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SUMMARY

~ Aging of isolated spinach chloroplasts results in an acid shift of the pH
optimum for electron flow through both photosystems or through either
photosystem (PS) alone. Added linolenate has similar effects on the pH
dependence of electron transport. Unsaturated fatty acids, predominantly
linolenate, are released during aging and the changes in electron flow activity
are correlated to the release of fatty acids. The formation of free fatty acids
(FFA) is thus at least one cause of the alteration in the electron transport
activities of aged chloroplasts.

INTRODUCTION

Chloroplast aging as a tool for studying photosynthetic electron transport
was first recognized by Vernon and Zaugg [1] and has been intensively studied
in this laboratory [2—7] and by others [8—13]. Aging in vitro of isolated
spinach chloroplasts leads to an alteration of the structure and function of the
thylakoid membranes which was attributed to a release of FFA (especially
linolenic acid, C,4,;) following hydrolysis of galactolipids during the aging
process [14,15]. This hypothesis has been indirectly verified: both unsaturated
fatty acids and aging in vitro induce chloroplast swelling and inhibit light-
induced shrinkage [2,4,7]. Also, both treatments caused a sequential inhibi-
tion of photosystems II and I electron flows and of their associated photophos-

*Some of this work was carried out by A.R. as part of a doctoral program in this laboratory.
Abbreviations: DAD, diaminodurene; DBMIB, dibromothymoquinone; DCMU, 3-(3,4-
dichlorophenyl)-1,1-dimethylurea; DCPIP, 2, 6-dichlorophenoclindophenol; FFA, free fatty
acids; HEPES, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid; MV, methylviologen;
PD and PDox, reduced and oxidized p-phenylene diamine; PS, photosystem; TMPD,

N,N,N' N'-tetramethyl-p-phenylenediamine.



266

phorylations [ 3,4,6,16,17] and increased o-diphenoloxidase activity [4,5] in
the same way.

It is known that the inhibition of electron flow by fatty acids is pH-depen-
dent [7,14,18]. For instance, linolenic acid causes a shift in pH optimum
toward acidity. This phenomenon was shown to be related to the thylakoid
membrane integrity as suggested by the action of exogenous linolenic acid on
the ApH, pHi and proton uptake [18]. The question, therefore, was whether
aging in vitro would as well induce a shift in the pH optimum and be related
to the endogenous level of FFA during this process. Such an approach has
already been adopted by McCarty and Jagendorf [14]. The present investiga-
tion extends their study to various electron transport systems and correlates
the pH dependence of electron flow with kinetics of FFA release during aging.
The present results confirm that the effects of aging in vitro and of added
fatty acids stem from the same mechanism.

MATERIALS AND METHODS

Spinach (Spinacia oleracea, var. Nobel) was grown in a growth chamber
[18]. Thylakoid membranes were prepared as described previously [18] and
resuspended in 25 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
(HEPES) (pH 7.6) and 0.35 M sucrose to 2 mg chlorophyll per ml or in the
aging medium (25 mM HEPES, pH 7 or 8, and 175 mM NaCl) to 1 mg chloro-
phyll per ml. Thylakoid membranes were dark-aged at 20°C and aliquots were
taken at various times for the determination of electron flow activities or FFA
content. All isolation operations were carried out at 4°C and in dim light.
Chlorophyll was determined spectrophotometrically [19].

Electron transport for PS II + PS I (from H,O to methylviologen (MV)) was
measured polarographically (O, electrode, Clark type) by the consumption of
oxygen. This type of electron flow was also assayed spectrophotometrically
at 420 nm in the presence of K;Fe(CN), or oxidized p-phenylene diamine
(PDox) [20], or at 340 nm in the presence of NADP"* [17] as electron accep-
tors. Electron transport through PS I only (from diaminodurene (DAD), re-
duced 2,6-dichlorophenolindophenol (DCPIP) or N,N,N',N'-tetramethyl-p-
phenylenediamine (TMPD), to MV) was measured polarographically as
described above. Electron transport through PS II only (from H,0 to PDox
in the presence of dibromothymoquinone (DBMIB)) was measured either
polarographically (oxygen evolution) or spectrophotometrically (at 420 nm).

When linolenic acid, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU),
DAD (dissolved in ethanol) and DBMIB (dissolved in methanol) were added
to these reaction mixtures, appropriate controls were made with ethanol
(0.5%) and methanol. Light intensity was approximately 5-10° ergs-cm”
and the temperature was 20°C.

The determination of FFA was carried out as follows: at the desired time,

1 ml of chloroplast suspension (1 mg chlorophyll per ml) was mixed with
sufficient chloroform/methanol (1:2, v/v) to obtain one phase. Sephadex G-25

2 -1
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[21] was then added to the mixture under nitrogen and the slurry evaporated.
The resulting powder was resuspended in diethylether and the slurry was
filtered on a small column through a sintered glass under nitrogen. This dehy-
drated solution was passed on Amberlite IRA-400 according to the procedure
of Savary and Desnuelle [22] except that diethylether was used instead of
ethylene oxide. After washing the column with diethylether, FFA were
recovered under N, with 2% formic acid in diethylether, evaporated to dryness
and methylated in methanolic H,SO,. Methylesters were extracted with pentane
‘and separated by gas-liquid chromatography at 160°C on a 3% DEGS column
with N, as carrier gas. Quantitative analysis was made for each individual avail-
able methylester by a standard curve.

RESULTS

The pH optimum of the electron flow rate decreased from 9.0 in unaged
chloroplasts to 8—7.5 in chloroplasts aged at pH 7 and 8, respectively (Fig. 1A).
The shift resulted from a decrease in electron transport activity at pH 9 and an
increase at pH 7.5. Fig. 1A shows also that compared to the effect of aging at
pH 7, aging chloroplasts at pH 8 accentuated both the shift of pH optimum
toward acidity and the inhibition of the electron flow activity. The shift in
pH optimum can be brought about by fatty acids (Fig. 1B) as has already
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Fig. 1. Influence of aging (A) and linolenic acid (B) on PS II + PS I electron flow (from
H,0 to MV) as a function of pH. The reaction mixture contained: 50 mM of buffer
(HEPES or Tricine) at various pH values, 35 mM NaCl, 0.15 mM methylviologen, 2 mM
NaN, and chloroplasts (20 xg chlorophyll per ml). Other conditions as described in
Materials and Methods.
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been shown in other electron flow systems [16,18]. As in the case of aging
linolenic acid (the major fatty acid in thylakoid membrane lipids) inhibited
the electron flow activity in fresh chloroplasts only in the alkaline range of
pH whereas it stimulated it in the more acidic range (Fig. 1B).

The effects of aging and C,3.; were also studied in two other types of elec-
tron flow as a function of pH (Fig. 2). The basic features described in Fig. 1
were again observed: (a) a shift of the pH optimum of the electron flow from
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Fig. 2. Influence of aging (A, C) and linolenic acid (B, D) on PS I (from DAD to MV, see
Figs. A and B) and PS II electron flow (from H,O to PDox in the presence of DBMIB, see
Figs. C and D) as a function of pH. The reaction mixture for PS I was the same as in Fig. 1
except that 10 ykM DCMU, 300 uM DAD, 4 mM sodium ascorbate were added; for PS 11, it
contained 50 mM of buffer at various pH, 35 mM NaCl, 0.2 mM reduced p-phenylene
diamine (PD), 1.2 mM K,Fe(CN),, 1 M DBMIB and chloroplasts (20 pg chlorophyll per
ml). 4,e, controls; 4,4, HEPES; e,0, Tricine. Chloroplasts were aged at pH 7. Other condi-
tions as in Materials and Methods.
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either DAD to MV or H,0 to PDox toward acidity; (b) a rapid inhibition of
the activity in the alkaline range as a function of aging (Figs. 2A and C) and
C,s.3 concentrations (Figs. 2B and D); (c) either no change or a slight activa-
tion of the activity in the more acidic range. In addition, the electron trans-
port through PS II was much more sensitive to aging and to C,z.; than that
through PS 1. As an example, the same sensitivity profiles were obtained after
24 h of aging or 300 uM C,;5.5 in PS I and only after 6 h or 50—70 uM C 5 .
in PS 1I electron flows. All these results have been verified in other electron
flow conditions (not shown): (a) from H,O to ferricyanide or PDox (PS II +
PS I); (b) from reduced DCPIP or TMPD to MV in the presence of DCMU
(PS I); (c) from H,0 to ferricyanide or DCPIP in the presence of DBMIB

(PS II). In conclusion, aging in vitro of chloroplasts and linolenic acid have
similar effects on the activity and pH dependence of the photosynthetic elec-
tron flow.

The evolution of the endogenous FFA pools in thylakoid membranes
during aging in vitro should give a-more direct evidence of the involvement of
these acids in the above photochemical changes. Since we found that the rate
of FFA release from chloroplasts isolated from old leaves was rather slow
(especially at pH 8), we chose to correlate the inhibition of electron flow
activity with the release of FFA in chloroplasts isolated from young leaves
which have a much higher rate of fatty acid release. The same chloroplast
* suspension was used for measuring NADP* photoreduction and FFA levels
(Fig. 3). The amount of total and unsaturated FFA (namely C,5.3 which
represented around 80% of FFA) increased rapidly up to 2 h of incubation
at pH 7 and then more slowly (Fig. 3A). The level of saturated FFA was al-
most constant during the aging period. The content of total and unsaturated
fatty acids (especially C,5.3) increased in a linear fashion between 0 and 3 h
of incubation; then the rate of hydrolysis accelerated between 3 and 4 h of
aging at pH 8 (Fig. 3B). Saturated fatty acids remained almost constant.
Moreover, the initial values for free unsaturated fatty acids were higher at
pH 8 (0.73 umole/mg chlorophyll) than at pH 7 (0.54) and the total amount
of FFA accumulated after 4 h of aging was greater at pH 8 (1.67) than at
pH 7 (1.37). However, the spectra of the released FF A was qualitatively the
same for both incubation pHs and the amounts of these acids were in the
decreasing order: C;g.3 (¢) >> Cy4:3 (¢) > Cyg:2 (¢) > Crg:2(€) > Crg:0 >
Cis:1(c) > Cyg:1 (t) > Cys:0. Fig. 3 shows also that the photoreduction of
NADP" was inversely correlated with the release of FFA. At both pH 7 and 8,
the photoreduction of NADP* decreased. However, the decrease in activity
was less at pH 7 (Fig. 3A) than at pH 8 (Fig. 3B). These results confirm those
obtained in Fig. 1A with the H,0 to MV system and show that both the
electron flow and FFA release during aging were correlated in a pH-dependent
process.
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Fig. 3. Variation of electron flow activity (H,0 to NADP*) and of FFA (total, saturated,
unsaturated and linolenic acids) during aging in vitro at pH 7 (A) and pH 8 (B). The reac-
tion mixture contained 50 mM Tricine (pH 8.4), 35 mM NaCl, 2-mM NADP"*, ferredoxin
in excess and chloroplasts (60 ug chlorophyll per ml). Other conditions as in Materials and
Methods.

DISCUSSION

Although electron flow activities through both systems were affected by
aging, those through PS II were by far more sensitive toward aging than those
through PS I (see Figs. 2A and C). Furthermore, the extent of inhibition of
electron flow activity due to aging was pH-dependent. Aging caused a shift in
the pH optimum toward acidity.in all the electron flow systems studied (see
Figs. 1A, 2A and C). This finding is similar to the observation of Punnett [24]
who found that a high pH optimum was characteristic of high Hill activity
preparations and that the pH optimum decreased as the chloroplasts lost their
activity. Now, it is known that any uncoupling treatment (i.e. aging) causes a
similar acid shift of electron flow [25]. _

During aging, a release of endogenous unsaturated FFA takes place due to
hydrolysis of lipids [2,7,14,15,23]. These acids impair the integrity of the
thylakoid membranes and their photochemical reactions. The effects of aging
on the electron flow properties were strikingly similar to those of added C,5.5
as illustrated in Figs. 1—3.

