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Abstract-The interaction of the aminothiol radioprotector cysteamine (j3-mercaptoethylamine) (CYST) 
with dipalmitoylphosphatidylcholine (DPPC) artificial membranes has been studied by differential 
scanning calorimetry (DSC), turbidimetry and spin labeling. This hydrophilic molecule displays a 
biphasic, concentration-dependent binding to the phospholipidic head groups at neutral pH. 

In the CYST/DPPC molar ratio 1: 160-l : 2 (mole/mole) an increasing ordering effect is observed. 
At high concentrations (over 3: 1 ratio), this ordering effect decreases. With the symmetric disuhide 
dimer cystamine, the biphasic effect is not shown and the membrane rigidity decrease is obtained only 
at concentration ratio higher than 1: 1. 

The charge repartition of the cysteamine molecule has been shown to be disymmetric, +0.52 e on the 
NH3 group and +0.19 e on the SH extremity, [38] whereas the cystamine molecule is electrostatically 
symmetrical. These properties could be related to their membrane effects. With cysteamine, at a low 
concentration, an electrostatic bridging between the negatively charged phosphate groups of the polar 
heads induces the increase in membrane stability: the molecules behave like a divalent cation. At high 
concentrations a displacement of the slightly charged SH extremity by the amine disrupts the bridges 
and induces the decrease in rigidity: the drug behaves like a monovalent cation. Due to its symmetric 
charge and its double length, such an effect is not observed with cystamine. 

This study could bring further information about the interactions between cysteamine and poly- 
electrolytic structures (ADN for example) and about the radioprotective properties of this drug. 

The hydrophilic molecule cysteamine f/3-mercapto- 
ethylamine) is known as an aminothiol radio- 
protective agent since its discovery in the 1950s. It 
has been used in many radiobiology studies in vivo 
[l] and can be considered as a standard among sulfur- 
containing molecules. A variety of hypotheses have 
been advanced to explain its properties [l, 21. 
Among the most important of them may be listed an 
inhibition of free radical process [3] by acting as a 
radical scavenger, a protection by hypoxia or anoxia 
by decreasing O2 consumption in the cell [4] and 
control of DNA breakdown, by electrostatic attach- 
ment to the polyelectrolytic DNA molecule [5]. 

It has also been suggested that the biological mem- 
branes could represent a critical target for ionizing 
radiation and several authors have proposed an inter- 
action between cysteamine and biological phospho- 
lipid structures [6]. 

Furthermore, in previous experiments, we have 
demonstrated that the radioprotective effect of cyste- 
amine is strongly modified when encapsulated in 
liposomes 171. Although the dose reducing factor 
(DRF) is not significantIy changed, the duration of 
the biological action is considerably increased (up to 
3 hr instead of 20 min) and the encapsulated drug 
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becomes active when orally given, which is not the 
case for the free compound in solution. 

Several authors have already pointed out that 
many drugs belonging to various pharmacological 
groups, i.e. phenothiazines [8,9], tricyclic anti- 
depressants [lo], local anesthetics and others [ll], 
affect the physico-chemical properties of lipid bilay- 
ers [l&13]. In particular, the molecules containing 
a hydrophobic portion and a short side chain with 
a protonized amino group bind to phospholipidic 
membranes [14, 151. These drugs intercalate 
between the lipid molecules, the cationic group being 
located near the polar head group of the phospho- 
lipids while the hydrophobic part points toward the 
hydrophobic core of the bilayer. 

In an attempt to explore the interaction of cyste- 
amine and its dimeric form cystamine with the mem- 
brane bilayer, a study with an artificial model mem- 
brane has been undertaken. The effects of these 
cationic amphiphilic drugs are described by the ther- 
mal behaviour of the drug-DPPC mixtures and by 
dose/effect relationship plots. Three complementary 
methods, differential scanning calorimetry (DSC), 
turbidimetry and electron spin resonance (ESR) 
have been used in this work. 

