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ABSTRACT 

Fully hydrated liposomes of dipalmitoyl-phosphatidylcholine 
were labeled with 5 (or 7, 10, 12, 16)-doxyl stearic acid at 
pH 6 and 8, and studied by the continuous wave ESR-saturation 
technique. 

The ESR spectral magnitude depends on the hyperfrequency 
power P and on both T^ and T2 relaxation times. Saturation, i.e. 
the non linearity of the spectral magnitude plotted versus VP~ can 
be quantified by a Pj parameter (power at which the signal is 
half as great as it would be without saturation). If we assume T2 
weakly modified by spin exchange between paramagnetic spin probe 
and oxygen in triplet state, Pj is inversely proportionnai to Tj_, 
and becomes a sensitive parameter to appreciate the oxygen 
transport (oxygen diffusion-concentration product) inside the 
bilayers. 

According to the DPPC bilayer phase transition diagrams, P} 
(oxygen diffusion-concentration) is related to the thermodynamic 
state of the membrane. 

This technique provides further informations on a particular 
property of a radioprotective agent, cysteamine, which seems to 
inhibit spin-triplet exchange and hence maximizes T^ (minimizes 
Pi). 

Since radioprotective agents are known to act by scavenging 
radiation-induced free radicals and by inhibiting 
oxygen-dependent free radical processes, such a result may 
contribute to elucidate radioprotecting mechanisms. 



INTRODUCTION 

The presence of molecular oxygen O2 in biological membranes 
is a critical feature of number of biochemical processes. Such 
physiological processes involve, for example, oxygen consumption 
in mitochondrial oxydative phosphorylations [11; oxygen-derived 
radical species are created during photosynthesis [2]; peroxide 
and hydroperoxide radicals might explain the membrane mechanism 
of photosensitizing drugs (porphyrins) [3,4]; anthracyclins, a 
series of antitumor drugs, seem to present a cardiotoxicity 
through oxygen-activated species [5,61. 

Among the environmental factors liable to modify the 
cellular and tissular radiotoxicity, oxygen has been the most 
studied. In irradiated cultured cells, the enhancement of 
radiotoxicity observed upon oxygenation is a basic phenomenon in 
radiobiology, but its interest can easily be extended to 
radioprotection and radiotherapy. The presence of various 
molecules such as thiols, histidine, methionine, cysteamine in 
the culture medium reduces this oxygen-dependent radiosensitivity 
and thus, they can be considered as radioprotective agents. The 
"in vivo" action of the hydrophilic molecule cysteamine 
(p mercapto-ethylamine), a standard among radioprotective 
sulfur containing molecules, has been attributed to a variety of 
mechanisms among which trapping radiation-induced and 
oxygen-dependent radicals was pointed out [7,81. A tentative of 
explanation of part of this radioprotective effect is a specific 
interaction with lipidic membranes [9,10], and a prevention of 
membrane peroxidation processes [111 by a mobilization of 
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membrane-dissolved oxygen [12,13]. 
Our purpose was to set up an appropriate methodology to 

study the oxygen-dependent effects of drugs on model 
membranes. Many experiments dealing with molecular oxygen are 
listed in ESR literature [1,14-16]: Windrem and Plachy [17], 
Subczinski and Hyde [14,18] have particularly studied the oxygen 
diffusion-concentration product in lipid bilayers by monitoring 
the intrinsic line-width and the magnitude of the spectrum 
central line versus incident power P, of amphiphilic spin probes 
incorporated in lipidic model membranes. 

This methodology was developped in our experiments, on 
fully hydrated liposomes of dipalmitoyl-phosphatidylcholine. The 
results might contribute to an attempt of elucidation of the 
radioprotecting mechanism of cysteamine in biological membranes. 

