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16-Carbon and 18-carbon fatty acids with covalently attached nitroxide free radicals have seen wide usage in 
membrane studies of phospholipid dynamics, orientation, and associations. However, they are inadequate for 
dealing with some very important questions that relate to glycosphingolipids. We report here the synthesis of 
a long chain (24-carbon) spin-labelled fatty acid designed for such problems. We have used both the new 
24-carbon and the more conventional 18-carbon spin-labelled fatty acids to replace the natural fatty acid of 
lactosyi ceramide so that we may begin to compare short and long chain derivatives to analyse the molecular 
basis of their functional differences. Spectra seen are consistent with the view that in a bilayer host matrix 
the methyl end of the long fatty acid crosses the hydrophobic membrane center and interdigitates with fatty 
acids of phospholipids of the opposing monolayer. 

Introduction 

Much of the current interest in glycosphingoli- 
pids derives from two factors: (a) their involve- 
ment as specific recognition sites for exogenous 
macrostructures ranging from antibodies to cells, 
and (b) their possible modulatory role in mem- 
brane structure and function. A certain amount of 
discussion regarding these roles has centered 
around a peculiar feature of the glycosphingoli- 
pid: the common great range of fatty acid chain 
length. The sphingosine backbone itself is gener- 
ally 18-carbons long. Given that sphingolipids sit 
in the bilayer membrane in a fashion analogous to 
phospholipids, one would anticipate that a chain 
of 15 of these carbons would extend down into the 
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membrane parallel to the fatty acids of the host 
matrix. Such a length of acyl chain is similar to 
the most abundant fatty acids of phospholipids 
(16- and 18-carbon). However, it is typical for 
glycolipids to have a high proportion of fatty acids 
with up to 24 carbons. Hence there is commonly 
an alkyl chain disparity of 9 carbons in depth of 
bilayer penetration within a given glycolipid (i.e., 
between the sphingosine portion and the fatty acid 
portion). Both the receptor function and mem- 
brane structure effects of glycosphingohpids have 
been suggested to be affected by this feature. 
Sen-Itiroh Hakomori, who introduced the concept 
of glycolipid crypticity, has raised the question of 
the role of giycolipid fatty acid composition in 
this regard (references in Ref. 1). Carl Alving, in 
establishing the basis for all current model mem- 
brane studies of the effect of fatty acid chain 
length on glycolipid receptor function, has demon- 
strated the increased 'accessibility' achieved by 
lengthening glycolipid fatty acids [2] or shortening 
host matrix fatty acids (Refs. 2, 3 and references 
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therein). It has, however, proven difficult to dif- 
ferentiate amongst the possible roles of glycolipid 
dynamics, lateral distribution, and headgroup 
orientation or protrusion in determining receptor 
function [4-9]. A glycolipid with a very long fatty 
acid may well 'fit' in a characteristic fashion into 
a bilayer membrane (liquid) crystal lattice com- 
prised of phospholipids with 16- and 18-carbon 
acyl chains [9]. This in turn would be expected to 
influence variables that affect its structural and 
receptor roles. 

Lesser degrees of disparity in acyl chain length 
within a given lipid molecule are also a common 
feature of membrane phospholipids, especially the 
combination of a 16- and 18-carbon fatty acid. 
The effect of such chain length differences within 
a given pure phosphatidylcholine has been consid- 
ered via studies of the phase transition behaviour 
and X-ray appearance of lipid bilayers (Reviewed 
in Refs. 10 and 11). Measurable structural effects 
are seen to occur, particularly when chain length 
disparity is a significant fraction of bilayer thick- 
ness. The question of 'interdigitation' has been 
raised: the concept that a longer alkyl chain may 
extend beyond its own monolayer to protrude 
amongst the shorter chains of the companion 
monolayer that comprises the other half of the 
bilayer (see for example, Refs. 10-12 and refer- 
ences therein). Such a concept is particularly at- 
tractive for bilayers made up totally of a popula- 
tion of phospholipids having one shorter and one 
longer chain. However, phospholipid bilayers con- 
taining only a small amount of glycolipid present 
a different situation, in that the host matrix is 
typically 16- to 18- carbon fatty acids while the 
odd molecule (the few percent glycolipid) may be 
vastly different. The very long chain fatty acid 
then has options that include extending amongst 
the acyl chains of its companion monolayer or 
collapsing into a highly localized nucleus of dis- 
order. Presumably this situation also exists in cell 
membranes. 