Turbidimetry and DSC reveal the thermodynamic 
state of the membrane taken as a whole [2,1&18] 
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whereas spin labeling provides a description of the 
local ordering and/or fluidity of the phospholipid 
acyl chains, with a spatial resolution of about 0.5 nm 
[19,20]. 

In this work, we present results carried out on 
fully hydrated (90% w/w water) DPPC multibilayers 
(liposomes), in the absence (control) and in the 
presence of variable concentrations of cysteamine or 
its S-S dimer, cystamine. 

Cysteamine: HzN-CH2-CHz-SH 

Cysteamine: H2N-CHz-CH&--S-CHz- 
CH2--NH,. 

MATERIALS AND METHODS 

Reagent and sample preparation. Synthetic L-B- 

dipalmitoyl phosphatidylcholine (DPPC) of 99% 
purity was purchased from Sigma. The purity was 
checked by thin layer chromatography. 

Cysteamine hydrochloride and cystamine hydro- 
chloride were purchased from Merck, Sharp and 
Dohme, West Point PA. 

The DPPC samples were prepared according to 
Bangham [21] in a 10 mM phosphate buffer at 
pH 7.0. Cysteamine or cystamine were added at dif- 
ferent concentrations, from 10e4 to 10-l M. The 
DPPC-drug mixture was then incubated at 50” for 
30 min. 

For spin label experiments, the multibilayer lipo- 
somes were labeled with N-oxyl-oxazolidine deriva- 
tives of stearic acid, named, respectively, 5-NS, when 
the nitroxide group is located on the 5th carbon, and 
16-NS, when located on the 16th carbon, the carbon 
being counted from the carboxylic acid group. 

DSC experiments. The DSC scanner was a Du 
Pont de Nemours thermoanalyser 990.910 equipped 
with a mechanical cooling accessory. Scanning was 
performed between 5 and 60” at the heating rate of 
2 K/min. The peak characteristics are designated by 
their onset and maximum temperature. The heats 
involved were related to the peak area by using a 
planimeter. 

Spectrophotometry. The investigation described 
here was performed using a Beckman DU-8 spec- 
trophotometer equipped with the Tm Analysis 
System. By this arrangement it was possible to make 
sequential measurements of absorbance at 450 nm 
vs temperature. In this experiment, the absorbance 
A was measured as a function of the temperature. 
For a non-absorbing but light-scattering system, we 
can define the turbidity T for a l-cm path-length by: 

T = -Ln I/i0 = -2.303 log I/I0 = 2.303 A [22]. 

It is a measure of the integrated intensity of light 
scattered at all angles. I0 is the incident intensity, 
I the intensity of the transmitted light and A the 
measured absorbance. 

Spin-label experiments. To 200~1 of the suspen- 
sion, 5 ~1 of a 10 mM stock solution of spin label 
in dimethyl sulfoxide was added. The label/DPPC 
molar ratio was about l/1000. The sample was incu- 
bated for 30 min at 50” (above the melting point) in 
order to allow the penetration of the probes. 

Electron spin resonance spectra were recorded in 
the temperature range O-60” at about 1” intervals 

using a Varian El09 spectrometer equipped 
with a laboratory-built temperature controller 
(accuracy * 0.2”). 

The principles of interpretation of spin label spec- 
tra have been developed in numerous studies 
[23,24]. We shall only recall the definitions of the 
parameters we have measured. 

The outer hyperfine splitting 2Ai is used as a 
relative measurement of the rigidity on the system. 
For randomly oriented samples, the magnitude of 
2A1 generally decreases according to the motional 
freedom along the hydrocarbon chains. 

When the inner hyperfine splitting 2A, can be 
measured, which is the case when the fluidity of the 
lipidic bilayers becomes sufficiently high, the polarity 
of the spin label environment can be determined by 
the value of the splitting constant ah, = l/3 
(A,, + 2AJ; the lower the polarity, the lower the 
value of this parameter. 