MATERIAL AND METHODS 

Reagents and sample preparation. 
An aqueous liposome suspension (100 mg/ml) was prepared 

by vortexing in a 20 mM phosphate buffer DLH dipalmitoyl-
phosphatidylcholine (Sigma ref. 6769). The bulk pH was controlled 
after liposome preparation with an Ingold micro-electrode and 
adjusted at pH 8 and pW 6 if necessary in order to experiment out 
of the pK a region of the stearic acid spin probe which is around 
7.4 and 6.8 in DPPC bilayers respectively in gel phase and in 
liquia crystal phase [18, 19-21]. Indeed, temperature-dependent 
variations of these spin probe spectra depend on the protonated 
or unprotonated form. 
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Cysteamine hydrochloride was purchased from Merck AG. 
Solutions were freshly prepared before each experiment to prevent 
irreversible oxidation of cysteamine into its inactive disulfide 
dimer: cystamine (Fig. 1); The cysteamine/DFr'C molar ratios were 
1:1 and 1:5. 

For runs without oxygen, the gas was removed from the 
liposomal preparation by a five hours argon bubbling through the 
suspension before ESR measurements. The quartz cell was then kept 
under argon atmosphere while recording the spectra. 

The spin label stearic acids were purchased from 
Aldrich and Interchim Chemicals. For ESR experiments, 100 ul of 
liposomal suspension were supplemented with 5 ul of a 10 mM stock 
solution of spin label in DMSO. The mixture was then vortexed 
above the main transition temperature to allow the probe 
penetration. 

ESR measurements. 
The spectra were recorded on a varian E-109 

spectrometer equipped with a Varian temperature controller; an 
additional temperature probe was introduced into the quartz cell, 
to take into account the heating of the sample which becomes 
noticeable when the incident power exceeds 40 mW. 

For each spin label, the magnitude (h0) and the 
hyperfine splitting A// were plotted versus the incident power P 
for every temperature. 

To simplify, in a lorentzian lineshape, these 
parameters would have the following form in the spectrum first 
derivative (Fig. 5): 
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h 0 = k. Vf.T? 2 (1) 
(l+jTiT2P)J/^ 

where VT1T2P is the saturation term. 
The half saturation power is defined as the power at 

which the signal is h=ilf as great as it would be without 
saturation (Fig. 2); it comes: 

Pj = (2V2 _ 1 ) # ^ = _i ( 2 ) 
J T 1 T 2 T 1 T 2 

P$ is then representative of the variations of the 
relaxation times T^ and T2. 

The paramagnetic species O2 is detected by the 
variation of the Pj values assuming that T^ is modified by 
spin-exchange interaction with O2 inside the bilayer. 

According to Subczinski and Hyde [13]: 

1 (with 0 2) = _1_ (without 0 2) + _2_ p.w e (3) 
Tl Ti 3 

where p and w e are respectively the efficiency and the frequency 
of the collisions. 

The frequency w e is proportional to the product 
( D O + D N ) . N Q , where DQ and DJJ are the diffusion coefficients for 
the oxygen and the nitroxide respectively, and NQ is the number 
of oxygen molecules per unit volume. Neglecting Djj we obtain: 

1 (with (>2> • _!_ (without 0 2) + * D 0 . N 0 (4) 
Ti Ti 

We assume that 0 2 has but a weak influence on T 2 ; then: 



- 5 -

1 (with 0 2 > = 1 (without O2) +A Dn.Nn (5) 
T1T2 T1T2 T2 

P | (with O2) - P$ (without 0 2 ) +A . Dn.Nn (6) 
T 2 

This relation is valid for a single lorentzian line; 
for a composite anisotropic spectrum, the magnitude of the 
central line is a function of the power and the probe mobility 
(correlated with the A// splitting). The difference: 
[Pj (with O2) - P$ (without O2)] at a given temperature will 
still be representative of the oxygen diffusion-concentration 
product DQ.NQ; this will be discussed in more details below. 