This paper describes the synthesis of a 24- 
carbon fatty acid spin label, and the result of 
experiments in which it was attached to the 
sphingosine backbone of lactosyl ceramide. Fatty 
acids bearing covalently attached nitroxide free 
radicals ('spin labels') have seen wide and success- 
ful application in membranes, although having 

been originally designed for use with phospholi- 
pids, nothing has been done previously with long- 
chain species. The long-chain fatty acid spin label 
introduced here provides a realistic method of 
examining many aspects of chain-length disparity 
in model and cell membranes. By comparison with 
the behaviour of the conventional 18-carbon fatty 
acid spin label attached to lactosyl ceramide we 
have been able to address for the first time the 
question of 'interdigitation' as it applies to glyco- 
lipids in a bilayer membrane. 

Materials and Methods 

L-a-Phosphatidylcholine from egg yolks was 
purchased from Avanti Polar Lipids, Birmingham, 
AL. L-a-Dimyristoyl- and L-a-dipalmitoyl-phos- 
phatidylcholines were from Sigma, St. Louis, MO. 
Cholesterol was from Serdary, London, Canada. 
N-Lignoceroyldihydrolactocerebroside was from 
Sigma. N,N'-Dicyclohexylcarbodiimide (DCC) 
was from Aldrich, Milwaukee, WI. All lipids used 
were pure by the criterion of giving single spots on 
thin-layer chromatography plates (Merck silica gel 
60) eluted with 65:25:4  (v/v) CHCI3/CH3OH / 
H20, and developed with l:2.75 sulfuric acid/ 
ethanol spray. Hexadecanedioic acid was from 
ICN/K and K, Plainsville, NY. Octyl bromide 
(1-bromooctane) was from Sigma. Silicic acid 
(Bio-Sil A 200-400 mesh) was from Bio-Rad, 
Richmond, CA. 

Spin labelled fatty acids employed in this work 
were prepared following the general method of 
Hubbell and McConnell [13]. The approach in- 
volves deriving long-chain keto methyl esters of 
the formula CH3(CH2),,C(=O)(CH2),C(=O )- 
OCH 3 via reaction of alkylcadmium compounds, 
[CH3(CH2),,]2Cd , with o~-carbalkoxyacyl chlo- 
rides, CIC(=O)(CH2)nC(=O)OCH 3. The spin label 
(N-oxyloxazolidine) ring is then produced at the 
location of the ketone by the method of Keana et 
al. [14]. The resultant spin-labelled fatty acids may 
then be named according to their (m, n) values as 
above, or according to the number of the fatty 
acid carbon carrying the spin label ring. Thus the 
long- and short-chain fatty acids synthesized for 
this work were the (7,14) and (1,14) spin labels, 
respectively, or the 16-nitroxylignoceric and 16- 
nitroxystearic acids, respectively. The (1,14) species 



was first prepared by Philippe Devaux and Harden 
McConnell who communicated the procedural and 
analytical procedures to one of us (C.W.M.G.). 
Briefly the 16-carbon monomethyl ester of hexa- 
decanedioic acid was linked to the 2-carbon frag- 
ment of ethyl bromide to produce CH3(CH2)- 
C(=O)(CH2)14C(=O)OCH 3, which was converted 
to a spin label [14]. For the new ((7,14)) spin label, 
CH3(CH 2)7C(=O)(CH2)14C(=O)OCH3 w a s  pro- 
duced by replacing ethyl bromide in the above 
procedure with octyl bromide (1-bromooctane). 
Thus adjusting the procedure of Ref. 13, 21.33 g 
(0.108 moles) of octyl bromide was combined with 
2.63 g of magnesium turnings in dry ether to 
prepare the appropriate Grignard reagent. This 
was then converted to the organocadmium reagent 
with 0.054 moles of anhydrous CdC12 and the 
result reacted with 24.5 g (0.073 moles) of the acid 
chloride of the hexadecanedioic acid monomethyl 
ester (again see Ref. 13 for conditions). The re- 
sultant long-chain fatty acid (methyl ester) with 
ketone at C-16 had the known IR features of 
keto-fatty acid esters. It was positively identified 
by proton NMR (Varian HA 200) and found to 
have integrated peak intensities within 3% of those 
expected from the formula. 

