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Stearic acids with a nitroxide radical at selected positions have been incorporated in the phospholipid bilayers of 
clathrin coated vesicles, uncoated vesicles and sonicated liposomes made from the lipids extracted from the uncoated 
vesicles. The extent of incorporation was found minimum for stearic acids labeled on C-12 and for bilayers of uncoated 
vesicles. The ESR spectra of the spin-labeled fatty acids incorporated in the bilayers showed a pronounced temperature 
dependence (without discontinuity) and a decrease in the hypedine splitting as the nitroxide group was inserted deeper 
in the hydrophobic core of the membranes. An abrupt phospholipid phase transition or a phase separation could be 
excluded. The presence of the external proteins (the c lathrin coat) on the membranes was not found to noticeably 
influence the gradient of flexibility of the fatty acid chains of the phospholipids. The influence of the internal proteins 
embedded in the bilayers was evidenced by a detailed analysis of the ESR spectra of (7,8)SA in terms of two 
components: one component arising from the labels surrounded exclusively by phospholipids, the other component 
arising from labels of reduced mobility perturbed by the vicinity of the proteins. These results support the persistence of 
lipidic domains in the endocytic vesicles despite the accumulation of receptors which follows their formation. 

Introduction 

Clathrin coat proteins are involved in the receptor 
mediated endocytosis process [1,2] and in the transfer of 
newly synthesized proteins from the Golgi apparatus to 
secretory vesicles [3]. They form a polyhedral lattice 
adhering to the cytoplasmic side of the coated pits. The 
complete budding of these specialized regions leads to 
coated vesicles in which the extrinsic proteins are 
organized in three successive shells around the phos- 
pholipid bilayer [4]. The outermost shell is made of 
clathrin itself (heavy and light chains), the intermediate 
shell of the N-terminal domain of clathrin heavy chains 
and the inner shell of several proteins named assembly 

Abbreviations: Mes, 2-(N-morpholino)ethanesulfonic acid; Tris, 2- 
amino-2-hydroxymethylpropane-l,3-diol; EDTA, ethylenediamine- 
tetraacetic acid; EGTA, ethyleneglycol bis(fl-aminoethyl ether)- 
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ylsulfonyl fluoride; SDS-PAGE, sodium dodecylsulfate polyacryl- 
amide gel electrophoresis; DMPC, t-a-dimyristoylglycerophospho- 
choline; (m,n)SA, (n + 2)-doxylstearic acids. 
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proteins which may constitute the link between clathrin 
and the membrane receptors [5]. 

Clathrin coated vesicles are thus multimolecular 
complexes for which the study of the phospholipid 
dynamics is of particular interest. 

One reason is that the driving forces leading to the 
budding of the coated pits and the scission of the 
vesicles are not yet clear. It has been suggested that the 
receptors and coat components could coassemble and 
that the curvature of the membrane could be the result 
of the progressive increase in the receptors concentra- 
tion [6]. This reorganization may create sterical con- 
straints and may change the packing density of the 
phospholipids, their lateral diffusion and the flexibility 
gradient of their fatty acid chains. Alternatively, coated 
pits could simply be formed by the self assembly of the 
coat which is known to naturally produce closed shells, 
even in absence of phospholipids. 

It is also of interest to determine the extent of 
l ipid-protein interactions which contribute to the stabil- 
ity and the specificity of the system. Namely, do extrin- 
sic coat proteins interact exclusively with the cyto- 
plasmic side of membrane receptors, or do they interact 
also with the underlying phospholipid bilayer? This 
question is not raised because it has been demonstrated 
that purified clathrin can bind to protein-free phos- 
pholipid bilayers [8] and induce their fusion [8,9]. This 
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could be meaningless since in these conditions the natu- 
ral hexagonal network of clathrin is not restored around 
the vesicles of synthetic phospholipids [10]. But it has 
been found that the lateral diffusion of charged spin 
labels included into small unilamellar vesicles of pure 
phospholipids is lowered when clathrin and assembly 
proteins are added. This 'anchoring' effect could be a 
factor of selection explaining the enrichment of coated 
vesicles in specific polar heads or even in specific poly- 
unsaturated phospholipids [11,12]. 