For 12-doxyl stearic acid spin label, there is a 
measurable amount of non-incorporated spin label, exhibiting an 
isotropic-like spectrum. The parameter Pj observed for the non 
incorporated spin label was estimated by plotting the magnitude 
of the high-field line (m - -1), and by comparing to the P$ 
values of the hydrophilic radical TEMPOL in the medium. 

Differential scanning calorimetry (DSC). 
DSC experiments were carried out on a Perkin-Elmer 

DSC-4 scanner. Scanning were performed between 5°C and 60°C at 
the heating rate 10 K.mn""1. The peak characteristics are 
designated by their onset and maximum temperature. The heats 
involved are related to the peak area. 

RESULTS 

Effect of O2 on the magnitude of the central line. 
Fig. 3 and Fig. 4 present the set of curves obtained 
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with 5-doxyl stéarate from the magnitude of the central line as a 

function of the incident power and at different temperatures, 

with or without oxygen. We can notice that the presence of oxygen 

markedly increases the maximum value of each curve with only a 

minor modification of the initial slope (hn/vT); this fact is 

further quantified by the Pj parameter. 

Comparative P| values are plotted versus temperature 

for the different (5 to 16) doxyl stéarates, upon oxygenation or 

not and at both pH 6 and 8 (Fig. 6). If main transitions are 

clearly displayed with 5 and 16-NS, problems occur with 7 to 

12-NS which do not actually probe the bilayer regions as they 

would be expected to do, particularly in the unprotonated form. 

If we consider the doxyl group rather hydrophilic, the 

conjonction of an hydrophilic C00~ at one end of the stearic acid 

(C-18), and of a rather hydrophilic doxyl group located in the 

mid part of the acyl chain, renders this molecule unliable to 

insert parallel between the phospholipidic hydrocarbon chains. 

This would be explained by the fact that the two hydrophobic 

carbon chains remaining free on both sides of the doxyl group are 

not long enough to confère a sufficient hydrophobic property to 

the whole spin probe. In these conditions the doxyl group would 

pop out at the lipid-water interface, within a wide location 

distribution. Spectra are then artifacts which must be taken into 

account. 

Spectral line-shapes obtained with or without oxygen. 

Spectra were recorded (Fig. 5) in the same conditions, 

in the presence or not of oxygen. Oxygen does not affect the 

measured values of the hyperfine splitting (2A//) whatever the 
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temperature, as compared with the oxygen-depleted suspension. 
Thus, we can assume that oxygen does not modify the phase 
behaviour of the DPPC membranes. 

The P| parameter. 
The Pj parameter was graphically estimated and reported 

in Fig. 7. We notice that the value of Pj is systematically 
enhanced in the presence of oxygen and exhibits two sharp maxima 
at 38°C and 41°C which correlate respectively with the 
•pre-transition" (Tp) and the "main transition" (Tc) temperatures 
of the phase transition diagram, as obtained from DSC (Fig. 8). 
The peak observed at the main transition temperature seems to 
occur like a discontinuity (critical temperature), as far as the 
values obtained in te 40-43°C temperature range were essentially 
not reproducible. 

Saturation of the hydrophilic spin label TEMPOL. 
The saturation phenomenon was studied with tempo1 in 

the usual phosphate buffer in the presence or not of 5-doxyl 
stearic labeled membrane. The measurements were made on the high 
field line of the tempol spectrum (Fig. 9). We obtained for P| 
(O2, tcnipol) a constant value of about 45 mW, irrespective to 
phase transitions and to the presence of 5-doxyl stearic acid in 
the membrane (Fig. 10). 

Saturation of the non-incorporated 12-HS spin label. 
Below the "pretransition" temperature of DPPC bilayers 

(36°C), the 12-doxyl stearic acid exhibits a composite spectrum 
which is th<2 sum of two spectra: an "immobilized" component due 
to part of spin probes deeply incorporated in the membrane, and 
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an isotropic spectrum attributed to non-incorporated probes 
(Fig. 11). Pj measurements were undertaken on this isotropic 
component in order to determine the location of the probe 
relative to the lipid/water interface. As measured from the high 
field isotropic line, the result shows a continuous decrease of 
Pj , versus temperature, up to 36°C. Beyond this value, the 
isotropic component is no longer observable in the experimental 
spectra. 

