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The permeability properties of large unilamellar vesicles of the chloroplast thylakoid lipid digalactosyldiacylglycerol 
(DGDG) to ~SRb+, 36CI - ,  and D-13Hlglueose have been determined. In addition, the permeabilities of binary, ternary, 
and quaternary mixtures of thylakold lipids to SSRb+ have been measured. Vesicles of DGDG were fotmd to be two 
orders of magnitude more permeable to Rb + and at least 50-fold less permeable to CI -  than phosphatidyleholine (PC) 
vesicles. Vesicles of DGDG and PC were similar in glucose permeability. Electron spin resonance measurement of 
DGDG bilayer fluidity with the spin probes 5-doxylstearate and 12-doxylstearate indicated that DGDG bilayers were 
not significantly more fluid than PC bilayers, suggesting that fluidity differences could not account for the observed 
differences in ion permeability. The addition of 50 mol% of monogalactosyldiacylglycerol (MGDG) to DGDG vesicles 
had no effect on Rb + permeability, suggesting that the hexagonal H n phase preference of MGD(] does not increase 
bilayer permeability. The addition of sulfoquinovosyldiacylglycerol (SQDG) lead to a large increase in Rb + permeabil- 
ity. The calculated permeability coefficient to Rb + for a D G D G / M G D G  / SQDG / phosphatidylglycerol ( ! :  2: 0.5: 0.5) 
mixture similar to that of thylakoid membranes was 2.0 • 10 -9 cm • s -  t. This value is three orders of magnitude higher 
than that for phospholipid systems, and 10-fold higher than that for vesicles of DGDG. The relationship between 
galuetolipid vesicle permeability and thylakoid membrane permeability is discussed. 

Introduction 

Higher plant thylakoid lipids are comprised mostly 
of the uncharged giycolipids monogalactosyldiacyl- 
glycerol ( M G D G )  and digalactosyldiacylglycerol  
(DGDG) [1]. Thylakoids also contain significant pro- 
portions of the anionic lipids sulphoquinovosyldiaeyl- 
glycerol (SQDG) and phosphatidylglycerol (PG). An 
outstanding feature of these lipids is the unusually high 
degree of polyunsaturation of the constituent acyl 
chains. Typcially the fatty acids of MGDG a n d / o r  
D G D G  are at least 75~ linolenic acid, and may reach 
as high as 905 in the MGDG of some species [2]. The 
phase behavior of purified thylakoid lipids has been 
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extensively studied and it is now widely accepted that 
aqueous dispersal of MGDG yields the hexagonal-If 
phase while the dispersal of DGDG, SQDG, or PG 
gives the liquid-crystalline lamellar phase [3,4]. Promo- 
tion of the hexagonal-II phase by unsaturation of 
MGDG acyl chains has been demonstrated [5,6], and 
suggests that the phase behavior of thylakoid lipids may 
be rationalized by the 'shape concept" as used for 
phospholipid systems [7,8]. 

A major function of the thylakoid is the development 
and maintenance of a transmembrane proton gradient 
of approximately three pH units. It is clear that, in 
order to avoid short-circuiting the electrical portion of 
the protonmotive gradient, the thylakoid must be an 
effective permeability barrier to ions. Analysis of the 
permeability properties of phospholipid vesicles has 
shown that the phospholipid bilayer is the primary 
barrier to transmembrane movement of charged solutes 
and is sufficiently impermeable to potassium and sodium 
to maintain concentration gradients for time periods up 
to days [9]. Typical permeability coefficients for these 
ions are in the 10 -t2 to 10 -13 c m - s  - t  range [9]. Corre- 
sponding values have not been reported for the plant 
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thylakoid lipids; ~t.hongh a recent report by Foley et al. 
[10] suggested that the permeability of DGDG and 
D G D G / M G D G  mixtures to KCI was similar to that of 
phosphatidylcholine (PC). 

We have assessed the permeabilities of a uniform-size 
population of large unilamellar vesicles of the galac- 
tolipid DGDG to 86Rb+, 36C1-, and [3H]glucose, and 
of mixtures of thylakoid lipids to 86Rb+. We present 
data showing that the permeability characteristics of 
DGDG are significantly different from those of PC. 
Further, the effect of adding other thylakoid lipid.; on 
permeability of DGDG vesicles is shown and the im- 
portance of these results to the function of the thylakoid 
is discussed. 

Materials and Methods 

Materials 
Materials used in this work were obtained as follows: 

5-doxylstearate and 12-doxylstearate from Aldrich; KCI 
from Amachem; 86RbCI and Na36CI from Amersham; 
NaCI, sodium acetate and all solvents (reagent grade 
and re-distilled before use) from BDH; D-glucose from 
Fisher; mannitol from Mallinckrodt; Freon- l l  from 
Matheson; RbCI from Merck; D-[2-3H]glueose and 
[~4C]cholesterol from New England Nuclear; Sephadex 
G-50 (coarse) from Pharmacia, and all others from 
Sigma. Soybean PC (Type III-S, Sigma) was judged 
pure by analytical TLC and used without further purifi- 
cation. 

Lipid purification and analysis 
The extraction (from Spinacea oleracea), purification 

and analysis of MGDG, DGDG, PG, and SQDG on 
carboxymethyl-cellulose has been described [11,12]. The 
galactolipids and PG were at least 99.5 mol~ pure, and 
SQDG 98 mol~ pure. The fatty acid compositions were 
determined by gas-l iquid chromatography of fatty acid 
methyl esters using pentadecanoic acid as an internal 
standard. Phosphatidylcholine was assayed by the 
method of Stewart [13], galactolipids by the method of 
Roughan and Batt [14]. 

In vesicles composed of mixtures of lipids the pre- 
parations were checked for complete incorporation of 
all of the added lipids by re-extracting the vesicles into 
CHCI3/CH3OH (1:1,  v / v )  at the end of the experi- 
ment. Aliquots were spotted onto analytical silica gel 
plates (0.25 mm × 2.5 cm :,< 7.5 cm, Merck) and devel- 
oped in ace tone /benzene /water  (91:30:  8, v /v )  [15]. 
Plates were sprayed with the phospholipid reagent of 
Allen and Good [2] and charred with a heat gun. After 
allowing the background blue color to fade the plates 
were photographed on Polaroid P / N  665 film and the 
negatives scanned by densitometry (Helena Quick Scan). 
The recovery of each lipid in the dispersion was esti- 
mated by weighing the areas under the lipid peaks. 