Physico-chemical studies on isolated coated vesicles 
can provide useful elements in the understanding of the 
questions exposed above. Particularly, all the methods 
reporting on the microviscosity inside the membranes 
can help in determining if some constraints on the 
phospholipids are released when the vesicles shed their 
coat. This was first studied by inserting pyrene and 
parinaric acid in the phospholipid bilayer of bovine 
brain coated vesicles and by measuring the fluorescence 
parameters of these dyes [7]. This has been reexamined 
here, by inserting paramagnetic labels at different 
depths of the membranes and by using ESR spec- 
troscopy. 

Materials and Methods 

Coated vesicles purification. Coated vesicles were 
purified according to a procedure derived from Nandi 
et al. [13] and reported elsewhere [10]. Bovine brains 
were stored on ice and treated one hour after animals 
kilting in the slaughterhouse. 

The stock of purified samples was kept under nitro- 
gen at 4°C and used during the month following the 
preparation. 

Considering the tendency of clathrin coated vesicles 
to aggregation, samples were submitted to a low speed 
centrifugation before starting any experiment. 

Clathrin coat proteins purification. Clathrin coat pro- 
teins were extracted from clathrin coated vesicles by 
dialyzing one night against 1 M Tris (pH 7.3), 1 mM 
EDTA and 0.1% fl-mercaptoethanol. Stripped vesicles 
were centrifuged for 50 min at 100000 × g. It was 
ascertained by SDS-polyacrylamide gel electrophoresis 
that in these conditions and according to Wiedenmann 
et al. [14], the supematant contains most of heavy and 
light chains and significant amounts of proteins of 100 
and 50 kDa. 

Incorporation of spin labels into the membrane. The 
stearic acid spin labels (m,n)SA were obtained from 

CH3--(CH2 )m - - ~ - -  (CH2),") --CO2H 
O N'---O 
i t 

Genera l  fo rmula  of ( m , n ) S A .  

Molecular Probes and used without further purification. 
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The membrane suspensions were labeled for ESR at a 
maximum level of 2% for the probe/phospholipid 
molecular ratio. An appropriate organic solution of spin 
label was distributed over the surface of a roundbot- 
tomed flask by rotatory evaporation and then dried 
under high vacuum. Finally the membrane suspensions 
were added to the film for fatty acid incorporation, 
shaken gently and incubated for 12 h. The unincorpo- 
rated label remaining on the glass was not quantified 
and considered to be low. 

Lipid extraction. Uncoated vesicles were prepared by 
extracting clathrin coat proteins from native coated 
vesicles as described above. The stripped vesicles were 
centrifuged for 50 rain at 100000 × g and the pellet 
resuspended in water. 

The natural phospholipids were then extracted 
according to Folch et al. [15]. Typically, 18 ml of 
diluted native coated vesicles (2.6 mg/ml of total pro- 
teins) gave a pellet of uncoated vesicles resuspended in 
11 ml of water. The phospholipids were extracted twice 
with 40 ml CHC13/CH3OH (2:1, v/v). The organic 
phase was washed twice with 30 ml CHC13/CH3OH / 
H20 (3:48:47, v/v) and then evaporated in a round 
bottom flask. The yield of extraction was around 50%. 
The lipids were characterized with two systems of TLC 
(CHCI3/CH3OH/NH ~ (65 : 25 : 5, v/v) and CHCI3/ 
CH3OH/CH3COOH/H20 (75 : 45 : 12 : 6, v/v)). The 
mean molecular mass of the extracted phospholipids 
was taken as 800 dalton. 

Liposomes were prepared by sonicating with an in- 
strument manufactured by OSI France at an amplitude 
of 6/~m peak to peak and a frequency of 21 kilocycles/s. 