Effect of the radioprotective agent cysteamine. 
Since it is supposed to interfere "in vivo" with oxygen 

radicals in biological membranes, its influence upon the P| was 
tested (Fig. 7). For an equimolar ratio, the membrane behaves as 
if it was deoxygenated : the Pj parameter presents an almost 
constant low value and does not undergo any sharp transition 
related to the temperature. Simultaneously, the 2A// hyperfine 
splitting is not modified. For a lower ratio (cysteamine/DPPC = 
1:5), an intermediate P$ value is observée. 

DISCUSSION 

Correlation between P} and the thermograms. 
The P} parameter depends on the averageing of the 

anisotropic component of the g and a tensors, and on the local 
diffusion-concentration DQ.[0 2] product. 

If the line broadening is assumed to be isotropic, then 
relation (6) is valid and the variations of Pj represent the 
variations of the Do-fC^] product. 

This product is maximal at the main transition 
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temperature; this is in agreement with other reported data in the 
literature [22], suggesting that at the main transition, the 
membrane is in a minimal organization state. Transport and 
diffusion propercies are then enhanced. We can remark, and this 
is the rule in RPE technics, that Tp(DSC) and Tp(RPE) do not 
coincide: this particularity can be explained by the fact that 
T p is a second order transition [21]. 

Effect of oxygen on the relaxation times T^ and T 2. 
According to relation (1), the initial slope hn/N/P is 

proportional to T 2
2 and is a function of anisotropy. (hg/tfP)^ is 

presented in Fig. 12, as a function of the temperature, in the 
presence or in the absence of oxygen; the proportionality 
coefficient is then a function of the number of spins and of the 
membrane organization. 

The transition observed at the intermediate phase, 
between 30°C and 40°C, may be explained by the variation in the 
angular distribution of nitroxides p z axes inside the lipidic 
matrix which is described by the anisotropy coefficient, and the 
motional narrowing of the lines. 

Until now, we have assumed that Ti is decreased by 
Heisenberg spin exchange interaction and that T 2 is not modified 
in the presence of oxygen for a given temperature. The results 
presented in Fig. 12 are consistent with a T 2 decrease of about 
10% in the liquid crystal phase. 

NO°/02 interaction. 
Subczinski and Hyde [14], Kusumi et al [18] observed no 

(or little) discontinuity in their P$ parameter under oxygen low 
pressure, in the transition temperature range. As they suggested 
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in their discussion, this result could be explained by an equal 
and opposite change in T^ and T2, resulting in a continuity of 
T1.T2 and then in Pj. 

This result (Fig. 12) can be extended, as described in 
Fig. 6, to 5, 7, 10, 12 or 16 nitroxide stearique spin label, as 
well as androstane and cholestane spin labels [18]. According to 
the diversity of the membrane domains explored by these probes, 
this assumption could be extended as a general rule. 

There is no clear consensus in the literature dealing 
with the interaction between oxygen molecules and the nitroxide 
moiety. The pommonly accepted hypothesis is an exchange by 
Heisenberg spin interaction [14]. 

If oxygen diffusion in phospholipidic membranes can be 
described by an axially symmetric tensor with its long axis 
parallel to the normal of the bilayer plane, this would render 
the spin exchange with the label more effective along the the z 
(vertical) axis than by an approach along x or y axes. Indeed, 
the nitroxide radical is protected by the sort of cage 
constituted by the four methyl groups and which is the very 
reason of its stability. Conversely, the p z orbital remains open 
to any interaction along the z-axis. 

