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The lipase from Rhizopus arrhizus has been used to determine the transmembrane distribution of 
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) in spinach thylakoid mem- 
branes. The hydrolysis kinetics, expressed as semilog plots, were carried out at constant bulk pH under a 
wide range of salt concentrations and temperatures. DGDG always showed two pools of constant amplitude, 
regardless of the conditions used. The behavior of MGDG was more complex. Depending on environmental 
conditions, two or three pools could be evidenced. We have developed a simple rationale which allows to 
distinguish between kinetic pools (identified as different populations of lipid molecules being degraded at 
different hydrolysis rates within the outer monolayer) and topological pools (corresponding to the classical 
outside/ inside distribution). It is suggested that the surface potential and temperature are involved in the 
control of the packing pressure of thylakoid membrane lipids, as probed by the lipolytic enzyme. We defined 
a limited set of conditions under which it is possible to obtain reliable estimations of the transversal 
distribution of galactolipids in thylakoid membranes. For spinach, the outside/ inside ratios are 1 5 / 8 5  for 
DGDG and 6 5 / 3 5  for MGDG. Taking into account the contribution (in mol%) of these lipids to the total 
acyl lipid composition, it is deduced that total galactolipids are equally distributed within the two monolayers 
of the thylakoid membrane. The implications of these results for the overall molecular organization of the 
thylakoid membrane will be discussed. 

Introduction 

The acyl lipids of thylakoid membranes provide 
the functional membrane components (chloro- 
phyll-protein complexes, electron, carriers, cou- 
pling factor) with an adequate environment for 
optimal activity. At least two mechanisms - fine 

* To whom reprint requests should be addressed. 
Abbreviations: DGDG, digalactosyldiacylglycerol; MGDG, 
monogalactosyldiacylglycerol; Mops, 4-morpholinepropane- 
sulfonic acid; PC, phosphatidylcholine; PG, phosphatidyl- 
glycerol; SQDG, sulfoquinovosyldiacylglycerol. 

tuning of excitation rate of both photosystems via 
protein (de)phosphorylation and plastoquinone 
diffusion - require a membrane fluidity compati- 
ble with the need for lateral movement. There is 
now good evidence that the membrane lipid to 
protein ratio is involved in the control of mem- 
brane fluidity [1,2]. 

A better understanding of the role of acyl lipids 
in thylakoid functions will obviously depend on 
the knowledge of their molecular organization in 
the membrane. In particular, more detailed infor- 
mation on acyl lipid topography (both lateral and 
transversal) would be desirable in view of the 
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rather controversial data obtained so far [3 8]. 
Although there is now increasing evidence for the 
preferential localization of phosphatidylglycerol in 
the outer monolayer [9,10], studies about galac- 
tolipid transversal distribution are both scarce and 
equivocal [6-8]. Although this may be attributed 
to the use of different techniques, we feel that both 
the substrate itself (the thylakoid membrane) and 
the nature of incubation media should be consid- 
ered more closely. Indeed, the available data on 
galactolipid localization have been obtained with 
starting materials as different as intact thylakoids 
[6], sonicated thylakoids [7] or randomized vesicles 
of opposite sidedness [8]. Moreover, the incuba- 
tion conditions were highly variable, especially 
with respect to salt conditions. 

In this paper, we have undertaken a detailed 
study of the hydrolysis of galactolipids in intact 
spinach thylakoid membranes treated with a lipase 
from Rhizopus arrhizus. Special attention has been 
paid to the incubation conditions. Lipolytic treat- 
ments have been carried out at constant bulk pH 
under a wide range of salt concentrations and 
temperatures. This allowed to assess the role of 
surface potential in the control of packing proper- 
ties of membrane lipids and enabled us to define a 
set of conditions under which it was possible to 
obtain reliable estimations of galactolipid trans- 

membrane distribution. We shall now describe the 
basic rationale of our approach. 

Rationale 

When the transmembrane distribution of acyl 
lipids in thylakoid membranes is studied with lipo- 
lytic enzymes, the resulting hydrolytic pattern is 
the consequence of a rather complex interplay of 
various parameters, as described in Fig. 1. The 
hydrolysis kinetics is governed by two environ- 
mental factors, ionic conditions and temperature. 

Ionic conditions are known to affect the overall 
morphology of thylakoids by controlling their de- 
gree of stacking [11]. Moreover, changes in salt 
concentration modify the lateral distribution of 
intrinsic chlorophyll-protein complexes [11]. The 
type and concentration of cations also dictate, at a 
given bulk pH and temperature, the values of the 
surface potential and pH [12]. In addition, salts 
may interact with polar headgroups of lipid mole- 
cules and can therefore alter their physical proper- 
ties [13]. Finally, salts may also control the activity 
of lipolytic enzymes themselves [14,15]. One may 
thus suspect salts to modulate at least one of the 
following parameters in thylakoid membranes: (a) 
The initial packing pressure of lipid molecules. 
This may occur either by a direct effect (e.g., 
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Fig. 1. Interplay of the various factors involved in the hydrolysis of thylakoid membrane lipids by a lipolytic enzyme. Key: -~, 
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change in hydration level of polar headgroups 
[16]) or via changes in surface potential a n d / o r  
pH [17]. As a consequence, the fluidity may also 
be affected. (b) The transversal distribution of a 
given lipid class, especially that of negatively 
charged lipids [18]. (c) The availability of lipid 
substrate(s) for lipolytic enzymes, particularly with 
highly appressed membranes. 

