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Abstract

We investigated by 'N-NMR (nuclear magnetic resonance) spectroscopy the interactions of '*N-labeled cysteamine
({'"*N]mercaptoethylamine (MEA)), a radioprotecting aminothiol, with model membranes of egg yolk phosphatidylcholine (EPC)
and phosphatidic acid (EPA). We prepared large unilamellar vesicles (LUVs) with a pH gradient between the intravesicular space
and the bulk medium. Over the pH range from 4.8 to 8.1, the observations show a MEA incorporation into the vesicles. This
result is consistent with a specific dissociation balance at the lipid—water interface. We carried out another '"H-NMR experiment
with unlabeled MEA in the presence of small unilamellar vesicles (SUVs). It revealed that the interactions of MEA within the
hydrophobic core of the phospholipidic bilayer vary with external pH value over the range 4.0-7.1. Through these experiments,
and others compiled from the literature, it was concluded that '>’N-NMR spectroscopy is particularly successful for transmem-
brane transport analysis. © 1997 Elsevier Science B.V. All rights reserved
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1. Introduction

In liposomal systems, cross-membrane translocation
of various weak bases, especially lipophilic amine, or
even of acids, has been demonstrated under a
transmembrane pH gradient [1-3]. Most studies imply
a separation and a disruption of the vesicles after
translocation of the drug, prior to measuring the incor-
porated fraction. In some in situ studies, the extra- or
intravesicular location of the drug has been determined

Abbreviations: DPPC, dipalmitoylphosphatidylcholine; EPA, egg
yolk phosphatidic acid; EPC, egg yolk phosphatidylcholine; ESR,
electron spin resonance; LUV, large unilamellar vesicle; MEA, mer-
captoethylamine (cysteamine); NMR, nuclear magnetic resonance;
SUYV, small unilamellar vesicle.
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by fluorescence modulation. For translocation of
proteins or peptides across mode! or biological mem-
branes, some analyses used labeled molecules either by
fluorescent dyes such as 7-nitrobenz-2-oxa-1,3-diazolyl
(NBD) or dansyl groups. In these cases, the attachment
of a bulky group on the molecule may result in arti-
facts.

To study directly, in biological systems, the translo-
cation of a small molecule, nuclear magnetic resonance
(NMR) spectroscopy methods are unique, in that they
can be performed in situ. The change of a specific
isotope (*H, '*C, >N, or so) is not invasive.

Some authors have investigated transmembrane
transport of phosphotriester compounds by using *'P-
NMR on large unilamellar vesicles (LUVs) as model
membranes [4-6]. During their preparation, LUVs can
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enclose a significant volume of solution. Paramagnetic
ions such as Mn?*, that do not cross bilayers, per-
turb specifically the signal from the extravesicular
medium. Thus, the combined use of LUVs and Mn?*
allows the observation of *'P-NMR signal changes, due
to the molecules that undergo a transmembrane trans-
port.

In the present report, we used '"N-NMR spec-
troscopy to analyze the influence of a pH gradient on
the translocation of !’N-labeled mercaptoethylamine
across membrane bilayers [7].

"H-NMR spectroscopy is also interesting with
small unilamellar vesicles (SUVs), as another type of
model membrane, to establish the location of various
drugs within the lipid bilayers. '"H-NMR spectro-
scopy has been used with molecules like ajoene or
malonyldialdehyde and some anions [8-10]. This
system displays resonances of 10-20 Hz line
widths. Paramagnetic ions, confined outside, help to
locate precisely the molecule interacting with the
SUVs.

f-Mercaptoethylamine (SH-CH,-CH,-NH,, cys-
teamine or MEA), was first identified as a hydrophilic
radioprotector aminothiol in 1952 [11]. This polar
molecule of low molecular weight, is considered as a
standard among sulphur containing molecules. Its basic
structure can be found in most radioprotective com-
pounds of general formula:

H,N—(CH,), NH—(CH,),,— SH.

