
Biochimica et Biophysica Acta, 774 (1984) 151-157 151 
Elsevier 

BBA Report 

BBA 70168 

INTERACTIONS BETWEEN DIGITONIN AND BILAYER MEMBRANES 

RODMAN G. MILLER 

Department of Anatomy, University of Calgary, Faculty of Medicine, Calgary, Alberta T2N - IN4 (Canada) 

(Received January 18th, 1984) 
(Revised manuscript received April 18th, 1984) 

Key words: Digitonin- membrane interaction," Cholesterol," Membrane morphology; breeze-fracture electron microscopy 

The morphology of interactions between digitonin and cholesterol has been investigated. When precipitated 
from ethanolic solutions, digitonin-cholesterol complexes form in fiat iameilar sheets. In contrast, when the 
complex is formed in a bilayer membrane, the membrane is deformed into corrugations of bemitubules. The 
polarity of the deformations formed in bilayer membranes is highly correlated with the direction of entry of 
digitonin into the membrane. We suggest that the morphology of digitonin/cholesteroi hemitubules is 
dependent upon the complex being formed within a bilayer and, in addition, is not correlated with asymmetry 
of cholesterol concentration across the membrane. 

Incubation of cholesterol containing mem- 
branes in media containing digitonin [1-13] and 
other cholesterol-binding chemical (see, for exam- 
ple, Refs. 14-19) produces characteristic structures 
which are visible through thin-section and freeze- 
fracture electron microscopy. In the case of dig- 
itonin, membranes which otherwise have smooth 
contours become scalloped by hemitubules and are 
subsequently disrupted. The disruption of the 
membranes (see, for example, Refs. 7 and 9) has 
been attributed to the budding of tubules (approx. 
0.05 /~m in diameter) from membranes incubated 
in digitonin. The ability of digitonin to produce 
hemitubules and tubules has led to its use as a 
morphological marker for cholesterol (see, for ex- 
ample, Refs. 1-4, 10, 12 and 13). In these studies, 
it has generally been assumed that the hemitubules 
and tubules represent the normal configuration of 
the cholesterol-digitonin complex (see, for exam- 
ple, Refs. 4, 10, 12 and 13, but also Ref. 8). We 
report here that the formation of the tubular struc- 
tures requires that the complexes be formed in a 
bilayer membrane and that such tubular structures 
can be formed by digitonin alone. Formation of 

precipitable digitonin-cholesterol complexes, on 
the other hand, produces neither hemitubules nor 
tubular structures, but rather flat lamellae. In ad- 
dition, we report that there is an asymmetry to the 
hemitubules seen in a bilayer membrane and that 
the asymmetry appears to be brought about by an 
asymmetric delivery of the digitonin. 

The freeze-fracture morphology of digitonin, 
cholesterol a n d l : 1  complexes of the two was 
studied by precipitation of ethanol solutions by 
addition of water. In order to be assured that the 
1:1 molar mixture of digitonin and cholesterol 
coprecipitated (i.e., that a complex was being 
formed) [14C]cholesterol was precipitated with 
ethanol solutions in 1 : 0, 1 : 1 and 1 : 2 molar ratios 
of digitonin. Diagram 1 indicates that under the 
conditions employed considerable coprecipitation 
of cholesterol occurs upon the addition of 80% 
ethanol and is nearly complete upon the addition 
of 60% ethanol (final ethanol concentration 65%). 
On the other hand, in the absence of digitonin, 
[14C]cholesterol is not significantly precipitated 
until the concentration of ethanol falls below 60%. 
In another experiment (Diagram 1, dotted lines) 
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Diagram 1. Solid lines: cholesterol remaining in solution as a 
function of ethanol concentration with and without digitonin. 
0.9 ml of different concentrations of ethanol were added to 0.12 
ml of 1.33 mM cholesterol ([4-14C]cholesterol from Amersham 
with cholesterol carrier from Sigma) with no digitonin (open 
circles), equimolar (closed circles), or 2.67 mM (crosses) dig- 
itonin (Sigma, 'approx. 80%'. All molar concentrations are 
calculated as if purity was 100%). The resulting suspensions 
were incubated in an ice bath for over an hour and centrifuged 
at 1000X g for 10 min. Aliquots of the resulting (clear) super- 
nates were removed for determination of amount of cholesterol 
remaining in the supernate. Dashed lines: digitonin remaining 
in cholesterol-containing ethanolic solution as a function of 
ethanol concentration. 0.9 ml of different concentrations of 
ethanol were added to 0.1 ml 2 mM digitonin containing either 
2 (closed circles) or 4 (crosses) mM cholesterol. The resulting 
suspensions were spun down as described above and aliquots of 
the supernates were assayed for digitonin with the anthrone 
reagent as described by Cook [23]. 

