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Summary 

The organization of lipid molecules in individual human erythrocyte  ghost 
membranes and single bilayers of their total lipid extracts were studied by low- 
dose electron diffraction in a controlled environment. The highest onset tem- 
perature (Ts) at which diffraction rings corresponding to a gel state appeared, 
were found to be in the range of --2 to --4°C for both the whole ghost mem- 
brane and bilayers of its total lipid extracts. The onsets were ~ibolished by 
dehydrat ion before separated crystallizations of cholesterol and phospholipid 
occurred. T s increased as a result of free fat ty acids accumulation in membranes 
after phospholipase A2 treatment  or storage. 

Int roduct ion 

Although lipid phase separation has been known in membranes of micro- 
organisms [1,2], rat mitochondria membrane [3] and microsomes [4], its role 
in human erythrocyte  membrane is not  clear. A break in the glucose transport 
rates was found at 19°C [5]. Viscosity measurement also showed a discontin- 
uity at the same temperature range [6]. Hemolysis was observed when the 
temperature of  hypertonically suspended cells was lowered through this range 
[7]. Some of  these abrupt changes in membrane properties were attributed to 
the membrane lipid phase transition. Recently,  pH-dependent lipid phase 
transitions in erythrocyte  membranes at about  0 and 20°C were observed by 
Raman spectroscopy [8,9]. Discontinuities in the order parameter were also 
observed by spin label electron paramagnetic resonance (EPR) [10]. On the 
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other  hand, X-ray diffractions of erythrocyte  ghost membrane [11--13] and 
its lipid extract  [ 13,14] showed no evidence of  lipid packing at the gel (solidus) 
state down to --5°C, in spite of  an earlier claim that an X-ray diffraction ring 
corresponding to the solidus state of  the membrane lipid exist at room temper- 
ature [15].  Calorimetry measurements of individual lipid components  did show 
definite phase transition peaks [16,17] ,  ye t  the results from total lipid extracts, 
including cholesterol, remain uncertain [17,18].  Possibly, the temperature- 
sensitive functions of  the membrane are related only to the organization of 
those lipids immediately surrounding the functional protein, while the rest of 
the lipid (bulk phase) remain in the fluidus phase and have less effect  on the 
function of  the protein [ 19]. However,  a recent experiment on ether-extracted 
ghost seems to indicate the contrary [20].  Pertinent questions to ask are that  if 
some portions of  membrane lipids do undergo phase transition as detected by 
spectroscopic experiments [8--10],  do these lipids present in sufficient percent- 
age and have enough long range interaction (crystalline domain size) to be 
detected by diffraction methods.  Could the product  of hydrolysis reaction in 
the membrane affect the onsets of the phase separation in a similar manner to 
the effect  of fat ty acids in phospholipid vesicles [21,22].  In an a t tempt  to 
answer these questions, we studied the electron diffraction of human erythro- 
cyte  ghost membrane and its lipid extracts under controlled environment [23, 
24]. The strong interaction between electrons and the specimen, and the ability 
to focus the incident beam enables us to examine a small area in 1--2 mem- 
brane layers over short time intervals (several seconds), at extremely low elec- 
t ron beam dose. The results are related to freeze fracture [25,26] and spin label 
EPR [27] studies. 

Methods and Materials 

Ghost membrane and lipid preparation. Fresh human blood was drawn in a 
Vacutainer (Beckman-Dickison, NJ) containing citrate and EDTA. Ghost mem- 
branes were prepared according to the procedure of Dodge et al. [28] as 
modified by Jung et al. [29],  and finally suspended in 1/15 strength of Dodge 
[28] buffer under a nitrogen atmosphere. The entire preparation takes 4 h to 
complete.  Diffraction experiments followed immediately after the completion 
of  the preparation process. Phospholipase A2 (bee venom from Sigma) treat- 
ment  followed that of Verkleij et  al. [26].  Suspensions of 100 mg of ghosts/ml 
buffer  containing 10 mM CaC12 were incubated at 37°C for 1 h with 1 0 0 , 2 0 0  
and 1000 I.U. of  enzyme. After incubation, ghosts were pelleted at 15 000 rev./ 
min for  20 min, washed and resuspended in Dodge buffer. 