Temperature may affect simultaneously the 
membrane fluidity and the lipolytic enzyme activ- 
ity in a parallel fashion, whilst having much less 
influence on the electrical properties of the mem- 
brane surface. An often neglected, but typical ef- 
fect of a temperature increase is to (partly) release 
the build-up of the packing pressure of membrane 
lipids due to the lipase-induced formation of such 
hydrolysis products as lysolipids and free fatty 
acids [14]. 

These two extrinsic, independent factors obvi- 
ously have a direct influence on a third one, the 
activity of the lipolytic enzyme. 

Keeping these considerations in mind, we must 
now introduce another concept. Expressed as 
semilog plots [10,19], the hydrolysis pattern of a 
given lipid class is often polyphasic, thus revealing 
the presence of several lipid 'pools'. We suggest 
that these pools may fall into two groups: (a) 
Kinetic pools reflect populations of lipid mole- 
cules being degraded, within the outer monolayer 
only, at different hydrolysis rates which can be 
due firstly to environmental control (by ions and 
temperature) of the initial packing pressure of the 
membrane lipids and, later, to an increase in pack- 
ing pressure following the formation of lysolipids 
and free fatty acids generated within the mem- 
brane by the enzyme action. For such kinetic 
pools, a change in incubation temperature should 
affect not only their hydrolysis rate, but also their 
amplitude. 

(b) Topological pools correspond to those 
populations of lipid molecules localized entirely in 
the outer and in the inner monolayer of the 
thylakoid membrane, respectively. Any temper- 
ature change will thus affect the hydrolysis rate 
without changing the extent of such pools. This 
should be especially valid for the inner pool, the 
hydrolysis of which being possible only via out- 
wards transbilayer movement, provided that the 
enzyme action is restricted to the outer membrane 
surface. 
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Materials and Methods 

Lipase (EC 3.1.1.3) from Rhizopus  arrhizus was 
purchased from Boehringer (Mannheim, F.R.G.) 
and used without further purification. This lipase 
splits the fatty acyl chain in sn 1 position, leaving a 
1-1ysolipid. Its substrate specificity on detergent- 
solubilized polar lipids has been shown to be 
M G D G  > D G D G  = SQDG > PG, PC [20]. The 
stock enzyme was diluted with the desired incuba- 
tion medium (see Table I) to give a working solu- 
tion containing 15 units/10/~1. 

Spinach leaves were harvested from 14-week- 
old, hydroponically grown plants in a controlled 
greenhouse. Chopped leaves (50 g) were homoge- 
nized for 5 s (Waring blendor) in 150-200 ml of 
ice-cold 300 mM sorbitol buffered with 10 mM 
M o p s / K O H  (pH 7.6). After filtration on 4 muslin 
layers and 2 Miracloth layers, the juice was 
centrifuged 30 s at 2000 × g. Supernatants were 
discarded. The smooth pellets were resuspended in 
a 10-fold dilution of the above medium and re- 
centrifuged for 4-5 min at 4000 × g. The greenish 
supernatants were discarded and the pellets were 
resuspended in the desired incubation medium 
(see Table I for the composition of incubation 
media). Chlorophylls were determined [22] and 
adjusted to 0.5 mg/ml .  Thylakoid membranes were 
allowed to equilibrate with respect to the imposed 
salt concentration for 15 min at 20°C in darkness. 
They were then brought to the desired incubation 
temperature. After sampling a zero time control, 
the lipase was added (30 uni t s /mg chlorophyll). 
Incubations were carried out in the dark under 
constant stirring. 

To check for the complete hydrolysis of glyco- 
lipids when both sides of the membrane are ex- 
posed to the enzyme, thylakoid membranes were 
unstacked (medium 4, Table I) and sonicated in 
the presence of the lipase (Labsonic 1510, Braun, 
three pulses of 5 s at 100 W). The sonicated 
vesicles were then incubated and hydrolysis was 
determined as described below. 