digitonin precipitation was monitored in solutions 
containing 2 : 1 and 1 : 1 molar  ratios of  digitonin 
and cholesterol. In the equimolar ratio, approx. 
80% of the digitonin is precipitated with the addi- 
tion of 80% ethanol. When  water was added to a 
saturated solution of  digitonin, a visible precipi- 
tate was formed as the concentrat ion of ethanol 
fell below 50%. This precipitate formed slowly 
(over several hours) for a final ethanol concentra-  
tion of 50% and more  rapidly (several minutes) 
when the ethanol concentrat ion was 25%. The 
latter preparations were used for morphological  
descriptions. Freeze-fracture samples were also ob- 
tained from 1 : 1  molar  coprecipitates with the 
addit ion of 70% ethanol and f rom cholesterol pre- 
cipitates with the addit ion of  50% ethanol. Pre- 

cipitates formed from cholesterol, digitonin on 
1 : 1  molar  mixtures of the two were washed in 
water, and then in 15% aqueous glycerol. Figs, 
la,  l b  and lc  illustrate the morphological char- 
acteristics of precipitates of cholesterol, digitonin 
and 1 : 1  mixtures of  the two, respectively. 
Cholesterol precipitates in the form of lamellae 
crystals with little or no curvature. Digitonin pre- 
cipitates in the form of lamellate crystals which are 
often serrated and usually show some curvature. 
In some cases, (particularly with slow ~ r m a t i o n  of  
the precipitates) tubular forms can be observed in 
the digitonin precipitate. An example of  this con- 
figuration is presented in Fig. ld. The precipitate 
was typically composed of chips of digitonin 
arranged radially around a center, indicative of  
nucleation effects. The precipitate of 1 : 1  molar 
ratios of cholesterol and digitonin appeared lamel- 
lae with little or no curvature. In order to de- 
termine the morphology of complexes formed in 
artificial membranes,  liposomes were formed by 
the method of  Bangham et al. [20], containing 25 
mol% cholesterol (Sigma) and 75 mol% phos- 
phatidylcholine (lecithin, egg yolk, Sigma) or phos- 
phatidylcholine alone in phosphate-buffered saline 
with 25% glycerol. Incubat ion of  cholesterol free 
liposomes in the same buffer containing digitonin 
produced no hemitubules (Fig. 2a) while incuba- 
tion of cholesterol containing liposomes with dig- 
i tonin produced hemitubules in the plane of the 
membrane  (Fig. 2b). In many  liposomes, there 
were regions where the hemitubules appear  to be 
budding off  the l iposome to form tubules (data 
not  shown). When digitonin (0.02%) is included in 
the buffer used to make the liposomes, several 
structures are seen: the majority of  liposomes have 
smooth  contours and do not contain any hemitub- 
ules (Fig. 2c). Occasionally liposomes will demon-  
strate hemitubules, but these represent less than 
5% of the images obtained. Finally, there are occa- 
sional structures which present a crystalline pat-  
tern and do not appear  to be closed surfaces (Fig. 
2d). It is presumed that the latter represent mix- 
tures of  digitonin, cholesterol and phospholipid 
which have been formed through insertion of  dig- 
i tonin from both sides of  the 'membrane ' .  