Lipid was extracted from 1 ml of ghost membrane using the extraction tech- 
nique of  Folch et al. [ 30] as modified by Dawson et al. [ 31]. The extracted lipids 
were sealed in nitrogen and, if not  used immediately,  stored at --70°C. Two 
dimensional thin-layer chromatography (TLC) was performed on silica gel H 
plates (Applied Science), the first solvent phase being CHC13/CH3OH/NH4OH 
( 3 : 3  : 1) and the second phase CHC13/acetone/CH3OH/CH3COOH/H20 ( 5 : 2  : 
1 : 1 : 5). Spots were visualized by spraying ninhydrin, phosphomolybdate ,  sul- 
furic acid and heating. Phosphotidylcholine,  phosphotidylserine, oleic and 
stearic acids were used as standards in the thin-layer chromatography.  
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Electron diffraction. In membrane ghost experiments, 5 p.l of  freshly pre- 
pared ghost suspension was pipetted onto a carbon-Formvar-coated electron 
microscope grid and was allowed to settle for 1 min. Excess fluid was removed 
under saturated water vapor in a nitrogen atmosphere. The wet grid was 
transferred to the environmental stage of the electron microscope via a transfer 
chamber. In extracted lipid bilayer experiments, 5 tzl of the chloroform/ 
methanol lipid extract was spread on the surface of the buffer solution in a 
Langmuir trough in an atmosphere of water-saturated nitrogen. The subphase 
is either a Dodge buffer solution or a buffer solution containing 5 mM Tris and 
0.5 mM CaCl~ at pH 7.4. An unsupported bilayer of the lipid was formed on a 
1000 mesh electron microscope grid by the dipping method previously 
described [32,33]. The hydrated bilayer was transferred to the environmental 
stage as described above. As control experiments: dried ghost, dried lipid 
extracts deposited on carbon film, and microcrystals of extracted lipid grown 
from organic solvent [34] were used. 

Methods for low-dose electron diffraction of wet specimen has been previ- 
ously described [32]. A differentially pumped environmental stage build into 
a Siemens 1A Elmiskop was used for this experiment [24]. The specimen on 
the grid was always normal to the incident electron beam. Selective area elec- 
tron diffraction was achieved by limiting the electron beam to about 2--5 ttm 
in diameter at the specimen level. The specimen was exposed to no more than 
10 -4 C/cm 2 of  dose in the whole process. This dosage is within the threshold of 
tolerable damage for our experiment [23]. The intensities of the electron 
diffraction patterns were measured from densitometer tracings of the film, 
using a Joyce-Loebl Mark II densitometer.  

Results 

The electron diffraction of the unsupported bilayers of total lipid extracts 
from the ghost membranes at room temperature show typically a diffuse ring at 
a spacing centered at 4.6 h (Fig. 1A), in agreement with the X-ray diffraction 
results [14]. When cooled slowly down to a temperature just below zero 
degrees, the bilayers give a faint diffraction ring at 4.12 h besides the 4.6 A 
band, indicating a portion of the lipid has phase separated into gel (solidus) 
domains (Fig. 1B). Densitometer tracings of this pattern are shown in Fig. 1C. 
The integral intensity ratio between the 4.12 A ring and the 4.6 A band, after 
correcting for the scattering angles [35] and the incoherently scattered back- 
ground intensity, remains 1 : 4 in the temperature range of  --2 to --10°C. This 
onset temperature increases with increasing freeze storage time at --70°C and 
with the number of  times of thawing from the frozen storage. With prolonged 
storage of  several months,  the value of T s may reach room temperature. Table I 
presents the highest temperature (Ts) at which the sharp ring at 4.12 h is 
detectable. To locate a T~ value for each experiment, we took ten patterns 
from different  areas of the same specimen grid. The experiments were repeated 
many times using extracts from different ghost preparations. The error in 
Table I is the standard deviation obtained from the number of diffraction 
patterns recorded. 