ESR measurements. The spectra were recorded at 9.3 
GHz on a Bruker ER200D spectrometer equipped with 
a field frequency lock and a temperature control unit. 
The temperature of the sample was measured inside the 
cell with a copper-constantan thermocouple. The sweep 
field was 100 gauss at 100 kHz modulation frequency 
and 1.0 gauss modulation amplitude (0.5 gauss in the 
case of (1,14)SA). In order to increase the signal to 
noise ratio, the spectra were accumulated in a Bruker 
BNC12 computer and transferred to an Olivetti M24 
computer through a home-built interface. The resolu- 
tion was of 4000 points/100 gauss. Spectral substrac- 
tions, smoothing and double integrations were per- 
formed using an interactive routine written in BASIC. 

Different physical parameters were obtained from 
the ESR spectra according to the type of label studied 
and to its motion. When the paramagnetic N-oxyloxa- 
zolidine ring of the stearic acid spin-label experienced 
rapid (% < 3 • 10 -9 s) and essentially isotropic reorien- 
tational motions ((1,14)SA), an indicative correlation 
time was calculated following Keith et al. [16]: 

1- c = ( 6 . 5 . 1 0 - 1 ° ) W 0  . [(ho/h_l)-l/2-1] 
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where W 0 is the peak to peak width, h 0 the height of 
the central line and h_ 1 is the height of the high-field 
line. 

For labels of slow motion, the results were reported 
using the separation of the outer extrema (2All) as an 
index of the mobility of the fatty acid chains in the lipid 
bilayers. 

Results 

Incorporation of spin labels into the membranes 
The incorporation of spin labeled fatty acids (m, n )SA 

into coated vesicles, uncoated vesicles and small un- 
ilamellar vesicles of extracted phospholipids was studied 
at equilibrium after one night of incubation at 20 °C in 
10 mM Mes (pH 6.5). 

The resulting ESR spectra were clearly the superposi- 
tion of two types of signals: one type arising from labels 
incorporated into the membranes, and the other from 
labels free in solution. This was considered to be due to 
a simple partition of the labels between the aqueous 
phase and the organic phase [17]. This was quantified 
by spectral substraction. 

The extent of incorporation was found drastically 
dependent on the position of the nitroxide radical along 
the hydrocarbon chain of the stearic acid. 

Fig. 1 shows typical spectra of spin labeled fatty 
acids in the presence of liposomes made with phos- 
pholipids extracted from the coated vesicles. ESR ex- 
periments were performed at 7 °C in 10 mM Mes (pH 
6.5). While (12,3)SA was nearly completely incorpo- 
rated, only little incorporation could be obtained with 

TABLE I 

Incorporation of the different spin labels into the membranes 

Temperature: 7 o C. 10 mM Mes. Lipid concentration: 10-3 M. Label 
concentration: 2.10 -5 M. Values marked with an asterisk have been 
obtained at a lipid concentration of 3.10 -3 M. 

Label % Free label 

extracted uncoated coated 
phospholipids ,vesicles vesicles 

(12,3)SA < 1 

(10,5)SA 1 * - 

(7,8)SA 15.5 22.0 
6.4 * 

(5,10)SA > 50 * 

(1,14)SA 2 * - 

17.5 

(5,10)SA. The corresponding concentrations of free 
labels in presence of identical values of phospholipids 
are summarized in Table I. The given values are only 
indicative since the double integration necessary to their 
estimation was realized on spectra of rather poor signal 
to noise ratio. Particularly the concentration of free 
(12,3)SA was too low and the concentration of free 
(5,10)SA too high. Table I and Fig. 1 illustrate however 
how determinant is the position of the doxyl group. 

