 psec) flip an-
gle; 30 kHz spectral width; 8K data points; 0.5 sec re-
cycle time. Proton decoupled spectra were obtained by
using powergated decoupling. A line broadening of 50
Hz was applied to the free induction decay before Fou-
rier transformation. The chemical shifts were measured
relative to H;PO, (85%) as an external reference.

Molecular modelling

The conformational analysis procedure was based on
the technique developed by Brasseur [6].

A simplex minimization procedure [10] was used to
further reduce the total internal energy by rotation of
torsional axes of piracetam conformations. The molecule
was oriented at the air-water interface, taking into ac-
count the positions of the hydrophobic and hydrophilic
centres [11].

The procedure (the Hypermatrix Method) used to sur-
round one molecule (A) with other molecules (B) is a
modification of the sequential method used to surround
one drug with lipid molecules [12]. This method is based
on a non-relaxed strategy in which the molecular struc-
ture of all compounds is fixed through the hypermatrix
procedure. In essence, this consists of fixing the position
and orientation of molecule A after orientation at the
air/water interface. A second molecule B was oriented at
the interface and allowed to move along the x-axis in
0.05-nm steps. At each position, the second molecule
was rotated in steps of 30° around its long axis 7’ and
around the first molecule.
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1 is the number of positions along the x-axis; m, the
number of rotations of the second molecule around the
first; and n, the number of rotations of the molecule
itself. For each set of values of /, m, and n, the intermo-
lecular energy of interaction was calculated as the sum
of the London-Van der Waals’ energy of interactions
(E¥™), the electrostatic interaction (£°®), and the trans-
fer energy of atoms or groups of atoms from a hydro-
phobic to a hydrophilic phase (E*). Then, the second
molecule was moved in steps of 0.05 nm along the z’-
axis perpendicular to the interface, and the position of
the z’-axis varied in steps of 5° with respect to the z-axis,
thus obtaining the lowest interaction energy state for
each set of values /, m, and n.

The energy values together with the coordinates asso-
ciated with each set of /, m, and n were stored in a
hypermatrix and classified according to decreasing val-
ues of the interaction energy. The position of the third
molecule C was defined as the first energetically favor-
able orientation stored in the hypermatrix, taking into
account the sterical and energetic constraints imposed by
the presence of the second molecule. Thus, orientations
were disregarded where overlap of atomic coordinates of
two molecules occurred and where the interaction en-
ergy between the two molecules was positive. To min-
imize the conformational energy further, the position of
the second and third molecules was then alternatively
modified in steps according to the energy classification
of the hypermatrix. For the fourth molecule, the same
process was repeated, but the positions of the three sur-
rounding molecules were modified alternatively to find
the lowest energy state. In the calculation, the interaction
energy among all monomers in the aggregate was con-
sidered and reduced to a minimum until the lowest en-
ergy state of the entire aggregate was reached. We lim-
ited this approach to the number of molecules sufficient
to surround one central molecule.

All calculations were performed using a Pentium pro-
cessor. The software used was PC-TAMMO+ (Theoret-
ical Analysis of Molecular Membrane Organization) and
PC-MSA+ (Molecular Structure Analysis) [6). Graphs
were drawn with the PC-MGM+ (Molecular Graphics
Manipulation) program.

RESULTS

The effect of piracetam is shown on the *'P NMR
spectra of DPPC (Fig. 1) and DPPE (Fig. 2) organized in
bilayer phases (giving a typical lineshape with low field
shoulder and high field peak). A narrow signal at the
isotropic chemical shift already appears at low concen-
trations of piracetam, and increases with larger amounts
of added compound.

The BBPE undergoes a bilayer to hexagonal transfor-
mation at ~12°C, as illustrated in Fig. 3 (A series); by
increasing the temperature, the bilayer phase (bottom
spectra of Fig. 3) is progressively replaced by a hexag-
onal Hy; structure, giving rise to a spectral component of
reduced chemical shift anisotropy with low field peak
and high field shoulder. Further successive additions of
piracetam influence phospholipid organization; below
the transition temperature, the isotropic peak indicated
by an asterisk (*) in B and C series spectra of Fig. 3
increases with piracetam concentration.