Vesicle reconstitution 
Lipids in CHCI3/CH3OH were mixed, dried rapidly 

under a stream of N 2 at 40 ° C then any residual solvent 
was removed under vacuum overnight. If included, 
valinomycin (in CHCI3), nystatin (CH3OH), or 
gramicidin D (CH3OH) were added at an ionophore/  
lipid ratio of 1 : 500 (mol/mol) .  

Lipids were dispersed at 10 mg.  m1-1 into 1 ml of 
salt solution or buffer (see below) by vortexing and 
sonication. These multilamellar dispersions were con- 
vested to large unilamellar vesicles of approximately 
100 nm diameter by ten extrusions through two 0.1/~m 
Nuclepore filters (The Extruder, Lipex Biomembranes, 
Vancouver, B.C., Canada) at 2000 kPa N2. Vesicles 
were periodically checked for size by light scattering 
(Nicomp 270 Submicron Particle Sizer) and were always 
at 120 ( +  30) nm diameter. Increased dispersion turbid- 
ity associated with vesicle fusion or aggregation [12] was 
not observed. 

Rb + f lux 
Lipid or lipid mixtures, containing nystatin, were 

dispersed as described above into 1 ml H 2 0  containing 
1-5 ttCi S6RbCI, usually at 110 /zM RbCI. External 
86Rb+ was removed by passing the vesicles over a 10 mi 
(wet bed) column of Sephadex G-50 (packed into a 10 
ml disposable syringe) pre-equilibrated in equal con- 
centration of NaC! and pre-spun at  100 × g for 30 s. 
Vesicles were ehited from this column by spinning at 
100 x g for 30 s and the timing of the experiment was 
started at the end of this spin. At various times 100-/~1 
aliquots of the vesicles were loaded onto a I ml Sep- 
hadex G-50 column, equilibrated and pre-spun as above, 
but  packed into Bio-Rad Econo columns. External tracer 
was removed by another spin at  100 x g for 30 s. Label 
remaining in the vesicles was assayed by Liquid Scintil- 
lation Counting (LSC). All efflux experiments were 
performed at 30 ° C. 

Measurement of the vesicle recovery from the 1 ml 
columns was chekced using D G D G  vesicles labelled 
with [~4C]eholesterol. Results indicated routine recovery 
of 90% of the vesicles with ~< 1.5% carry-over of exter- 
nal label. In initial experiments it was ensured that 
S6Rb+ co-eluting with the vesicles was trapped within 
the vesicles, rather than surface bound, by addition of 
valinomycin (1 /d in CHC13) to 100-150/~1 of vesicles 
to a final val inomycin/ l ip id  ratio of about 1:250.  
These vesicles were incubated for a further 15 min at 
30°C  then co-eluting S6Rb+ measured as above. This 
treatment invariably reduced the co-ehiting label to 
background levels. An identical 1 #1 volume of CHC! 3 
did not cause leakage of Rb + from these vesicles under 
the same conditions. This indicated that vesicle struc- 
ture remained intact during valinomycin addition and 
therefore, that co-eluting 86Rb+ was trapped within the 
vesicle rather than surface bound. 



C I -  flux 
Efflux of JGCI- was measured as described for 8~Rb+ 

except that vesicles, containing gramicidin D in place of 
nystatin, were dispersed into 5 /zCi of Na36CI at 9.30 
raM. The external solution was changed to 9.19 mM 
NaCI, 0.11 mM sodium acetate and sampled as de- 
scribed above. 

Glucose flux 
The efflux of D-glucose was measui'ed as above ex- 

cept that lipid, without added ionophore, was dispersed 
into 1 ml of 50 mM D-glucose, 5 mM Trieine-NaOH 
(pH 7.5) containing 5 / i C i  D-[3H]giucose. The external 
solution was changed to 50 mM mannitol, 5 mM Tri- 
cine-NaOH (pH 7.5), and sampled as described above. 

Calculation of  permeability coefficients 
Under conditions of the flux of an electroneutral 

solute, or the non-electrngenic flux of ionic solutes by 
movement of ion pairs, the permeability coefficient (P,  
cm- s - I )  may be simply calculated from: 

P = J/(A.aC) 

where J is the flux in tzmol- s - I ,  AC is the concentra- 
tion gradient experienced by the solute of interest 
(/~mol. cm-3),  and A is the total surface area of the 
vesicle preparation (cm z) [9]. With the specific activity 
of the internal contents of the vesicles, the initial slope 
of the efflux curve (#reel  remaining vs. time) gives J. 
'Lipid measurement by assay for galaetose a n d / o r  phos- 
pholipid gives the area term by assuming 0.7 nm 2 per 
lipid molecule [16]. 

Alternatively, the permeability coefficient was calcu- 
latext using: 

P = (kV/A).(C/4C) 

where k is the first-order rate constant of solute efflux 
in s - I ,  V is the trapped volume of the vesicles de- 
termined from the zero time sample {#l//~mol lipid). A 
is the total membrane surface area determined from the 
lipid assay as above, and C was the internal concentra- 
tion of the solute of interest (#mol -cm-3) .  The rate 
constant, k, was determined from the slope of a least- 
squares linear regression of 1n(%0/%) vs. time (seconds) 
as described previously [17], where %o and % represent 
the % solute remaining trapped within vesicles at time 
zero and time t, respectively. For chloride efflux the 
initial external CI-  concentration ~ 0, therefore the rate 
constant, k, was determined by a modified In(%0/%) 
expression [17]. For most of these regressions the r 2 
value was >_- 0.97, indicating first-order kinetics for the 
efflux. For both methods of calculation an area value 
equal to one-half the total area determined from the 
lipid assay has been used in order to account for the 
single monolayer of lipid 'seen' by the diffusing ion. 
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Statistical significance refers to a two-tailed 'Student's" 
test at a a = 0.05 significance level. 

Electron spin resonance 
Vesicles were made from 2.7 mg of DGDG, com- 

bined with spin labels 5-doxylstearic acid (1112,3]) or 
12-doxylstearic acid (I[1,14]) at molar p robe / l ip id  ratio 
of 1 : 200, by the reverse phase evaporation method [18] 
and dispersed into 0.2 ml of 150 mM KCi and 0.5 mM 
Tris-HCl (pH 8.0). 