The same study was applied to the incorporation of 
(7,8)SA into coated and uncoated membranes contain- 
ing the same lipid concentration estimated by phos- 
phorus determination (10 -3 M, Table I). The experi- 
ments were repeated varying the concentration of the 

(5"10!-SA + 
tlo s) SA 

(1-14t S A ~  / 

r 

Fig. 1. Spectra of stearic acid spin labels in liposomes made of lipids extracted from bovine brain uncoated vesicles in 10 mM Mes (pH 6.5). 
Temperature: 7 o C. The arrows indicate the resonance lines arising from the labels free in solution. 
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phospholipids in order to reach enough precision in the 
measurement of the distribution coefficient of the label, 
K, defined as: 

K = nl" [H20] 
nw" [lipid] 

where n 1 is the number of moles in the lipid phase and 
n w the number of moles in the aqueous phase. At 7 o C, 
we found K = 3.1 • 105 for the liposomes made from the 
extracted lipids, K =  2.5.105 for the coated vesicles 
and K =  2.0.105 for the uncoated vesicles. The pres- 
ence of the clathrin coat thus led to a slight increase of 
the incorporation of the spin labels. This slight increase 
could be the result of the binding of a few labels to the 
extrinsic proteins. Such a binding has been observed in 
preliminary experiments with purified extrinsic proteins 
reassembled into empty coats. It has to be noticed that 
the ESR spectrum of (7,8)SA adsorbed to the purified 
coat proteins can easily be identified since it is char- 
acterized by an hyperfine splitting approx. 10 gauss 
higher than that observed for the labels embedded in 
the liposomes made with the phospholipids extracted 
from the coated vesicles (Privat, J.P. et al., to be sub- 
mitted). 

ESR spectra of incorporated spin labels 
Some important features appeared from the compari- 

son of the spectra of the labels incorporated in the 
different membranes. 

First, the homogeneity of the environment of the 
labels has been tested. Fig. 2 and Fig. 3 report the 
analysis of the linewidth of the ESR resonance at low 
magnetic field. 

This linewidth was found independent from the type 
of membrane in which (12,3)SA and (10,5)SA were 
incorporated. It is striking that it increased with the 
temperature, while the mobility of the labels was also 
increased (as deduced from the concommitant decrease 
in the hyperfine coupling). Particularly for (10,5)SA, the 
linewidth at low magnetic field was of the same magni- 
tude in the different membranes as in small unilamellar 
vesicles of egg PC at pH 5.0 where the stearic acid is not 
ionized [18]. These observations indicate an heterogene- 
ity in the environment of the labels giving rise to a 
single broad spectrum (see discussion). The same study 
was applied to (7,8)SA (Fig. 3). Its linewidth at low 
magnetic field showed a biphasic dependence when the 
label was incorporated into coated or uncoated vesicles. 
This is exactly the behaviour which can be expected 
from two spectra whose overlapping is progressively 
reduced, i.e. at temperatures over 30°C, two distinct 
contributions could be distinguished. As this was not 
the case when (7,8)SA was incorporated into the ex- 
tracted lipids, this effect can be attributed exclusively to 
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Fig. 2. Width at half-height of low-field extremum of the spin-labeled 
stearic acid spectra as a function of temperature, e, Labels incorpo- 
rated into liposomes of extracted lipids (100 mM Mes (pH 6.5)). - ,  
Labels incorporated into liposomes of extracted lipids (10 mM Mes 
(pH 6.5)). ×,  Labels incorporated into coated vesicles (100 mM Mes 
(pH 6.5)). o,  Labels incorporated into coated vesicles (10 mM Mes 
(pH 6.5)). ,x, Labels incorporated into uncoated vesicles (10 mM Mes 

(pH 6.5)). 

the presence of the intrinsic proteins (it was verified by 
electrophoresis that extrinsic proteins are completely 
absent in our preparations of uncoated vesicles). This 
was analyzed in terms of perturbation of the boundary 
lipids in the way described by Marsh [19] (see below the 
study of the hyperfine coupling). The linewidth mea- 
surements could not be reproduced with (5,10)SA. In 
this case, the 'liquid lines' associated to the non incor- 
porated spin labeles were too strong and the underlying 
spectra of the incorporated spin labels could not be 
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Fig. 3. Width at half-height of low-field extremum of (7,8)SA incorpo- 
rated into the different phases. Same symbols as in Fig. 2. 
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Fig. 4. Temperature dependence of the hyperfine splitting 2All of the spin-labeled stearic acids incorporated in the different phases. Same symbols 
as in Fig. 2. v, Labels incorporated into uncoated vesicles (100 mM Mes (pH 6.5)). 

studied with accuracy. The mobility of the N-oxyloxa- 
zolidine ring of (1,14)SA was such that its spectra were 
analyzed in terms of correlation times (see below). 