At timed intervals, aliquots (280 /~1) of the 
suspension were withdrawn and the lipids ex- 
tracted as in Ref. 23. We have checked that solvent 
extraction immediately stopped the enzyme activ- 
ity. The chlorophyll concentration of each total 
lipid extract was determined [22]. Known aliquots 
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of these extracts (about 40 /~g chlorophyll) were 
spotted on Type 60 silica gel-coated glass plates 
using an automatic sample applicator fitted with a 
Hamil ton syringe (Linomat III from Camag, Mut- 
tenz, Switzerland). Plates were developed in chlo- 
r o f o r m / m e t h a n o l / a c e t i c  ac id /wate r  (85 : 15 : 10 : 
3, v / v )  and briefly dried. After slight staining with 
12, lipid zones corresponding to M G D G ,  D G D G  
and SQDG were circled with a carbon pencil, 12 
was blowed off, spots were scraped into test-tubes 
and their sugar content was determined with a 
microassay derived from the method of Dubois et 
al. [24], using galactose as standard. The chloro- 
phyll content of each spotted aliquot served as an 
internal standard. The hydrolysis kinetics were 
expressed as the amount of remaining undegraded 
acyl lipid (in % of its initial amount), plotted on a 
log scale versus incubation time. 

The colorimetric determination of each glyco- 
lipid was in good agreement with the gas-chro- 
matography estimation of their fatty acyl chain 
content. Typically, the respective amounts of 
M G D G ,  D G D G  and SQDG in thylakoid mem- 
branes (in ~mol/ /~mol chlorophyll) were 1.54_+ 
0.15, 0.73 _+0.06 and 0.26_+0.05 (n = 13). This 
corresponds to 55, 27 and 8.8 mol% of the total 
acyl lipids. 

The surface charge density of spinach thylakoid 
membranes was determined by the 9-aminoacri- 
dine method as in Ref. 25 and found to be -0 .025  
C / m  2. Surface potentials, calculated as described 
in Ref. 12, should be considered within a 3 mV 
range to account for the various incubation tem- 
peratures. 

Results and Discussion 

We have checked for the complete degradation 
of lipids when both sides of the thylakoid mem- 
brane were accessible to the enzyme. This was 
achieved by a brief sonication of unstacked 
thylakoids in the presence of the lipase. Vesicles 
were thus formed, both sides of which were exposed 
to the lipase. Under these conditions, an extensive 
hydrolysis of glycolipids occurred during incuba- 
tion. More than 95% of M G D G  were destroyed in 
about 30 min, whereas 60 min were necessary to 
obtain a comparable degradation of D G D G  and 
SQDG, showing that protective interactions of 

glycolipids with membrane proteins were negligi- 
ble. The requirement that lipids should be fully 
degradable when both sides of the membrane are 
exposed to the enzyme attack was therefore satis- 
fied. 

The enzymatic degradation of thylakoid mem- 
brane lipids was always carried out in the presence 
of an excess of lipase. In addition, under all salt 
conditions used (see Table I), the surface con- 

TABLE I 

CHEMICAL COMPOSITION OF INCUBATION MEDIA 
(BUFFERED TO pH 7.6) AND THE RESULTING VALUE 
OF THE THYLAKOID MEMBRANE SURFACE POTEN- 
TIAL 

Medium Component (mM) Surface 
potential 
(mY) 

1 sorbi to l  300 - 130 

M o p s / N a O H  0.8 

2 sorb i to l  300 - 87 

M o p s / N a O H  5 

3 sorb i to l  300 - 72 

NaCI  5 

M o p s / N a O H  5 

4 sorbi to l  300 63 

NaCI  10 

M o p s / K O H  5 

5 sorb i to l  300 - 52 

NaCI  10 

MgC12 1 
M o p s / K O H  5 

6 sorbi to l  300 - 40 

NaCI  10 

MgC12 5 
M o p s / K O H  5 

7 sorbi to l  300 - 33 

NaCI  10 

MgC12 t 0 

M o p s / K O H  5 

8 ~ sorbi to l  100 - 14 

NaCI  5 

KCI  100 

CaC12 30 

MgCI  2 70 
M o p s / N a O H  5 

a This medium reflects the ionic environment of thylakoid 
membranes bathed in the stroma of illuminated chloroplasts 
(taken from Ref. 21). 



centration of Na + (calculated according to Ref. 
12) was high enough to provide the 3 10 mM Na + 
required for full lipase activity [15]. Therefore, the 
lipase action was essentially independent of both 
temperature and Na + concentration. One may thus 
conclude that the observed differences in hydroly- 
sis rates will reflect differences in the molecular 
organization of thylakoid membrane lipids. 

The degradation of D G D G  resulted in a sim- 
ple, biphasic pattern which was observed for all 
salt combinations over a wide range of tempera- 
tures (Figs. 2 7). Moreover, the amplitude of the 
two D G D G  pools was constant, regardless of the 
temperature and ionic conditions. This behavior is 
typical of topological pools (see Rationale). Conse- 
quently, the first D G D G  pool (15 +_ 3%) may be 
attributed to the outer monolayer and the second 
(85 _+ 3%) to the inner one. The second phase of 
the D G D G  hydrolysis pattern was always quasi- 
horizontal, suggesting that essentially no transbi- 
layer movement of inner D G D G  molecules oc- 
curred during the time-scale of the experiment, 
whatever the conditions used. 