Incorporation of spin-labelled fatty acids into 
the glycosphingolipid, lactosyl ceramide, followed 
the approach developed by our laboratory to syn- 
thesize spin-labelled glycolipids [15]. However, the 
base hydrolysis step which removes the original 
fatty acid prior to replacement with a spin-labelled 
fatty acid followed the general procedure of Neu- 
enhofer et al. [16]. 25 mg (26 #mol) of lactosyl 
ceramide (Sigma) was dissolved in 10 ml of 1 M 
methanolic KOH in a 12 ml culture tube with 
screw cap (Kimble, Kimax 16 X 100 ram). The 
solution was briefly deoxygenated under a stream 
of N 2, and the cap firmly screwed on. The tube 
was stirred in an oil bath at 97°C for 24 h and 
reaction stopped with 0.75 ml acetic acid. TLC on 
Merck silica gel 60 plates eluting with 65:25:4 
C H C l a / C H 3 O H / H 2 0  (and developed with 
H2SO4/CHaCH2OH spray) showed that the 
original spot of R~ 0.64 had largely disappeared 
to be replaced by a ninhydrin-positive broad spot, 
R e 0.06 and faster running free fatty acid. The 
sample was dried under nitrogen, freed of salt by 
3 h dialysis against water, and lyso-lactosyl cera- 
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mide isolated using a column containing 1 g silicic 
acid poured in 5% CH3OH/CHC13 and eluted 
first with 20% CH3OH/CHCI 3 and then 60% 
CH3OH/CHC13 (20 ml). In a typical reacylation 
of lyso-lactosyl ceramide, 13 mg of the latter was 
dissolved with 18-20 mg of spin-labelled fatty 
acid in 1 ml of calcium hydride-dried pyridine. 20 
mg of dicyclohexylcarbodiimide was added and 
the solution stirred at 22°C in a sealed container 
over drying agent. Over a period of from 24 to 72 
h a single new spot appeared with R v indis- 
tinguishable from genuine lactosyl ceramide, while 
the slow-running lyso-compound (ninhydrin-posi- 
tive spot) was correspondingly decreased. The spin 
labelled lactosyl ceramide was isolated on a silicic 
acid column (1.2 × 11 cm column packing) eluting 
with 5, 10 and 20% CH3OH in CHC13. Overall 
yield based on native glycolipid was 26%. 

Lipid bilayer membranes for these experiments 
were prepared by dissolving all components at the 
final desired ratio in 1:1 CHC13/CH3OH, and 
removing the solvent under a N: atmosphere. 
Resultant films were further dried by pumping in 
vacuum (rotary pump) for 2 h at 22°C. Lipo- 
somes were prepared by hydration of dry films 
with appropriate buffer. 

Results 

Fig. 1 illustrates the long-chain spin-labelled 
fatty acid covalently attached to the sphingosine 
backbone of lactosyl ceramide. The conventional 
18-carbon chain species is shown for comparison. 
For convenience we refer to these labelled glyco- 
lipids by reference to the long- and short-chain 
fatty acids as lignoceroyl-16-nitroxy- and stearoyl- 
16-nitroxylactosyl ceramide, respectively. The pro- 
cedure for generating them followed a scheme 
similar to that which we originally developed to 
produce spectral probe labelled galactosyl cera- 
mide [15]. It involved base hydrolysis of the native 
fatty acid/amide linkage and replacement via 
DCC activation of the labelled fatty acid (see 
Materials and Methods). To our knowledge this is 
the first report of spin-labelled lactosyl ceramide. 
Note that the methyl end of the fatty acyl chain 
extends a considerable distance beyond that of the 
sphingosine backbone in the case of the lignoceroyl 
species, while being only some 3 carbons longer in 
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Fig. 1. Structures of the short-chain and long-chain spin-labelled glycolipids used in this work: stearoyl-16-nitroxylactosyl ceramide 
and lignoceroyl-16-nitroxylactosyl ceramide, respectively. 

the stearoyl derivative. Yet the spin probe itself is 
at the same 'depth' in each case, and monitors the 
region very near the methyl terminus of a host 
bilayer matrix. 