In the past, the tubules that appeared to be 
budding from biological membranes  incubated in 
digitonin were assumed to consist primarily or 
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Fig. 1. (a) Characteristic morphology of cholesterol precipitated from an ethanol solution by addition of water (x 50000). (b) 
Characteristic morphology of digitonin precipitate resulting from the addition of three volumes of water (x 35000). (c) 1 : 1 molar 
ratio of digitonin and cholesterol precipitated from ethanol solution (x 22000). (d) Morphology of digitonin tubules formed by 
precipitation of digitonin with three volumes of water (same sample as shown in Fig. lb.) (x 76000). 

exclusively of digitonin-cholesterol complexes 
which preferentially adopted a tubular structure 
(see, for example, Refs, 4, 10, 12 and 13). The 
present results indicate that cholesterol-digitonin 
complexes do not, per se, arrange into hemitubules 
and tubules and, furthermore, that digitonin by 
itself is capable of forming tubules. On the other 
hand, formation of complexes by incorporation of 
digitonin into the plane of a bilayer cholesterol- 
containing membrane,  has produced hemitubules 
a n d / o r  tubules in all cases studied (see below and, 
for example, Refs, 4, 7, 9, 10, 12 and 13). These 
findings suggest that it is the interaction of the 
complex with the bilayer membrane which is re- 
sponsible for the formation of hemitubular struc- 

tures and that tubular structures are possible in 
the absence of cholesterol. 

The hemitubular structures which appeared on 
liposomal membranes after incubation with dig- 
itonin were highly asymmetric with respect to the 
plane of the membrane (see also Ref. 8). In all 
cases, the convex face of the fractured liposome 
contained only convex hemitubules while the con- 
cave face contained only concave hemitubules. In 
order to better define the source of this asymme- 
try, membranes from several biological sources 
(red blood cells, intestinal epithelia, endocrine and 
exocrine pancreas, central and peripheral myelin 
and fibroblasts in tissue culture) incubated in the 
presence of digitonin were analyzed. Cells or tis- 
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Fig. 2. (a) Incubation of cholesterol-free liposomes in 0.2% digitonin results in liposomes free of hemitubules (below) and some plates 
of crystallized digitonin (above): at this concentration of digitonin, some digitonin is in suspension (x  33000). (b) Hemitubules 
formed on cholesterol-containing liposomes (× 33000). 

Figs. 2(c and d). Inclusion of digitonin (0.02%) in the buffer forming cholesterol liposomes results in some liposomes containing 
hemitubules (similar to Fig. 2b) while the majority of liposomes ( > 90%) are free of hemitubules as presented in Fig. 2c (x 20000). 
Other structures suggestive of crystalline patterns found on myelin after incubation in the cold (see Ref. 9) are also present and 
presented in Fig. 2d (x  56000). 

sues were f ixed ( typica l ly  with g lu ta ra ldehyde  2% 
in phospha te -buf fe red  saline for 2 h) and  subse- 
quen t ly  exposed  to d ig l tonin  ( typica l ly  0.02%) in 
the f ixative solution.  Tissue was impregna ted  in 
10-15% glycerol  in phospha te  buffered saline and 
processed  for freeze-fracture b y  rout ine  proce-  
dures.  Figs. 3 - 5  show the appea rance  of  hemi tub-  
ules which are convex on the P-face and concave 

on the E-face of p l a s m a  membranes .  In  Fig. 3, a 
h u m a n  red b lood  cell is shown with convex hemi-  
tubules  on the P-face. P lasma membranes  f rom 
in tes t ina l  epi the l ia  and  endocr ine  pancreas  demon-  
s t ra te  convex hemi tubules  on the P face in Figs. 4 
and  5, respectively.  In  all tissues with the excep- 
t ion of  myelin,  the P-face of  the p l a sma  m e m b r a n e  
showed convex hemi tubules  while the E-face 
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Fig. 3. Hernitubules formed on red blood cell ghosts ( × 100000). 

Fig. 4. Hemitubules formed on cells from the intestinal epithelia ( x 80000). 