The susceptibility of detergent-solubilized 
SQDG to the Rhizopus lipase was shown to be 
comparable to that of D G D G  [20]. Nevertheless, 
no significant degradation of SQDG (less than 5% 
after 60 min of incubation) could be observed 
when thylakoid membranes were treated with the 
lipase (not shown). We tentatively conclude that 
SQDG is almost completely localized in the inner 
monolayer of the membrane. An alternate, but less 
probable view, would be that the lateral surface 
pressure of any outer SQDG domain(s) may ex- 
ceed the maximum pressure at which the lipase is 
still able to penetrate the lipid monolayer. 

The hydrolytic behavior of M G D G  was most 
remarkable. Indeed, depending on the incubation 
conditions, two (Figs. 2B, 4B and 5A) or three 
pools (Figs. 2A, 3, 4A, 5B, 6 and 7) could be 
evidenced. These pools showed two main features. 
Firstly, for all conditions tested, the hydrolysis 
rate of each successive pool was progressively de- 
creased. This indicates that no lysis of thylakoid 
membranes occurred during the time-scale of the 
experiment. Should lysis have taken place, an 
abrupt increase in hydrolysis rate would have been 
expected [26] as the result of exposure of both 
membrane faces to the lipase. In our conditions, 
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the enzyme action was therefore restricted to the 
outer monolayer only. Secondly, there was a large 
difference in the amplitude of the M G D G  pools 
from one condition to another, except for the third 
pool depicted in Figs. 3B, 5B, 6 and 7 (see also 
Table II, last column). 

For the sake of clarity, and in line with the 
Rationale described above, we shall term these 
different pools in the following way. For each 
environmental condition, the first pool (with a 
22-44% range) is K a and the second pool (with a 
18 72% range) is K b (see Figs. 2-7  and Table II). 
The wide range of amplitude with respect to the 
various incubation conditions (salt and tempera- 
ture) illustrates the kinetic nature of these first two 
pools (as defined in Rationale). The third pool 
(when present) corresponded to the difference 
1 0 0 % -  (Ka nt. K b )  and displayed a dual nature 
according to the incubation conditions. For in- 
stance, the third pool will be a kinetic pool K c in 
Figs. 2A, 3A and 4A, since its amplitude can be 
clearly shifted towards lower values by increasing 
the temperature only (compare Figs. 2A and 3A 
with Fig. 3B) or by altering both salt and tempera- 
ture conditions (compare Fig. 4A with Fig. 5B). 
On the other hand, the third pool corresponds to 
the (inner) topological pool T in Figs. 3B, 5B, 6 
and 7 (see also Table II, last column) since the 
amplitude of this pool (35% + 2) is remarkably 
constant and independent of environmental condi- 
tions of salt and temperature. One must be aware 
of the fact that whenever it may not be reached 
under certain conditions (Figs. 2, 3A, 4 and 5A), 
the inner topological pool T is nevertheless always 
implicitly included in the kinetic pool K b (Figs. 
2B, 4B and 5A) or K c (Figs. 2A, 3A and 4A). 

We have emphasized in Fig. 1 the role of the 
lateral surface pressure of membrane lipids. The 
importance of this parameter in the study of mem- 
brane lipid topography via enzymatic techniques 
has been carefully studied [27] and recently re- 
viewed [14]. It is sensible to assume that the pack- 
ing pressure of bulk membrane lipids (with the 
possible exception of a few molecules tightly bound 
to membrane proteins) should be homogeneous, 
especially when dealing with membrane lipids in a 
liquid-crystalline state. This assumption is cer- 
tainly valid in our experimental conditions. The 
fact that pancreatic phospholipase A 2 is able to 
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Figs. 2-7. Hydrolysis patterns of MGDG (O) and D G D G  (~,) in thylakoid membranes treated with the lipase from R. arrhizus. Pool 
amplitudes are given in Table lI. 

Fig. 2. Incubations were carried out in medium 1 (see Table I) 
at 2°C (A) and 10°C (B). 

Fig. 3. Incubations were carried out in medium 1 (see Table I) 
at 15°C (A) and 20°C (B). 

Fig. 5. Incubations were carried out in medium 4 (see Table I) 
at 2°C (A) and 10°C (B). 

Fig. 6. Incubations were carried out in medium 5 (see Table I) 
at 2°C (A) and 10°C (B). 