Since the opportunity for this type of compari- 
son has not arisen previously, we show in Fig. 2 
EPR spectra of lignoceroyl-16-nitroxylactosyl 

ceramide and stearoyM6-nitroxylactosyl ceramide 
in various phospholipid bilayer host matrices. In 
particular we selected the fluid, natural matrix, 
egg phosphatidylcholine (primarily 16-carbon and 
18-carbon fatty acids); as well as the synthetic 
matrices, dimyristoyl (14-carbon) and dipalmitoyl 
(16-carbon) phosphatidylcholines. The effect of 
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Fig. 2. EPR spectra of the long-chain ('24', left hand column) and short-chain ('18', right hand column) spin-labelled glycolipids in 
various phosphohpid bilayers. EPC, egg phosphatidylcholine; DMPC, dimyristoyiphosphatidylcholine; DPPC, di- 
palmitoylphosphatidylcholine; DPPC/CHOL, 2:1 (tool ratio) dipalmitoylphosphatidylcholine/cholesterol. In each case the glyco- 
lipid comprised 2 tool% of the membrane lipid. Samples were prepared by hydrating dried films in 20 mM phosphate buffered saline 
(pH 7.4) at 51 ° C, and then allowed to cool slowly to 20 o C. Sample suspensions were held in 50 ~tl glass capillary tubes sealed at one 
end. Spectra shown were recorded at 10 °C  using a Varian El2 spectrometer with variable temperature accessory and TMIx 0 cavity. 
Dotted vertical lines mark the field location of the outer spectral extrema in the most rigid matrix (DPPC). The separation of these 
peaks is related to spin label correlation time (i.e., inversely related to spin label mobility) [19]. The locations of spectral features used 
for order parameter calculations such as those described in the caption to Table I are indicated by short vertical bars for the DPPC 

samples (outer spectral splitting corresponds to dotted vertical lines; inner spectral splitting is smaller). 



cholesterol is also shown. In each case the con- 
centration of glycolipid was kept low (2 mol%) so 
as to mimic the situation in cell membranes. 
Several points may be made about the appearance 
of these spectra. Firstly, the spectra show no obvi- 
ous evidence of the phenomenon known as 
spin-exchange broadening [17]. This is a phenome- 
non whereby spin labels that collide with 
neighbouring spin labels broaden one another's 
spectral lines in a very characteristic way. The 
latter would certainly occur for instance if the 
labelled giycolipids were in pure clusters, rigor- 
ously phase-separated from the host phospholipid 
matrix. Indeed spin exchange broadening is read- 
ily detectable in homogeneous systems analogous 
to those described here when the concentration of 
labelled species is 15 mol% (data not shown). The 
question of lateral phase separation of glycolipids 
in membranes is an important one from both 
structural and functional viewpoints (for review, 
see Refs. 9, 18). However, the phenomenon is 
clearly only marginally understood at present. 
Currently it seems to be agreed that, in some 
model membranes at least, glycolipids tend to 
phase separate into domains of selective enrich- 
ment that coexist in a given bilayer. There is much 
debate about domain size and composition, the 
effect of fatty acid type, and especially about the 
likelihood of the phenomenon occurring in 'natu- 
ral' lipid rnJxtures and cell membranes. The spin 
labels described here will lend themselves particu- 
larly well to answering certain such questions. 
Distinguishing between various subtle degrees of 
phase separation will, however, require systematic 
study, perhaps spectral simulation, and compari- 
son with information on the same systems from 
other techniques such as immunology and electron 
microscopy; hence it is not appropriate to pursue 
the question further here. Secondly, and fairly 
trivially, comparisons within each vertical column 
of spectra in Fig. 2 show the relative features 
expected of the lipid matrices involved. Thus the 
spectra of glycolipids in the natural mixture, egg 
phosphatidylcholine, (which is not rigid at 10 ° C) 
show the three relatively narrow lines so character- 
istic of spin labels tumbling with correlation times 
in the range of 10 -9 s (see, for example, Ref. 19 
and references therein). The rigid synthetic 
matrices, dimyristoyl- and dipalmitoylphosphati- 
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dylcholine, show spectral features such as the 
'outer wings' (outer spectral extrema) marked by 
the dotted lines for the DPPC spectra, that ap- 
proach those expected of immobile spin labels. 
The distance between these outer wings may be 
directly related to label immobility or correlation 
time, % [19]. In accordance with this logic, note 
that the addition of cholesterol makes the spectral 
features measurably less rigid in keeping with its 
known tendency to disorder gel phase phospholi- 
pid bilayers [20]. The nitroxide spin label of course 
reflects in its EPR spectrum the mobility of that 
portion of a host molecule to which it is attached. 
Being in this case attached to a fatty acid carbon 
well down in the membrane, the fluidity gradient 
of phospholipid [21] and glycolipid [22] acyl chains 
would predict considerable mobility for the label 
at C-16 in a fluid host matrix. Thirdly, comparing 
between columns of spectra in Fig. 2, in each pair 
of spectra representing lignoceroyl-16-nitroxy- 
lactosyl ceramide vs. stearoyl-16-nitroxylactosyl 
ceramide in a given host matrix, the former shows 
distinct evidence of lower mobility. That is, the 
spectral appearance [19] indicates that the spin 
label on the long-chain fatty acid in the region of 
the host matrix terminal methyl group (the bi- 
layer's most disordered and fluid region) is consid- 
erably less mobile than the label on the short-chain 
fatty acid. Such a result would be anticipated if 
the temporal oscillations of the C-16 carbon in 
lignoceroyl lactosyl ceramide were less than those 
in stearoyl lactosyl ceramide in a given bilayer. 
However, such a result might occur associated 
with local order, or local disorder, of the fatty acid 
segment involved. 