Among the proposed radioprotection mechanisms for
aminothiols, one hypothesis suggests a role in mem-
brane protection, due to an inhibition of radioinduced
lipid peroxidations [12,13]. Then, a radioprotective hy-
poxia of the living cell results from a decrease of
oxygen diffusion across cell membrane upon MEA-
phospholipid interactions [14]. The study of MEA (or
other drugs) interactions with phospholipidic model
membranes of LUVs or SUVs is also a powerful model
for developing vectors for pharmacological drugs
[14,15]. As an illustration, MEA and many radioprotec-
tors are totally inactive when given orally. Incorpora-
tion of MEA into egg yolk lecithine liposomes had
revealed a clear radioprotective property by oral route,
due to a protection from digestive degradation [14,15].
In addition, the toxicity decreased.

In the present study, we used “N-NMR and 'H-
NMR spectroscopy on such model membranes to ex-
amine the interaction of MEA with lipid bilayers. In
particular, we focused our attention on the role of a pH
gradient between both sides of the model membrane,
on the penetration and translocation of MEA. Such
studies were designed to be easily generalized to other
molecules bearing an amine group.

2. Materials and methods
2.1. MEA and lipids

MEA, unstable at pH > 7.0, is stored in the hy-
drochloride form. MEA hydrochloride was purchased
from Fluka and 99% '*N-labeled glycine from Euriso-
top (Saint-Aubin, France). MEA 'H-NMR resonances,
referenced to tetramethylsilane, are found at 2.8
(CH,SH) and 3.2 (CH,NH,) ppm in D,0. The presence
of thin resonances was in full agreement with the
water-solubility of MEA.

'>N-labeled MEA hydrochloride was synthesized in
our laboratory in six steps from ['*N]glycine [7]. Inter-
mediate ['*N]ethanolamine is treated with an excess of
propionic acid to obtain a ['°NJacylaminoalcohol which
yields, after treatment with phosphorus pentasulfide, a
['*N]dihydrothiazole. Then, acidic hydrolysis gives 99%
"“N-labeled MEA hydrochloride whose purity was
checked by 'H-NMR.

Egg yolk phosphatidylcholine (EPC) (100 mg ml—')
and egg yolk lecithin phosphatidic acid (EPA) sodium
salt (10 mg ml~") were purchased from Fluka.

2.2. NMR experiments

All NMR experiments are carried out at 25°C on an
AM-400WB Bruker spectrometer (9.4 T).

""N-NMR experiments are performed using a broad-
band probe head tuned to 40.55 MHz. Chemical shifts
are referenced in relation to NH,Cl used as an external
standard. Recordings are performed using single 60°
pulses (14 us duration) with composite proton decou-
pling during acquisition time. By using an 8000 Hz
spectral width, 2500 or 3000 scans are averaged in
quadrature mode detection. All spectra are obtained
during an acquisition time of 2.49 s and with a recy-
cling delay of 16 s.

"H-NMR experiments are recorded at 400 MHz using
the 'H channel of the same broadband high resolution
reverse probe of 5 mm (Spectral width: 4000 Hz, Recy-
cling delay: 1 s, line broadening: 1 Hz). Chemical shifts
are referenced in relation to d4-TSP (sodium 2,2,3,3-
tetradeuterio-3-(trimethylsilyl)propionate) in water as
external reference.

3'P.NMR experiments are performed at 161 MHz
with a broadband proton decoupling using composite
pulse decoupling to avoid heating the sample. Chemical
shifts are referenced in relation to phosphoric acid.