Fig. 5. Hemitubules formed on the plasma membrane and secretory granule membranes of pancreatic endocrine cells (×  50000). 
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showed concave hemitubules, in the case of myelin, 
the lameUar membranes typically showed hemitub- 
ules which pushed the membrane in the direction 
away from the axon. A survey of available micro- 
graphs of various biological tissues from this 
laboratory showed that a very small proportion of 
the plasma membranes labeled with digitonin 
demonstrated both convex and concave hemitub- 
ules on a single fracture plane. In all of these 
exceptions, the tissue was in a block where some 
impediment to digitonin access can be expected. 

The polarity of hemitubules in the intracellular 
membranes is reversed with respect to the P- and 
E-leaflets. Membranes from granules of the exoc- 
rine and endocrine pancreas demonstrate convex 
hemitubules on the convex (E) face and concave 
hemitubules on the concave (P) face. A survey of 
secretory granules from replicas obtained form 
digitonin treatment of endocrine pancreas indi- 
cated that less than 2% of the granules (4/280) 
showed hemitubules with opposite polarity (con- 
vex hemitubules on concave granule fracture faces 
or concave hemitubules on convex granule fracture 
faces). 

There are three possible mechanisms by which 
asymmetry of the hemitubules described might be 
induced: (1) the asymmetry might be brought about 
by the asymmetric incorporation of digitonin 
caused by an asymmetry (presumably of cholesterol 
concentration) within the bilayer membrane. This 
is the most interesting of the possibilities for it 
would suggest that digitonin may be used as a 
marker for membrane asymmetry with respect to 
cholesterol. However, two observations make this 
interpretation unlikely: (A) Liposomes and all 
plasma membranes (except where access to the 
internal membrane is impeded) show the same 
polarity. It would appear unlikely that all of these 
membranes have the same polarity with respect to 
cholesterol concentration; (B) In the liposomal 
system, although it is possible to argue that the 
radius of curvature of the liposome may bring 
about some asymmetry, one would expect the con- 
centration of cholesterol to be equal in all regions 
and in both leaflets of the membrane. Thus we 
believe that the polarity of digitonin-induced 
hemitubules cannot indicate cholesterol asymme- 
tries in biological membranes. (2) The asymmetry 
could be induced by an asymmetry in the media 

on the two sides of the membrane. The media on 
the inside and the outside of the liposome is the 
same with the exception of digitonin. Also, the 
polarity of hemitubules seen in myelin membranes 
makes this possibility unlikely. (3) The asymmetry 
could be induced by the asymmetric delivery of 
digitonin to the membrane. This mechanism is in 
accordance with all of the present data; digitonin 
induces hemitubules which are convex in the direc- 
tion from which the digitonin enters the mem- 
brane. In plasma membranes digitonin enters from 
the E-face and thus convex hemitubules are formed 
on the P-face and concave hemitubules are formed 
on the E-face. In secretory granules digitonin en- 
ters from the P-Leaflet, and thus convex hemitub- 
ules are formed on the E-face and concave hemi- 
tubules are formed on the E-face. The structure of 
digitonin, with five sugar groups on one side and a 
hydrophobic steroid on the other, also argues for 
this interpretation. 

The present analysis suggests that the incorpo- 
ration of digitonin into a membrane and its stabili- 
zation by complexing with cholesterol creates a 
membrane with more components on the outer 
leaflets than on the inner leaflets of membranes. 
Compensation for this asymmetry could be pro- 
vided by an induced curvature and by flip-flop of 
some of the lipids in the outer leaflet to the inner 
leaflet. This situation is very different from that of 
complex formation from solution, where there is 
no initial asymmetry and thus the structures 
formed are flat plates. Determination of the degree 
of similarity between the molecular packing in the 
two (or more: see Refs. 3, 5, 6 and 8) structures of 
digitonin-cholesterol complexes remains to be de- 
termined. 

The mechanism of incorporation of other sterol 
binding molecules into membranes is unknown. 
Work is in progress in this laboratory to determine 
whether any of the other cholesterol-binding moie- 
ties distribute in the plane of the membrane 
through the schema 1 above. The polyene antibio- 
tic, filipin is of particular interest in that there are 
not bulky sugar groups on this compound and in 
that there is evidence [21] that direction of entry 
into the membrane is not the only determinant of 
the polarity of membrane deformations. 
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