We also studied the influence of the drug on mixtures
of phospholipids undergoing bilayer to hexagonal phase
transition induced by Ca*™ ions. An equimolar mixture
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Fig. 1. 101.3 MHz *'P NMR spectra of DPPC at 308K; (A) control and after addition of piracetam up to a
drug/DPPC ratio of (B) 0.3 and (C) 3.

CL/EYPC is organized in bilayers as shown in Fig. 4,
spectrum A. Piracetam alone has no effect on CL/EYPC
organization; a high concentration of this compound
does not modify the lineshape at all. The stability of the
bilayer organization with piracetam was followed for
more than 24 hours (Fig. 4, spectrum B). Subsequent
addition of Ca™ induces the formation of hexagonal H
and isotropic phases, as seen in Fig. 4, spectrum C. The
other spectra of Fig. 4 correspond to the observations of
the piracetam effect after incubation of the CL/EYPC
mixture with Ca**. Figure 4, spectrum D shows the Ca*™*
effect on the lipid mixture: namely, a partial transforma-
tion of the bilayer phase in hexagonal and isotropic
phases. After addition of piracetam at low concentration,
the proportion of hexagonal Hy; phase is slightly reduced
(Fig. 4, spectrum E). In the presence of higher propor-
tions of piracetam, the importance of the isotropic peak
substantially increases (Fig. 4, spectrum F). Conforma-
tional analyses of DPPC [12] and DPPE [6] have been
run previously. For each phospholipid, the assembling
mode of interaction with piracetam was analysed. The
structures shown in Figs. 5 and 6 correspond to the high
probability of an interaction between DPPC and DPPE
with piracetam. Piracetam is arranged around the polar
head group of each phospholipid, and is largely below
the plane of the interface, as described in ref, [6).

The total conformational energy of the molecule at the
air-water interface was empirically calculated as the sum
of all contributions resulting from local interactions (i.e.
Van der Waal’s energy, torsional potential, electrostatic
interactions, and transfer energy). Electrostatic energy
was calculated as a function of the dielectric constant,
The values of this dielectric constant (€) at the interface,

established experimentally and theoretically, vary from
10 to 40 [6]. In this study, to simulate the interface, the
dielectric constants of the hydrophobic and hydrophilic
media were taken as 3 and 30, respectively. The dielec-
tric constant was assumed to increase linearly between
these two media. The transfer of energy for distinct moi-
eties of the molecule has been determined experimen-
tally by numerous authors, and summarized by Tanford
[13]. The values used for the valence angles, bond
lengths, and atomic charges are those currently used in
conformational analysis studies [14], and are similar to
those more recently used in computer modelling [15-
17].

In the calculation procedure, changes of 60° were first
imposed on each of n torsional angles, yielding 6" con-
formers. The internal energy was calculated for each of
these conformers. The most probable configurations
were taken as those yielding the lowest internal energy;
such a selection was based on one statistical weight,
associated with the energy of each individual configu-
ration, taking into account the Boltzmann relationship.
The mean interaction energy between one drug sur-
rounded by lipids was equal to the sum of lipid-drug and
lipid-lipid interaction energies divided by the number of
surrounding lipids [12, 18].

DISCUSSION

The main feature of the effect of the drug on >'P NMR
spectra revealed by our observations is the narrow, dose-
dependent piracetam signal. This phenomenon is clearly
visible in Figs. 1 and 2 for DPPC and DPPE samples
influenced by different additions of the drug.
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Fig. 2. 101.3 MHz *'P NMR spectra of DPPE at 333K; (A) control and after addition of piracetam up to a
drug/DPPE ratio of (B) 1 and (C) 2.5.
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Fig. 3. 101.3 MHz *'P NMR spectra of BBPE as a function of temperature: control spectra (A series) and after
addition of piracetam up to a drug/BBPE ratio of 0.25 (B series) and 0.5 (C series).

Narrow signals at the isotropic shift values have been
observed by different authors under various conditions.
These isotropic type resonances have been attributed to
the presence of lipidic particles or other intermediary
phases, which may have cubic, rhombic, or tetragonal
structures [19, 20]. However, to our knowledge, this ob-
servation had not yet been made on pure DPPC or DPPE.