Fig. 4. Incubations were carried out at 2°C in medium 2 (A) Fig. 7. Incubations were carried out at 2°C in medium 6 (A) 
and medium 3 (B) (see Table I). and medium 7 (B) (see Table I). 
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T A B L E  11 

S U M M A R I Z E D  D A T A  O F  M G D G  H Y D R O L Y S I S  U N D E R  V A R I O U S  E N V I R O N M E N T A L  C O N D I T I O N S ,  G I V E N  BY T H E  
A M P L I T U D E  ( IN % O F  T H E  T O T A L  M G D G )  O F  K I N E T I C  P O O L S  K a ,  K b A N D  K c A N D  O F  T H E  I N N E R  T O P O L O G I -  

C A L  P O O L  T 

M G D G  hyd ro ly s i s  

Pool  

E n v i r o n m e n t a l  c o n d i t i o n s  

To ta l  C ÷ ( m M )  0.8 5 10 15 15 15 15 110 

To ta l  C 2+ ( m M )  . . . .  1 5 10 100 

Sta te  a s us us us s s s s 

Su r face  po ten t i a l  (mV)  - 1 3 0  - 8 7  - 7 2  - 6 3  - 5 2  - 4 0  - 3 3  - 1 4  

T e m p e r a t u r e  ( °C)  2 10 15 20 2 2 2 10 2 10 2 2 10 

C o n d i t i o n s  o f  Fig.  2A 2B 3A 3B 4 A  4B 5A 5B 6 A  6B 7A 7B 

K a  30 29 22 30 25 28 44 40 31 30 28 31 26 

K b 18 71 32 34 22 72 56 23 35 38 36 32 38 

K c 52 - 46 - 53 . . . . . . .  
T n r  b n r  n r  36 n r  n r  n r  37 34 32 36 37 36 

a A s  s h o w n  b y  c a t i o n - i n d u c e d  c h l o r o p h y l l  f luorescence ;  s, s t acked  a n d  us, u n s t a c k e d  m e m b r a n e s .  

b nr ,  m e a n s  tha t  the topo log ica l  pool  T, a l t h o u g h  impl ic i t ly  i nc luded  in K b o r  K c, was  no t  r e ached  u n d e r  the specif ied  cond i t i on .  

hydrolyze phospholipids in spinach thylakoids 
[9,10] suggests that the lateral surface pressure of 
their diacyl lipids must be somewhat below 16 
dynes / c m [27]. The high relative amount of 
M G D G  (a non-bilayer forming, cone-shaped lipid) 
may account for this rather low value. Monolayer 
studies have shown that at 15 dynes /cm,  both 
M G D G  and D G D G  (with a double-bond index of 
2.9 and 2.6, respectively) are already packed to 
about 70% of their maximum compressibility [28]. 
It is thus conceivable that the formation of free 
fatty acids and lysogalactolipids during the en- 
zymatic treatment will soon increase the lateral 
surface pressure to an extent that will decrease the 
rate and extent of hydrolysis, as suggested earlier 
[29,301. 

The hydrolytic patterns of M G D G  presented in 
Figs. 2-7  are an illustration of this effect. In a 
salt-depleted medium at 2°C (Fig. 2A), the pool 
K a (30% of the total MGDG)  was rapidly hydro- 
lyzed. The subsequent accumulation of degrada- 
tion products caused an increase in the packing 
pressure which resulted in a slower hydrolysis rate 
of pool K b ( 1 8 %  of the total MGDG).  A further 
increase in the packing eventually led to a 'high 
pressure' equilibrium state at which the lipase ac- 
tion was completely stopped. Although expressed 

by a horizontal plateau, the third hydrolytic phase 
(Fig. 2A) does not represent a topological equi- 
librium at which 48% of the total M G D G  would 
be localized outside and 52% inside. This is clearly 
demonstrated by the hydrolysis patterns of Figs. 
2B and 3. When the lipolytic treatment was carried 
out in the same salt-depleted medium at 10°C 
(Fig. 2B), the pool K a (29% of the total MG D G )  
was again rapidly degraded but, due to the tem- 
perature increase, the build-up of the packing 
pressure was somewhat released so that the second 
phase (giving rise to pool Kb) was no longer 
interrupted. Moreover, the extent of M G D G  hy- 
drolysis after 60 min was 60% at 10°C as com- 
pared to 50% at 2°C (Fig. 2). At 15°C, the effect 
of temperature was more pronounced so that about 
60% of the total M G D G  were already degraded 
after 20 min only (Fig. 3A, intersect of 2nd and 
3rd phase). The extent of hydrolysis was 64% after 
60 min of incubation (Fig. 3A). At 20°C (Fig. 3B), 
the second hydrolytic phase ended up between 25 
and 30 min together with a complete degradation 
of the M G D G  in the outer monolayer (corre- 
sponding t o  K a + K b = 64%). The third phase rep- 
resents in this case (Fig. 3B) the hydrolysis of 
inner M G D G  molecules which become available 
at the outer surface of the membrane via a (slow) 
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outwards transbilayer movement. Such a com- 
pensatory mechanism has already been described 
[31]. Similar interpretations can be given for the 
other individual results (Figs. 4 7). 