The design of this pair of spin-labelled glyco- 
lipids makes it possible to consider a basic ques- 
tion which has until now not been addressed in 
the literature: the arrangement of the long-chain 
fatty acid in glycolipids relative to other mem- 
brane components. As already described, a closely 
related question has been addressed for pure phos- 
pholipids in which one fatty acid is longer than 
the other, and the suggestion has been made that 
the longer chains of each monolayer interdigitate 
with the shorter chains of the opposing mono- 
layer. In the glycolipid case the chain-length dis- 
crepancy is considerably greater than that typical 
of natural phospholipids. Also glycolipids com- 
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prise only a small percentage of the lipids in 
membranes and are thought to be restricted to the 
outer surface, so that it is not obvious that an 
exceedingly long chain has an opposing slot to 
interdigitate into. The situation is illustrated di- 
agramatically in Fig. 3: does the 'extra' length of 
alkyl chain of a glycolipid with 24-carbon fatty 
acid ball up to form a focus of disruption (situa- 
tion A), or does it interdigitate with chains of the 
opposing monolayer (situation B)? The presumed 
arrangement of the glycolipid with short (18- 
carbon) fatty acid is also illustrated (situation C): 
it is shown fitting with minimal disruption amongst 
the 16-carbon and 18-carbon fatty acid phos- 
pholipids that comprise the bulk of membranes, as 
we originally determined for galactosyl ceramide 
[22]. Since the spin labels of lignoceroyl-16- 
nitroxylactosyl ceramide and stearoyl-16-nitroxy- 
lactosyl ceramide are localized to the region of 
'crossover' for acyl chains interdigitating from one 
monolayer to the other, one may hope to gain 
some insight into whether situation A or B of Fig. 
3 is the more common by examining the 'order 
parameters' associated with the spin-labelled por- 
tions of the acyl chains. 

The concept of order parameter, S, in mem- 
branes arose out of early spin label studies in 
which people asked the question, "What is the 
degree of alignment of a given length of fatty acid 

g c 

Fig. 3. Possible arrangements for the spin-labelled fatty acid of 
glycolipids described here in a bilayer membrane of 16- and 
18-carbon fatty acid phosphafidylcholine. The headgroup of 
lactosyl ceramide is denoted by two linked hexagons: A, 24- 
carbon chain folded back upon itself to form a focus of 
disruption; B, 24-carbon chain extended so as to interdigitate 
with fatty acids of the opposing mono|ayer; C, 18-carbon chain 
in standard configuration. Note that the spin label is localized 

to a point roughly in the center of the hydrophobie interior. 