Secondly, the precise analysis of the motion of the 
labels would require a simulation of the ESR spectra 
not undertaken here. The variation of the linewidth at 
low magnetic field revealed that the heterogeneity of the 
environment would complicate such a study. For our 
purpose, the decrease of the overall hyperfine splitting 
2A n was used to illustrate the flexibility of the acyl 
chains of the phospholipids in the membranes. In Fig. 4 
is thus reported the hyperfine splitting 2All as a func- 
tion of the ionic strength and the temperature for the 
different labels and the different phases, except for 
(5,10)SA. The partition of (5,10)SA between the lipids 
and water excluded the precise determination of the 
hyperfine splitting of the incorporated form. For 
(7,8)SA, the values reported are associated with the 
component of higher mobility (i.e., the smaller 2All ) 
which dominates the ESR spectra. 

A general observation is that in all phases the hyper- 
fine coupling of all spin labels were gradually decreased 
with no abrupt changes over the temperature range 
10-40°C. No evidence was found for a lipid phase 
transition in any of the samples investigated. 

The (12,3)SA carries the N-oxyloxazolidine ring close 
to the polar region of the membranes. Increasing the 
ionic strength from 10 mM to 100 mM Mes decreased 
the mobility of the doxyl ring incorporated into the 
liposomes of the extracted lipids. This effect of the ionic 
strength has been reported on other systems [20]. It 
could be the result of an increase of the packing of the 
polar heads due to a screening of the repulsive forces. It 
could also be the result of a change of the pK a of the 

spin labels followed by the modification of the depth at 
which their doxyl group was anchored. 

It is apparent that, independently of the ionic 
strength, the packing of the polar heads was the same in 
both coated and uncoated vesicles. The extrinsic pro- 
teins thus do not modify the environment of the ring 
which is essentially determined by the intrinsic proteins. 
As compared to the pure lipid phase, the intrinsic 
proteins define a lipid state which is more sensitive to 
the temperature (particularly in 0.1 M Mes) and less 
sensitive to the ionic strength. 

Ionic strength and temperature effects detected by 
(10,5)SA were very similar, except that its ring was 
located deeper in the membranes and that its mobility 
increased slightly in all the phases as compared with 
that of (12,3)SA. When the label was inserted into 
coated or uncoated vesicles, however, some sensitivity 
to the ionic strength was recovered. 

For (7,8)SA, the present study of the linewidth at low 
magnetic field demonstrated the occurrence of two dis- 
tinct components in the ESR spectra of labels incorpo- 
rated into coated and uncoated vesicles. For two rea- 
sons the component of higher mobility in the spectra of 
(7,8)SA can be attributed to the labels located in the 
unperturbed fluid lipid phase. Firstly, above 30 °C the 
hyperfine coupling of (7,8)SA in coated and uncoated 
vesicles is identical to that of (7,8)SA incorporated into 
liposomes of extracted lipids (in 10 mM Mes). Secondly, 
Fig. 5 shows that the result of the appropriate mathe- 
matical substraction of a component of restricted mobil- 
ity (spectrum number 1) to the experimental spectrum 
of (7,8)SA incorporated into uncoated vesicles in 100 
mM Mes at 30 °C (spectrum nb 2 in which the liquid 
lines have been eliminated) leads to a spectrum identical 
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Fig. 5. Mathematical analysis of the spectrum of (7.8)SA incorporated into uncoated vesicles (100 mM Mes (pH 6.5)) at 30 o C. (1) (7,8)SA in 
uncoated vesicles (100 mM Mes (pH 6.5)) at 6.5 o C. Spectrum taken as the component of restricted motion. (2) (7,8)SA in uncoated vesicles at 
30 o C. (3) Spectrum obtained after substraction of the contribution of the component of restricted motion to the spectrum nb 2. The hyperfine 
splitting 2All in the spectrum nb 3 is identical to that found for (7,8)SA incorporated into the extracted lipid liposomes (100 mM Mes (pH 6.5) at 