However, in this work we were led to use particular 
parameters obtained from the saturation transfer 
technics (ST-ESR). In fact, the wobble motion of 
the spin label acyl chain around their molecular long 
axis is characterized by the correlation time rc and 
can be evaluated with a reasonable accuracy by the 
formula of Keith [25]. Such a formula is only avail- 
able for rc values under 10e8 sec. To extend the 
motional sensitivity of the ESR technics to slower 
correlation times, we have performed saturation 
transfer [26]. Hyde and Dalton [27] have shown that 
the L”/L ratio is inversely correlated to rc (lo-a, 
1O-6 set) where L and L” are, respectively, the ampli- 
tudes of the first and second peak of the ST-ESR 
spectrum, measured from the baseline (Fig. 9). 

A DPPC/spin label control has been performed in 
order to check that fatty acid nitroxides do not mod- 
ify the thermal behaviour of the liposomes. 

RESULTS 

DSC experiments 

Figure 1 represents the thermograms obtained in 
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Fig. 1. DSC thermograms of fully hydrated (90%, w/w) 
DPPC bilayers. (a) Control DPPC. (b) Mixed cysteamine/ 

DPPC, molar ratio p = 0.5. 
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Table 1. Experimental values of the DSC parameter 
obtained from the thermograms 

TP Ts TL p AH, AH, n, n, 

Control 33 40.5 41 1.1 7.7 9.6 187 150 
DPPC 
Cysteamine a 39.6 40.2 1.5 12.5 12.5 85 85 

rr., Pretransition temperature; Ts, solidus temperature; 
TL, liquidus temperature; p, transition half-width; AH,, 
main transition molar enthalpy; AH,, total transition molar 
enthalpy; n,, co-operativity number obtained from AH,; n,, 
co-operativity number obtained from AH,; a, no transition 
observed. 

heating the fully hydrated 
and the mixed cysteamine P 

ure DPPC (control, a) 
DPPC (molar ratio p = 

0.5). The comparative experimental parameters are 
presented in Table 1. We observe that in the presence 
of cysteamine, the pretransition peak disappears and 
the main transition is down-shifted from 41” (control) 
to 40.2”, and 35% broadened. Furthermore, the 
molar enthalpy of the total transition is about 1.3- 
fold enhanced. 

According to Mabrey and Sturtevant [28], the co- 
operativity number for the main transition can be 
evaluated by: 

n, = 6.9 p,/Z+ x l/AH,, 

where p is the transition half-width, T,,, the mid- 
point of p and AH, the transition molar enthalpy. 
For p = 0.5, n, is 40% lowered compared to the 
control (Table 1). 

Fig. 2. Plot of the absorbance values vs temperature. (a) 
Control DPPC (10m3 M). (b) Cysteamine/DPPC, molar 
ratio: 0.075. (c) Cysteamine/DPPC, molar ratio: 0.75. (d) 
Cysteamine/DPPC, molar ratio: 7.5. (e) Cysteamine/ 

DPPC, molar ratio: 75. 
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Fig. 3. Variation in ’ of the main transition temperature vs 
the molar ratio for (A) mixed cysteamine/DPPC and (0) 

mixed cystamine/DPPC. 

Spectrophotometry 

This method follows the changes in turbidimetry 
(absorbance). The measurements were partly 
prompted by the findings that light scattering and 
turbidimetry are sensitive to phase transition in 
DPPC liposomes. The physical basis of absorbance 
changes at the main-phase transition comes from a 
partial change in the molar volume d of the lipid, 
which leads to a change in the specific refractive 
index increment dn/dc (where c is the concentration) 
and hence in light scattering [29,30]. If all turbidity 
changes observed with liposome samples are only 
due to density changes, the measurable effect at the 
pretransition temperature suggests that there is a 
small change in ii of the bilayer, presumably by 
uptake of water [30,31]. 