Spectra were recorded on a Varian Model E9 EPR 
spectrometer at 21°C with a microwave power of 10 
mW, a time constant of one second, a 4 rain scan time 
and a modulation amplitude of 1.25 gauss (G). For the 
slow anisotropic motion of the I[12,3] probe the order 
parameter, S, was calculated from [19]: 

S = {(A,-  A~ - C) / (A , -2A  ~ -2C)}.  1.723 

where: 

c = 1.4G - 0.053( All - A ± ) 

and All and A± equal one-half of the separation, in 
gauss, of the outer and inner extrema, respectively, of 
the I[12,3] spectrum. For the relatively rapid anisotropie 
motion of the spin label I[1,14] the order parameter was 
not calculable, however, the rotational correlation time, 
%, was calculated from [201: 

• o = 6 . 5  ~0 . . . . .  0 [ ( ~ ) -  t ]  

where % is the width of the midfield peak and he and 
h~.~ represent the heights of the midfield and highfield 
peaks, respectively, of the ![1,14] spectrum. 

Results 

Lipid and fatty acid composition of vesicles 
The fatty acid compositions of spinach DGDG, 

MGDG, SQDG, and PG are given in Table I. The fatty 
acid composition of the thylakoid lipids was similar to 
that reported previously for these lipids isolated from 
spinach [2]. The galactolipids were enriched in the poly- 
unsaturated fatty acids linolenic acid (18: 3), linoleie 
acid (18:2), and palmitolenic azid (16:3). The fatty 
acid profiles of SQDG and PG were enriched in palmitic 
acid (16 : 0) and 18 : 3, with PG also ~howing high levels 
of trans-A3-hexadecenoic acid (16:1). Finally, the fatty 
acid composition of commercially obtained soy PC was 
similar to that expected for this lipid, being enriched in 
16 : 0, oleic (18 : 1) and linoleic acids. 

Given a previous report [18] of the preferential reten- 
tion of MGDG on the walls of test tubes during the 
dispersal of binary galactolipid mixtures, we have 
checked the lipid composition of vesicles at the end of 



TABLE [ 

The fatty acid composition of lif/ds used 

Fatty acid methyl esters were prepared with BF3/methanol and analyzed by gas-liquid chromatography. Data presented are the mean (-+S.D.) 
from four determinations. 

Lipid tool% fatty acids 

16:0 16:1 a 16:3 18:0 18:1 18:2 18:3 

MGDG 0.9 0.1 24.7 0.5 0.4 1.0 72.4 
(4-0.1) (-+0.6) (4-0.1) (4-0.2) (4-0.1) (+1.4) 

DGDG 7.6 3.2 0.9 0.8 2.4 85.0 
(4_0.2) (4.0.1) ( ±0 , I )  (+O. l )  (4-0.1) (4-0.3) 

SQDG 43.2 0.6 1.4 1.5 1.0 4.5 46.7 
('+0.7) (4-0.1) (+0.1) (+0,2) (4.0.2) ('+0.4) (+1.1) 

PG 18.2 34.7 " 3.3 0.8 3.8 39.1 
(+0.2) (-+0.3) (+0.8) (+0.2) (-+0.1) (4-0.5) 

Soy PC 15.5 4.3 10.1 64.8 5.3 
(_+0.25) (4.0.13) (+0.1) (4_0.7) (4-0.2) 

the experiment by TLC. The results in Table II show 

that  there was no preferential loss of  M G D G  and, in 

general, the l ipid composi t ion of  the vesicles was very 
similar to that of  the composi t ion of  the dispersed 
mixture. The slightly decreased levels of  P G  and S Q D G  

TABLE II 

Recover), of fipids from vesicles 

Vesicles w:-e re-ex:.'acted into CHCI3/CH3OH (1:1, v/v) after 
effiu× experiments. Aliquots were separated on silica TLC in 
acetone/benzene/water (91:30:8, v/v) and charred with the phos- 
pholipid spray of Allen and Good [2]. Plates were photographed then 
negatives scanned on a Helena Quick Scan get scanner and recoveries 
estimated by weighing the areas under the lipid peaks. Data are the 
means ( "+ S.D.) o1 at least three separate preparations. 

Mixture dispersed (g of recovered lipid 

DGDG MGDG SQDG PG PC 

DGDG 100 - 
DGDG/MGDG 73.7 26.3 
(3:1) (_+3.1) (_+3.1) 
DGDG/MGDG 54.3 45.6 
(1:1) (4_3.9) (4_3.9) 
MGDG/PC - 44.9 55.1 
(1:1) (_+3.1) ('+3.1) 
DGDG/PC 45.9 - 54.1 
(1:1) (4_3.8) (4_3.8) 
DGDG/MGDG/ 

PG 33.6 48.0 18.3 - 
(t :2 : t )  (_+4.2) (+3.5) (_+4.9) 
DGDG/MGDG/ 

SQDG 30.5 51.4 18.0 - - 
(1:2:1) (+2.9) (4_4.9) (+3.8) 
DGDG/MGDG/ 

SQDG/PG 29.8 49.1 8.9 12.2 - 
(1:2:0.5:0.5) (_+0.3) (+_3.5) ('+1.5) (4_2.6) 
DGDG/MGDG/ 

PC 29.6 49.2 - 21.1 
(1:2:1) (4_2.5) ('+7.0) (+9.4) 
Soy pc I0O 

in the quaternary mixtures was likely due to the prefer- 
ential  charr ing of  unsa tura ted  fatty acyl chains by the 

reagent. Such residues are present in lower propor t ions  
in P G  and S Q D G  than in the galactol ipids  (Table I). 
This is indicated by our  inab iq ty  to detect  d isa turated 

P G  in these dispersions (not  shown) by charr ing even 
though the presence o f  this phosphol ip id  was indicated 
by posi t ive reaction with the m o l y b d e n u m  reagent [2]. I t  
is possible  that  more rapid  removal  o f  bulk  organic  
solvent f rom stock l ipid mixtures  prevented phase sep- 
arat ion of  the lipids,  par t icular i ly  M G D G ,  dur ing  dry- 

ing  on to  the walls of  the test tube and before dispersal  
in to  vesicles. 

T :~ 6o- 

4o. 