2.3. Vesicle preparation

LUVs of defined size are prepared in a pH 4.8
phosphate buffer (Na,HPO,/KH,PO, 67 mM) by re-
verse-phase evaporation, as described by Szoka and
Papahadjopoulos [16]. A mixture of EPC and EPA
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(EPC/EPA molar ratio 9:1) ensures a good stability
of the wvesicles. This suspension is sequentially ex-
truded through 800, 400 and 200 nm polycarbonate
membranes (Nucleopore) to obtain a uniform size
distribution [17]. The final lipid concentration is
about 20 mM. LUV integrity is analyzed by record-
ing a 161 MHz *'P-NMR spectrum of a blank sam-
ple of vesicles. The chemical shift of *'P-resonance
from the phosphate buffer can be directly related to
the local pH, using pH titration curves [18-20]. The
presence of a pH gradient (internal pH (pH,,)=4.8
and external pH (pH.,) =7.5) gives two *P-NMR
resonances. The downfield and upfield signals corre-
spond to external and internal buffer phosphate re-
spectively. The phospholipid phosphate signals are
negligible, due to intrinsic width (1 kHz), low con-
centration and rapid relaxation rates. The *'P-NMR
spectrum of a LUV sample with pH,,, and pH,, 4.8
shows a single *'P-resonance.

SUVs are prepared following Huang [21] by a 2 h
sonication of EPC in a pH 4.0 phosphate buffer.
The final lipid concentration is about 10 mM. SUV
integrity is checked by a 400 MHz 'H-NMR spec-
trum that presents 15 Hz lines for both terminal-
CH; (0.8 ppm) and choline-CH; (3.2 ppm). Actually,
vesicle disruption is easily discernible by 'H-NMR
either from the presence of new narrow resonances
(2-3 Hz) due to small and mobile moieties or, con-
versely, from broad resonances (=100 Hz) im-
putable to the formation of aggregates following
SUV  coalescence [22]. Such modifications of 'H-
NMR spectra were never observed during the course
of our experiments.

Fig. 1 shows a complete 'H-NMR spectrum with
assignments for egg phosphatidylcholine SUVs in
D,O. The major —(CH,),—, —CH; and choline -N*
(CHj); resonances of phosphatidylcholine are clearly
visible [22]. The choline -CH,N*- and -
OPO,CH,— methylene protons resonate at 3.71 and
432 ppm, respectively. The sn-2 glycerol -
CHOCO- resonance overlaps the vinyl-CH=CH-
resonance at approximately 5.3 ppm. Both the sn-1
glycerol methylene protons —-CH,OCO- are not
magnetically equivalent: the first 'H is at 4.43 ppm
and the second overlaps the high-field side of the
choline—-OPO,CH,~ at 4.25 ppm. Both the sn-3
glycerol methylene protons —CH,OP- resonate in
the wide signal at 4.02 ppm.

The extravesicular medium is then supplemented
with a solution of paramagnetic MnCl, (0.1 M) to
eliminate all the resonances of the external medium,
as already described [18,23]. Upon Mn** addition,
the wvesicle integrity is preserved since terminal
methyl groups still appear as ~ 15 Hz linewidth res-
onances. Vesicle integrity is maintained for at least 2
days.

3. Results
3.1. "N-NMR experiments in LUV

’N-NMR spectra of '*’N-MEA are recorded in the
presence of LUVs, prior to, and after addition of
Mn?2* (MnCl,, 20 ul, 0.1 M). It is noteworthy that
Mn?* does not cross the bilayers and broadens the
NMR signal of accessible *N beyond detection [18,23].
The only resonances detected are attributed to the
resonances of molecules located in the intravesicular
medium or within the inner leaflet. Another point to
consider is that vesicle integrity is not affected by the
presence of external Mn?* since *'P-NMR resonances
arising from internal phosphorus are not modified
[24,25]. ""N-NMR studies are carried out with 2 mg of
''N-MEA hydrochloride, added in the LUV extravesic-
ular medium (molar ratio MEA/phospholipids = 6:5).
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Fig. 1. 400 MHz 'H-NMR spectra of SUV of EPC; the reference is
set to HOD at 4.72 ppm; proton resonances are labeled as shown.
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Fig. 2. 40.55 MHz '"N-NMR spectra of '"N-MEA-containing LUVs
in the absence (a, NSa =355) and in the presence (b, NSb=45; ¢,
NSc = 3000) of Mn?+. The three spectra are recorded in the presence
of LUVs whose initial pH;,; = pH,,, = 4.8. Accumulation of scans
allows the observation of a '>N signal (c) even in absence of a pH
gradient.