Figure 2a is a plot of the absorbance values at 
450 nm of a pure lipidic suspension (1 mg/ml) vs 
temperature. Both transitions are clearly displayed 
at 42” and around 32”. For a low cysteamine con- 
centration (10m4 M, Fig. 2b), the pretransition is not 
precisely defined and the main transition remains 
similar to the control. At 10m3 M (Fig. 2c), the pre- 
transition vanishes while the main transition broad- 
ens. At higher concentration (DPPC/drug molar 
ratio lo-* and 10-l M, respectively, Figs 2d and e), 
a more dramatic broadening and a down-shift of 
the main transition is observed. In Fig. 3, the main 
transition temperatures are plotted versus p in the 
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Fig. 4. Rr values as a function of cysteamine and cystamine 
concentration. xDPPC, Molar fraction; p, molar ratio; A, 

cysteamine; 0, cystamine. 
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Table 2. Characteristic values of the spectral parameters measured with 5-NS 
as a function of pH. A ,, is the hyperfine component, aN is the isotropic coupling 

value 

T = 50" pH 2.9 (COOH) pH 9.9 (COO-) pH 7.0 cysteamine 

24CmT) 4.125 4.925 4.140 
aN 1.410 1.470 1.415 

presence of cysteamine or cystamine. No change can shape and structure of the liposomes and provide 
be observed with cystamine. information on the “stability” of the phospholipidic 

The variations of absorbance at 450 nm which structures. In fact we can assume a strong correlation 
accompany the transition, reflect the changes of between the transition step amplitude and the change 

(a) 
AH 
u 

ZA// 
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Fig. 5. Spectra obtained with 5-NS spin label at 20, 34 and 38”. (a) Control DPPC, pH 7.0. (b) Mixed 
cysteamine/DPPC, p = 0.5. (c) Mixed cystamine/DPPC, p = 1.5. 

in the density of the lipid. In order to describe values are not revealed within the concentration 
the absorbance curves quantitatively we define the range of p = O-75. Furthermore, for a value of p 
following ratio: above 0.75, RT values decrease. We must point out 

the differences observed between the effects induced 
by cysteamine and its S-S-bridged dimer. At a low 
concentration the effects of cysteamine are much 
stronger than those induced by cystamine and for 
that drug, no minimum is observed on the plot of 
RT vs p. 

RT = T(20”) - T(50’) for a given cysteamine 
concentration/T(20”) - T(50”) for pure DPPC. 

The results are listed in Fig. 4. 
A decrease in the transition step of RT values is 

manifest between p = 0.37 and 2 and could be related 
to a “stabilizing” effect of cysteamine on the lipidic 
bilayer. The outstanding fact that a minimum value 
is observed for p = 0.5 will be discussed further. 

In the presence of cystamine, changes in the R, 

Electron spin resonance experiments 

5-NS spin label. This spin label probes the 
phospholipidic bilayer just above its polar groups. 

I I I I I I 
IO 20 30 40 50 60 

To 

Fig. 6. Plot of the central line amplitude hu, measured on the 5-NS spectra, as a function of the 
temperature. The parameter ho is given in normalized arbitrary units (see Fig. 5). -, Control 
DPPC; ---, mixed cystamine/DPPC, p = 0.5; -.-, mixed cysteamine/DPCC, p = 37.5. The main 

transitions observed on the DSC thermograms are indicated by arrows. 
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Fig. 7. Plot of the 2A,, parameter measured on the 5-NS as a function of the temperature. ---A--, 
Control DPPC; ---A--, mixed cysteamine/DPPC, p = 0.5; -.&*--, mixed cystamine/DPPC, 

p = 1.5. 