This correlation was more directly verified by the determination of the
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evolution of endogenous FFA during aging (Fig. 3). When chloroplasts were
aged at pH 7 and 8, a good inverse correlation existed (although with a time
lag) between the diminution of NADP* photoreduction and the increase in
the level of unsaturated fatty acids, especially linolenic acid. These observa-
tions are generally in good agreement with those of Constantopoulos and
Kenyon [15] and Wintermans et al. [23]. '
. Since galactolipids are the major lipids in the thylakoid membrane, the
release of FFA during the aging process is mostly due to galactolipase activities.
Galactolipases have been studied essentially in young leaves from Phaseolus
[26—28] and only once from Spinacia [29]. All these enzymes were partially
purified and their activities were measured with solubilized substrates [26—29]
or with subchloroplast particles as substrates [28]. The pH optima of the en-
zyme from Spinacia [29] were 7.5 for monogalactosyldiglyceride (MGDG) and
5.9 for digalactosyldiglyceride. At both pH 7 and 8 the enzyme activities were
equal and close to the maximum [29]. This explains why we found almost the
same rate of FFA release at these two pH values (Figs. 3A and B). Since it is
known that MGDG contains mainly C,5.5 and C;4.5 [30], one can infer from
our results that MGDG is the preferential substrate hydrolyzed during aging
in vitro. This observation is in agreement with the pH dependence and sub-
strate specificity of the spinach galactolipase described by Helmsing [29].
However, our results disagree with those of McCarty and Jagendorf [14] who
found that aging spinach chloroplast at pH 6 inactivated the electron flow
measured at pH 8.5 whereas aging at pH 8 did not lead to these changes. This
was related to the fact that C,5., was found only in extracts of chloroplasts
aged at pH 6. The use of old spinach leaves by these authors may explain the
discrepancy of their results with ours.

Although the levels of FFA were almost similar after 3 h of aging at both
pH values, the inhibition of the electron flow activity was consistently greater
at pH 8 than at pH 7 (see Figs. 1A and 3). This is an indication that in addi-
tion to the release of endogenous FFA in aged thylakoids other complex
phenomena take place in the membrane.

For instance, it was shown that light- and, to a lesser extent, dark-aged
chloroplasts produce lysolecithin as a result of the decomposition of endogen-
ous lecithin in thylakoids [ 31]. Lysolecithin, a powerful detergent, was found
to disintegrate chloroplasts into small particles and to impair the photochem-
ical function in thylakoids [ 32]. Since no phospholipase A has been yet char-
acterized in leaves, the enzyme involved in our system could be similar to the
non-specific acyl-hydrolase described by Anderson et al. [28] which is mem-
brane-bound, as in our case (unpublished results).

The inhibition of electron transport during aging could also be the result of
the loss of lipids themselves which are essential for the functioning of the
membrane. The release of lipids but not that of FFA, is enhanced under
alkaline conditions [33] and may account for the greater inactivation of
electron flow activity at pH 8 than at pH 7. However, Shaw et al. [34] have
shown recently that when precautions are taken to prevent binding of fatty
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acids released by a galactolipid lipase to subchloroplast particles, large amounts
of lipid may be removed without a marked effect on electron flow and
thylakoid membrane structure.

It appears then that the factors which do regulate the aging process in the
thylakoid membranes are quite complex. Another aspect, namely the influ-
ence of FFA on ApH, shall be reported soon (manuscript in preparation).
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A simple method ia proposed for the analysia of the diatribution and changes in mem-
brane lipids aubjected to different trestments (lipolytic, aging, etc.). Thla techniqua
involves oniy one thindayer chromatographic atep followed by a scanning of the photo-
graphic negative of the charred thin layer. Thia method s time aaving, inexpensive and
" daes not requlre the technicai skiil usually demanded in lipidology. The preciaion of thia
method ia compared with that obtained with the classical TLC—GC method: its variabil-
ity fa roughly twice that of the TLC—GC method.

Key words: iipid analysls; kinetica of lipolytic treatments; thin-layer chromatography;
scanning of negatives; thylakoid memhrane fractiona.

INTRODUCTION

In studies designed to understand the role of lipids in photosynthetic
[1—4] or in mitochondrial [5] membrane functions using the lipolytic
treatment approach, one is always confronted with the difficult task of per-
forming a large number of lipid distribution analyses. Although accurate, the
classical thin-layer—gas chromatographic techniques [6,7} are often too
laborious to allow for a large number of analyses. Indeed these techniques
include several critical steps: lipid extraction, column chromatography fol-
lowed by thin-layer chromatography, scraping, derivatization, extraction of
methyl esters and injection in gas chromatograph. Under our working condi-

! Thls work ia part of a doctoral program which is being carried out by A.R. in The
Laboratoire de Physiologie végétale et Biochimie, Université de Neuchdtel, Neuchétel,
Switzerland.

2 To whom reprint requests should be addressed.

Abbreviations: MG, monogslactosyidigiyceride; DG, digalactosyldigiyceride; PC, phos-
phatidylcholine; PG phosaphatidylglycerol; SL, sulfoqulnovoayldiglycende LPG lyao-
phosphatidylgiycerol; LPC, lysophosphatidylchollne; FFA, free fatty aclda; TLC, thin-
layer chromatography; GC, gas—liquid chromatography.
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tions, we could analyse at best the lipid composition of two samples in one
day.

In the present paper, we describe a technique for the analysis of acyl lipid
distribution which involves only one chromatographic step and avoids the
column chromatography, scraping, derivatization and gas chromatographic
steps. The speed and convenience of this technique (up to 40 samples in one
day) make it particularly well suited for lipid analyses in series.

MATERIALS AND METHODS
Preparation of membrane fractions

Spinach thylakoid memhranes (CP) were prepared as described elsewhere
[8]. Subchloroplast particles enrlched in Photosystem II (SubCPH) or in
Photosystem I (SubCPI) were prepared essentlally as described in Ref, 9.

Extraction, separation ar{d analysis of lipids

Classical method: combined thin-layer—gas chromatography (TLC—GC)

An aliquot (1—2 mg chlorophyll) of membrane suspension was subjected
to lipid extraction according to Bligh and Dyer [10], separated into non-
acidic and acidic lipids on a DEAE-cellulose column (acetate form) according
to Roughan and Batt [11] and finally separated on silicagel plates, which
were developed either with chloroform/methanol/H,0 (65 : 25 : 4) for non-
acldic lipids or with chloroform/methanol/acetic acid/H,0 (86 : 15 : 10 : 3)
for acidic lipids. After spraying the plates with alkaline bromothymol blue
[12], zones of interest were scraped with a thin metal blade into glass tubes
fitted with Teflonlined screw caps and 1 m! methanol containing 5% (v/v)
conc. H,50, or 3—6% (w/v) HCl was added. Derivatization was performed at
85—~90°C under nitrogen. Extraction of the methy! esters was achieved with
3 X 2 ml pentane after addition of 2 ml water. The pentane extracts were
pooled, evaporated to dryness with nitrogen, taken up in 60 pl hexane and
injected into the chromatograph (Perkin Elmer Mod. 900). Gas chromato-
graphic conditions were as follows: 180 cm glass column (id. 1.6 mm)
packed with 3% DEGS on 80—100 mesh Chromosorb G AW-DMCS. The
column was isothermally run at 160°C with nitrogen as carrier (30 ml/min).
Injectlon port and detector (flame lonization detector) were held at 210—
220°C. Ydentification and quantification of fatty acid methyl esters were
made according to established procedures [6]. -

New metltod: combined thin-layer chromatography—negative scanning

method

Step A: An aliquot (up to 0.5 ml) of membrane suspension (containing
0.5 mg chl/ml) was extracted as described elsewhere [10] in 2 3 ml conical
screw-cap vial. The resulting mixture was vigorously shaken and then centri-
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fuged at 2000 X g until the upper phase (essentially aqueous methanol) was
clear,

Step B: An aliquot of the lower phase (up to 100 ul) was removed with a
Hamilton syringe (type 1710) and applied as a streak (6 X 1.6 mm) with the
Linomat [1I sample applicator (Camag, Muttenz, Switzerland) on 10 X 20 em
silicagel 60 precoated aluminium sheets (Merck, Darmstadt, F.R.G.). Up to
20 samples can easily be applied in this way, each sireak being separated
from the next one by a 3 mm free space.

Step C: Development was achieved in a glass chamber (internally lined
with fresh silicagel-coated plates) with chloroform/methanol/H,0
(65 : 26 : 4). When the front of the solvent had reached the top of the plate
(about 8.0—8.6 cm), the thin-layer plate was removed, briefly dried in air,
evenly sprayed with conc. H,;SO./ethanol/11,0 (34 : 33 : 33) and charred
with a ‘heat gun’ (Ditzler, Dornach, Switzerland).

Step D: After the charring process, the plate was photographed with any
convenient reflex camera (for instance, a Canon AT-1, fitted with a FD 60
mm, 1: 1.8 S.C. objective plus a + 2 diopters Hoya close-up lens), The film
was an [lford FP-4 (medium speed black-and-white) 24 X 36 mm, with a
recommended meter setting of 1256 ASA (22 DIN). We found that daylight
obtained from a correctly exposed window was convenient. The film was
then processed according to the indications of the manufacturer in any avall-
able ‘dark room’ in the laboratory.
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Fig. 1. Deaign of the holder uscd for the fixation of the negative for photometric anslysis
in the Zeiss Disk-ZK4 scanner. This device can be made out of any type of rigid plastic
material auch aa polyvinylchloride. The negative (width 36 mm) was piaced in the small
groova betwean tha two microscope clipa which fixed the negative. Dimensions are in
mm,
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Step E: The film was cut into individual 24 X 36 mm negatives. Each
negative was carefully wiped with a soft tissue and placed on a specially
designed holder (Fig. 1), so that the slit (26 X 1 mm) intercepted a narrow
band on a chromatographic lane. The holder was fixed with the appropriate
clips onto the gel scanning device which is part of a Carl Zeiss (ZK 4)
Scanner. The scanner itself was attached to a Carl Zeiss (PMQ 2) spectro-
photometer. Scans were recorded with a Type 1100 W + W Recorder fitted
with an integrator. Conditlons for scanning were as follows: wavelength, 690
nm (this can vary somewhat with the type of film); scanning speed, 12 mm/
min; recorder chart speed, 60 mm/min; scanner slit, completely opened; zero
transmission, main slit closed; 100% transmlssion, on the clearest film zone.
The negative should be placed with its shiny slde facing the incident light
beam. By moving slightly the negative along the groove, the next chromato-
graphic lane can be placed in front of the slit.