Initial pH,,, of LUVs is 4.8 and pH.,, can be changed
as desired.

Fig. 2a (55 scans) shows the '"N-NMR spectrum of
I’N-MEA recorded in the presence of LUVs, at
pH,.. = pH.,, = 4.8. The spectrum shows a single line at
10 ppm. Addition of Mn?* results in the loss of the
signal (Fig. 2b, 45 scans). However, accumulating more
scans still allows the detection of the line (Fig. 2c, 3000
scans). This result suggests that a part of "N-MEA
may locate within the membrane bilayer and is able to
cross. Peak areas are measured by integration and the
percentage of '"N-MEA that crossed the bilayer is
evaluated as follows:

% = I./I,/NSa/NSc

where I, and I, are the peak areas; NSa and NSc are
the number of scans, in Fig. 2a and ¢, respectively.

For LUVs with initial pH; , = pH,,, =4.8, the per-
centage of "’N-MEA present into the membrane and
sheltered from Mn," is estimated around 8%.

Fig. 3a (50 scans) shows the one-line signal around
10 ppm, of "N-MEA recorded with LUVs at pH;,, =
4.8 and pH,,, = 6.45. In spite of Mn?*, the °N line is

ext

easily detectable (Fig. 3b, 250 scans and Fig. 3¢, 2900
scans). Observing a line with a so few scans (250),
suggests that incorporation of "N-MEA into the mem-
brane is more important in presence of a pH gradient.
Using the formula mentioned above, 13% of '"N-MEA
are estimated to have crossed the membrane and are no
longer sensitive to Mn®~.

Fig. 4a (174 scans) shows the '*N lines of "’N-MEA
recorded at pH,, = 4.8 and pH,,, = 8.1. Yet, in spite of
Mn?*, the "N signal is observed with a few scans (Fig.
4b: 174 scans and Fig. 4c: 3600 scans). As seen above,
at this pH gradient, 33% of '"’N-MEA is located in the
vesicles.

All these results on '"N-MEA interaction with LUVs
are confirmed when analyzing Fig. 5. The three spectra
are recorded with 170 scans. Initial pH,, is 4.8 and
pH,,, are 4.8 (Fig. 5a); 6.45 (Fig. 5b) and 8.07 (Fig. 5¢).
For a given Mn?* concentration, the higher the initial
pH.,,, the higher the N peak magnitude. Such results
confirm the strong pH-dependent MEA-membrane in-
teraction.
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Fig. 3. 40.55 MHz '>N-NMR spectra of '’N-MEA-containing LUVs
m the absence (a, NSa = 50) and in the presence (b, NSb = 250; c,
NSc = 2900) of Mn2+. The three spectra are recorded in the presence
of LUVs whose initial pH,,, = 4.8 and pH,, = 6.45. Incorporation of
I5N-MEA into the membrane is more important in the presence than
in the absence (b, presence of a '*N signal as soon as NS = 250) of a
pH gradient.




C. Lagoueyte et al. | European Journal of Pharmaceutics and Biopharmaceutics 43 (1997) 73-81 77

T V\M

©)

Mn2+ m

ll1]rllll|1]ll]ll|1
15 10 5
ppm

Fig. 4. 40.55 MHz '"N-NMR spectra of '"N-MEA-containing LUVs
in the absence (a, NSa = 174) and in the presence (b, NSb=174; c,
NSc = 3600) of Mn? . The three spectra are recorded in the presence
of LUVs whose initial pH;,,=4.8 and pH,,, =8.07. As soon as
NSb = NSa, incorporation of '"N-MEA is clearly observed.