chain perpendicular to the plane of the mem- 
brane?" [13,21,23]. Even in fluid membranes, alkyl 
chains tend to assume extended conformations 
perpendicular to this plane, and to pack in a 
hexagonal liquid-crystal lattice. The spin-label 
order parameter, S, has been defined in such a 
way that it varies between 0 and 1 according to 
how well the fatty acid segment to which the spin 
label is attached remains aligned as described 
above (perfect alignment gives S = 1, while total 
disorder gives S = 0) [13,23]. It has been pointed 
out that one should not confuse motional rate 
with degree of alignment, S: a segment of a given 
fatty acid may exhibit high mobility, while main- 
raining a high degree of overall alignment per- 
pendicular to the bilayer plane (e.g., by pirouet- 
ting and wagging about its long axis). By the same 
token a given segment might be highly immobi- 
lized, but with random orientation. In Fig. 3, 
situation A would be expected to predispose to- 
ward an especially low order parameter, while 
situation B would do just the opposite. Note once 
again that since motional rate is not an obvious 
component of such considerations, the correlation 
time data alluded to in the previous paragraph will 
not help distinguish between these two possibili- 
ties. 

Order parameter information is present in EPR 
spectra because the separation between spectral 
peaks is related to orientation of the nitroxide 
radical relative to the spectrometer magnetic field 
vector. A general and convenient technique for 
obtaining such information from sample spectra 
has been described [13,23,14] and comprehensively 
reviewed [25,26] by several groups. The basic ap- 
proach is to identify a separation, 2T~, of two 
particular inner peaks, and subtract this value 

! 

from the separation, 2T~l, of two outer peaks 
(illustrated for dipalmitoyl phosphatidylcholine 
spectra in Fig. 2). The ratio of the result to that 
found for the same spin label in a perfect crystal 
(order parameter 1) gives an approximate order 
parameter, S app. This may then be refined by 
correcting for polarity of the spin-label environ- 
ment and for slight differences between the mea- 
sured splitting, 2T~', and the desired matrix ele- 
ment, 2T~_ (see caption to Table I). 

Order parameter calculations for lactosyl 
ceramide with 18-carbon and 24-carbon fatty acid 
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TABLE I 

ORDER PARAMETER DATA FOR LACTOSYL CERAMIDE WITH SPIN LABEL AT C-16 OF THE FATTY ACID CHAIN 

Data are given for the long-chain and short-chain derivatives for comparison. Glycosphingolipid was incorporated at 2 mol~ in 
liposomes of either egg phosphatidylcholine (EPC), dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC), 
or DPPC/cholesterol (2:1 mol ratio). Sample preparation as in Materials and Methods. TI( is half the measured outer spectral 
splitting (as shown for DPPC bilayers in Fig. 2), and is an accurate reflection of the desired matrix element, TII [13,23,24]. T~' is half 
the measured inner spectral splitting (also shown as an example for DPPC in Fig. 2). A better estimate of the true value of the desired 
matrix element is T± = T~ + 1.4 (1 - S app) where 

s.pp = (TI:- T,,  )/(r,z + ) ) 
is a first approximation to the order parameter (T~% = 32.9 gauss, Tfx = 5.9 gauss, Tycy = 5.4 gauss are parameters from a crystal in 
which S = 1). A better value for the order parameter is then obtained as 

S = a~rystal ( T I I -  Tj. )/t/0bilayer (~zz -- l (~xx + T~y)) 

where a0 b~aye~ = (TiI + 2T± ) /3  and a~ ~yst~ = (T~ x + T~y + T~Cz)/3 correct for polarity differences between crystal and bilayer. 

Glycolipid fatty acid chain length 
(long = 24 carbons, short = 18 carbons) 
and host matrix phospholipid 

Temperature Tit' ( = TiI) T~' S app Tj_ 
( o C) (gauss) (gauss) (gauss) 

Long in EPC (fluid) 10 
Short in EPC (fluid) 10 
Long in EPC (very fluid) 22 
Short in EPC (very fluid) 22  

Long in DMPC (rigid) 22 
Short in DMPC (rigid) 22 

Long in DPPC (rigid) 22 
Short in DPPC (rigid) 22 

Long in DPPC/CHOL (intermediate fluidity) 22 
Short in DPPC/CHOL (intermediate fluidity) 22 

21.0 9.7 0.41 10.5 0.40 
16.5 11.9 0.17 13.1 0.13 
18.0 10.8 0.26 11.9 0.24 
15.9 12.5 0.12 13.8 0.08 

27.6 8.3 0.71 8.7 0.68 
19.8 10.4 0.34 11.3 0.32 

28.6 6.8 0.80 7.1 0.81 
20.8 9.4 0.42 10.2 0.42 

26.2 8.3 0.66 8.7 0.64 
19.7 10.2 0.35 11.1 0.33 

spin label in four different lipid matrices are 
tabulated (Table I). These should be examined 
with regard to Fig. 3 in light of the possible fatty 
acid arrangement described. Note that in each 
case the degree of order of the long chain fatty 
acid at C-16 is considerably greater, rather than 
lower, in agreement with the concept of interdig- 
itation. 