I0 20 30 40 50 60 
Time, rain 

Fig. 1. Plot of 70 Rb + remaining in large unilamellar vesicles of 
DGDG (I) and soy PC (e)vs. time at 30 ° C. Vesicles were made with 
0.110 mM RbCI inside and containing 1-5 pCi S6Rb+. External 
solution was changed to an equal concentration of NaCI by gel 
filtration on Sephadex G-50. Aliquots of vesicles were removed at 
various times and external tracer removed by another passage over 
Sephadex G-50. Labelled S6Rb+ co-eluting with the vesicles was 

assayed by liquid scintillation counting. 
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Fig.  2. PI0t of % CI- remaining in large unilameUar vesicles of 
DGDG (11) and soy PC (el vs. time at 30°C. Vesicles were made in 
9.30 mM NaCI containing 5/LCi 36CI-. External solution was changed 
to 9,19 mM NaCI, 0.11 mM sodium acetate by gel filtration on 
Sephadex G+50. Aliquots of vesicles were removed at various times 
and external tracer removed by another passage over Sephadex G-50. 
Labelled 36C1M co-eluting with the vesicles was assayed by liquid 

scintillation counting. 

E/f lux o f  solutes f rom DGDG and P C  vesicles 
The efflux of  S6Rb+ from large uni lamenar  vesicles 

of  pure  D G D G  and  pure soy PC is shown in Fig. 1. 
Tracer  flux occurred at  a significantly greater rate from 
D G D G  vesicles than  from PC. In  order to specifically 
measure R b  + flux rates i t  was necessary to ensure that  
the counter-f low of  N a  + in to  the vesicles, a n d / o r  the 

co- t ransport  of  C ! -  out  o f  the vesicles occurred at rates 
greater than  or equal to that  of  Rb  +. The efflux of  
~SRb+ from D G D G  vesicles was similar  with or without  
(not  shown) the inclusion of  the ionophore nystatin.  
This  result argues that  in D G D G  vesicles without  

nys ta t in  either the development  o f  a Rb  + electrical 

potent ia l  was too small  to  influence further Rb  + efflux 

a n d / o r  that  D G D G  permeabil i ty  to N a  + or C1- is 

,oo 

so 

zo 

o 
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Fig. 3. Plot of % glucose remaining in large unilamellar v~icles of 
DGDG (Ill and soy PC (O) vs. time at 30 ° C. Vesicles were made in 
50 mM n-glucose, 5 mM Tricine (pH 7.5) containing 5 /~Ci o-12- 
3H]glucose. External solution was changed to 50 mM mannitol, S mM 
Tricine (pH 7.5) by gel filtration on Sephadex G-50. Aliquots of 
vesicles were removed at various times and external tracer removed by 
another passage over Sephadex G-50. Labelled l~Hlglucose co-eluting 

with the vesicles ".','as assayed by liquid scintillation counting. 

equal to, or greater than, that  of  Rb  +. It is possible that  
added nystat in d id  not function as an anion ionophore 
in these bilayers due to an apparent  requirement for 
sterols [21]. Nevertheless, a ~ ,  inhibi tory to Rb  + efflux 
probably d id  not  develop due 1o compensatory Na  + 

influx or C I -  efflux. 
The  permeabil i ty  of D G D G  and soy PC to 36CI- is 

compared in Fig. 2. Phosphat idylchol ine was signifi- 
cantly more permeable to C i -  than was D G D G .  In 
these experiments the development  of  a C I -  diffusion 
potent ia l  was short-circuited by the addi t ion  of  

gramicidin D. Both D G D G  and PC vesicles were rela- 

tively permeable to glucose, 'eaking 7 0 - 8 0 ~  of t rapped 
glucose within one hour  (Fig. 3). Permeabil i ty coeffi- 

TABLE III 

Summary of permeability and fluRlity characteristics of DGDG and soybean PC vesicles 

The double bond index (DBI) was calculated from the fatty acid composition of the lipids (Table I), assuming no positional specificity, and 
indicates the average number of double bonds per lipid molecule. Electron spin resonance (ESR) spectra yielded the rotational correlation times, ~o, 
and order parameters, S, respectively of l[1,14l and 1112.3l spin probes. Permeabi!ity coefficients were calculated from P = J/(.4.AC) or using 
P = (kV/A).(C/AC) as described in Methods and represent the means ( _4=_ S.D.I of at least three independent preparaliol~,s. The DGDG/PC row 
represents the ratio of data presented in the above two rows. 

Lipid DBI ESR P (cm's -I)  

¢o(nS) S P~J(A.AC) P=(kV.A).(C/AC) 

Rb + CI- glucose CI-/Rb + Rb + CI- glucose CI-/Rb ÷ 

3.0,10-to 10.10-to 3.2.10 -I° 3.4 a 3.4.10 -~° 9.3.10 -t° 1.1.10 -I° 2.7 
(-k0A.10 -I°) (+8.6.10 -1°) (+0.2.10 -z°) 

5.0.10 -12 7.8.10 -s 3.4.10 -Io 1.5.104 2.6.10 -12 4.2.10 -8 2.4.10 -Io 1.6.104 
(+3.8.10 -|2) (+3.6.10 -8) (4-1.4.10 -I°) 

60.0 0,013 0.90 ~ - 130 0.022 0.46 " - 

DGDG 5A0 1.32 0.670 

Soy pc 3.43 - 0.668 b 

DGDG/PC 1.57 - 1.00 

a Not significantly different. 
b Calculated from Ref. 44 for soy PC dtsperswns. 



cients were calculated using two different flux equations 
as described in the Methods (Table Ill). These data  
indicate that D G D G  was two orders of magnitude more 
permeable to Rb + than was PC (permeability coeffi- 
cients for these lipids were 3 • 10 - t °  cm • s - l  for D G D G  
and about 4 . 1 0  -~2 c m .  s - t  for PC). This relationship 
did not hold for C l -  with D G D G  showing at  least 
50-fold lower permeability to C l -  than PC ( 1 . 1 0  -9  
c m . s  - ]  and about 7 .8 -10  - s  c m - s - ~ ) .  In contrast,  
both kinds of vesicles had the same permeability to 
D-glucose ( 3 . 1 0  -20 cm-  s - I ) .  

For  the flux of Rb + and glucose from both D G D G  
and  PC vesicles the calculated permeability coefficients 
were very similar using either P = J / ( A  . A C )  or P =  
( k V / A ) .  ( C / A C ) .  Identical permeabili ty coefficients 
were also obtained using either equation for Rb + flux 
from vesicles composed of mixtures of thylakoid lipids 
(see below). 