RESULTS

Using the new method (sce also Fig. 1), the llnecarity range of the tech-
nique was investigated for the three types of chloroplast fractions (CP,
SubCPII and SubCPl). As an example, Fig. 2 shows the lipid chromatograms
and their corresponding ‘ncgative scannings’ for a SubCPI! lipid extract.
Each band on the chromatogram (Fig. 2C) corresponded to a peak in the
scanning profile (Fig. 2A), the peak area being determined by the integrator
trace (Fig. 2B) and expressed as number of counts. When the amount of lipid
extract applied on the chromatogram was increased, an excellent linearity
was obtained for all three chloroplast fractions between the amount of lipid
extract (expressed as pug chlorophyll) and the number of counts (Fig. 3). The
slopes (m) were different for each separated compound, as illustrated in the
gtaph and shown in the statistical analysis (see accompanying table). For
minor lipids (PG + SL and PC), the linearity was maintained throughout the
range of chlorophyll amounts used, whereas for major lipids (MG, DG) the
curve showed two linear portions. Depending on the nature of the chloro-
plast extract (mainly on the pigment composition) and photographic condi-
tions, the intercept of these portions occurred at various amounts of
thlorophyll. The lincar regression analysls showed that for the first linear
portionsg the ordinates at the origin (h) were quite good and that the correla-
tion coefficients (r) were excellent, In view of these results, one needs simply
o work in a domain which is similar and linear for each lipid, i.e. from 0 to
30 ug chlorophyil for the CP fraction. It must be stressed that Fig. 3 presents
only linearity domains and does not represent calibration curves.

In order to ascertain the precision of the new method the variability in the

' lipid content of thylakoid membrane fraction was determined and compared
.- to that obtained with the classical TLC—GC method. This comparison was
. made with the same CP preparation. Table 1 shows the lipid composition of

CP which Is in good agreement with earlier results [13,14]. Using the TLC—

———— - - -——

3 48

‘o x x2

3 4

SubCP I

Fig. 2. Chromatograms of various amounts of SubCPII lipid extract and their corresponding ‘negative scannings’. A, negative scannings;

- Lineal_'ity

B, integrator traces; C, chromatograms. Chl, chlorophylls + f-carotene; x, xanthophylls; 2, monogalactosyldigiyceride; 3, digalactosyl-

diglyceride; 4, phosphatidygiycerol + sulfolipid; 5, phosphatidycholine,
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(slope), h (ordinate at the origin) and r (correlation cocfficient). First (*) and second (**)
tinear portion of the eurves.

GC technique the variability ranged from 1.8% for DG to 5.9% for PC. With
the new technique, the variability was greater, i.e. from 2.2% for DG to
10.0% for PG + SL. Due to incomplete separation of PG and SL under the
chromatographic conditions used in the new method, the variability for PG +
SL (10%) must be compared with the sum of the variubilities (6.4%) of each
compound determined separately with the classical TLC—GC technique.
This technique has been successfully applied to the study of the changes
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TABLE 1

COMPARISON OF THE LIPID COMPOSITION IN SPINACH THYLAKOID MEM.
BRANE FRACTION (CP) ANALYSED BY COMBINED THIN-LAYER AND GAS
CHROMATOGRAPHY (TLC—GC) AND BY THE NEGATIVE SCANNING METIOD
(NEG-SCAN)

From a unique fresh CP preparation five aliquats (2.83 mg chlorophyll/ml) were extracted
as described in Malerials and Methods. The variability of the extraction on the basia of
chlorophyll concentration was $0.85% and the averaga yicld of the cxtraction was
99.3%. Each of these aliquots waa submiticd to TLC—GC as described In Materlala and
Methoda. The initial fresh CP preparation waa then diluted to 0.5 mg chlorophyli/ml and
extracted by the same technique as above. Up Lo ten aliquots (40 ug chlorophyll) ware
spotted on a TLC plate and treated as described in Materials and Mcthods for negative
scanning analysea. . '

Lipid TLC—GC NEG-SCAN
umol lipid/ Varia- Counts £8.D.  Varls-
timol chloro- bility bility
phyll £ 8.D. (%) (%)
Monogalactosyldiglycerida 1.4568 £ 0.032 2.2 247 t11.0 4.6
(MG) (n = b) (n=9)
Digalactoayldiglyceride 0.654 £ 0.012 18 167 t 36 2.2
(PG} . (n = 6) (n=8)
Phosphatidylglycerol 0.192 £ 0.007 8.4
(PG) (n=4)
Sulfoquinovoayldiglycerlde 0.116 £ 0.004 3.0
(SL) (n=4)
PG +SL 0.307 £ 0.011 6.4 129+ 1.3 10.0
(n=8)
Phasphatidylcholine 0.160 £ 0.0090 6.9 16.4% 1.0 8.8
(PC) (n=4) (n=10)
Phosphatidylinoasitol (PI) 0.012 n.d,

in lipid composition in thylakoid membrane fractions treated with lipolytic
enzymes. Two extreme examples are presented. Firstly, thylakoid mem-
branes were treated with phospholipase A, (Fig. 4, left). Due to the specif-
icity of these enzyme, the hydrolysis of lipids was weak; In this case, the
technique must detect very small variations in the phospholipid content
besides high and constant levels of -galactolipids. Indeed, Fig. 4 (left) showa
that the amount of MG (band 2) and DG (band 3) did not change whereas
PC (band 5) diminished strongly with a concomitant appearance of LPC
(band 7). This change was much more obvious in the scanning than in the
chromatogram. This was true also for band 4 (PG + SL) which decreased
slightly due to a limited breakdown of PG into LPG (band 6) and free fatty
acids (see arrow). Secondly, SubCPI were treated with lipolytic acyl
hydrolase (Fig. 4, right side) which was isolated from potata according to

_[16]. In contrast to the first example, this less specific enzyme induced an
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almost complete hreakdown of lipids; in this case, the technique must detect
great changes in the galactolipid content besides minor variations in the level
of ionic lipids as shown in Fig. 4 (right). Thus, it appears that any rapid
change in lipid composition, independent of the level of the lipid content,
can be monitored easily with this new method.

DISCUSSION

Several techniques have been introduced to avaid the use of GC analysis
for the quantification of lipid classes. These techniques were based-on direct
densitometric analyses of charred TLC plates {17] or of their photographic
reproduction [18). However these mecthods were applied essentially 1o
ncutral lipids and moreover needed calibration curves for each lipid. The
necessity of analysing a great number of samples containing membrane lipids
prompted us to reconsider the applicability of the above densitometric
analyses to polar lipids. Since charred glycolipids and phospholipids gave dif-
ferent colored bands the rationale of our approach was to translate the color
intensity and quality of each band into a single easy measurable signal. This
signal must differentiate only the amount but not the chemical nature of
each compound. This was achieved by the use of a black-and-white ncgative
image of the chromatogram followed by the dircct scanning of the negative
in the transmission mode. Such an idea has heen suggested already by

! Vioque and Vioque [19] and applied essentially-to neutral lipids. This pro-
cedure must meet the following requirements: (a) each band represents a-
pure individual lipid. Although this assumption was generally verificd, this
was not the case for band 4 (PG + SL, Fig. 2C and 4C) and for the bands
corresponding to FFA and xanthophylls (Fig. 4); (b) the shape (but not the
area) of each band must be kept as constant as possible so that the scanning
of the portion of the band defined by the slit is proportional to the whole
band; this can be achieved by a narrow streak application of each sample and
by a short distance of migration (8 cm In our case). Direct scanning of the
photographic negative was prefered to direct photodensitometry because
there was no risk of fading of the coloured bands and hecause the informa-
tive content of these negatives could be conveniently stored and reused, if
necessary.

The linearity study of the method as a function of the amount of chloro-
plast extract added on the thin-layer plate showed two straight lines for MG
and DG (Fig. 3). The slope of the first straight line was duc to the increase of
both surface and color intensity of the band. The slope of the sccond
straight line was weaker and depended only on the arca of the band as
revealed by planimetric measurements (not shown).

Although the number of counts obtained from the integrator trace is a
direct indication of the amount of each lipid it cannot be compared with the
number of counts of other lipids. It is therefore not possible to give a relative
lipld composition of the sample on the basis of number of counts. However,

B oen

B

ci%

. Co, controls at 0 min; Pgq and Lgg, PLA; and LAH treatment at 90 min. A, B,

C, Chl, X and 2—5 are as in Fig. 2. 1, acyl monogalactosyldiglyceride (see Ref. 15); 6, LPG; 7, LPC; O, origin; arrow, free fatty acids.

A
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-:';gr-xfﬁ"-_‘u"s‘.-

in -lipid comp

CP ~ PHOSPHOUPASE A2

Fig. 4. Action of phospholipase A; (left trace) and lipolytic acyi hydrolase (right trace) ou thylakoid membrane fractions (CP and

The incuhation mixture for PLA; treatment contained 20 mM Tricine (pH 8), 35 mM NaCl, 1 mM CaCl, and CP (0.5 mg chlorophylil/
mi), 1500 mU PLA,/umol chiorophyil and for LAH treatment 50 mM 2-(N-morpholino)ethane sulfonie acid (pH 6), 35 mM NaCl,

SubCP1(0.5 mg chlorophyll/ml),-40 ug. LAH/mg chlorophyll, Incubation was in the dark at 20°C.

SubCP1) followed by the ch
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an absolute quantification can be achicved by relating the initial number of
counts to the amount of each lipid determined by TLC—GC at zero time
(Table 1). This rclation is then easily extended to other samples by simple
proportionality provided that (1) they contain exactly the same amount of
chlorophyll; (2) the experiment is conducted in the same linear domain for
all lipids; (3) each series of analysis can be referred to a control (zero time)
on the same chromatographic plate. This latter point implies that photo-
graphie conditions have not to be strictly controlled between different series
of analyses,

The variability of the results presented in Table 1 for the negative scan-
ning method depends essentially on the quality of the chromatographic
separation. As an example, DG which is well separated and appears as an
ideal rectangular spot has a low variability (2.2%), which Is close to that
obtained with the TLC—GC method (1.8%). On the other hand, the higher
variability of PG + SL (10%) is mainly due to an incomplete chromato-
graphic separation and a low charring yicld of the two lipids. If necessary,
the precision of the method can be improved by using another solvent
system which would resolve completely the two compounds.

The present technique has several advantages over the chromatographic
procedures currently in use but is devised only for a lipid class analysis and
not for a fatty acid distrihution in the various lipids. This method can be
highly recommended in all cases involving kinetic studies of lipolytic pro-
cesses where numerous lipid determinations are desired.

SIMPLIFIED DESCRIPTION OF THE METIIGD AND ITS ADVANTAGES

The method mokes usa of n single thin-layer ehromatographic atep to aeparate up to 20
lipid extracts in a short run. Quantltative ond reproducible aample application as narrow
handa by microsyringe is the only critical atep. This ia followed by charring and the thln
layer is photographed in black-and-while, The negative ia then s 1 in the tr i
mode and the recorder trace is converted into counts by an Integrator, Peaks of identical
chemical nature (same Rg) are directly compareble in terms of percent of control.

Avoiding the need of GC techniques, this method allows a rapid analysia of the
changes in lipid compaosition of membranes subjected to lipolytic treatments, particulorly
during the early stages of the hydrolytic process. It can also be spplied to the study of
lipolytie enzymes with ‘solubilized’ lipid sulstratea.
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1. Thylakoid membranes and subchloroplast particles 1 and 1I enriched in photosystem I and
photosystem 11, respectively, were treated with a potato lipolytic acyl hydrolase.
2. In the thylakoid membrane fraction, this treatment inhibited electron flows involving both

photosystems and the associated photophosphorylations. However, electron flows involving either
photosystem I of photosystem 11 were still preserved. The treatment of thylakoid membranes by
lipolytic acyl hydrolase brought about a temporal convergence of different events such as maximal
activity of reduced dichloroindophenol-supported electron flows, complete inhibition of photo-
phosphorylations and electron transport activities through photosystem II + I, onset of the decay
N,N,N’,N'-tetramethyl-p-phenylenediamine-supported activity of photosystem activity and of the
stimulation of photosystem activity (from reduced dichloroindophenol to NADP* by exogenous
plastocyanin.