Fig. 8 presents an experiment that has been 
designed to provide a direct evidence of the 
involvement of the lateral surface pressure in the 
control of lipid hydrolysis in thylakoid mem- 
branes. When control membranes were treated 
with the lipase at 20°C, the hydrolysis of M G D G  
and of D G D G  were biphasic and the inner (topo- 
logical) pools of each lipid reached their expected 
values (38 and 85%, respectively). The biphasic 
hydrolysis of M G D G  was due here to a set of 
favorable conditions (high temperature and high 
salt concentration, see also below). When thylakoid 
membranes were preloaded with an amount of 
linolenic acid (500 n m o l / m g  chlorophyll) com- 
parable to that accumulated in pools K a (see 
Table II), M G D G  hydrolysis was much slower. 
Even under these favorable environmental condi- 
tions, an intermediate kinetic pool K b w a s  present, 
and 35 min were required to reach the inner 
(topological) pool (35% of MGDG) .  Moreover, 
D G D G  was not degraded at all. On the other 
hand, when bovine serum albumin was included in 
the incubation medium, the hydrolysis of M G D G  
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Fig. 8. Influence of bovine serum albumin and of linotenic acid 
on the hydrolysis patterns of M G D G  (closed symbols) and 
D G D G  (open symbols) in thylakoid membranes  treated with 
the lipase from R. arrhizus. Membranes were preincubated for 
10 min at 20°C in a medium comprising 300 m M  sorbitol, 5 
mM NaCI, 50 mM KCI and 5 mM  M o p s / N a O H  (pH 7.6) (11, 
UI) or supplemented with either 1 mg bovine serum a l b u m i n / m g  
chlorophyll (A, z~) or 500 nmol linolenic a c i d / mg  chlorophyll 
(o, O). Then, the lipase was added and hydrolysis was followed 
at 20°C in the dark. The surface potential provided by the 
incubation medium was - 4 0  mV. 

occurred faster and its extent was greater than in 
control membranes. The outer (topological) pool 
(62% of M G D G )  was degraded in one phase only 
and the inner pool (38% of M G D G )  was rapidly 
reached. However, the presence of bovine serum 
albumin had no noticeable effect on the hydrolysis 
pattern of D G D G  (Fig. 8). These results show 
clearly that when the packing pressure of mem- 
brane lipids was increased (e.g., by preloading 
with linolenic acid), the lipid hydrolysis was sig- 
nificantly delayed and reduced. Conversely, when 
the build-up of the lateral surface pressure due to 
split products (e.g., free fatty acids and lysolipids) 
was prevented by the presence of bovine serum 
albumin (which acts as a removal agent for split 
products, see Ref. 32), hydrolysis was significantly 
enhanced. 

We have shown that under salt-depleted condi- 
tions, the inner topological pool T could be re- 
ached simply by a proper choice of the tempera- 
ture (Fig. 3B). However, the inner pool T can also 
be obtained at a constant (and even low) tempera- 
ture by manipulating the ionic composition of the 
incubation medium. Spinach thylakoid membranes 
were equilibrated under different salt conditions 
(Table I) which allowed to alter both their gross 
morphological state (stacked versus unstacked) and 
their electrical surface properties (Table 1I). The 
hydrolysis patterns of M G D G  were then de- 
termined. The results show two salient features. 
Firstly, the hydrolysis rate a n d / o r  extent of the 
second and third phases tended to increase with 
the ionic strength of the medium (thus with de- 
creasing surface potential). This can be seen by 
comparing the hydrolysis rates and extents at 2°C 
when the imposed surface potentials are - 130 mV 
(Fig. 2A), - 8 7  mV (Fig. 4A), - 5 2  mV (Fig. 6A), 

40 and - 3 3  mV (Fig. 7) or at 10°C when the 
potentials are - 1 3 0  mV (Fig. 2B), - 6 3  mV (Fig. 
5B) and - 5 2  mV (Fig. 6B). Secondly, the inner 
topological pool T can be reached not only at high 
temperature (20°C, Fig. 3B), but also at inter- 
mediate (10°C, Figs. 5B and 6B; see also Table II, 
last column) and even at low temperature (2°C, 
Figs. 6A and 7), provided that an adequate ionic 
environment is supplied to thylakoid membranes. 