The anchoring sites of the label carboxylic groups 
are pH-dependent as shown by the different values 
of 2Air and aN displayed at 50" and at pH 2.9 and 9.9, 
respectively (Table 2). Figure 5 shows characteristic 
spectra obtained at various temperatures and pH 7.0 
which indicate a strongly immobilized system in the 
range 2-32” and a much more fluid system around 
38”. 

variation of the outer hyperfine splitting (Api,) vs 
cysteamine concentration at 25” (Figs 8a, b), tem- 
perature at which the maximal gap is observed in the 
24 11 parameter between cysteamine or cystamine and 
the control. A change in ArAil is revealed from 5.8 
10e3 M and an increase in the concentration induces 

The plot (Fig. 6) of the spectrum central line vs T 
clearly displays the phase transition of the bilayer. 
In the presence of cystamine (p = 1.5) no change in 
the transition temperature is observed; the same 
experiment performed with cysteamine (p = 0.5 and 
p = 37.5) reveals a clear decrease in the gel/liquid 
transition temperature. The down-shift of the main 
transition is about 2.0” with p = 0.5 and 4.5” with 
p = 37.5. 

la) 

The variations of the 2A, parameter T for the 
control at pH 7.0 (open triangles), the DPPC/cyste- 
amine mixture (p = 0.5, full triangles) and the 
DPPC/cystamine mixture (p = 1.5, full circle) are 
plotted in Fig. 7. In the temperature range G-29” in 
the t/3’ gel phase, the 2A 1, values clearly stand above 
the control for the mixed drug/DPPC. A strong 
decrease is observed between 29” and 34” and the 
curve is superimposed on the control for about 2” for 
cysteamine. After a smooth decrease between 36 and 
38”, the 2Ai values remains similar to the control. 

NH&H&-Ii A 

‘\ -S-S- . 
\ 

Ib) 

Except a slight translation of 2.5” (main transition 
at 38.5” with cysteamine and 41” with cystamine), 
both cysteamine and cystamine-2A 1 temperature 
variations are similar, the second transition step on 
the cysteamine curve actually being the main 
transition. 

At first sight, cysteamine interacts essentially with 
the phospho~ipid polar head groups. We have seen 
above (spectrophotometry) that cysteamine has a 
strong influence on the membrane structure in the 
L-P’ gel phase. Such an effect is clearly revealed by 
spin labeling techniques. 

In order to see whether this effect was con- 

Fig. 8. Relative variation of the outer hyperfine splitting 
2~4, vs cysteamine or cystamine concentration. (a) Plot in 
logarithmic scale [log(molar ratio)]. The molar ratio is 
indicated for each value. (b) plot around p = 0.5 in decimal 

~entration-dependent, we have plotted the relative 
scale. A, Mixed cysteamine/DPPC; 0, mixed cystamine/ 

DPPC. 



Cysteamine and DPPC iiposomes 3077 

Fig. 9. ST-ESR spectra obtained with the 5-NS spin label. 
(a) Control DPPC. (b) Mixed cysteamioe/DPPC p = 1. 

a correlated change until a m~imum is reached 
for pm around 0.5. An enlargement of this plot is 
presented on Fig. 8b, in the p = 4-O concentration 
range. The maximum is still reached for pm between 
0.5 and 0.66. Between this value and p = 2 a sharp 
decrease of A& is observed. Beyond this point the 
2411 parameter remains constant. As compared to 
the control, this parameter does not overtake the 
baseline. 

The same experiment has been performed with 
cystamine to check whether the membrane would 
behave alike in the presence of a symmetric and 
twice as large molecule. Values of Ad 11, plotted vs p, 
(Fig. 8b) increase with the concentration from p = 1 
but never reach a m~imum value. 