3. Lipolytic acyl hydrolase catalyzed a limited hydrolysis of each lipid but in a stepwise manner,
the galactolipids being attacked before the ionic lipids. The extent of the hydrolysis was not more
than 509, for each lipid. Most of the hydrolytic process occurred before any significant change in
photochemical activities could be observed.

4. In subchloroplast particles I, a treatment by lipolytic acyl hydrolase did not greatly affect
the electron transport whilst lipid hydrolysis was almost complete.

5. In subchloroplast particles II, neither the electron flow activities nor lipid content were
significantly altered by lipolytic acyl hydrolase.

6. The sites of lipolytic acyl hydrolase action appeared to be localized between plastoquinones
and P700. It is suggested that it is not possible to establish a quantitative and/or temporal correlation
between the extent of lipid hydrolysis and the inhibition of photochemical activities.

7. The profile of the hydrolysis of lipids in thylakoid membranes suggests that ionic lipids are
less accessible to lipolytic acyl hydrolase than galactolipids.

The thylakoid membrane is an example of a highly
specialized, vectorially oriented membrane and its
architecture has been extensively reviewed [1,2]. The
lipid composition of spinach thylakoid membranes is
well established [3—5]. These lipids all have a high
linolenic acid content, but they differ strongly in their
polar head groups; moreover, the main molecular
species of phosphatidylglycerol offers the unique fea-
ture of being acylated in the 2-position by 3-trans-

Abbreviations. ClzInd, 2,6-dichlorophenol-indophenol; diuron,
3-(3,4-dichlorophenyl)-1,1-dimethylurea; Hepes, 4-(2-hydroxy-
ethy!)-1-piperazineethanesulfonic acid; Mes, 4-morpholineethane-
sulfonic acid; Mops, 4-morpholinepropanesulfonic acid; Ph-
(NMc,),, N,N,N',N"-tetramethyl-p-phenylene diamine; Tricine,
N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine; P700, reaction
centre of photosystem 1.

hexadecenoic acid [6]. Such a variety of lipid molecules
allows the thylakoid membrane to sustain a wide
range of activities-[7]. :

We have previously investigated the effects of aging
in vitro on the photochemical activities of the thylakoid
membrane. Results showed that these effects [8§ —11]
could be ascribed at least partly to a release of endog-
enous free fatty acids, mainly linolenic acid [8], which
impaired the thylakoid membrane functions.

Since the level of free fatty acids seems to control
the structure and the functions of the thylakoid mem-
brane [8,12—15], it is primordial to know if lipids
per se can play any specific role(s) in this respect.
Toward this goal various approaches have been pro-
posed, e.g. solvent extraction followed by reconstitu-
tion with lipids [16,17], immunological studies [18]
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and membrane lipid hydrogenation in situ [19]. An-

other technique involves lipolytic treatments of the

thylakoid membrane [20—34]. Most of these studies
failed to ascribe a specific role for lipids in sustaining
a particular activity within the thylakoid membrane.
Moreover, the reconstitution of lipase-treated thy-
lakoid membranes with exogenous lipids: may be
complicated by the fact that, in most case$, the prod-
ucts of hydrolysis (fatty acids, lyso-compounds) re-
main in the membrane {35—37]. When such a re-
constitution was attempted [17], it was shown to be
non-specific.

In this investigation we have studied in detail the
effect of a treatment with lipolytic acyl hydrolase from
potato on the lipid composition and the photochemical
activities of various thylakoid membrane fractions.
We present evidence which tends to exclude a direct
correlation between the amount of lipids destroyed,
the kinetic aspects of this hydrolysis and the alteration
of photochemical activities.

MATERIALS AND METHODS
Preparation of Chloroplast Membrane Fractions

Spinach (Spinacia oleracea, var. Nobel) was grown
in a growth chamber under controlled conditions [15].
Leaves were harvested after 14 weeks of hydroponic
culture.

Intact chlorplasts were first prepared according to
Kalberer et al. [38] in a medium containing 25 mM
Hepes (or Mops) pH 7.6 and 350 mM sucrose, spun
down at 1935x g for 30 s and then osmotically dis-
rupted in the above medium diluted tenfold. Centrif-
ugation at 17300 x g for 5 min yielded a pellet which
was resuspended in a medium containing 25 mM
Hepes (or Mops) pH 7.6 and 175 mM NaCl. The
chlorophyll concentration was determined spectro-
photometrically [39]. This suspension, which con-
tained essentially type D chloroplasts according to
Halliwell’s nomenclature [40] will be referred to ‘thy-
lakoid membrane’.

Subchloroplast particles enriched either in photo-
system I or in photosystem II were prepared by the
Triton X-100 procedure of Vernon and Shaw [41],
except that the above thylakoid membranes were sub-
mitted to the detergent treatment instead of the crude
chloroplast fraction described by these authors. Sub-
chloroplast particles I and 11 were checked for cross-
contamination and were routinely found to be 90—
95% pure as judged by measurements of electron
transport activity.

Enzyme Preparation

Lipolytic acyl hydrolase was isolated from potato
tubers by the method- of Galliard [42] and partially

Role of Lipids in Functions of Thylakoid Membranes

purified through Sephacryl SP-200 and DEAE-cellu-
lose column chromatography. The characteristics of
the enzyme were similar to those described earlier [42].
Stored frozen in small aliquots, this enzyme prepara-
tion was stable over more than one year despite of
numerous freeze-thawing cycles.

" Enzyme Treatment of Membrane Fractions
o _

The incubation of various chloroplast membrane
fractions with lipolytic acyl hydrolase was carried out
in the dark, at 20°C. The mixture contained 50 mM
Mes buffer pH 6.0, 35 mM NaCl, thylakoid mem-
branes, subchloroplast particles 1 or subchloroplast
particles II at a final chlorophyll concentration of
0.5 mg/ml, bovine serum albumin (when needed) at
0.5 mg/ml, and lipolytic acyl hydrolase at a final pro-
tein concentration of 20 pg/ml. In all treatments, the
ratios lipolytic acyl hydrolase/chlorophyll and serum
albumin/chlorophyll were thus kept constant (40 pg
lipolytic acyl hydrolase/mg chlorophyll and 1 mg
serum albumin/mg chlorophyll, respectively). Aliquots
were taken at various times for lipid analysis and deter-
mination of photochemical activities.

Lipid Analysis

The method for lipid analysis is described else-
.where [4]. This technique is based on the combination
‘of thin-layer chromatography and scanning of photo-
graphic negatives.

Determination of Electron Transport
tand Photophosphorylation Activities

These activities were assayed simultaneously to
‘ lipid hydrolysis. At any desired time, aliquots of the
incubation mixture were pipetted into the appropriate

_reaction mixture.

Photosystem 11 activity in thylakoid membranes
was measured by the photoreduction of Cl;Ind at

* 590 nm (Balzers interference filter 589 nm) ina 0.2-cm

glass cuvette (0.5 ml) containing 50 mM Hepes buffer

pH 7.6, 35 mM NaCl, 0.2 mM ClInd, 0.01 mM 2,5-

dibromo-3-methyl-6-isopropyl-p-benzoquinone and
thylakoid membranes (40 pg chlorophyll/ml). Photo-

+ system II activity in subchloroplast particles 11 was

followed by the same method in 50 mM Mes buffer
pH 6.6, 35mM NaCl, 0.2mM Cl,Ind, 0.5mM 1,5-di-
phenylcarbazide and subchloroplast particles IT (30 pg
chiorophyli/ml).

Photosystem [ activity in thylakoid membranes
was estimated by the autooxidation of photoreduced
methylviologen with a Clark oxygen electrode in 5 ml

' containing 50 mM Tricine (pH 8.4), 35 mM NaCl,

2mM NaNji, 4 mM sodium ascorbate, 0.01 mM
diuron, 0.15 mM methylviologen, 0.1 mM Cl,1nd or
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Ph(NMe;), and thylakoid membranes (20 pg chloro-
phyll/ml). Photosystem I activity in thylakoid mem-
branes was also measured by the photoreduction of
NADP* at 340 nm (Balzers interference filter 339 nm)
in a 0.2-cm glass cuvette containing 50 mM Tricine
pH 84, 35 mM NaCl, 4 mM sodium ascorbate,
0.01 mM diuron, 0.3 mM Cl;Ind, 2 mM NADP?,
6 uM ferredoxin and thylakoid membranes (100 ug
chlorophyll/ml). Photosystem I activity in subchloro-
plast particles I was followed by the same method in
50 mM Tricine pH 8.4, 35 mM NaCl, 4 mM sodium
ascorbate, 0.01 mM diuron, 0.3 mM Cl;Ind, 2 mM
NADP*, 6 uM ferredoxin, 1 uM plastocyanin, 5 pM
ferredoxin-NADP™* reductase and subchloroplast par-
ticles I (50 pg chlorophyll/ml).

Photosystem IT + I activity in thylakoid mem-
branes was measured either by the photoreduction of
NADP?* at 340 nm in a 0.2-cm cuvetie containing
50 mM Tricine pH 8.4, 35 mM NaCl, 2 mM NADP",
6-uM - ferredoxin and thylakoid membranes (100 pg
chlorophyll/ml), or by the autooxidation of photo-
reduced methylviologen in 50 mM Tricine pH 8.4,
35 mM NaCl, 2 mM NaN3, 0.15 mM methylviologen
and thylakoid membranes (20 pg chlorophyll/ml).

The intensity of actinic light at the level of the
cuvette was around 250 mW - cm ™2, For optical mea-
surements, the actinic light was passed through a Cal-
flex and a Balzers DT-Red filter.

Cyclic photophosphorylation was allowed to pro-
ceed during 5 min of illumination under 30 mW - cm ~2
in test tubes containing 50 mM Tricine pH 8.0, 35 mM
NaCl, 5 mM MgCl,, 1 mM Na;HPO,, 0.05 mM N-
methylphenazonium methosulfate, 1 mM ADP,
0.01 mM diuron and thylakoid membranes (25 pg
chlorophyll/ml) in a total volume of 1 ml. Non-cyclic
photophosphorylation was studied in the same con-
ditions as above. The reaction mixture contained
50 mM Tricine pH 8.4, 35 mM NaCl, 5 mM MgCl,,
1 mM Na,HPO4, 1 mM ADP, 2 mM NADP™*, 6 uM
ferredoxin and thylakoid membranes (25 pg chloro-
phyll/ml) in a total volume of 1 ml. The reactions
were stopped by the addition of 0.1 ml trichloroacetic
acid (309, w/v). ATP formation was then estimated
from the decrease in free inorganic phosphate, mea-
sured by the method of Chen et al. [43].

RESULTS

Fig. 1 shows the changes in the lipid composition of
thylakoid membranes treated with lipolytic acyl hydro-
lase. Each band on the chromatogram (Fig.1A,c) cor-
responded to a peak in the scanning profile (Fig. 1 A, a),
the peak surface being determined by the integrator
trace (Fig.1A,b). As seen in Fig. 1B (insert), the amount
of free fatty acids increased strongly in the treated
samples, whereas it was scarcely detectable in the
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controls. This was confirmed by the fact that in the
controls, besides minor galactolipid transacylations
[44], almost no change in the amount of the different
lipids was observed on the chromatograms (not
shown). Under the action of lipolytic acyl hydrolase,
the changes in the membrane lipid content were
charactérized by three distinct phases. Firstly, the
monogalactosyldiglyceride content diminished strong-
ly down to 809, and this was immediately followed
by a similar decrease in digalactosyldiglyceride. During
this short phase (4 min), the content of ionic lipids
was not altered. Secondly, the amount of ionic lipids
dropped abruptly (in 2 min) down to 60—709, whereas
no further change occurred for the galactolipids.
Eventually, during the third phase (6 to 90 min), the
content of ionic lipids did not change whilst that of
the galactolipids decreased slowly down to 50— 60 9.