It is very unlikely that the modification of the 
environmental conditions stimulated the activity 
of the lipase, which was always present in excess 
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and was supplied with optimal Na + (surface) con- 
centration. Therefore, a simple explanation would 
be to assume a salt-induced decrease in the lateral 
surface pressure of the membrane lipids. Since the  
enzymatic degradation of membrane tipids is an 
interface phenomenon, this salt-induced effect 
would be mediated by a surface parameter (such 
as surface potential) rather than by a bulk property 
of the medium (such as ionic strength). The in- 
volvement of the surface potential in the control of 
the packing pressure of membrane lipids may be 
indirectly supported by the fact that the presence 
of a small amount of divalent cations (1 mM 
MgC12) in the incubation medium enabled the 
lipase to reach the inner topological M G D G  pool 
at 2°C ( - 5 2  mV, Fig. 6A), whereas in absence of 
Mg 2+, an incubation temperature of 10°C was 
required (Fig. 5B), although the ionic strengths of 
these both media did not significantly differ (0.018 
and 0.015, respectively). Presently, we cannot de- 
cide whether this is a direct effect of salts (via 
surface potential) on galactolipid headgroups or a 
more general membrane property. Since the nega- 
tive surface charge of thylakoids implies that an- 
ions must be repelled from and cations attracted 
to the membrane [12], we would expect cations to 
play the major role in the putative salt-induced 
decrease of the lateral surface pressure of mem- 
brane lipids. Headgroup interactions are recog- 
nized as a predominant factor in determining the 
packing properties of M G D G  and D G D G  [28]. 
Possible interactions of divalent cations (Mg 2+, 
Ca 2+) with sugars [33] and glycolipids [34] and 
also of Na + with M G D G  [35] have been reported. 
It was also suggested that above the transition 
temperature, metal cations might induce some 
conformational change in galactolipid headgroups, 
thereby increasing their hydration level [16]. This 
would in turn weaken the mutual interaction of 
polar headgroups and consequently the lateral 
packing pressure, thus favoring the enzyme activ- 
ity. A more direct support of our contention comes 
from the recent demonstration that the fluidity of 
rabbit intestinal brush-border membranes increases 
with salt concentration, presumably via their 
surface electrical properties [36]. 

The apparent insensitivity of D G D G  hydrolysis 
patterns to the various sal t / temperature  condi- 
tions is merely due to the small relative amount of 

this lipid in the outer monolayer (15%) as com- 
pared to that of M G D G  (65%). Indeed, the first 
decrease in the M G D G  hydrolysis rate occurred 
when the outer (topological) D G D G  pool was 
(almost) completely degraded (Figs. 2-7). 

We have already suggested that the inner topo- 
logical M G D G  pool became available at the outer 
surface of the membrane presumably via an out- 
wards transbilayer movement. A comparison of 
the relative hydrolysis rate of this inner pool under 
various environmental conditions reveals an inter- 
esting dependence of the transbilayer movement of 
M G D G  molecules on the salt conditions. For 
instance, under salt-depleted conditions, the rela- 
tive rate was 0.16 at 20°C ( - 1 3 0  mV, Fig. 3B), 
whereas in the presence of salt ( - 5 2  mV, Fig. 6), 
the relative rates were 0.27 at 2°C and 0.58 at 
10°C. A decrease in the outer surface potential 
appears thus to enhance the capacity of inner 
M G D G  molecules for transbilayer movement even 
at low temperatures. This phenomenon was not 
observed for D G D G  and may be thus envisaged 
as a specific property of MGDG,  possibly related 
to its non-bilayer character. Hunt and Tipping [37] 
have described a similar transmembrane effect of 
salts by showing that the interaction of metal 
cations with the outer polar headgroups of di- 
palmitoylphosphatidylcholine liposomes could be 
transmitted to the molecules of the inner mono- 
layer so that the temperature and the extent of the 
phase transitions were affected in both outer and 
inner monolayers. The bilayer stability (as reflected 
by the packing tightness of lipid molecules) was 
thus apparently increased under low-salt as com- 
pared to high-salt conditions. This interpretation 
may be endorsed, although indirectly, by the works 
of TrOuble and Eibl [13] and of Gounaris et al. 
[381. 

We conclude from the above results that specific 
requirements with respect to salt concentration 
and temperature must be fulfilled in order to 
obtain a reliable estimation of the transmembrane 
distribution of galactolipids in thylakoid mem- 
branes (Table II): namely, high-salt conditions 
(surface potential ~< - 6 3  mV) plus low to high 
temperature (2-20°C) or low-salt conditions 
(surface potential = - 130 mV) plus high tempera- 
tures (20°C). Note that most of these conditions 
will favor the formation of stacked membranes, 
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which do not appear to be a limiting factor for the 
penetration of the lipase into the partitions. These 
environmental requirements illustrate the validity 
of our working model (Fig. 1) and may also pro- 
vide a clue to explain the divergent results ob- 
tained by various authors [6-8]. 

What are the consequences of the asymmetric 
localization of galactolipids for the molecular 
organization of thylakoid membranes? The relative 
proportions of M G D G  and D G D G  in the outer 
and inner monolayer (65/35 and 15/85, respec- 
tively) correspond to relative amounts (in mol% of 
total acyl lipids) of 36/19 for M G D G  and 4 /23  
for D G D G  (Table III). The two galactolipids 
would thus account for 40 and 42 mol% of total 
acyl lipids in the outer and inner monolayer of the 
thylakoid membrane, respectively. In other words, 
the total galactolipids ( M G D G  + DGDG)  are al- 
most equally balanced between both membrane 
sides (outside/inside ratio = 0.95). The transmem- 
brane distribution of total acyl lipids will certainly 
reflect closely that of total galactolipids since 
among anionic lipids (which account for about 
15% of the total acyl lipids), phosphatidylglycerol 
is found preferentially outside [6,9,10] whereas 
SQDG adopts most probably the opposite distri- 
bution (this report; see also Ref. 6). 