Additional information has been obtained from 
the evaluation of the tumbling rate z, of the spin 
label. Since tc was lower than 10e8 set when observed 
by 5-NS labeling in a membrane gel phase, it was 
necessary to use ST-ESR techniques. The L and L” 
parameters, as described by Hyde and Dalton [27], 
are presented on such a spectrum in Fig. 9. In the 
same way, the L”/L ratio has been plotted vs p in 
Fig. 10. The curve undergoes a sharp decrease until 
p= 0.7. Beyond this point, a slight increase is 

I I I I I 
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Fig. 10. Variation of the L"/L values (see Fig. 9) vs the 
molar ratio. 

05 r 

0 10 20 30 40 50 60 

TO 
Fig. 11. Variation of the 16NS central line half-width AH 
vstemperature. A, Control DPPC; A, mixed cysteamine/ 

DPPC, p = 0.5. 

observed until p = 2 and the curve then remains 
approximately constant. 

16-NS spin label. This spin label probes the DPPC 
bilayer near the methyl group of the acyl chain. 

For mixed cysteamine/DPPC (p = OS), the plot 
of ho (median field line amplitude) vs temperature 
(not presented) indicates that the main transition 
temperature and the transition half-width (co-opera- 
tivity) are similar to the control. In addition, a pre- 
transition is revealed at 35”. 

The effects in the transition-temperature range 
are further observed on the plot of AHvs T(Fig. 11). 
This parameter is correlated with the tumbling rate 
of the label (tJ. Except for the end-point of the 
transition at 41”, the AH vatues remain above the 
control and both 35 and 40” transitions are clearly 
observed. 

The 2Ail parameter plotted vs T (not presented 
here) was proved to be similar to the control. 

DISCUSSION 

The fading of the pretransition observed by DSC 
and turbidimetry (Figs 1 and 2) reveals that cyste- 
amine and cystamine essentially interact with the 
DPPC membranes in their polar head region. The 
60% enhancement in the main transition enthalpy 
AL\H, indicates that the “fusion” of the acyl chains 
requires more energy and therefore that cysteamine 
reinforces the structural organization of the 
membrane. This stabilizing effect is also revealed 
by turbidimetry in the decrease of the transition 
amplitude. 

The increase in the transition width observed in 
turbidimetry and DSC and the decrease in the co- 
operativity number (DSC) could indicate the for- 
mation of domains induced by cysteamine inside the 
DPPC structure. 

The decrease in the main transition temperature 
only induced by cysteamine could be correlated with 
the penetration of the relatively hydrophobic thiol 
group between the polar heads. An important effect 
involving the penetration of the thiol group inside 
the biological membranes has been previously 
described, which was proved to modify the local 
organization of the bilayer structure [32]. 

The preferential interaction of these drugs with 
the polar part of the DPPC bilayer, previously sug- 
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gested by Vasilescu [6], is further confirmed by the 
results obtained with spin labeling. In fact the 16-NS 
which probes the bilayer hydrophobic core shows 
practically no modification in the thermal behaviour 
of the membrane, whatever the drug concentration. 
Only a slight decrease in the acyl-chain tumbling rate 
is observed (increase in AH, Fig. ll), essentially in 
the intermediate transition range (P/Y), which is a 
consequence of the structural modification of the 
polar heads region. 

Both drugs induce a strong increase in the 5-NS 
2A ii parameter, in the LP' gel phase, below 30”. This 
reveals an increase in the rigidity of the phospho- 
lipidic structures near the polar heads. The second- 
order transitions observed at 29” with cysteamine 
and at 31” with cystamine can be interpreted as a 
modification of the P/Y structure induced by these 
drugs and could be correlated with the melting of 
DPPC-drug domains in the bulk of the bilayer. As 
we can see, the drugs do not in fact modify the 
structure in the LLY phase above 41”, but this does 
not imply the absence of any interaction in the fluid 
state. 