The change in molecular shape is considered the main

Ak

-25
PPM PRM PPK
-25 o -25 o
PPM PPM PPK

Fig. 4. 101.3 MHz *'P NMR spectra of CL/EYPC mixture: (A)

control; (B) sample A + piracetam (drug/EYPC ratio of 1.2);

(C) sample B + Ca™ (Ca"/CL ratio of 0.25); (D) sample A +

Ca** (Ca**/CL ratio of 0.25); (E) sample D + piracetam (drug/

EYPC ratio of 0.4); (F) sample E + piracetam (drug/EYPC ratio
of 1.2).

driving force behind the bilayer-nonbilayer transforma-
tion [20]. Our conformational analysis results help inter-
pret the 3'P NMR observations.

As shown in Figs. 5 and 6, piracetam molecules, by
surrounding the polar heads, modify the shape of the
phospholipids complexed with the drug. An interface
curvature is induced by the piracetam molecules inserted
between the phospholipids, preferentially at the level of
the polar headgroups. The phospholipid-piracetam com-
plexes adopt a more conical shape. It is possible that
several headgroups completely ‘‘solvated’’ by the drug
favour the formation of micelles or small vesicles that
produce an isotropic-type signal because of their greater
mobility.

This effect is confirmed by our observations on BBPE
spectra. The temperature behavior of this phospholipid
reveals a lamellar-to-hexagonal phase transition. This
transformation of unsaturated PE had previously been
evidenced by Cullis and de Kruijff [9].

We have observed that in the presence of piracetam,
the isotropic signal increases in a dose-dependent man-
ner with drug content (see spectra B and C at 280 and
283 K in Fig. 3) as long as the transformation of BBPE
from bilayer to hexagonal phase is not too advanced. At
293 K (Fig. 3), when the hexagonal phase is predomi-
nant, the effect of the drug on the spectrum shape is no
longer significant. These observations could be ex-
plained by a greater stability of the hexagonal phase
compared to the PE-drug complexes organized in mi-
celles or small vesicles. At 280 and 283 K, when BBPE
adopts a bilayer structure, the piracetam-PE interaction
is probably strong enough to enhance the formation of
small entities leading to the increase of the narrow com-
ponent.

The influence of the tested drug on CL/PC mixture is
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Fig. 5. Ball sticks view of the mode of interaction of piracetam and DPPC. DPPC are represented by small balls,
and piracetam by large balls, Carbon atoms in grey; oxygen atoms in red; nitrogen atoms in blue; hydrogen atoms
in light grey.

more complicated to interpret. The drug alone does not
influence the bilayer organization, probably because the
interactions between the two phospholipids are stronger
than the piracetam phospholipid interactions. However,
at low concentrations of Ca** (Ca**/CL =0.25), addition
of a substantial amount of piracetam (drug/PC = 1.2)
triggers the transformation to the isotropic type phase
(Fig. 4, spectrum F). One can assume a combined influ-
ence of Ca** and piracetam on this phospholipid mix-
ture. The Ca™, by inducing transformation in non bi-

layer structures, may favour the approach of the pirace-
tam molecules to the polar headgroup of PC. As in pure
DPPC, more mobile piracetam-PC complexes could then
be formed, greatly enhancing the isotropic peak.

The complementary combination of an experimental
tool, NMR, and of a theoretical method, conformational
analysis, leads to a keen comprehension of important
molecular phenomena. On the basis of 3'P NMR obser-
vations and theoretical calculations, we have shown that
piracetam, by interacting with the phosphate headgroup

Fig. 6. Ball sticks view of the mode of interaction of piracetam and DPPE. DPPE are represented by small balls, and
piracetam by large balls. Carbon atoms in grey; oxygen atoms in red; nitrogen atoms in blue; hydrogen atoms in light grey.

BP 50:3-B
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of PC and PE, induces formation of mobile drug-phos-
pholipid complexes exhibiting an isotropic type signal in
the *'P NMR spectra.

This study shows that piracetam has a primarily phys-
ical effect on the phospholipids of the membrane, which
may explain observed modifications in membrane phys-
ical properties.

It is tempting to speculate that this physical, aspecific
action of the nonmetabolizable drug is related to various
changes observed in cells, independent of their origin.

Work is in progress to address the question whether
this new phospholipid-drug organization confers a better
cell membrane viscosity, leading to improved cell func-
tion and better cell defence against aggression.
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