The changes in the lipid composition arising from
the action of lipolytic acyl hydrolase were accom-
panied by alterations in the photochemical activities
of the thylakoid membranes. Fig.2 shows the effect
of lipolytic acyl hydrolase on different electron flow
systems. The activities involving photosystem II + 1
(i.e. from H,O to NADP®, Fig.2A; and from H,0
to methylviologen, Fig.2B) decreased rapidly and
were completely inhibited after 40 to 50 min of in-
cubation with lipolytic acyl -hydrolase. In contrast,
lipolytic acyl hydrolase had no detectable effect on
photosystem II electron flow (Fig.2C) and a less
pronounced action on NADP™* photoreduction when
reduced Cl,Ind was the electron donor (Fig.2 D). The
slight activation observed in the H,O/NADP* and
Cl,Ind/NADP* systems in the presence of lipolytic
acyl hydrolase was due to uncoupling since the enzyme
did not display such an effect in the presence of un-
coupled thylakoid membranes. Since albumin is
generally known to protect the membrane structure
and function by binding free fatty acids, the effect
of bovine serum albumin was tested with the same
enzyme-treated preparations. Indeed, albumin did
protect the electron transport activities but only to
a small extent whilst it had no effect on the controls
(not shown).

The simultaneous analysis of the different lipids
in the thylakoid membranes (Fig. 1 B) has shown that
the action of lipolytic acyl hydrolase was characterized
by three hydrolytic steps. The question therefore was
whether the different electron transport activities
would be altered in the same way. In order to test
this possibility six activities were determined simul-
taneously, including four electron donors [H;O, re-
duced Cl,Ind, reduced Ph(NMe,), and ascorbate] and
two electron acceptors (methylviologen and NADP*),
as shown in Fig.3. The interest of comparing Cl,Ind
and Ph(NMe,), as electron donors relies on the fact
that the redox reaction of the former is linked to vec-
torial proton transport whereas the redox reaction of
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Fig. 1. Action of lipolytic acyl hydrolase on thylakoid membrane followed by the evolution of lipid composition as a function of time. (A) Chro-
matography; scanning of the photographic negatives after 1 min and 45 min (a); integrator traces (b); chromatograms (c); Chl, chloro-
phylls + B-carotene; acylG, acyl monogalactosyldiglyceride; X, xanthophylls; F, free fatty acids; O, origin of the chromatogram. Peak 1
corresponds to monogalactosyldiglyceride, peak Il to digalactosyldiglyceride, peak Il 10 phosphatidylglycerol + sulfoquinovosyldiglyceride,
and peak IV to phosphatidylcholine. (B) Plot of lipid content against time. The 1009 values corresponded 1o 1.43 umol - pmol chloro-
phyll™! for monogalactosyldiglyceride (@), to 0.70 for digalactosyldiglyceride (M), to 0.19 4 0.11 for phosphatidylglycerol and sulfo-
quinovosylglyceride, respectivcly, (O) and to 0.15 for phosphatidylcholine ([J). Insert: amount of free fatty acids estimated by the integrator
response { x —— x) of from the decrease in the lipid content expressed as frec fatty acids (x ———x)
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Fig.2. Action of lipolytic acyl hiydrolase on thylakoid membrane '
Jraction followed by the variations of electron transport activities as a |
Junction of time. The 1009 values corresponded to 128 pmol.
NADPH; - mg chlorophyll ™! - h™! in the H;O/NADP* system (A), '
to 56 umol O, consumed - mg chlorophyll™ - h~! in the H,O/'
methylviologen (MV) system (B), to 189 pmol Cl,Ind reduced - mg,
chlorophyll™! - h™! in the H;O/Cl;Ind system (C) and 78 umol

NADPH; - mg chlorophyll=* - h~! in the reduced ClInd/NADP*'
system (D). Other conditions as described in Materials and

Methods. () Control; (O) with enzyme; (@) with enzymc and,

bovine serum albumin

the latter involves no proton exchange and therefore
no photophosphorylation [1]. Fig.3 shows that com-
plete inhibition of photosystem II + I electron flows
(from H,O to methylviologen and NADP™) corre-
sponded to maximum rates of photosystem I activity
(from reduced Cl,Ind to methylviologen and NADP*)
and to the beginning of the inactivation of photo-
system I electron flow [from Ph(NMe,), to methyl-
viologen]. This convergence of events which occurred
after 1h of incubation with lipolytic acy! hydrolase
had to be monitored over a period of about 10 min
because of technical limitations. Beyond this incu-
bation time, activities supported by both reduced
Cl;Ind and Ph(NMe;), decreased, the first one being
still higher than 100 % whilst the second one was nil.

At low concentration (< 4 mM) ascorbate alone
is not an electron donor for photosystem I electron
flow because of its lack of accessibility to electron
carriers embedded in the liptd phase [1]. Any treat-
ment which would modify the lipid phase in the photo-
system I region of the membrane and thus increase
the accessibility to hydrophilic compounds could be
monitored by an ascorbate-supported electron flow.
As shown in Fig.3 ascorbate did indeed become an
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Fig.3. Simultaneous measurements of various electron transport
activities in thylakoid membranes treated by lipolytic acyl liydrolase,
as a function of time. Filled symbols: treated thylakoid membrancs;
open symbols: controls; (O, ®) clectron flow from Clind to
methylviologen (MV) (100 % value = 190 umol O; consumed - mg
chlorophyli ™" - h™*) or to NADP* (34 ymo! NADP™ reduced - mg
chiorophyll™ - k~'); (O, W) from reduced Ph(NM;), 1o methyl-
viologen (629 pmol Oz consumed - mg chlorophyll ™! - h™); (A, A)
from H,O to methylviologen (56 pmol O, consumed - mg chloro-
phyll™* -h™" or to NADP* (139 umol NADP™ reduced - mg
chlorophyll™* - h™"); (O.®) from ascorbate alone to NADP®*
(these activities were compared to the activity measured at 0 min
in the presence of ascorbate + ClInd as the electron donor, i.e.
34 umol ADP* reduced - mg chlorophylt™! . h™!). Nota bene: all
photosystem-I-mediated reactions were performed in the presence
of 10 uM diuron

electron donor but only during the first period (from
10 to 40 min) of treatment by lipolytic acyl hydrolase.
This phenomenon occurred also in the control, but
the rate was slower and less pronounced.

Photophosphorylations were also measured in
thylakoid membranes treated with lipolytic acyl hydro-
lase. Table 1 shows that cyclic photophosphorylation
{experiment 1) was completely abolished (40 min)
exactly when the basal electron transport activity
(reduced Cl;Ind/methylviologen) was maximal, cor-
responding to full uncoupling (see also Fig.3). The
same features occurred for non-cyclic photophos-
phorylation (experiment 2): maximal basal electron
flow activity (CloInd/methylviologen) corresponded
to still unchanged basal electron flow from Ph(NMe,),
to methylviologen and to a complete inhibition of
water-supported photoreduction of NADP* and its
associated photophosphorylation.

The fact that lipolytic acyl hydrolase had an
inhibitory action essentially between the two photo-
systems (see Fig.2) and that the behaviour of photo-
system I activity supported by reduced ClInd and
Ph(NMe,), was quite different towards lipolytic acyl
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Table 1. Effect of lipolytic acyl hydrolase on electron transport
activities and their associated photophosphorylations in the thylakoid
membrane fraction

Activity of ClzInd and Ph(NMe;); to methylviologen is expressed
as O consumed, photophosphorylation is expressed as phosphate
esterified and H;O/NADP® reduction is expressed as NADPH,
formed. Cyclic photophosphorylation is in the presence of N-
methylphenazonium mecthosulfate, and non-cyclic with H;O/
NADP*

Experiment 1

Time of

Activity of
incubation
ClyInd cyclic photo-
to methylviologen phosphorylation
min pmol x mg chlorophyll ™' xh ™!
0 142 181
10 236 79
40 408 0
60 270 0

Experiment 2

Time of Activity of
incubation -
H,0/ Cl;Ind Ph(NMez): non-cyclic
NADP*  tomethyl- to methyl- photo-
reduction  viologen  viologen  phospho-
' rylation
min umol x mg chiorophyll ™! x h~!
0 113 106 617 60
5 106 180 633 45
20 0 322 595 0
50 0 180 0 0

hydrolase treatment (see Fig.3) strongly suggested
that the lipid environment of at least one of the
electron carriers between plastoquinone and P700
could be the site of lipolytic acyl hydrolase action.
One way to test this hypothesis was to look for a
restoration of the photosystem I electron flow- ac-
tivity in enzyme-treated membranes by one. of the
possible candidates, i.e. plastocyanin. Fig.4A and B
show the effect of plastocyanin on photoreduction of
NADP™* when reduced Cl,Ind was the electron donor.
The stimulation of the rate by plastocyanin, expressed
by the ratio of the activity in presence and absence of
added plastocyanin decreased as a function of incu-
bation time (see also open symbols in Fig.4D). In
the presence -of lipolytic acyl hydrolase, this ratio first
decreased reaching a minimum value exactly when the
activity of H;O/NADP* was completely inhibited (50
to 60 min) then-increased up to a value of two in the
time limit of our experimental conditions (Fig.4C
and D). ‘ : .

Next, we have adopted the same enzymatic ap-
proach to study the effect of lipolytic acyl hydrolase
on the electron transport activities and lipid com-
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Fig.4. Recording traces showing how NADP* photoreduction was méasured in the absence and presence of plastocyanin in thylakoid membrane
Sraction treated with lipolytic acyl hydrolase. In A and B (unlreall:d thylakoid membrane at 0 and 128 min) the reaction mixtures were
as described in Materials and Methods for photosystem 1 activity in thylakoid membranes. In C thylakoid membranes treated by lipolytic
acyl hydrolase for 119 min), the reaction mixture was as described in Materials and Methods for photosystem I1 + 1 in thylakoid
membranes. After a first light-dark cycle to show complete inactivation of the clectron flow from H,O to NADP™ by lipolytic acyl hydrolase,
ascorbatc (4 mM) and Clz1nd (0.3 mM) were added. Where indicated, plastocyanin (PCy) was at 1 pM. Numbers on the traces corresponded
to pmol NADP™ reduced - mg chlorophyll™* - h™!. The ratios of the reaction rates with and withont plastocyanin are indicated separately