The anchoring of the spin-labeled fatty acids is 
pH-dependent according to the ionization state of 
the carboxylic group [33,34]. The protonated form 
(COOH) penetrates more deeply inside the lipidic 
structure than the negatively charged COO-. In the 
first case, the S-NS 2A11 parameter is lower, and the 
isotropic hyperfine constant higher than for COO- 
(Table 2). The apparent pK, value of the carboxylic 
acids in the amphiphilic polar interface structure 
is 7.4. We can assume that the adsorption of the 
protonated cysteamine or cystamine near the DPPC 
polar heads induces a modification in the ionization 
state of the spin label in favour of the COO- form. 
The results presented in Fig. 5 indicate that the modi- 
fications observed with the S-NS spin label are not 
due to such a pH effect. 

Cysteamine is a small-sized molecule. The distance 
between the sulfur atom and a hydrogen of the 
ammonium group is about 0.28 nm. By quantum 
mechanics, ab initio calculation of the net charge 
in proton unit has established that the cysteamine 
monocation possesses a NH3 head with a strong 
positive charge (+0.52 e) and an SH tail with a 
weaker, but not negligible, charge (+0.19 e) [3.5]. At 
pH7.0, both charged extremities may interact at 
the lipid/water interface with the negatively charged 
phosphate group. 

The disymmetry in the electric charges born by 
both cysteamine extremities could explain the 
biphasic shape in the plot of structure or fluidity- 
correlated parameters vs cysteamine concentration 
(Figs 8a, b). First the strongly charged NH3 head 
group links onto a polar-interface phosphate group 
and, according to the steric distances, the SH tail is 
likely to interact with a contiguous phosphate site. 
This electrostatic bond can be responsible for the 
increase in the cohesive strength between phospho- 
lipidic molecules. Under this condition, it is of logical 
assumption to suggest a maximal organization (2A ,!) 
and rigidity (tJ for p = 0.5, i.e. for the saturation of 
the phosphate-charged sites. 

Such an enhancement in the packing reflects a 
parallel decrease in the molecular area, i.e. the mean 

surface occupied by the phospholipidic molecule. 
The experimental results become clear if we assume 
that cysteamine interacts by weakening the elec- 
trostatic repulsion forces between the polar heads 
[36]. In fact at this concentration (p = 0.5) cyste- 
amine behaves like a divalent cation. 

Beyond this optimal concentration, the NH3 group 
of a free cysteamine molecule must compete with 
an SH group of a bound molecule and induce a 
displacement of the weakly charged extremity. In 
this hypothesis, when all phosphate sites are bound 
to a cysteamine NH3 head group (p 2 l), the struc- 
tural interface organization becomes independent 
from any further increase in the concentration. In 
fact the structure- and fluidity-related parameters 
cannot return to their previous values, according to 
the steric hindrance induced by cysteamine inside 
the polar interface. Such a phenomenon is actually 
observed on Fig. 8b. In this case cysteamine behaves 
like a monovalent cation. 

In contrast cystamine is a symmetric molecule 
bearing equal charges at both extremities. By elec- 
trostatic binding, it can induce an increase in the 
rigidity of the bilayer structure in the same way (Fig. 
8b). However, adsorption at the polar interface is 
more difficult on account of its larger dimensions 
(0.8 nm, i.e. 2-fold than cysteamine); thus for a 2Aii 
value assigned to cysteamine (p = 0.5 for example), 
cystamine requires a 3-fold higher concentration. By 
increasing the concentration, no competition appears 
between bound (weak) and free (strong) electrostatic 
charges and the variation of the 2Aii parameter still 
parallels the concentration (Fig. 8). 

PHARMACOLOGICAL IMPLICATIONS OF THE PRESENT 
RESULTS 

This report clearly demonstrates the strong inter- 
action of cysteamine with DPPC bilayers, by the 
use of different experimental techniques. Moreover, 
according to the DPPC/cysteamine ratio, cysteamine 
behaves like a mono- or divalent cation, on account 
of the disymmetry in the partitioning of its elec- 
trostatic charges. This hypothesis is reinforced by 
the completely different behaviour of cystamine, the 
charge of which being equally partitioned. 