30 o C). 

with that of the label at 30 °C in the lipids extracted 
from the system (spectrum nb 3). This method of sub- 
straction has been used for the estimation of the lipids 
located in the close vicinity of the intrinsic proteins. 
This estimation can hardly be done here because the 
limit form defining the state of the labels of restricted 
motion is not known. It was taken a priori as the 
spectrum of (7,8)SA incorporated into the uncoated 
vesicles at 6.5 ° C. The symmetric operation leading to 
subtraction with the spectrum observed in the extracted 
lipids should overcome this problem. But the pre- 
ponderance of this spectrum is such that the operation 
gives a too high imprecision. Moreover, the repartition 
of the labels does not necessarily reflect the repartition 
of the different phospholipids. It is clear, however, that 
a large amount of labels is not influenced by the pres- 
ence of the intrinsic proteins. 

As the N-oxyloxazolidine ring went deeper in the 
hydrocarbon region, its mobility increased and its sensi- 
tivity to both the temperature and the ionic strength 
decreased for all the phospholipid phases studied. For 
(1,14)SA the motion of the probe was sufficiently rapid 
to allow (despite slow-motional contributions) a rough 
estimation of a correlation time at all the temperatures. 
This estimation was made on computed spectra ob- 
tained after substraction of the lines due to the non 
incorporated label. These correlation times are in- 
creased in the coated vesicles (For example, % = 1.4 ns 

in extracted lipid liposomes and ¢c = 1.6 ns in coated 
vesicles at 20 °C (10 mM Mes, pH 6.5)). As the correla- 
tion time is a function of the microviscosity, this can be 
taken as the sign of an increase of the microviscosity of 
the hydrocarbon core. 

Discussion 

This work is the first study of the incorporation of 
spin-labeled fatty acids into the lipid phase of clathrin 
bovine brain coated and uncoated vesicles and into 
vesicles made from their extracted lipids. At a given 
lipid concentration, the amount of incorporation was 
found dependent on both the type of the lipid phase 
studied and the position of the nitroxide group. We 
verified that the presence of the free label in solution 
was due to a true partition process: the label can be 
completely extracted from clathrin-coated vesicles by 
chromatography on Sephacryl S-1000. 

The incorporation of spin-labeled fatty acids is dependent 
on the nitroxide position 

Among all the compounds tested, (5,10)SA was 
founded the less lipid-soluble. The same result was 
reported by Tran [21] in the study of the incorporation 
of spin-labeled stearic acids into Duck erythrocyte 
membranes and by Vachon et al. [22] in the study of 
their incorporation into DPPC vesicles. The characteris- 
tic sharp three lines spectrum of (5,10)SA is also visible 
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in presence of egg PC liposomes [17], in presence of 
membranes of normal 3T3 and transformed SVT2 mouse 
fibroblasts [23], in presence of sarcoplasmic vesicles [24] 
or in mitochondria of brown adipose tissue of cold- 
adapted rats [25]. Some exceptions were reported, how- 
ever, as in presence of XC sarcoma, Vero and Aedes 
aegypti plasma membranes [26]. 