3.2. '"H-NMR experiments in SUVs

"H-NMR spectra are recorded after adding unlabeled
MEA to a SUV suspension (molar ratio MEA-phos-
pholipids: 1:4).

Fig. 6a shows a spectrum of SUVs in the presence of
MEA and at initial pH,,, = pH.,, = 4.0. Compared to
the spectrum of pure SUVs, the phospholipid reso-
nances are not affected by MEA. The chemical shifts of
MEA resonances are the same as in aqueous solution.
Only the upfield signals are clearly detected as the other
ones are overlapped by the wide -N ™ (CH,), signal (see
line 7, Fig. 1). However, a broadening of MEA signals
in the presence of SUVs suggests the existence of a
MEA-membrane interaction.

To follow the broadening of the MEA resonances
upon addition of Mn?*, we increased amounts of
MnCl, (from 2 to 14 ul of a 0.1 M solution) without
pH gradient (pH,, = pH.,, = 4.0).

Fig. 6b shows MEA, phospholipid methyl,
methylene, glycerol and choline resonances after 14 ul
MnCl, addition. Every proton of the phospholipid
polar moiety displays a separate resonance for each

leaflet. Though a small amount of MnCl, would
broaden the outer leaflet signal beyond any detection,
the signal of the inner leaflet is not affected significantly
[8,26]. Since for a given signal the product of the peak
height by the half-width is a constant, we can follow the
signal broadening by plotting the height of the peak vs.
Mn? " concentration. Thus, Fig. 7 shows a rapid de-
crease of the choline h/h, ratio (Mn”* -induced height
on control height) at low Mn** concentration, fol-
lowed by a plateau around 1/3. This value is consistent
with the inner/outer phospholipid ratio and corre-
sponds to a complete saturation of the system by
Mn?*. Besides, the protons of the terminal methyl
group give a single line which is gradually broadened
when increasing MnCl, concentration. Similarly, MEA
resonances are progressively affected, but to a lesser
extent. Mn®" has the same effect on phospholipid
methylene and methyl resonances. For both, peak mag-
nitudes are reduced by 30%.
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Fig. 5. 40.55 MHz '"N-NMR spectra of 'N-MEA-containing LUV
upon MnCl, addition (20 xl 0.1 M) and for a number of scans
identical for the three spectra (a—c) and always equal to 170. The
three spectra are all recorded with initial pH;, =4.8. and with
variable initial pH,,, values: 4.8 (a), 6.45 (b), 8.1 (¢). These spectra
show that the higher the pH,,, the more the '’N-peak intensity
increased for a given number of scans and a given MnCl, concentra-
tion.
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Fig. 6. 400 MHz '"H-NMR spectra of MEA-containing SUVs. MEA/
phospholipids molar ratio of 1:4. Both spectra are recorded in
absence of a pH gradient, initial pH;, = pH,,, =4.0. Highfield MEA
resonances are pointed out by the arrow. Downfield resonances are
lost in the N+ (CH,), peak. Prior to MnCl, addition (a), only the
upfield resonances of MEA can be clearly observed. After 14 u1 0.1
M MnCl, addition (b), broadening of MEA resonance confirms the
existence of a MEA-membrane interaction in absence of a pH
gradient.

A similar study is carried out with an initial pH
gradient: pH,,,, = 4.0 and pH,,, = 7.8. 1-5 ul of the 0.1
M MnCl, solution are added. Fig. 8 shows the spec-
trum for 5 ul and the results on MEA, methyl,
methylene and choline are plotted in Fig. 9. When 1 xl
is added, polar headgroup choline resonances are

rapidly affected, whereas the lines attributed to alkyl
groups are not. Thus, Mn>" only affects the signals of
the extravesicular molecules and the outer leaflet. MEA
signal intensities are weakly but rapidly decreased by
Mn?* addition. In contrast with the previous study,
MEA resonances vs. Mn? " concentration do not show
any plateau.