It is difficult to extrapolate the results obtained on 
DPPC bilayers to biological membranes. However, 
an electrostatic binding may contribute to give a 
partial explanation of the mechanism of the 
radio-protective effect. Some of the earliest bio- 
logical damage induced by ionizing radiations are: 

(1) the creation of free radicals produced from 
water molecules and reacting with membrane 
phospholipids and membrane-dependent enzymatic 
systems, and inducing (2) single- or double-strand 
breakdown in DNA molecules, all these damages 
being enhanced b the oxygen concentration. 

In a well-known process cysteamine would act 
by scavenging free radicals released in biological 
structures, by transferring hydrogen atoms from 
thiol- to radiation-induced radicals created from 
water or formed on proteins and peptides. This effect 
has been clearly demonstrated in the repair of 
neuro-degenerative damages involving hydroxyl rad- 
icals and induced in peripheral adrenergic nerves by 
6-OHDA [37]. 
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But many thiols do not protect and most thiols are 
theoretically capable of forming mixed disulfides. 
Many biological investigations have demonstrated 
that more than a 3-carbon distance between the 
amine and the thiol functions leads to non-protective 
aminothiols. Vasilescu and Rix-Monte1 [5] have 
demonstrated the theoretical possibility of a revers- 
ible electrostatic binding of cysteamine molecules 
on the portion of the DNA helix unprotected 
by histones. We have shown experimentally that 
the cationic parts of such a radioprotective agent 
are electrostatically attracted by the phosphate 
groups. This interaction develops in two phases: 
(1) a co-operative mechanism by which the cyste- 
amine/DNA ratio continuously increases and (2) a 
saturation effect when this molar ratio reaches 
the value of 0.5, i.e. when the cysteamine binds to 
two adjacent phosphate sites [38,39]. We can 
assume that the binding of the aminothiol to the 
DNA phosphate groups could prevent secondary 
double-strand breakdown involved in radiation 
damage. 

Several authors have indicated that peroxidations 
produced in biological membranes could be revealed 
by an increase in the fluidity and permeability of the 
membrane structure [40-42] though some authors 
do not agree with such a conclusion [43]. The per- 
turbations in enzymatic functions observed after 
irradiation can be relevant to this increased fluidity 
of the matrix phospholipids [44], but also and more 
precisely of the phospholipids surrounding the 
enzymatic proteins. A similar mechanism has been 
described in the interaction of local anesthetics with 
biological membranes [45]. We can imagine that 
this fluidity could be prevented by the electrostatic 
binding induced by cysteamine among phospholipic 
head groups, as described above. The strengthening 
of the biological membrane would also prevent or 
delay the burst of lysosomes and the following release 
of catalytic enzymes secondarily responsible for the 
cellular death. 

In a previous work [7] we had compared the 
radio-protective activity, after oral administration, 
of free cysteamine and entrapped cysteamine in egg- 
yolk lecithine liposomes. Although a protective 
effect was afforded by entrapped cysteamine 
(DRF = 1.45), a cysteamine + empty liposomes con- 
trol test displayed a slight but actual protection 
(DRF = 1.1). Since cysteamine is known to be inac- 
tive when orally administered, on account of its 
catabolism in the digestive tract, we were led to 
suggest a direct interaction of the cysteamine on the 
bilayer polar interface, in this way protecting the 
unstable SH group. Even if liposomes are not, as 
they are [46], directly absorbed in the digestive tract, 
cysteamine may remain trapped in lecithin micelles 
or sheltered in smaller-sized structures during 
absorption. 

In conclusion cysteamine would appear to be an 
extremely versatile agent, able to affect beneficially 
many of the aspects of radiation damage and repair, 
but most of its cellular effects have not yet come to 
light. More elaborate investigations into the inter- 
action between cysteamine and biological mem- 
branes are necessary to answer the many problems 
of radiobiology. 
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