Measurement  o f  D G D G  vesicle fluidity 
It has been reported [22] that  differences in acyl 

chain unsaturation, and  presumably in bilayer fluidity, 
can influence passive membrane permeabili ty to solutes. 
It was of interest, therefore, to determine if D G D G  
vesicles were more fluid than those of PC and  if such 
fluidity properties could account  for the differences in 
the permeability properties between D G D G  and  PC 
liposomes. The electron spin resonance spectrum (not 
shown) of D G D G  vesicles labelled with the spin probe  
1[12,3], which samples the hydrocarbon region near  the 
polar  head group, yielded an order  parameter,  S, of  
0.670 (Table III). A very similar value of 0.668 has been 
calculated from spectra obtained from PC vesicles 
probed in this region of the hydrocarbon tails (Table 
lII). When the spin probe I[1,14] was used the order  
parameter  was not calculable as a result of the spectrum 
change to more rapid anisotropic motion of the doxyl 
group. Alternatively, the rotational correlation time, %, 
the time required for the spin probe to rotate through 
an arc of one radian, has been determined. Vesicles of 
D G D G  yielded a "r 0 of 1.32 ns while a similar value of 
2.21 ns was calculated for the same probe in oriented 
multilayers of egg PC [23]. Calculation of the double 
bond  index (DBI), the average number  of acyl double 
bonds  per lipid molecule, shows that D G D G  was 1.5- 
fold higher in acyl unsaturat ion than soy PC (Table Ill). 

These results clearly indicate that  the fluidity of pure 
D G D G  vesicles was similar to that  of PC bilayers in 
both the upper  and  central areas of the hydrocarbon 
region. The higher double bond  index (DBI, Table l lI)  
for D G D G  compared to PC may explain the slightly 
faster rotational mobility of the I[1,14] probe deep in 
the hydrocarbon region (1.32 ns vs. 2.21 ns) but  is 
clearly not directly related to acyl chain order near the 
polar head groups. Similar % values of 1.2 to 1.3 ns 
have been reported by Hiller and Raison [24] for vesicles 

TABLE IV 
Calculated Rb + permeability coefficients for lipid mixtures 

Permeability coefficients were calculated using P=  J/(A./~C) or 
using P = (kV/A).(C/AC) as described in Methods. Values are the 
mean (4- S.D.) of at least three separate vesicle preparations. 

Lipid P(cm.s - t )  

P ffi J/(A.AC) ,a ffi (kV/,4). 
(C/4C) 

DGDG/MGDG 3.0 - 10- lo 3.2.10 - to 
(3:1) (+2.0.10 -l° ) 
DGDG/MGDG 3.4.10 -I° 2.6.10 -1° 
( l : l)  (+1.6.10 -1° ) 
MGDG/PC 2.0.10-11 1.6.10- It 
(1 : |)  (4"1.0.10 -11) 
DGDG/PC 2.8.10 - n  2.3.10 -11 
(1 :l) (+0.8.10 -~)  
DGDG/MGDG/PC 4.4-10 -II 4.0.10 -II 
(1:2:1) (4-2.0.10 -II) 
DGDG/MGDG/PG 2.2 - 10- lo 2.9.10 - io 
(1:2:1) ( +0.2-10 -1° ) 
DGDG/MGDG/SQDG 3.4.10- 9 3.2.10- 9 
(1:2:1) (+2.0.10 -q) 
DGDG/MGDG/SQDG/PG 1.4.10 -9 2.5-10 -9 
(1:2:0.5:0.5) (4-1.4"10 -I° ) 

of  total lipid extracts from barley and  spinach chloro-  
plasts, and  1.65 ns in vesicles of total lipid extracts of 
maize chloroplasts [25]. These investigators also ob- 
tained order  parameters  close to those reported here. 
Hiller and  Raison [24] measured S values of  0.66 to 
0.67 in phospholipid and  galactolipid mixtures f rom 
barley chloroplasts with the spin probe  6-doxylstearic 
acid. Nolan  and  Bishop [25] reported a 2All value of  
57.1 gauss for total chloroplast  lipid liposomes mea- 
sured with I[12,3] compared  to the value of 53.5 gauss 
determined here for D G D G  vesicles with the same 
probe. All these da ta  suggest that  differences in fluidity 
cannot  account  for the large differences in permeabili ty 
characteristics between D G D G  and  soy PC vesicles. 

Effects o f  other lipids on D G D G  permeability 
Large unilamellar vesicles were made  from mixtures 

of other purified thylakoid lipids with D G D G  to assess 
their affect on vesicle permeabil i ty to R'a + (Table IV). 
Calculated permeabil i ty coefficients were very similar 
using either P = ( J / A  . A C )  or  P ffi ( k V / A ) -  ( C / A C ) ;  
values discussed below are those obtained using P ffi 
J / ( A  . A C ) .  The addi t ion of M G D G  to D G D G  at  25 
mol% and  50 tool% neither increased nor  decreased the 
permeabili ty of vesicles to Rb  +, the permeabili ty coeffi- 
cients remaining at  about  3 . 2 . 1 0 - l o  c m .  s - i .  Al though 
M G D G  is a hexagonal  phase-forming species it can  
form bilayers when mixed with D G D G ,  and  its s t rong 
tendency to form non-bilayer  structures does not  ap-  
pear  to influence bilayer permeability. 



The equimolar addit ion of M G D G  to PC caused a 
4-fold increase in Rb + permeability. Similarly, the ad- 
dition of equimolar D G D G  to PC resulted in a 5-6-fold  
increase in Rb  + permeability above values for pure PC. 
These vesicles were an  order  of magnitude less permea- 
ble to Rb + than pure D G D G  vesicles (Table II1). When 
PC was lowered to 25 mol% in the mixture D G D G /  
M G D G / P C  (1 : 2 :1 ) ,  the permeability was even higher. 
However, these mixed lipid vesicles were an order of 
magnitude less permeable to Rb + than pure D G D G  
vesicles, i.e. they displayed behavior intermediate be- 
tween pure D G D G  and  pure PC vesicles. 

Other  ternary and  quaternary mixtures of thylakoid 
iipids were also tested for permeability to Rb + (Table 
IV). The permeability of D G D G / M G D G / P G  (1 : 2 : 1) 
to Rb  + was similar to that  of D G D G / M G D G  (1 : 1), 
both  near  2 . 5 . 1 0  -1° c m .  s -1. The replacement of PG 
with another  acidic lipid, SQDG,  to give D G D G /  
M G D G / $ Q D G  ( 1 : 2 : 1 )  caused a dramat ic  10-fold 
increase in vesicle permeability up to the highest value 
measured here of 3 . 4 . 1 0 - 9  cm-  s "t, Replacement of half  
of  this S Q D G  with PG to give D G D G / M G D G /  
S Q D G / P G  ( 1 : 2 : 0 . 5 : 0 . 5 )  gave a permeability coeffi- 
cient midway between D G D G / M G D G / P G  ( 1 : 2 : 1 )  
and  P G D O / M G D G / S Q D G  (1 : 2 : 1). This mixture is 
of part icular  interest because it approximates the lipid 
composi t ion of the thylakoid membrane.  This mixture 
was an  order  of  magnitude more permeable to Rb  + than 
pure  D G D G ,  and three orders of  magnitude more per- 
meable than pure soy PC. All ternary and quaternary 
mixtures of  thylakoid lipids were significantly more 
permeable to Rb + than DGDG/MGDG/PC ( 1 : 2 : 1 ) .  