in A, B and C and plotted as a function of incubation time in D

position in more simple membrane structures such as
subchloroplast fractions. Fig.5A shows the effect of
lipolytic acyl hydrolase on the lipid composition of]
subchloroplast particles 1. The lipolytic process was
again characterized by three steps. Firstly, the phos-
phatidylglycerol + sulfoquinovosyldiglyceride content
diminished strongly down to 809/, and this was im-
mediately followed by a similar decrease in mono-
galactosyldiglyceride. During this short step (6 min),
the content of digalactosyldiglyceride and phospha-
tidylcholine remained constant. The second step (6 to
10 min) was characterized by no change in the con-
tent of phosphatidylglycerol + sulfoquinovosyldiglyc-
eride, but by a strong decrease in all the other lipids.[
In the third step (10 to 90 min), 509, phosphatidyl-
glycerol 4 sulfoquinovosyldiglyceride were hydrolysed
whereas most monogalactosyldiglyceride, digalacto-
syldiglyceride and phosphatidylcholine were destroyed.
A first-order kinetic was found for the hydrolysis o
monogalactosyldiglyceride and digalactosyldiglyceride
throughout the experiment but not for the hydrolysis
of ionic lipids (not shown). The decrease in acyl lipid
content during the three steps was accompanied by
a parallel increase in free fatty acids which accounted
for the hydrolytic process. Since the initial amount
of galactolipids was much higher than that of ionic
lipids (see legend to Fig.5A), the increase in the
content of free fatty acids was mainly a contribution
of the hydrolysis of galactolipids. In control subt
chloroplast particles I (not treated by lipolytic acyl
hydrolase), no trace of free fatty acids and trans-
acylation reactions between galactolipids were ob-
served (not shown). The drastic changes in galacto-
lipids and phosphatidylcholine content of subchloro-

plast particles I treated by lipolytic acyl hydrolase
could not be related to similar decrease in electron
transport activity (Fig. 5B). Although the decrease in
phosphatidylglycerol + sulfoquinovosyldiglyceride
content appeared to be of the same extent as that
of the electron transport activity, this was not true
for longer incubation period with lipolytic acyl hydro-
lase since subchloroplast particles 1 lipids were com-
pletely hydrolyzed whilst the electron transport ac-
tivity was still high (not shown). If there was a cor-
relation between the extent of lipid hydrolysis and
decrease in activity after 90 min (see Fig.5A and B),
it would be therefore fortuitous. In this system, serum
albumin had no protective action, neither in the con-
trol activity (not shown) nor in the activity of sub-
chloroplast particles I.

In subchloroplast particles 11, lipolytic acyl hydro-
lase had almost no effect on the lipid content, except
a slight hydrolysis of galactolipids during the last
30 min of incubation (not shown). The effect of lipo-
lytic acyl hydrolase on the electron transport activity
in subchloroplast particles 11 is illustrated in Fig.6.
In both 1,5-diphenyicarbazide/Cl;Ind and H,O/Ci;Ind
systems the activities were inhibited down to around
50 to 609 in the treated subchloroplast particles 11;
in the controls, the 1,5-diphenylcarbazide/Cl;Ind ac-
tivity was more resistant than the HO/Cl;Ind activity.

DISCUSSION

The relationship between lipids and photochemical
activities in the thylakoid membrane is an intriguing
question. Using lipolytic enzymes several authors
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have tried to find a quantitative correlation between
the amount of lipids destroyed and the decay in photo-
chemical activities [20— 34]. So far, such a correlation
has not been described unequivocally. In order to gain
the best from this enzymatic approach it seems
necessary to emphasize the following points. Firstly,
the specificity of the lipolytic enzyme must be known.
Secondly, the ratio enzyme/chlorophyll should be low
enough to allow the detection of the earliest events
in the membrane functions which could be linked to
hydrolysis of lipids. Thirdly, the action of lipolytic

enzymes is governed by the nature of the membrane
considered (thylakoid membranes, subchloroplast par-
ticles I, subchloroplast particles II), .the distribution
of lipids between the two membrane surfaces, the
compactness of the membranous lipid layer and the
degree of shielding of the lipids by membrane proteins
or other lipids [40]. Fourthly, it is most important to
monitor, simultaneously to the destruction of lipids,
the greatest number of functional parameters and to
measure both changesat shortintervals of time. Fifthly,
it may be helpful to make a distinction between
structural and functional lipids. Lipolytic enzymes
destroy only the lipids they have access to but cannot
distinguish between these two types. Moreover, there
is no chemical difference between structural and func-
tional lipids. Therefore, the lipids destroyed arise
from both types which makes questionable any strict
correlation between the extent of lipid hydrolysis and
the changes in function. Finally, it is noteworthy that
the lipidic products of the hydrolytic process remain

.in the membrane [35—37] where they may alter its

structure and/or function, as suggested by a previous
report [45].

The lipolytic acyl hydrolase from potato used in .
this investigation acts on a wide variety of substrates
and does not form lyso-compounds as final hydrolytic
products [42]). When added exogenously, these lyso-
compounds are known to be deleterious to the thy-
lakoid membrane structure and function [46,47]. Con-
trary to most authors [22,24,25,27—30] we have
chosen a rather low concentration of enzyme (40 ug
per mg chlorophyll) in order to analyse in more de-
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tails the different phases of the hydrolytic process.
This is obvious in Fig. 1B and 5A where a small
amount of lipolytic acyl hydrolase made it possible
to show that lipid hydrolysis occurred stepwise.

These different steps can be interpreted as due to
the heterogeneity of the distribution of the lipid as
well as to the accessibility of the enzyme at the sur-
face of the membrane. In addition to surface charges,
this accessibility depends not only on the size ol the
enzyme molecule but also on the relief of the mem-
brane surface. From this one can infer that in thylakoid
membranes monogalactosyldiglyceride then digalacto-
syldiglyceride are the first lipids to be attacked by
lipolytic acy! hydrolase and then, due to reorganization
of the membrane components, this enzyme has access
to ionic lipids. The fact that anionic lipids are hydro-
lysed before galactolipids and phosphatidylcholine in
subchloroplast particles I (Fig.5A) indicates that the
molecular organization of the compounents of this
particle is quite different from that of thylakoid mem-

. branes (Fig. 1B). This compartmentation concept has
already been suggested by Costes et al. [48,49] who
used mild extraction of lipids from freeze-dried thy-
lakoid membranes-with organic solvents.

Our results show quite clearly that in essence there
is no quantitative correlation between the extent of
lipid hydrolysis and decrease in photochemical activi-
ties. In thylakoid membranes, complete inactivation
of non-cyclic electron flow was observed (Fig.2A and B)
whilst only 25—409% of each lipid were destroyed
(Fig.1D). Similar conclusions can be drawn from the
activity of each photosystem measured separately
(Fig.2C and D). In subchloroplast particles I the
situation is inverted: complete hydrolysis of lipids
still corresponded to good rates of electron transport
(Fig.5). In subchloroplast particles II, the photo-
chemical activities diminished although few lipids
were hydrolysed. The observed effects of lipolytic acyl
hydrolase on the electron transport activities in thy-
lakoid membranes are in good agreement with those
reported by Hirayama and Matsui [30]. However, our
results do not support the conclusions of these authors
that there is a correlation between degradation of
galactolipids, particularly monogalactosyldiglyceride
and decay in photosystem I activity. This discrepancy
may be due to the fact that they have measured the
level of lipids at only one time. This would imply
that the rate of lipid hydrolysis is linear during the
whole process which is obviously not the case (Fig.1B
and 5A). Shaw et al. [31], using a bean-leaf galacto-
lipid lipase, reported that this enzyme cansed a marked
inhibition (509, to 609%) of electron flow through
both photosystems, a less pronounced inhibition (30 %
to 409,) of O, evolution and no alteration in photo-
system I activities. These changes were accompanied
by a 50 %, to 60%, drop in the lipid content of the sub-
chloroplast particles. These results are not in agree-
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ment with ours. This may be due to differences in
the specificity of the bean-leaf galactolipid lipase and
of lipolytic acyl hydrolase, as well as in the type of
membranes used as substrates. Furthermore, the
claim that 50 % to 60 %, of the acyl lipid of chloroplast
membranes may be removed without affecting the
rate of electron flow through photosystems I or II
seems, in our opinion, questionable on the basis of
the results presented by these authors [31]. However,
such a conclusion is unequivocally shown for the
electron flow activity through photosystem II in thy-
lakoid membranes (Fig.1 and 2) and for photo-
system I electron flow in subchloroplast particles I
(Fig.5).

In addition to the absence of quantitative correla-
tion between lipid hydrolysis and activity decay, there
is no temporal correlation between the different phases
of these two processes (compare Fig.1—3). However,
the treatment of thylakoid membranes by lipolytic
acyl hydrolase brings about a temporal convergence
of different events (Fig.3 and Table 1). This con-
vergence suggests that the lipolytic acyl hydrolase
treatment eventually alters a critical locus, i.e. the
lipidic environment of an electron carrier (plasto-
cyanin?) and/or of the reaction center of photo-
system 1, which sustains all the above activities. How-
ever, by no means can this convergence be correlated
with a significant change in the lipid composition of
thylakoid membranes.

Two action sites of lipolytic acyl hydrolase on the
photosynthetic electron transport (between plasto-
quinones and P700) are revealed by the behaviour of
the activities of the different portions of the chain
during the incubation of thylakoid membranes (Fig.2
and 3). The first, most sensitive site, seems to be
localized before the entry of electrons from ClyInd,
whereas the second, after the entry of ClInd (see
Fig.2). This is in general agreement with the results
reported by Hirayama and Matsui [30]. It is note-
worthy that the extreme portions of the photosyn-
thetic chain, i.e. from H,O to plastoquinone and from
the primary acceptor of photosystem I to NADP™,
are not significantly affected by the lipolytic acyl
hydrolase. In contrast, this enzyme is likely to bring
about a change in the lipidic environment of plasto-
cyanin (site IT) which might induce a delocalization of
this electron carrier in the thylakoid membrane result-
ing in a loss of activity. These membranes become
more and more dependent on exogenous plastocyanin
for full activity (Fig.4). When photosystem I activity
was inhibited by other treatment, plastocyanin was
also found to be an efficient restoration agent [17].
This interpretation is further supported by the fact
that ascorbate alone, which is generally not an electron
donor for photosystem I in thylakoid membranes,
mediates NADP* photoreduction for a short period
of time (Fig. 3)..
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FUNCTION AND DISTRIBUTION OF PHOSPHOLIPIDS IN SPINACH THYLAKOID MEMBRANES AS
REVEALED BY PHOSPHOLIPASE A, TREATMENT

ANDRE RAWYLER AND PAUL-ANDRE SIEGENTHALER
Laboratoire de Physiologie végétale, Université de Neuchétel,

Chantemerle 20, 2000 Neuchdtel (Switzerland)

INTRODUCT I ON

Lipolytic treatments have been widely used to ascribe a possible role to
lipids in sustaining a particular activity within the thylakoid membrane. Using
a non specific potato acy! hydrolase, we have shown that there was no direct
correlation between the extent and rates of lipid hydrolysis and the alteration
of photochemical activities!. In this investigation we study the effects of
pancreatic PLA; on the extent of phospholipid hydrolysis and various electron
transport activities. Furthermore, from the hydrolytic patterns af different

temperatures, an asymmetric transmembrane distribution of PG and PC is proposed.

MATERIAL AND METHODS

Isolation of CP and measurements of electron transport activities are
described elsewhere?. The incubation of CP with PLA, was carried out in darkness
in 50 mM Tricine (pH 8), 35 mM NaCl, | mM CaCl,, CP (0.5 mg chlorophy!!/ml) and
PLA2 (1,6 sigma unit/mg chiorophyt1). Atiquots were taken at various times for

the deftermination of photochemical activities? and for lipid analysis3.

RESULTS AND DI1SCUSSION

Fig. | shows the effect of PLAp at 200C on different electron flow activities
in CP. The activities involving PSIi+| (Fig. 'A and B) decreased rapidly and
were completely inhibited after 60 to 80 min. In confrast, PLAZ brought about a
stimulation of PSI activity which remained higher than the control (Fig. IC).