Discussion 

It seems that long chain fatty acid spin labels 
are likely to prove useful in dealing with problems 
relating to glycosphingolipids. It is known of 
course that the spin-label ring can represent a 
finite perturbation on the system being probed. 
However some of the most successful applications 
of spin labels have been in membrane systems 

very similar to those described here. In certain 
cases it has been possible to check EPR order 
parameter data with non-perturbing NMR probes, 
and the results have been found to be in basic 
agreement (see, for example, Refs. 27, 28). 
Quantitative differences between results from 
NMR and EPR almost certainly partly reflect the 
different timescales of the two techniques. 

Clearly the spectra of the samples studied here 
are sensitive to factors related to dynamic and 
organizational differences between short and long 
chain glycolipids. It should be possible to use such 
spectral differences, in conjunction with immuno- 
logical techniques and direct visualization by elec- 
tron microscopy, to address current questions re- 
garding glycolipid distribution and function in 
membranes. In this article we have taken ad- 
vantage of the ability of the order parameter func- 
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tion, S to distinguish chain alignment from chain 
mobility in approaching the question of glycolipid 
interdigitation. We considered that situation A, of 
Fig. 3 (long-chain fatty acid forming a focus of 
local disorder) would lead to an S value similar to 
or less than that of the short-chain analogue. 
However, we observed that S values for the long- 
chain spin-labelled glycolipid are much greater 
than those of the short-chain analogue in fluid, 
rigid, and cholesterol-containing matrices. Such a 
result would be expected if interdigitation were 
occurring (situation B of Fig. 3). A third possibil- 
ity, which is not shown, might also be considered 
for arrangement of the extra length of the 24- 
carbon fatty acid. The long chain might bend 
sharply by 90 ° at the depth of the surrounding 
phospholipid terminal methyl groups. The upper 
portion could then remain hexagonally packed 
with surrounding orderly acyl chains, while the 
extra length might lie in the plane of the mem- 
brane, extended amongst the phospholipid methyl 
termini. This is a significant possibility because, 
conceptually at least, if the 90 ° bend were below 
the spin label (i.e., at carbon No. 17 or greater) a 
higher S value might be predicted for the longer 
chain glycolipid fatty acid, as observed. However, 
the result with the dimyristoylphosphatidylcholine 
host matrix would seem to rule out such a possi- 
bility. The 14-carbon fatty acids in the latter case 
would dictate that the 90 ° bend be above the spin 
label, forcing the nitroxide ring to take on a 
relatively random arrangement with a low S value. 
In fact though the values of S observed for short 
and long chain lactosyl ceramide in di- 
myristoylphosphatidylcholine fit into the same 
pattern as the other host matrices. 

Thus our results argue strongly that the 'extra' 
length of a 24-carbon glycolipid fatty acid (some 
6-8 carbons) extends across the center of the 
membrane and interdigitates with the opposing 
monolayer, as opposed to 'bailing up' to form a 
point of disruption. Bunow and Levin recorded 
evidence using Raman spectroscopy that in 
micelles of pure galactosyl ceramide some form of 
acyl chain interdigitation may occur. Other exam- 
ples of interdigitation noted in the literature in- 
volve bilayers comprised of synthetic phospholi- 
pids with mismatched fatty acid chains. In such 
cases there is conceptually the possibility that long 

chains of one monolayer interdigitate by matching 
with short chains of the opposing monolayer 
[10-12]. However, in the example described here 
the chain length discrepancy involves only 2% of 
the total lipid (i.e., only the glycolipid), so that 
interdigitation must involve actual penetration of 
'extra' chains into the opposing monolayer. Ap- 
parently this is possible in membranes of natural 
phospholipids, as well as in rigid, synthetic phos- 
pholipids. 
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