The electron diffraction of  whole ghosts is very similar to that  of  their total 
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Fig. 1. E lec t ron  d i f f r ac t ion  p a t t e r n  of  a single u n s u p p o r t e d  bi layer  o f  lipid ex tra c ted  f rom e r y t h r o c y t e  
m e m b r a n e .  ( A )  T he  p a t t e r n ,  ob t a ined  at  4 .2°C in a fully hydra ted  s tate ,  s h o w s  a d i f fuse  band at 4.6 A. 
(B) The  p a t t e r n ,  ob ta ined  at - -5 .5°C  and o t h e r w i s e  the same  c o n d i t i o n ,  s h o w s  a fa int  r ing at 4 .12  A 
(arrow)  bes ide  the  d i f fuse  band.  (C) D e n s i t o m e t e r  t racings  of  p a t t e r n s  (A)  ( . . . . . .  ) and (B) ( % (D) 
In tens i t ies  of  the peak  in (A)  and the  addi t iona l  peak  in (B) af ter  b a c k g r o u n d  sub t rac t ion .  

l ipid extract ,  i.e. a 4 .6  A band at all temperatures ,  plus a 4 .12  A sharp ring at 
temperatures  be low --4°C.  When the ghost  membrane  has been frozen and 
thawed ,  or when  it was stored at 4°C for a pro longed  (5 days)  period,  T s 
increased sl ightly but  never reached room temperature.  The values of  T s are 
listed in Table I. In some cases, an addit ional  ring at spacings o f  3 .74  A was 
observed from the stored spec imens .  

The freshly dried ghost  membranes  and bilayer deposi ts  of  their lipid 
extracts  give a diffuse diffract ion band at 4 .6  • at all temperatures.  The inten- 



T A B L E  I 

T s O F  E R Y T H R O C Y T E  G H O S T  M E M B R A N E S  A N D  T O T A L  L I P I D  E X T R A C T S  

S p e c i m e n  T r e a t m e n t  T s ( ° C )  N o .  o f  

e x p e r i m e n t s  

G h o s t  F r e s h  - - 4  -+ 3 10  

S t o r e d  5 d a y s  at  4 ° C  12 + 4 3 
F r o z e n  a n d  t h a w e d  5 + 4 1 

P h o s p h o l i p a s e  A 2 18 _+ 4 6 

E x t r a c t e d  l i p id  F r e s h  - - 2  -+ 3 3 

S t o r e d ,  f r o z e n  a n d  r e t h a w e d  17 _+ 2 10  

R e t h a w e d  t h r e e  t i m e s  i n 2  m o n t h s  2 5  + 4 4 

F r o m  p h o s p h o l i p a s e  A 2 - t r e a t e d  g h o s t  20  _+ 4 2 
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sity and the width of  the band are comparable to that of  the wet  membrane at 
room temperature.  When the grids containing the dried membrane were stored 
at room temperature over a period of  10 days or more, the diffraction patterns 
showed many striking rings (Fig. 2). The ring patterns indicated that  submicron 
size microcrystals had formed during the storage period. Most of the spacings of 
the recrystallized membrane fit the reported spacings for cholesterol monohy- 
drate [36,37],  and the cholesterol microcrystal spacings we obtained. The elec- 
t ron diffraction of  thin microcrystals of  lipid extracts crystallized from solvent 
showed, in addition to the cholesterol spacing, two rings of 4.14 A and 3.75 
spacings. Spot  patterns of single or thorhombic crystals with the (200) and 
(110) spacings at 4.14 A and 3.75 A, respectively, could be distinguished by 
selective area diffraction. 

Fully hydrated ghost membranes treated with phospholipase A2 showed a 
marked increase of  T s over the control sample (which was incubated in a buffer 