Discussion 

Model membrane  studies, primarily using phospho-  
lipids derived from animal systems, have indicated that 
the lipid bilayer is the main barr ier  to t ransmembrane 
solute flux and  is sufficiently impermeable to maintain 
observed solute concentrat ion gradients [9]. This paper  
reports  results concerning the permeabili ty of large un- 
ilamellar vesicles composed of lipids extracted from the 
thylakoids of  spinach chloroplasts,  to Rb +, CI- ,  and  
glucose. 

We have succeeded in producing large unilamellar 
vesicles of defined size and  lipid composition, including 
vesicles with the same proport ion of M G D G  as in 
native thylakoid membranes  (Table II). The latter varia- 
ble is in contrast  with the results of Spragne and  
Staebelin [18] who reported the preferential retention of 
M G D G  on the sides of test tubes during the dispersal 
of mixtures containing 30-40  tool% M G D G .  While 
dispersal was aided by  the presence of S Q D G  or  PC;, 
presumably due to charge repulsion between hydrat ing 
bilayers, effective resuspension occurred even with bi- 
nary  glactolipid mixtures. These dispersions showed no 

sign of increased turbidity that would be indicative of 
vesicle aggregation [12] or aggregation followed by fu- 
sion. We were careful to keep the salt concentration 
lower than that which causes vesicle aggregation [12]. 
We conclude that vesicles used here were discrete, un- 
fused vesicles of about 100 nm size. If inverted micelles 
formed by M G D G  [18] were present in these bilayers, 
they apparently did not affect the permeability of these 
vesicles to Rb +. This argues that the presence of M G D G  
at 50 tool% in the thylakoid membranes does not neces- 
sarily increase thylakoid membrane permeability to ca- 
tions. 

The permeability properties of control soybean PC 
vesicles measured here were in good .eement  with 
those reported by other workers. P orted literature 
values for PC are 10- ~2 to 10-~3 cl s-~ for Na ÷ and 
K + [9] and 3 . 3 . 1 0 -  L-, for Rb + [26]; and reported C l  
values are several orders of magnitude higher than those 
of Na  + [9]. Glucose permeability to 1 6 : 0 / 1 8 : l -  
phosphatidylcholine vesicles of 100 nm diameter shows 
a P value equal to 1.5 • 10- l0 c m .  s -  i (Wong, K., and 
Cullis, P.R., personal communication).  In addition, per- 
meability coefficients of 0.3 and 1 .1 .10-~°  c m - s  
have been reported for planar  bilay~.rs and small un- 
ilamellar vesicles, respectively, of egg PC at 2 5 ° C  [17]. 
We conclude, therefore, that the methods and calcula- 
tions employed in this study were measuring permea- 
bility in a manner  consistent with previous workers. 

The permeability of large unilamellar vesicles of 
D G D G  to various ionic solutes was significantly differ- 
ent from soybean PC vesicles. D G D G  liposomes were 
two orders of magnitude more permeable to Rb + than 
PC vesicles, but  at least 50-fold less permeable to C1 . 
However, D G D G  vesicles were statistically identical to 
PC vesicles in terms of glucose permeability. Interest- 
ingly, calculated permeability coefficients for D G D G  to 
both charged and  uncharged solutes were all very simi- 
lar, in the 10 - t °  range (Table 111). These results are not 
in agreement with those reported recently by Foley et 
al. [10] who reported that multilamellar dispersions of 
D G D G  and binary m;~xtures of D G D G  and  M G D G  
form bilayers as impermeable to KCI as PC. This dis- 
crepancy is probably due, in part,  to their use of turbid- 
ity changes as a measure of osmotic swelling and, hence, 
permeability of vesicles [27] in the presence of con- 
centrations of cations that have been shown to cause 
reversible vesicle aggregation [12]. This aggregation was 
measured by turbidity ,:hanges upon salt addition in the 
1 -20  mM concentrat ion range, and  was not related to 
osmotic swelling [121. 

O a r  estimates of bilayer fluidity by ESR gave results 
very similar to those of other workers. Obtained values 
of T 0 and S for reverse-phase D G D G  vesicles in 150 
mM KCI and 0.5 mM Tris-HCI (pH 8.0) were very close 
to those reported for thylakoid lipid extracts hydrated 
by conventional methods into 1 mM EDTA, 0.1 M 



Tris-acetate (pH 7.2) [24] or into 0.33 M sorbitol, 1 mM 
MgCI 2, and 10 mM phosphate buffer (pH 7.4) [25]. 
Therefore, it is unlikely that the salt and buffer content 
of the aqueous phase, or the hydration method, has a 
significant impact on the bilayer fluidity. 

The possibility that higher fluidity of DGDC vesicles, 
compared to PC vesicles, may explain the difference in 
permeability of these lipids was examined. It is clear 
from a comparison of % and S values in Table III that 
the fluidity of DGDG vesicles was not significantly 
higher than that of soy PC vesicles. Van de Ven and 
Levine [28] have reported similar motional properties of 
diphenylhexatriene in DGDG and soy PC bilayers. 
Related work with cholestane spin labels in D G D G  
bilayers led Koole et al. [29] to the conclusion that the 
introduction of additional double bonds does not in- 
crease the rate of hydrocarbon chain motion in DGDG. 
Data summarized in Table III demonstrates that fluid- 
ity differences in bilayers of DGDG cannot explain the 
differences observed between PC and D G D G  in Rb ÷ 
and CI-  permeability. Furthermore, even if higher fluid- 
ity were able to explain higher Rb + permeability, simi- 
larly increased permeation did not occur for CI-  and 
glucose as would be expected for a simple fluidity-based 
explanation to permeation. 