Influence of cysteamine. 
By analysing the P| parameter, the cysteamine molecule 

has a "quenching effect" on membrane dissolved oxygen: Pj with 
cysteamine has a lower value, as if the membrane was 
deoxygenated; moreover, this oxygen concealement remains stable 
ovex periods of several hours and this fact rules out the 
hypothesis of a direct complexation [cysteamine-oxygen], as such 
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a complexatioii would be followed by a reoxygenation of the 
medium. Although previous studies suggest that cysteamine 
interacts preferentially at the lipid/water interface in the LfS 
phase, recent experiments have indicated that in the L«c phase, 
cysteamine penetrates the lipidic structure, its long axis being 
parallel to the acyl chain and the thiol group directed toward 
the bilayer central core [9]. 

Ir the oxygen prefential diffusion conditions, one 
might expect a steric hindrance induced by cysteamine which 
would hinder z-axis oxygen diffusion and lessen or abolish z-axis 
spin exchange with the p z orbital. 

We can observe indeed on Fig 7 that for lower 
temperatures (below the pretransition), Pj values are not very 
different for control and cysteamine supplemented suspension. 
This indicates that cysteamine has not yet penetrated the bilayer 
and remains adsorbed (by electrostatic interaction [9]), at the 
water/DPPC interface. Penetration starts at the pretransition 
temperature, as defects occur in the phospholipidic organization. 
Difference is patent at higher temperatures (over 42°C, in the L* 
phase) and consequences on oxygen diffusion are in agreement with 
our previous report. 

BIOLOGICAL IMPLICATIONS OF THE PRESBHT RESDLT 

As briefly reported in introduction, an obvious way of 
decreasing the radiosensitivity of an animal is to take advantage 
of the oxygen effect by administering drugs which could produce 
anoxia or severe hypoxia of radiosensitive tissus. The presence 
of molecular oxygen (i.e. 1500 mm Hg) increases by a factor of 
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two to three most of the effects of X or irradiation on living 
and many non living systems. There are number of compounds that 
protect by virtue of their capacity to decrease intracellular 
oxygen tension, by interferring with oxygen transports in the 
body, among which were observed respiratory depression, 
circulatory disturbances or inhibition of the haemoglobin 
transport mechanism. But if this is the case for sulfhydryl 
protectors (cysteamine, cysteine), they paradoxically, according 
to the literature, do not regularly cause tissular anoxia (often 
O2 tension is raised). Unfortunately all O2 tension measurements 
were performed in interstitial plasma and not inside the cell. 
Moreover, in the rat, raising O2 pressure (up to five 
atmospheres) in the respired air during irradiation does not 
affect or only reduces slightly the radioprotection afforded by 
cysteamine. 

Beside this complex problem, many authors have been 
impressed by the fact that radioprotectors can markedly affect 
some fundamental processes in the machinery of the cell [7,8]. 

To preserve the reader from a fastidious catalogue, we 
can summerize most of the cellular disturbances from biochemical 
processes to cell organites morphological alterations 
(mitochondria), by indicating that all these experimental data 
(since the 1950') seem to converge toward the concept of a cell 
suffering or adjustement, related to an intracellular oxygen 
depletion. 

This concept would recieve a beginning of justification 
if we examine the results presented in this paper: 

The preferential z-axis oxygen diffusion is undoubtedly 
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responsible for the oxygen diffusion from haemoglobin through red 
cell membrane and tissular cell membrane, down to oxygen 
consuming chemical processes (mitochondria). If by any mean, 
cellular membrane would become much less permeable to oxygen, 
such cellular disturbances would be liable to occur. Conversely, 
a membrane impermeability would not affect extracellular 
(interstitial) oxygen tension. 