4. Discussion

The understanding of molecular mechanisms of drug-
membrane interaction has a practical importance for
the design and the selection of new useful drugs. The
aim of the present paper was to achieve a better under-
standing of the importance of medium pH on the
MEA-membrane interaction.

The interaction between a very hydrophilic molecule
like MEA and phospholipid bilayers has been shown
previously [14,27-29]. Differential scanning calorimetry
(DSC) and electron spin resonance (ESR) experiments
had shown that the MEA location continuously fluctu-
ates between the bulk water and the bilayer. This
partitioning is pH-dependent and is ruled by a dynamic
balance between the highly hydrophiliciNH;" ] form and
the less hydrophilic-NH, one at the lipid-water inter-
face. This is supported by the existence of a pH at
which an intralamellar dissociation balance occurs (as
an apparent pK, noted pK,,), differing from the natu-
ral pK, (10.35 [30,31]). For a 2:1 MEA/DPPC molar
ratio, this pK,,, is around 5.4 as revealed by membrane
oxygen diffusion experiments [27,32] by spin labeling
techniques in dipalmitoylphosphatidyicholine (DPPC)
bilayers in L, fluid phase. The 10.35 MEA pK, value in
pure water was confirmed by ’N-NMR chemical shift
changes vs. medium pH (not shown). In addition, pre-

—+—CH3
SUV pH int.= pH ext. = 4.0 —=—CH2
—4— Choline
—*—-MEA
100 ~—%— Glycerol

h/ho %

+ + + —+

M=Cl, 0.1M (L)

Fig. 7. Relative peak height reduction (%) of methyl (CHj),
methylene (CH,), choline (N*(CH,);), glycerol (CH,0CO) and
MEA "H-NMR resonances in SUV plotted vs. MnCl, concentration.
MEA resonances are poorly and progressively affected with MnCl,
concentration.
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Fig. 8. 400 MHz 'H-NMR spectra of MEA-containing SUVs. MEA/
phospholipidids molar ratio of 1:4. Both spectra are recorded in
presence of a pH gradient, initial pH,,, = 4.0 and pH,,, = 7.8. Upfield
MEA resonances are plotted with the arrow. Downfield resonances
are lost in the N * (CH,); peak. After 5 1 0.1 M MnCl, addition (b),
broadening of MEA resonance confirms the existence of a MEA-
membrane interaction in presence of a pH gradient.

vious studies had revealed the existence of a new disso-
ciation balance at the phospholipid-water interface,
with labeled ["*NJDPPC and dipalmitoylphos-
phatidylethanolamine (['"*’N]DPPE) [33,34].

For LUVs, " N-NMR recordings suggest a
transmembrane transport of MEA in the presence or
absence of pH gradient and even under acidic pH,,,
(4.8). This result is rather unexpected because this very
hydrophilic molecule is mostly ionized at this pH.
These results confirm the existence of a pK,,, lower
than the pK, value. Increasing pH,, value promotes
transmembrane crossing. The fact that the percentage

of ['"*'N]JMEA, no longer sensitive to Mn?™*, increases
with the external pH value is consistent with a stronger
pH-dependent interaction between MEA and the bi-
layer. In Figs. 2-4, the half-height widths (Av) of the
5N peak affected by Mn>™* significantly increases with
the pH,,, value.

Fig. 5 shows that at a lower pH,,, value (4.8), Mn?*
eliminates MEA resonance by broadening beyond de-
tection, while at higher pH.,, MEA resonance is not
completely suppressed but only broadened. This would
argue for the existence of MEA populations, located
either at the lipid—water interface, in the bilayer core,
or in the intravesicular water bulk phase. Thus, a
dynamic balance might occur between these different
populations, since any MEA molecule would fluctuate
between these different sites, according to the ionization
state. Due to MEA size and membrane microviscosity,
the MEA correlation time within the bilayer must be
short, compared with the spectroscopic '"N-NMR time
scale. Conversely, exchanges between intra- and extrav-
esicular MEA populations must be sufficiently slow to
allow clear differentiation by '"N-NMR spectroscopy.