A greater activation was found when MV was used as the electron acceptor

Abbreviations : CP, thylakoid membrane; DBMIB, 2,5-dibromo-3-methy|-6-isopropyl
p-benzoquinone; DCMU, 3-(3,4~dichlorophenyl)~t,{~dimethy!| urea; DCPIP, 2,6-
dichtorophenol-indophenol; DPC, |,5-diphenylcarbazide; MV, methylviologen;

PC, phosphatidylcholine; PG, phosphatidylglycero!; PLA2, pancreatic phospho-
lipase Ap; PS, photosystem.
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Fig. I. Action of PLAy on
CP followed by the
variations of electron
transport activities as a
function of time: electron
flows from HpO to NADP*

and from HyO to MV (PSII +
PS1), from DCPIPH, to NADP*
in the presence of DCMU
(PS1) and from H,0 or DPC
to DCPIP in the presence

of DBMIB (PSI1). Incubation
with PLAo was at 20°C.

ACTIVITIES (%OF CONTROL )

(not shown). This stimulation is only partially due to uncoupling since the
long-term activation was also observed in uncoupled CP. The inhibition of
electron flow through both photosystems (Fig. 1A, B) could be ascribed to the
decrease in PSI! activity as shown in Fig. ID. Comparing the DPC- and Hy0-
supported PSII activities it seems unlikely that the water-splitting system is
inactivated by the PLA, treatment. Thus, these results suggest the existence of
at least two action sites of PLAp., The first, leading to an inhibitory effect,
is located between the electron entry point from DPC and the plastoquinones.
The second site, leading to a stimulatory effect, is located between the
electron entry point from DCPIPH, and the primary acceptor of PSI.

At 20°C, thé hydrolysis of PG and PC displayed two phases (Fig. 2). The
extent and the rate of the first, fast hydrolytic step were greater for PG than
for PC. The difference in rates reflects, at least in part, the preference of
PLA> for anionic lipids whilst the difference in the extent of the first
hydrolytic step suggests that a greater amount of PG than PC is easily
accessible to the enzyme. The rates of the second phase were much slower and
the hydrolysis was eventually complete for both lipids. The shapes ofIThe
hydrolysis curve of PC at 20°C (Fig. 2) and of the decrease of PSi| aéTivi+y
(Fig. ID) together with other evidence (unpubiished data) seem to indicate that
most of PC is involved in PSII activity. Surprisingly, a huge increase in PS|

activity (even in uncoupled CP) corresponded to a great decrease in PG level.
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Fig. 2. Time course of phospholipid hydrolysis at various temperatures in
PLA-treated CP. V (00C), @ (5°C), Q(l10oC), M (15°C), [J(20°C), A25oC),
(350C).

The difference between the extents of PG and PC hydroiysis at 20°C as well as
the biphasic nature of the hydrolytic process may indicate an asymmetric
distribution of these lipids in the thylakoid membrane. Such a possibility has
been substantiated by investigating the effect of various temperatures on the
hydrolysis. Fig. 2 shows that the hydrolytic patterns of PG and PC were
different and that the second phase was strongly temperature-dependent. An
increase in temperature Tendeq to suppress the second phase in PG hydrolysis
whereas both phases were still present in PC.

In order to draw conclusions on the asymmefric distribution of the phospho-
lipids in the membrane we have checked in a series of control experiments
(according to%) that lysis of the membrane did not occur during the treatment
by PLA2 (morphclogical and functional evidences, not shown) and that when the
two sides of the membrane are exposed to the enzyme all the phospholipids were
hydrolyzed (membranes sonicated in the presence of PLA, and subsequent addition
of Ca** to initiate the reaction, not shown). However, the hydrolytic process
did modify the distribution of the two lipids which experienced an Important
"flip-flop", as suggested by the temperature dependency of the second phase
(Fig. 2). As a consequence, an unequivocal conclusion cannot be drawn from this
enzymatic approach. However, a sensible estimation of the actual phospholipid

distribution in the membrane is given by computing the fast reacting pool of
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lipids as shown in Fig; 3. The easy accessiblie pool of PG, which was 35% at
00C, increased with temperature to reach a plateau between |5 and 25°C. On the
other hand, the corresponding pool of PC remained essentially constant within
30 to 40% of the total PC between O and 250C. Above 2590C, the accessibility of
both lipids became total. '

From these results, we conclude that around 70% of PG and 35% of PC could be
iocalized in the outer layer of the thylakoid membrane. The above results favor
the idea that the weli-known functional asymmetry of the thylakoid membrane

could be underliined at teast partly by a phospholipid asymmetric distribution.
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A NEW TYPE OF CORRELATION BETWEEN CHANGES IN LIPID COMPOSITION AND
LOSS OF ELECTRON TRANSPORT ACTIVITIES DURING AGING IN VITRO

Paul-André SIEGENTHALER, André RAWYLER and Landis E.A. HENRY

Laboratoire de Physiologie végétale, Université de Neuchétel,
Chantemerle 20, CH-2000 Neuchitel, Switzerland

ABSTRACT

Purified and non-purified thylakoids from spinach and lettuce were
aged in vitro (darkness, 20°C, pH 7.6) and the variations in their lipid
composition and photochemical activities were followed. The purification
of both thylakoid species affected greatly the changes in their lipid
patterns. In contrast, it did not alter significantly the degree of
inhibition of their electron transport activities during aging. The
results suggest that most of the lipid modifications were not the actual
cause of loss of electron transport activities. The occurrence of a
weak endogenous lipolytic activity in thylakoids is responsible for the
release of a small amount of free fatty acids arising from "essential"
lipids; this appears to be one of the factors which lead to the
impairment of the membrane functions in the aging process. The results
are discussed in terms of the localization of this lipolytic activity
in the membrane and of its time-dependent effects on the photochemical
activities.

INTRODUCT ION

It has been shown that aging in vitro of non-purified spinach
thylakoids is accompanied by an increase in free fatty acids and
iyso—derivatives (1,2). This accumulation coincides with a decrease in

their photochemical activities (1,3,4). Since external additions of free

Abbreviations : AMG, acylmonogalactoéyldiglyceride; DG, digalactosyldi-
glyceride; MG, monogalactosyldiglyceride; LAMG, lyso-acylmonbgalactosyl-
diglyceride; LDG, lyso-digalactosyldiglyceride; LMG, lyso-monogalactosyl-
diglyceride; LPC, lyso-phosphatidylcholine; PC, phosphatidylcholine; PG,
phosphatidylglycerol; SL, sulfoquinovosyldiglyceride; any type of fatty
acid is described by number of.carbon atoms : number of double bonds.
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fatty acids (e.g. C ) to freshly isolated thylakoids mimic the

18:3
effects of aging in vitro (1,4,5) it was postulated that the endogenous
levels of free fatty acids control the structural and physiological
state of the thylakoids (6,7). However, it remains to be established

if loss of electron transport activities is a direct conseguence of
lipid hydrolysis and interconversions, as recently challenged (8,9).

For instance, it was pointed out that the relative increases. in endoge-
nous free fatty acids reported to occur during aging (1-9) are often
disproportionately small with respect to the observed functional changes
(9,10). A similar situation was found in thylakoids treated by various
lipolytic enzymes in that no correlation, neither quantitative norx
temporal, was established between lipid hydrolysis and the alteration of
photochemical activities (1l1). It can be asked if all free fatty acid
molecules released during aging are effectively involved in the loss of
activities. It should be emphasized that in the above studies (1-9), the
thylakoids used were non-purified and therefore contained several
contaminants (12) which could affect the aging of the membrane itself,
e.g. enzymes involved in lipid hydrolysis or interconversions. The
question was therefore whether a correlation between the presence of
free fatty acids in the membrane and the loss of electren flow activi-
ties still holds in absence of extraneous contaminants.

To reduce contaminating lipolytic enzymes, experiments were perfor-
med with highly purified thylakoids from spinach and lettuce and the
results were compared to those obtained with non-purified thylakoids.
Lettuce is often used during the summer time to replace spinach. Moxeover,
the 1lipid composition of lettuce and spinach thylakoid membranes

present interesting differences.

MATERIALS AND METHODS

Spinacia oleracea L. and Lactuca sativa var. "Cos" were obtained

from the local market. Chloroplast isolation and preparation of non-
purified and highly purified thylakoids were carried out as described
in (12). Electron flow activities were measured as in (11). Extraction
of chloroplast lipids, thin layer chromatographic analyses as well as
quantitative analyses of the individual lipids werxe carried out as in

(13).
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TABLE 1 : ACYL LIPID COMPOSITION OF LETTUCE AND SPINACH THYLAKOIDS
umoles/umole chlorophyll %

Lipid class lettuce spinach Lettuce Spinach
MG 1.139 1.431 49.5 55.0
DG 0.930 0.696 40.4 26.8.
PG . 0.151 0.195 6.5 7.5
PC 0.061 0.150 2.6 5.7
sSL 0.021 0.116 0.9 4.5

Total 2.302 2.588 ) 100 100

Thylakoids from both species were incubated in the dark at 20°C
(pH 7.6); at intervals aliquots were used for electron transport

measurements and lipid analyses.

. RESULTS AND DISCUSSION

As shown previously (12), the contaminations of the mitochondria
(estimated by the cytochrome c oxidase), stroma (NADP* glyceraldehyde
3-phosphate dehydrogenase) and peroxisomes (glycollate oxidase) were
reduced by a factor of 10, 26, >100, respectively, by the purification
procedure. It was also confirmed that the lipid composition of purified
thylakoids was similar to that of freshly isolated non-purified
thylakoids (12).

Table 1 shows the major lipid classes of both spinach and lettuce
thylakoids. Significant differences occurred between the two species.
In lettuce thylakoids there was a higher amount of DG together with
lower amounts of PC and SL .than in spinach thylakoids. The content of
MG was roughly similar in both species. The ratio MG/DG was 2:0 for
spinach and 1.2 for lettuce. Table II shows the fatty acid composition

of the different lipid classes of both species. Surprisingly, in lettuce

there was an absence of Cl6 3 which is the second most abundant fatty
acid after G18-3 in spinach. Moreover there was a higher total content
of Cl8:3 and lower total content of C16:O'

In attempting to relate changes in lipid composition with the
impairment of electron transport activities we explored how the purity

‘
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TABLE 2 : FATTY" ACID COMPOSITION OF LETTUCE (L) AND SPINACH (S)
" THYLAKOIDS
LipiD
TYPE PMOLES 2 OF FATTY ACIDS
16:0 16:1(31) 16:1 16:2 16:3 18:0 18:1 13:2 1s:3
PR S UT - 0.2 ™® - ™R ®r L0 9.C
o
S 0.7 - 0.4 0.9 21.5 0.1 1.3 1.8 73.5
. L 52 - 0.3 - - 0.8 0.5 1.3 91,8
DG
S 7.3 - 0.4 0.1 3.9 0.9 3.0 3.9 3L.4
. L 17,3 35.9 - - - 0.6 1.3 4.3 40,5
S 13,7 32.4 - - - 1,5 1.5 5.9 40.0
o L 22,1 - 2.5 1.6 - 6.6 3.3 4.6 39,3
S 16,1 - 0.7 - 1,0 1.8 2,8 7.6 15.0 55.0
ot L 306.9 - 1.6 1.1 - 7.7 6.6 5.0 47.0
S 37.5 - 0.4 - 2.2 17 1.7 7.8 43,7
L 4 2.3 0.3 ™ - 0.6 0.4 2.0 89.7
TovaL
.S 61 2.5 0.4 0.6 13,3 0.8 1.9 3.1 71,3

of the membrane could influence the lipolytic activities. Fig. 1 shows
thin~-layer chromatographic separatiéns of the various lipid classes of
both species as a function of aging in vitro. As expeéted, in non-
purified spinach thylakoids there was a strong increase in the level of
endogenious free fatty acids. In non-purified lettuce thylakoids, the
same phenomenon occurred but to a lesser extent. Moreover, significant
galactolipid intérconversions were observed in spinach as evidenced by
increasing levels of AMG, LAMG and LDG. In contrast these interconver-
sions were not observed in lettuce.