But if cysteamine, a small thioled molecule hinders 
oxygen diffusion, why not larger hydrophobic molecules? In the 
liquid crystallin phase (biological membranes do not present 
phase transitions at physiological temperatures, and can be 
considered in a fluid phase), aliphatic chains trans-gauche 
conformations could induce "kink and jog" axial defects [23] 
responsible for this promoted vertical diffusion. Moreover, in 
biological membranes, the dynamic cavitations must be enhanced by 
the presence of the rigid double bonds generally located around 
CIO. The penetration of cysteamine in the L phase would take 
place preferentially inside these cavitations, as far as the 
molecular dimensions are consistent (0.5 nm), obstructing by the 
same the oxygen diffusion pathway. 

After administration, the whole body impregnation by 
cysteamine during its short action période (30 mn) would, as a 
consequence, lessen or to some extend pecially free radical trapping an 
DNA protection. All the same, it is striking to notice that in 
these conditions, general hypoxia would be the price to pay to 
ensure radioprotection, and it is to be feared that expecting * 
dose reducing factor over 3 becomes unreasonable. 

Nevertheless, it is interesting to remark that a new 
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these conditions, general hypoxia would be the price to pay to 
ensure radioprotection, and it is to be feared that expecting a 
dose reducing factor over 3 becomes unreasonable. 

Nevertheless, it is interesting to remark that a new 
methodology developped for the first time by Hyde can be 
successfully applied in biology, and is liable to bring new 
lights en the mechanism of chemical radioprotection about which, 
up to now, opinions were rather divergent. 
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LEGENDS OF THE FIGURES 

Fig 1 Chemical formula. 
Fig 2 Theoretical amplitude of the ESR derivate signal versus 

Fig 3 Magnitude of the central line versus tfp" for 
oxygen-saturated liposomes of DPPC probed with 5-NS spin 
label. 

Fig 4 Magnitude of the central line versus \/P for deoxygenated 
lioposomes of DPPC probed with 5-NS spin label. 

Fig 5 ESR spectrum of DPPC probed with 5-NS spin label at pH 8, 
21°C and incident power of 2 mW. 

Oxygen containing liposomes, 
Deoxygenated liposomes. 

Fig 6 Evol'ution of the Pi parameter versus temperature for 5, 
7, 10, 12 and 16-NS spin labels uponoxygenation or not. 

Oxygen containing liposomes, 
Deoxygenated liposomes. 

Fig 7 Half-saturation power P} as a function of the temperature 
for DPPC probed with 5-NS spin label at pH 8. 

o o Oxygen containing liposomes, 
o o Deoxygenated liposomes, 
• • oxygenation plus cysteamine/ DPPC 1:1, 

A A oxygenation plus cysteamine/ DPPC 1:5. 
Fig 8 Thermograms of fully hydrated DPPC. 
Fig 9 5-NS spectrum in DPPC bilayers plus superimposed ( ) 

Tempo1 (5.10~5 M) isotropic spectrum, at 25°C and pH 8. 
Fig 10 Plot of the half-saturation incident power Pi, as 

measured from the magnitude of the high field line 
(m « -1). 

• • Tempo1 in aqueous solution, 
• • Non incorporated part of 12-NS label at 

pH 8 (see Fig 11). 
Fig 11 12-NS spectrum in DPPC bilayers, at 14*C and pH 8, in the 

presence of oxygen. 
Fig 12 Plot of the slope (hn/VP)* in the linear region as 

obtained from5-NS spin label in DPPC at pH 8. 
— Oxygen containing liposome, 
B D Deoxygenated liposomes 
o o Ratio of both slopes (with 02/without O2). 



Fiaure 1: Chemical formula 

Cysteamine hydrochloride HS-CH2-CH2-NH3, Cl' 

Cystamine: H2N-CH2-CH2- S- S - C H2" C H2" N H3 

DP PC: C15H3I-Ç-O-CH2 

Cl5"31-Ç-0-CH2 

0 

CH2-0-f-0-(CH2)2-N < C H3>3 
0 

Terono1 : •(r «< N-0' 

Example of 12-doxyl stearic acid: 

*»-«c 

â.««C 
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Theorical amplitude of the ESR derivate signal versus V"T 
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Fig.3 
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