At this stage, the existence of a MEA-bilayer interac-
tion is obvious, but additional information is needed
for more precision. Therefore, "H-NMR spectroscopy
was used to examine the location of MEA in the SUVs
bilayers.

The study of SUVs, the internal volume of which is
much smaller than of LUV, show that MEA largely
interacts with the bilayers. Large MEA resonances,
visible in Fig. 6, confirm the existence of the MEA
membrane interaction suggested by '"N-NMR spec-
troscopy. Adding MnCl, to SUVs with initial pH;,,, and
pH., equal to 4.0 shows that MEA resonances vs.
MnCl, concentration are practically similar to the
aliphatic methylene and methyl ones. This suggests the
presence of MEA in the depth of the membrane, in the

60
h/ho % 50 &
40 +

0

0 + — + —— —t

0 1 2 3 4 5
MnCl, 0.1M (ul)

Fig. 9. Relative peak height reduction (%) of methyl (CH,),
methylene (CH,), choline (N *(CH,);), and MEA 'H-NMR reso-
nances in SUV plotted vs. MnCl, concentration. MEA resonances are
poorly but rapidly decreased with MnCl, concentration.
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alkyl chain region. Besides, the broadening of MEA
resonances when adding Mn?* would indicate the pres-
ence of MEA between both layers.

It is noteworthy, in SUV experiments, that the conse-
quences of Mn?* addition are different when a pH
gradient is present. In fact, 'H-NMR spectroscopy of
the protons located within the core of the bilayer such
as —~CH; and -CH, alkyl groups shows little, if any,
changes in the presence of Mn2™, perhaps due to
repulsive positive charges (of Mn?>* and of the higher
H™ activity in the inner leaflet when pH,,, is higher
than pH,,). In addition, the internal position of the
—CH, and —~CH, groups of the alkyl chains would limit
the accessibility to Mn?*. In the presence of a pH
gradient, MEA seems more mobile and scattered within
the bilayer, and even between both layers. This MEA
mobility could be ascribed to a reorganization of SUV
phospholipids under the effect of the external pH.

The studies carried out with 'N- and 'H-NMR
spectroscopies discriminate between two MEA popula-
tions: intravesicular and extravesicular. An interaction
between MEA and alkyl chains of the liposome mem-
brane is also confirmed.

The results on both LUV and SUV model mem-
branes are similar but complementary. LUV studies
define the pH conditions favorable to the MEA trans-
port across the bilayer. In LUV, "N-NMR gives valu-
able informations on MEA translocation between the
internal and external spaces of the vesicle and its pH-
dependence. Previous ESR studies had shown the alter-
ations of the spin exchange between a fatty acid
16-nitroxide spin label and paramagnetic O,, due to the
presence of MEA within the inner core of the bilayer
[27,28,32]. The present >’N-NMR study on MEA trans-
port across phospholipidic bilayers, beyond simple
membrane interactions, could be generalized to all
molecules possessing an amino group, such as amino
acids, peptides or proteins.

5. Conclusion

3IP-NMR spectroscopy proved to be an efficient
technique to study the membrane permeability of phos-
phorylated molecules such as nucleotides [5]. 'H-NMR
spectroscopy has been used to study the transport of
aromatic compounds, such as purine analogues, which
exhibit 'H low field-shifted resonances {35]. 'H-NMR
spectroscopy study of MEA membrane crossing is un-
successful for MEA resonances are hidden by the LUV
broad resonances. On the contrary, SUV resonances
are less broadened and MEA membrane interactions
can be observed. SUV studies without a pH gradient,
show that MEA locates in the depth of the membrane
and, in presence of a pH gradient, presents a medial
location, probably due to an increased mobility.

Further studies are in progress with a new class of
signal peptides to analyze their interactions with phos-
pholipidic model membranes and to find the proper
physicochemical conditions for their translocation
across membranes, also compatible with protein im-
port.
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