The relative amount of M G D G  localized in the 
inner monolayer (19 mol% of the total acyl lipids) 
represents one-third of the total M G D G  (19/55 = 
0.345, see Table III). Morphological and composi- 
tional considerations have led Murphy [39] to sug- 
gest that the presence of (more or less) pure 
M G D G  in the tightly concave inner thylakoid 
margin would considerably stabilize this structure, 
and that this inner M G D G  pool would account 
for about one-third of the total MGDG.  One 

cannot prejudge, from the present results, the ex- 
act lateral localization of the inner (topological) 
M G D G  pool. However, matching our results with 
Murphy's prediction implies that most (if not all) 
inner M G D G  molecules would be localized in the 
concave portions of thylakoid margins. Whether 
this is true or not must clearly await further inves- 
tigation. 

Table III also shows that the molar ratios 
M G D G / D G D G  in the outer and inner monolayer 
are 9 and 0.8, respectively. Due to their low rela- 
tive amount in the thylakoid membrane, neither 
phosphatidylglycerol (via its outer pool) nor SQDG 
(via its inner pool) can significantly decrease the 
proportion bteween non-bilayer-forming lipids and 
bilayer-forming lipids, particularly in the outer 
monolayer, although they are known to stabilize 
the bilayer configuration of vesicles made of total 
polar lipid extracts [38]. From our results, we can 
estimate the probable lipid composition of the 
inner monolayer of thylakoid membranes (in mol% 
of total acyl lipids): M G D G  (19), D G D G  (23), 
SQDG (8) and PG (2) (Table III; see also Refs. 10 
and 11). Therefore, the inner monolayer appears 
to contain enough bilayer-forming lipids to accom- 
modate the non-bilayer-forming M G D G  [40]. The 
'flat' inner regions of the membrane would even 
include bilayer-forming lipids only, if the inner 
M G D G  molecules were strictly localized in the 
margins. 

On the other hand, a mixture of M G D G  and 
D G D G  in a molar ratio of about 9 (Table III) is 
not expected to form by itself any lamellar phase 
in the outer monolayer [41]. However, both the 
low l ipid/protein ratio of stacked thylakoid mem- 
branes [2] and the calculations of Murphy [39] and 
Murphy and Woodrow [4] indicate that the occur- 

TABLE IlI 

DISTRIBUTION A N D  RELATIVE A M O U N T S  OF GALACTOLIPIDS IN THE T H Y L A K O I D  M E M B R A N E  

Lipid Relative amount  in Outer monolayer Inner monolayer 

thylakoid membrane  distribution relative amount  distribution relative amount  
(% total lipids) (% lipid class) (% total lipids) (% lipid class) (% total lipids) 

M G D G  55 65 36 35 19 
D G D G  27 15 4 85 23 
M G D G  + D G D G  82 40 42 
Molar M G D G / D G D G  ratio 2 9 0.8 



r ence  of  f ree  l ip id  d o m a i n s  in the  t h y l a k o i d  m e m -  

b r a n e  is r a the r  unl ike ly .  W e  m u s t  t he re fo re  en-  

v i sage  tha t  m o s t  o f  the  o u t e r  M G D G  m o l e c u l e s  

w o u l d  in t e rac t  w i t h  the  large  ( p i g m e n t ) - p r o t e i n  

c o m p l e x e s  so as to p r o v i d e  t h e m  wi th  the  r e q u i r e d  

seal  a n d  o r i e n t a t i o n  in the  m e m b r a n e ,  as  a l r e ady  

s u g g e s t e d  by  v a r i o u s  a u t h o r s  [42 -46] .  T h e  

b o u n d a r y  l ayer  m o d e l  p r o p o s e d  by  W i l l i a m s  et al. 

[42] w o u l d  be  pa r t i cu l a r l y  we l l - su i t ed  for  this pu r -  

pose .  F ina l ly ,  we  m u s t  p o i n t  ou t  tha t  the  ove ra l l  

a s y m m e t r y  d e s c r i b e d  he re  does  no t  exc lude  the  

poss ib i l i t y  tha t  ga l ac to l i p id s  m a y  a d o p t  a d i f f e r en t  

t r a n s m e m b r a n e  d i s t r i b u t i o n  in g r a n a  a n d  in s t r o m a  

m e m b r a n e s .  

E x p e r i m e n t s  a re  n o w  in p rogres s  w h i c h  add res s  

the  issue of  the  ga l ac to l i p id  l oca l i z a t i on  in 

t h y l a k o i d  m e m b r a n e s  o f  va r ious  p l an t  species.  
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