The minimum of incorporation found for (5,10)SA 
does not correlate with the extremum of a known physi- 
cal property of the lipid phase itself. It is evident, for 
example, that this does not correlate with a discontinu- 
ity in the flexibility gradient of the phospholipid chains. 
Thus, the minimum of incorporation is most probably 
the result of an intrinsic property of (5,10)SA itself. 
Vachon et al. [22] proposed that the carboxylic part of 
this label could interact with the rather hydrophilic 
doxyl group. It can effectively be imagined that, accord- 
ing to the location of the doxyl group, a more hydro- 
philic molecular conformation could be formed. This 
hypothesis has not been demonstrated, however, and 
may not be verified since liquid lines can also be 
detected when the methyl ester of (5,10)SA is used in 
presence of erythrocyte membranes [27]. 

The clathrin network does not inhibit the spin-labeled fatty 
acids incorporation 

Inside the lipid phases tested, several physical factors 
should determine the amount of incorporation of a 
given spin label. The partition of TEMPO [28], for 
example, was dependent on the microviscosity. As evi- 
denced by the measurement of the correlation times of 
(1,14)SA, large changes of microviscosity in the inner 
core of our phases cannot be invoked. Many other 
factors such as the lateral pressure, the accessible volume 
or the surface potential may also play an important 
rrle. 

The clathrin network itself might create an impene- 
trable barrier around the coated vesicles. On the con- 
trary, the incorporation of the labels was apparent ly  
slightly greater in coated vesicles than in uncoated ones. 
We got many evidences that the major part of the labels 
was really embedded in the hydrophobic core of the 
membranes of coated vesicles. Particularly, the evolu- 
tion of their spectral parameters (in function of the 
temperature or in function of the doxyl position along 
the chain of the fatty acids) was characterizing an 
hydrocarbon like region. The same situation prevailed 
in our previous work [10]. It has to be noticed that few 
labels could be adsorbed to the clathrin coat (when 
present) since it has been found that the spin labels can 
bind to the isolated coat proteins (Privat, J.P. et al., to 
be published). Our preliminary results, however, do not 
allow to determine if all the binding sites offered by the 
isolated proteins organized in empty coats are still 
accessible when the coats are organized around the 
membranes. 

Fluctuations in the location of the incorporated labels 
Once incorporated into the membranes, the labels 

can be located in different environments and can migrate 
from one place to another. This is of particular impor- 
tance in the analysis of the physical parameters of the 
ESR spectra and is susceptible to induce either a line 
broadening or a line splitting. 

Firstly, transversal fluctuations can occur which are 
due to fast changes in the depth at which the nitroxide 
groups are embedded in one layer of the membranes. 
These fluctuations are amplified in the inner core of the 
lipid phases [29]. The work of Sanson et al. [30] has 
evidenced a transversal fluctuation specific of the labeled 
fatty acids. Their two ionic forms are differently 
anchored (the acid form is anchored deeper in the 
membranes) and this is responsible for different hyper- 
fine couplings clearly visible in the ESR spectra at 
temperatures above 40 ° C. Below this temperature is 
found a line broadening. This is in complete agreement 
with our linewidth study of (12,3)SA in function of the 
temperature. The pH choosen here (pH 6.5) corre- 
sponds to the pK a of the labels embedded in egg PC 
vesicles. The two ionic forms of the labels were prob- 
ably present even if the pK a of the labels in our system 
might have been shifted in a way which has not been 
determined in order to avoid the work at 40 o C and the 
possible denaturation of our membranes. 

An other important contribution to transversal 
fluctuations is due to the interbilayer exchange. As our 
labels were incompletely ionized, the non-ionized form 
was susceptible to migrate between the outer and the 
inner phospholipid layer of the vesicles. Furthermore 
this migration could easily take place during the 12 h of 
the incorporation process. No attempt has been made 
here in order to characterize the interbilayer partition. 
It is evident, however, that this partition is not only 
susceptible to broaden the spectra but also to minimize 
the effect of clathrin, probably more important on the 
outer monolayer. 

The second type of fluctuations is due to the lateral 
diffusion of the phospholipids and of the labels. This 
can induce an additional spectral broadening by spin-  
spin interactions. The concentration of labels used in 
this work was sufficiently low to avoid it. Other lateral 
fluctuations can be related to a phase separation (possi- 
ble in the vesicles of extracted lipids), to the presence of 
intrinsic proteins (boundary lipids) or to anchoring ef- 
fects by extrinsic proteins (the clathrin network). 