F i g .  2. E l e c t r o n  d i f f rac t ion  pat tern  o f  a dried e r y t h r o c y t e  ghos t  m e m b r a n e  s h o w i n g  e x t e n s i v e  l i p i d  

recrys taUizat ion  d u r i n g  a per iod  o f  1 0  d a y s .  The d i f f rac t ion  spacings  co inc ide  w i t h  those  f r o m  c h o l e s t e r o l  
m i c r o c r y s t a l s .  N o  s h a r p  r i n g  is d e t e c t a b l e  f r o m  f r e s h l y  dried ghos t  m e m b r a n e .  
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Fig. 3. E lec t ron  d i f f r ac t ion  p a t t e r n s  of  h y d r a t e d  e r y t h r o c y t e  ghost  m e m b r a n e s  t aken  at 15 ° C. (A) F r o m  a 
ghos t  m e m b r a n e  t r ea t ed  wi th  100 I .U.  of phospho l ipase  A 2 / 1 0 0  m g  of m e m b r a n e .  (B) F r o m  a con t ro l  
ghost  m e m b r a n e .  The  d i f f r ac t ion  ring in (A)  has a spacing of  4 .02  A. The  diffuse bands  in b o t h  pa t t e rn s  
are caused b y  the  m e m b r a n e  lipid as well as by  the  suppor t i ng  ca rbon  film. 

solution containing 10 mM of Ca 2+ wi thout  the enzyme).  The increase of T s 
does not  depend on the concentration of enzyme at this range (100 - -1000  I.U./ 
100  mg of  membrane). An electron diffraction pattern is shown in Fig. 3A for 
an enzyme-treated ghost as compared to that from an untreated ghost (Fig. 3B) 
at the same temperature. The 4.6 A band is superimposed on the background 

Fig. 4, Th in- layer  c h r o m a t o g r a p h s  of to ta l  lipid ex t rac ts .  (A)  I m m e d i a t e l y  a f te r  ex t r ac t ing  f r o m  fresh 
ghost  m e m b r a n e s .  (B) Af te r  f rozen  and t h a w e d  three  t imes  f r o m  - -70°C  storage in two  m o n t h s .  (C) 
I m m e d i a t e l y  a f te r  e x t r a c t i o n  f r o m  phospho l ipase  A2- t r ea t ed  ghost .  PE, p h o s p h a t i d y l e t h a n o l a m i n e ;  PC, 
p h o s p h a t i d y l c h o l i n e ;  PS, phospha t idy l s e r ine ;  lys, l y s ophos ph a t i d y l ch o l i n e .  Spots  1--4 ,  free fa t ty  acids of 
d i f f e r en t  chain lengths .  
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diffraction band produced by the supporting carbon substrate. Subtracting the 
combined pattern from that of  a wet,  empty  carbon film reveals the existence 
of  this diffraction band. T s of  bilayers of  lipids freshly extracted from phos- 
pholipase A2-treated ghost membranes was raised to 20°C, as compared to 
--2°C for lipid extracts from untreated ghost membranes (Table I}. 

TLC of the fresh, stored, as well as from the lipid extracts from phospho- 
lipase A2-treated ghosts, are shown in Fig. 4. The consequence of  freezing and 
thawing of  the extracted lipid is very similar to that caused by the enzyme- 
induced hydrolysis of  the membranes,  i.e the dissociation of  phosphatidyl- 
choline into lysophosphat idylchol ine and free fat ty acids (spots 1--4). These 
spots contain no phosphate detectable by phosphomolybdate  spray. The posi- 
tion of  these spots lie between oleic acid and stearic acid standards. The relative 
amount  of  free fat ty acids corresponded qualitatively to the increase in Ts in 
the electron diffraction data. 

Discussion 

Although electron diffraction has been applied to study the structure of  
materials for  sometime [ 35], its application in membrane structure research has 
only recently been demonstrated [23,38].  

In order to compare electron diffraction data with the rich collection of  
X-ray diffraction data, the correspondence between electron and X-ray diffrac- 
tion needs to be established. Our finding in this paper confirms all [11--14] but  
one [15] X-ray diffraction result reported earlier. Contrary to popular belief, 
drying the ghost membranes or their lipid extracts on the grid does not  
immediately result in lipid crystallizations, which takes place slowly during 
prolonged drying periods of  days, as ment ioned in a previous X-ray diffraction 
s tudy [11].  The absence of  the diffraction rings at 4.14 A and 3.75 A in the 
recrystallized membrane and their presence in hydrolyzed bilayers in place of  
cholesterol lines suggest that acyl chains and cholesterol crystallize indepen- 
dent ly under different conditions, as if microcrystals growing from solvents. 
The suggested separated crystallizations of  lipids in dried ghost membrane [11] 
is thus proven by selective area electron diffraction. The dehydrat ion effect  is 
so pronounced that it precludes any a t tempt  to study lipids in membranes by 
electron diffraction wi thout  adequate specimen protection,  despite certain 
claims [39].  Based on these agreements and previously established equivalence 
between X-ray and electron diffraction results [32],  we felt justified to extend 
previously reported X-ray structural studies with our electron diffraction data. 