Early work on the passage of ionic solutes through 
phospholipid bilayers suggested the importance of ori- 
ented surface dipoles in determining bilayer permeabil- 
ity properties [30]. The recent membrane potential pro- 
file model of Flewelling and Hubbell [31] also explains 
the large differences in cation and anion permeabilities 
observed in phosphohpid bilayers as a result of oriented 
dipole moments on the lipid molecule. In particular the 
model minimizes the contributions of oriented water 
dipoles and the phosphate dipole and emphasizes a 
large contribution of ester dipoles to a resultant mem- 
brane electrical potential of several hundred millivolts 
with the membrane interior positive. Such a potential is 
expected to promote anion permeation and develop an 
energy barrier opposing cation flux. This would explain 
the several orders of magnitude higher permeabifity of 
anions compared to cations in phosphelipids (Table II1, 
C I - / R b + )  

The data reported here are not consistent with the 
identity of the ester groups as the major contributor to 
the overall bilayer dipole moment [31]. The D G D G  
molecule should contain both ester dipole moment vec- 
tors present on diacylphospholipids but have no phos- 
phate dipole contribution. In addition, the galactose 
moieties of D G D G  may have the same orientation as 
the galactose on galactocerebrosides [32], generating a 
small dipole potential, positive outside [33], similar in 
direction to that expected for the phosphate dipole [31]. 
If ester dipoles are the major contributors to permeabil- 
ity discrimination against cations, then D G D G  vesicles 
should show the same difference in cation and anion 

permeation as observed in PC vesicles. We have ob- 
served, however, that D G D G  vesicles show a small, 
statistically insignificant, higher permeability to C i -  
than Rb + (Table III). It seems likely, therefore, that the 
contribution of head group and water dipoles to ion 
permeation through phospholipid bilayers has been un- 
derestimated a n d / o r  the contribution due to ester di- 
poles overestimated [31]. For D G D G  vesicles the simi- 
lar permeability coefficients for CI-  and Rb + (Table 
III), ions of very, similar radii [34] and identical charge 
quantity, suggests ion permeation occurring primarily 
under the influence of Born energy considerations with 
smaller contributions from charged groups and dipole 
potentials. Alternatively, solutes may permeate galac- 
tolipid bilayers by a mechanism completely distinct 
from that in PC bilayers. Such mechanisms may include 
passage through transient defects in bilayer integrity 
a n d / o r  through so-called 'statistical pores' [35]. Per- 
meation by such mechanisms could account for the 
similarity of observed permeability coefficients for Rb +, 
CI-,  and glucose in D G D G  vesicles. 

The addition of other lipids to D G D G  vesicles had 
very different effects on vesicle permeability to Rb +. 
The equimolar addition of M G D G  (Table IV) did not 
significantly increase the permeability. However, the 
same addition of PC to D G D G  lowered the permeabil- 
ity by 10-fold. This result suggests that M G D G  has the 
same, or similar, permeability properties discussed above 
with reference to DGDG. The further addition of PC; to 
give D G D G / M G D G / P G  (1 : 2 : 1) caused a small, but  
not statistically significant, decrease in Rb + leakage. 
The addition of the other anionic lipid, SQDG, has the 
opposite effect of causing an order of magnitude in- 
crease in Rb + permeability. This shows that surface 
charge alone does not regulate ionic permeability in 
these vesicles. The mixture resembling the in vivo mix- 
tures of thylakoid lipids. D G D G / M G D G / $ Q D G / P C ;  
(1 :2 :0 .5 :0 .5 )  had a Rb + permeability coefficient of 
2 .0 .10-9  cm.  s - l .  

These results are consistent with measurements of 
the permeability of thylakoids to cations and anions. 
Rottenberg et al. [36] have reported rapid, and similar, 
rates of passive efflux for 86Rb+, 36C1-, and [t4C]sorbb 
tol from lettuce chloroplasts and report a low activation 
energy for these fluxes. Barber [37] has calculated a 
permeability coefficient for CI -  in spinach thylakoids of 
2.1 • 10 - l °  cm.  s -~. This value is close t., that observed 
here for D G D G  vesicles of 9-].0 -1° Ch~ S -1 (Table 
Ill).  Furthermore; a similar permeability coefficient of 
5.1 - 10 - l °  cm.  s -1 can be calculated from reported [38] 
NaCI and KC! fluxes of 2 .3 .10  -13 mol .  cm -2 .  s -1 into 
Beta oulgaris thylakoids exposed to 450 mM solute 
concentration gradients. These results suggest that the 
permeability of thylakoids is determined primarily by 
the thylakoid lipids, and is not a result of the high 
surface/volume ratio of thylakoids [37,38]. 



Finally, it should be noted that  the incorporation of  
membrane  proteins into l iposomes generally increases 
passive bilayer permeabil i ty [39-41]. Indeed, while 
phosphol ip id  vesicle permeabil i ty coefficients are about  
10 -12 c m . s  - I  for K + [9]. those of  many biological 
membranes  are around 10 -7 to 10 -8 e m .  s - i  [42]. The 

similari ty of  solute permeabili t ies of thylakoids, sum- 
marized above, and of  thylakoid l ipid vesicles suggests 
that  the same phenomena may not occur in chloro- 
plasts. This  may indicate that  the thylakoid l ipids  effec- 
t ively ' seal '  the l i p i d / p r o t e i n  interface in intact 
thylakoid membranes.  Alternatively,  if  thylakoid mem- 
brane proteins  also increase the permeabil i ty  of 
thylakoid l ip id  vesicles to cations, then the permeabil i ty  

propert ies reported here could significantly contr ibute  
to the rapid l ight- induced redis tr ibut ion of  M g  2+ and 

K + in thylakoids [43]. 
In  summary  we have dcinonstrated that large un- 

i lamellar  vesicles of  the thylakoid l ipid digalactosyldia- 
cylglycerol, as well as binary, ternary,, and quaternary 

mixture  of  thylakoid l ipids  show permeabil i ty  propert ies 

significantly different from those of  phosphat idyl-  
choline. Furthermore,  it is argued that  these vesicles 
serve a s  good models  for s tudying the permeabil i ty of  
thylakoids  to ionic and non-ionic solutes. We propose 
that  these permeabi l i ty  properties, pr imari ly  those of  

the galactolipids,  may make a s ignif icant  cont r ibut ion  

to the funct ion of  the intact  thylakoid. 