Restriction on the motion of the labels located around the 
intrinsic proteins 

The uncoated vesicles are known to be rich in intrin- 
sic proteins (60% by weight according to Alfsen et al. 
[7]). Around the proteins, the boundary labels were 
clearly evidenced with (7,8)SA. Indeed, the restriction 
on the motion must occur for all the labels tested, 



independently from the position of the labeled carbon. 
But the difference between the two lipid environments 
must be sufficient to induce two resolved spectra. This 
has been stressed in the review of Devaux and Seigneret 
[33]. In first analysis, according to our numerical treat- 
ment  of the spectra, the boundary labels appear  to have 
an hyperfine splitting of 57 gauss which seems to be 
temperature independent. This is less than the 'rigid 
limit', i.e., this is smaller than what would be expected 
from completely immobilized spin labels inserted into 
protein aggregates [31,32]. This value indicates, how- 
ever, that the lifetime of the labe l /p ro te in  interactions 
is long enough to avoid spectral mixing during the time 
scale of the ESR measurements. 

Use and limits of the of the ESR study 
Spin-labeled stearic acids allow to probe different 

depths of the membranes in which they have been 
inserted. In this respect, they differ from fluorescence 
measurements using pyrene or even parinaric acids 
whose emission arises from a less precise location [34]. 
It  is of particular interest, however, to compare the two 
types of results in order to sum up the picture emerging 
from them. 

It  is first evident that the clathfin coat proteins do 
not greatly perturb the inner core of the membranes.  
The lateral diffusion of pyrene at 25°C showed an 
increase of 26% upon the release of clathrin, i.e., a slight 
decrease in the microviscosity [7]. With (1,14)SA, we 
also found a slight decrease (15%) of the correlation 
time of the label in the liposomes made from the 
extracted lipids as compared with that in the coated 
vesicles. This is a very slight perturbation, taking into 
account that the ESR signal, in the case of (1,14)SA is 
the mean value between the signals arising from the 
labels close to the proteins and the other ones. 

The second important  feature is that both  fluores- 
cence of parinaric acids and ESR of spin-labeled stearic 
acids clearly resolve ' f luid '  and 'restricted'  lipids. ESR 
experiments also indicate that the state of the ' f luid '  
lipids is very close to that observed with liposomes 
made from extracted lipids devoid of extrinsic and 
intrinsic proteins as well. This indicates that large lipid 
domains exist whose organization is not drastically al- 
tered by the clathrin coat proteins. We have previously 
found that the binding of clathrin coat proteins to 
uncharged synthetic phospholipids devoid of intrinsic 
proteins lowers the rate of motion of their polar head 
groups and reduces the lateral diffusion of charged 
labeles. In the inner core of the membranes,  the flexibil- 
ity of the hydrocarbon chains and the rotational diffu- 
sion of free labels were not perturbed. Thus, clathrin 
coat proteins establish interactions at the membrane 
surface exclusively. Any penetration of the proteins 
inside the hydrophobic core of the phospholipids can 
clearly be excluded. The same situation prevails in the 
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natural system. The opposite conclusion was drawn out 
by Steer et al. [35]. By infrared spectroscopy, these 
authors associated an increase of the number  of gauche 
chain conformers to the presence of the clathrin coat. 
These results, however, can easily be reconciled with 
ours and with our conclusion if this effect is not attri- 
buted globally to all phospholipids but to an increase of 
boundary lipids. 

In conclusion, these results support the persistence of 
lipid domains in the endocytotic vesicles despite the 
accumulation of receptors which follows their forma- 
tion. In these domains, the structural organization is 
identical to that of lipids devoid of proteins. More work 
must be undertaken in order to determine if the coat 
proteins interact either with the exposed area of intrin- 
sic proteins exclusively, or with phospholipids or both. 
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