The onset temperature of  the fresh, hydrated ghost membrane and the 
extracted lipid overlap within the standard deviations of the experiments. The 
similarity of  T s for these two samples shows that the transition is due to mem- 
brane lipid alone. This is the first diffraction evidence of  such a transition, which 
has previously been observed by Raman spectroscopy [8,9].  The broadening of  
a thermal transition peak in calorimetric measurements [17,18] ,  possibly as a 
result of  complex phase mixing, does not  preclude the detect ion of  minute 
solid domains by diffraction techniques. The weakness and smoothness of  the 
detected diffraction ring indicated that  at the onset the solidus crystallines are 
few and much smaller than the the selected diffraction area of  2 am. The low 



424 

intensity of the solidus diffraction ring did not  permit mapping of the solidus 
domain by diffraction contrast microscopy [40]. So far, no X-ray diffraction 
evidence for this onset has been reported. It should be noted,  however, that  
when the onset of phase separation of a complex system is defined by the highest 
temperature at which solidus diffraction patterns become detectable, the onset 
values are rather arbitrary, depending on the sensitivity of the detection meth- 
ods. This could explain the difference between the onset temperature as 
measured by X-ray diffraction experiments [13,14] and by our electron diffrac- 
tion experiment. Any artifacts possibly introduced by membrane at tachment  
to the supporting film or by radiation damage from the electron beam are 
unlikely to cause an increase of Ts, since similar T s was also observed from 
unsupported bilayers, and an overdose radiation is known to destroy rather 
than to facilitate crystalline formation. An even weaker phase transition onset 
at the temeprature range of 15--20°C, as suggested by Raman spectroscopy [8, 
9], NMR and fluorescence [20] and sping label EPR [10] measurements, was 
not  observed in our experiment. The relative amount  of lipid involved in this 
transition may be too small even for the sensitivity of electron diffraction 
measurement. It is also possible that  the erythrocyte phosphatidylcholine, 
which shows a transition point at 18°C in the fluidity measurement by spin 
label EPR [10], has been dispersed during hemolysis [10], thereby disrupting 
long range (crystalline) interactions between molecules. 

Our results also supported the proposition that  some products of hydrolysis 
remain in the membrane [27] and may diffuse to form clusters or domains 
which presumably show in the freeze-fractured plane as smooth areas [25,26]. 
The remaining fat ty acid has been proposed to form a more ordered array, based 
on spin label EPR evidence of increasing immobili ty of the fat ty acyl chains 
after phospholipase A2 t reatment  [27]. Hydrolysis and subsequent patching of 
fat ty acids could also be responsible for the increase in Ts in stored, as well as 
in repeatedly frozen and thawed specimen, as judged by thin-layer chromatog- 
raphy. These remnant  fat ty acids may act as fusogens in ghost membrane [41]. 
A previous wide-angle X-ray diffraction study on phospholipase A2-treated 
ghost [42] resulted in the appearance of two extra lines at 3.65 A and 8.9 h.  
The 3.65 • line was also detected in our experiment and we attribute it to the 
spacings of an orthorhombic packing of acyl chains. Unfortunately,  the experi- 
mental temperature of their experiment was not  given, thus proper comparison 
with our data cannot be made. 

In conclusion, by employing the electron diffraction technique at controlled 
environment, we have detected an onset of phase separation in erythrocyte 
ghost membrane and its total lipid extracts at --2 to --4°C. We also observed the 
increase of this onset as a result of hydrolysis products remaining in the mem- 
brane. This result would serve as a word of caution in membrane storage proce- 
dure. Within the sensitivity of the experiment, we found no evidence of collec- 
tive phase change in fresh ghost membrane and its total lipid extract in the 
temperature range of 15--20°C, as suggested by other experiments [8--10]. 
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