Acknowledgements 

The  authors  wish to express their thanks to Dr. Don  
McRae  for help with the electron spin resonance mea- 
surements  and  to Dr. K im W o n g  for helpful  discussions 
on  the permeabi l i ty  calculations. We would also like to 
thank Drs. Edi th  Carom, Pieter Cullis,  An thony  Glass,  

and Col in  Tilcock for critically reading the manuscript .  
This  work was suppor ted  by a Natura l  Sciences and 
Engineer ing Research Counci l  of  Canada  grant  to 

B.R.G.  

References 

l Harwood, J.L. (19801 in The Biochemistry of Plants. A Compre- 
hensive Treatise, Vol. 4 (Stumpf, P.K., ed.), pp. 1-55, Academic 
Press, New York. 

2 Allen, C.R. and Good, P. (19711 Meth. Enzymol. 23, 523-547. 
3 Shipley, G.G., Green, J.P. and Nichols. B.W. 0973) Biochim. 

Biophys. Aeta 311, 531-544. 
4 Rivas, E. and Luzzati, V. (19691 J. MoL Biol. 41,261-275. 
5 Gounaris, K., Mannock, D.A., Sen, A., Brain, A.P.R., Williams, 

W.P. and Quinn, P.J. (1983) Biochim. Biophys. Acta 732, 229-242, 
6 Mannsourian. A.R. and Quinn, P.J. (19861 Biochim. Biophys. Acta 

855,169-178. 
7 Gruner, S.M., Cullis, P.R., Hope, M.J. and Tilcock, C.P.S. (19851 

Annu. Rev. Biophys. Biophys. Chem. 14, 211-238. 
8 Murphy, DJ. 0982) FEBS Left. 150,19-26. 

9 Deamer, D.W. and Bramhall, J. (19861 Chem. Phys. Lipids 40. 
167-188. 

10 Foley. A.A.. Brain. A.P.R.. Quinn. P.J. and Hrrwood, J.L. (19881 
Bicchim. Biophys. Acta 939-430-440. 

11 Webb, M.S. and Green, B.R. (19871 in Progress in Photosynthesis 
Research (Biggins, J., ed.). pp. 197-200, Nijhoff, Dordrecht. 

12 Webb, M.S.. Tilcock, C.P.S. and Green. B.R. (19881 Biochim. 
Biophys. Acta 938, 323-333. 

13 Stewart, J.C.M. (19801 Anal. Bioehem. 104. 10-14. 
14 Roughan, P.G. and Batt, R.D. (19681 Anal. Biochem. 22. 74-88. 
15 Pohl. P.. "3last, H. and Wagner. H. (19701 J. Chromatogr. 49. 

488-492. 
16 Bishop, D.G., Kenrick, J.R.. Bayston. J.H.. Macpherson, A.S. and 

Johns, S.R. (19801 Biochim. Biophys. Acta 602, 248-259. 
17 Brunaer. J., Graham. D.E., Hauser, H. and Semenza, G. (1980) J. 

Membr. Biol. 57. 133-141. 
18 Sprague, S.G. and Staehelin, L.A. (19841 Biochim. Biophys. Acta 

777, 306-322. 
19 Gaffney, B.J. (19761 in Spin Labelling: Theory and Applications 

(Berliner, L.J., ed.), pp. 567-571, Academic Press. New York. 
20 Keith, A.. Blufed. G and Snpes. W (19701 Bophys J 10, 

618-629. 
21 Kinsky, S.C., Luse, S.A. and Van Deenen, L.L.M. (19661 Fed. 

Proc. 25, 1503-1510. 
22 De Gier, J.. Mandersloot, J.G. and Van Deenen, L.L.M. (19681 

Biochim. Biophys. Acta 150, 666-675. 
25 Griffith, O.H. and Jost, P.C. (19761 in Spin Labelling, Theory and 

Applications (Berliner, L.J., ed.). pp. 453-523. Academic Press, 
New York. 

24 Hiller, R.G. and Raison. J.K. {1980) ffochim. Biophys. Acta 599, 
63-72. 

25 Nolan, W.G. and Bishop, D.G. (19781 Arch. Biochem. Biophys. 
190, 473-482. 

26 Mimms. L.T., Zampighi, G., Nozaki. Y.. Tanford. C. and Re- 
ynolds, J.A. (19811 Biochemistry 20. 833-840. 

27 Bangham, A.D. (19681 Prog` Biophys. Mol. Biol. 18, 31-95. 
28 Van de Ven, M.J.M. and Levine, Y.K. (19841 Biochim. Biophys. 

Acta 777, 283-296. 
29 Koole. P., Dammers, A.J., van Ginkel, G. and Levine, Y.K. (1984) 

Biochim. Biophys. Acta 777, 297-305. 
30 Papahadjopoulos. D. and Watkins, J.C. (19671 Biochim. Biophys. 

Acta 135, 639-652. 
31 Flewelling` R.F. and Hubbell, W.L (19861 Biophys. J. 49, 541-552. 
32 McDaniel. R.V. (19881 Biechim. Biophys. Acta 940, 158-164. 
33 Maggio, B.. Cumar, F.A. and Capuuo, R. (19781 Bieehem. J. 171, 

559-565. 
34 Jones, M.N. (19751 Biological Interfaces, Elsevier, Amsterdam, 
35 Trauble. J. (19711 J. Membr. Biol. 4, 193-209. 
36 Rouenberg, H., Grunwald. T. and Avron, M. (19721 Eur. J. 

Biochem. 25, 54-63. 
37 Barber, J. (1972) Biochim. Biophys. Acta 275. 105-! 16. 
38 Ball, M.C., Mehlhorn, R.J., Terry, N. and Packer, L. (19851 Plant 

Physiol. 78. 1-3. 
39 Romans, A.Y., Allen, T.M., Meekes, W., ChioveUi. Jr., R.. Sheng` 

L., Kercret, H. and Segrest, J.P. (1981) Biochim. Biophys. Acta 
642, 135-148. 

40 Van der Steen, A.T.M.. De Kruijff, B. and De Gier, J. 0982) 
Biochim. Biophys. Acta 691, 13-23. 

41 Van Hoogevest, P., Du Maine, A.P.M. and De Kruijff, B, 09831 
FEBS Left. 157, 41-44. 

42 Hall, J.L and Bat's.r, D.A. 0977) Cell Membranes and Ion Trans- 
port, pp. 61. Longman. London. 

43 Avron. M. (19771 Annu. Rev. Biochem. 46. 143-155. 
44 Hubbell, W.L. and McConnell, H.M. (19691 Proc. Natl. Acad. Sci. 

USA 64, 20-27. 