The purification of thylakoids had important conseguences on the
evolution of lipid pattern during Aging in vitro. Fig. 1 shows that in
contrast to non-purified thylakoids, the reléase of free fatty acids
was considerably reduced in both spinach and lettuce purified thylakoidss
nevertheless, the free fatty acid band was always above the level
detectable by thin-layer chromatography. In addition, there was 4
significant decrease in the extent of lipid interconversions in
spinach. Again no AMG and 1yso-galactolipidé were encountered in
lettuce. However, a weak band corresponding to LPC appeared in the
chromatograms of purified lettuce thylakoids.

These data suggest that most of the lipolytic activities encountered

in non-purified thylakoids is attributable to extraneous enzymes which
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TABLE 3 : EFFECT OF THE PURIFICATION OF SPINACH AND LETTUCE THYLAKOIDS
ON HpO/NADP* (PHOTOSYSTEM II + I) AND H0/DCPIP
(PHOTOSYSTEM II) ELECTRON TRANSPORT ACTIVITIES

The results are expressed as % of the zero-time controls. Due to
variations in the aged thylakoid preparations, the range of the
activities are given. For measurements of the activities thylakoids
were uncoupled with 2 mM NH4Cl and 2,5-dibromo~3-methyl-6-iscpropyl-
p-benzoquinone (DBMIB) was added in photosystem II reaction mixture.
The 100% values varied between 220-350 mmoles NADP*T reduced - mg
chlorophyll"l . h™1 and between 110-220 umoles 2,6-dichlorophenolindo-
phenol reduced (DCPIP) + mg chlorophyll"l - b7l for both spinach and
lettuce thylakoids.

Species Thylakoids Aging time (h) H0/NADP* H20/DCPIP
N o] 100 100
Non-purified
4-5 0-13 0-15
Spinach
Purified ° 100 100
4-5 23-43 30-50
Non-purified ° 100 100
4-5 13-33 10-30
Lettuce
100
Purified ° 100
4-5 27-417 20~40

Table 3 shows the effect of the purification of spinach and lettuce
thylakoids on the electron transport acdtivities as a function of aging
in vitro. Upon aging, all activities diminished in all four thylakoid
preparations. As shown previously (1,4), the decrease in the H20/NADPY
system is mainly attributable to the inhibition of photosystem II
activity; since photosystem I activity was much more resistant (not
shown). The purification of spinach thylakoids resulted in a greater
resistance of the photosystem II-mediated reactivons. Nevertheless, this
purification could not prevent the occurrence of a.marked inhibition of
the activities. In contrast, the efficiency of the purification procedu-
re was rather small in lettuce thylakoids.

These results show that in all types of thylakoids the effect of

aging on the electron transport activities did not differ significantly
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However, if the correlation invoked previously (1-9) would have been
correct, one would have expected, on the basis of the lipid patterns
during aging, important. differences in the activities between the four
thylakoid preparations. It appears that the loss of photochemical
activities does not depend on the presence of galactolipid transformation
products in the membrane since similar inhibitions were observed despite
large differences in “the levels of these products (Fig. 1l and Table 3).
On the other hand, the free fatty acids released from the membrane
lipids are the unique compounds formed during aging which appear in all
thylakoid preparations, the only difference being their relative amount.
On the basis of our results, there is obviously no guantitative correla-
tion between the total amount of free fatty acids present in a membrane
and the degree of inhibition of its activities. However, our results can
be explained if one assumes that in non-purified thylakoids most of the
free fatty acids released on the external side of the membrane by
contaminating lipolytic enzymes are not involved in the inhibitory
mechanism of the activities. It is thus suggested that only that small
amount of free fatty acids released in the purified membranes bylan
intrinsic lipase(s) is actually responsible for the observed
inhibitions.

Concerning the nature of the correlation between lipid modifications
and alterations of photochemical activities, we believe that the dose-
response concept which is applicable only when membranes are treated by
exogenous fatty acids, cannot explain the effects of aging in vitro, and
therefore should be considered with caution. We suggest that the searched
correlation should be considered in terms of the identity and localiza-
tion of the lipid{s) hydrolyzed during aging and in terms of the
(amount of free fatfy acids) x (aging time) parameter.

In conclusion, the main part of the free fatty acids released
during aging in vitro of non-purified thylakoids is due to the
activity of cdntaminating lipases which attack in a non-specific manner
the lipids localized in the outer layer of the membrane. These fatty
acids are relatively inefficient inhibitors since they cause only 30-33%
decrease in the photochemical activities. In contrast, the small amount
of free fatty acids released in purified thylakoids can be related to

the major part of the inhibition. This is so because these fatty acids
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probably arise from lipids which are essential in sustaining photosystem
II electron flow activity. These lipids would be localized in the inner
layer of the thylakoid membrane as suggested previously (4) and evidenced
in (14). However, it should be emphasized that the aging process is

very complex and involves not only the lipid moiety of the membrane but

also the protein portion, namely the chlorophyll-protein complexes (12).
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ABSTRACT

Thylakoid membranes were treated with pancreatic or snake venom
phospholipase A, (PLAy), and the residual phospholipid content of these
membranes was determined in relation to photosystem II and/or photosystem
I electron transport activities.

The hydrolysis patterns of both phosphatidylglycerol (PG) and
phosphatidylcholine (PC) under different conditions and at various
temperatures suggest that these lipids are asymmetrically distributed
across the thylakoid membrane. In addition, a quantitative estimation
of the external and internal pools of phosphatidylglycerol and
phosphatidylcholine is given.

When acting on uncoupled thylakoid membranes, PLA2 exerts an
inhibitory effect on photosystem II activity and a stimulatory effect
on photosystem I activity. The involvment of phosphatidylglycerol and
phosphatidylcholine as well as the role of their respective external and
internal pools in electron transport activities of photosystem II and
photosystem I is discussed.

INTRODUCTION

The vectorial function of the thylakoid membrane lies so far
essentially on the sidedness of the proteins involved in the electron
transport (1) . The question is whether the photosynthetic membrane is
also asymmetric with regard to’ Iipids. One of the approaches to answer
this question iéfto treat membranes with lipolytic enzymes and determine
the hydrolytic kinetics of lipids under different_conditions (temperature,
etc.). Moreover, this lipolytic approach can give information on the

involvment of 1ibids in the electron transport activities.
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Using a non specific potato acyl hydrolase, we have previously found
that there was no direct correlation between the extent and rates of
lipid hydrolysis and the alteration of photochemical activities (2). With
such a non specific enzyme it is inevitable to destroy lipids which do
not directly support the measured activity. It is theréfore desirable to
use more specific enzymes such as phospholipases (e.g. phospholipase Aj)
which permit to diminish the degree of uncertainty on the lipid class
related to a given function. Phospholipases have already been used by
others (3,4) but in these studies no attempt was made to correlate
-alterations of photochemical activities with the structural organization
of the thylakoid membrane lipids. The aim of this investigation is to
determine the role of external and internal phospholipids in sustaining

electron transport activities in thylakoid membranes.

MATERIAL AND METHODS

Spinacia oleracea (var. Nobel) was grown in a growth chamber and the

leaves were harvested after 14 weeks of hydroponic culture (5). The
isolation of thylakoid membrane was carried out as described in (2). The
incubation of thylakoid membranes (0.5 mg Chl/ml) with PLA* was carried
out in darkness in 50 mM N-tris- (hydroxymethyl)-methylglycine (pH 8),

80 mM NaCl, 1 mM CaCl; and PLAp either from pig pancreas (1.6 sigma

unit/mg Chl) or from Vipera rusgselli venom (0.1l sigma unit/mg Chl).

Aliquots of the above incubation media were taken at various times for
the determination of electron transport activities (2) and lipid
analysis (6). All the results were expressed in % of the initial values.
a) The amount of PG and PC were 0.195 and 0.150 pmoles lipid/pmole Chl;
b) The electron flow activities were around 140 Fmoles NADPH, - mg chi-l.
h-t (H20/NADP*), 75 pmoles Oy consumed - mg ch1-1l . n7! (Hp0/methylviolo-
gen); 57 Fmoles NADPH, - mg ch1™1 . h'% (ascorbate-DCPIP/NADPt) ; 128 and
159 pmoles DCPIPHp - mg ch1™t. h=1 yhen H20 and 1,5-diphenylcarbazide

were the electron donors, respectively.

*Abbreviations : PLAj;, phospholipase Aj; PS, photosystem; PC, phosphati-
dylcholine; PG, phosphatidylglycerol; DCPIP, 2,6-dichlorcphenol
indophenocl; Chl, chlorophyll.
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RESULTS AND DISCUSSION

When thylakoid membranes were treated with PLAj, the hydrolysis of PG
and PC displayed two phases (Fig. 1). The first was almost temperature-
independent whilst the second was strongly dependent on this factor. The
extent and rate of the first, fast hydrolytic step were greater for PG
than for PC. The difference in rates reflects, aﬁ least in part, the
preference of the pancreatic PLA) for anionic lipids whilst the
difference in the extents of the first hydrolytic step suggests that a
greater amount of PG than of PC is easily accessible to the enzyme. The
rates oflthe second phase were much slower and above 15°C the hydrolysis
was eventually complete for both lipids. These results may indicate an
asymmetric distribution of the phospholipids in the thylakoid membrane.

In order this to be true, at least three criteria should be satisfied.
in control experiments (8). Firstly, no lysis of the thylakoids should”_-”
occur when the enzyme attacks the membrane from the outside. This is
indirectly established by the fact that a proton gradient was still
maintained across the membrane when the first hydrolytic step was
achieved (not shown). Secondly, all lipids should be hydrolysed when:the
enzyme attacks the membrane from both sides. Fig. 2 shows that wheﬁ PLA,

attacks the membrane from the outside only, e.g. in normal (incubated
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Fig. 1. Time course of phospholipid hydrolysis at various temperatures
in thylakoid membranes treated with pancreatic PLA,. V (0°0), @® (5°c),
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Fig. 2. Time course of phospholipid hydrolysis at two temperatures in
normal, swollen and disrupted thylakoid membranes treated with pancreatic
PLA;. Open symbols : 0°C; closed symbols, 20°C. Normal (O, @) and: -
swollen (A,A) thylakoid membranes. Disrupted thylakoid membranes
(O, M) were obtained by sonication for 3 min in an incubation mixture
containing PILA2, but no NaCl and CaCly; Cal2+ was added after the
sonication proéess to initiate the hydrolytic reaction.

with NaCl) and swollen thylakoids (incubated without NaCl) the
hydrolysis of both phospholipids at 0°C was partial. At this temperature
the flip-flop mechanism is negligible. On the other hand, when PLAj; had
access to both sides, e.g. in disrupted thylakoids (Fig. 2), the
hydrolysis of PG and PC was almost complete. This indicates that some of
the lipids are located in the inner layer of the membranes. Thirdly, an
unequivocal distribution of lipids in the membrane can be obtained only
if the lipolytic treatment does not modify the actual distribution of
the lipids. This implies that no flip-flop should occur during the
hydrolytic process. Although this was the case at low temperatures, the
flip-flop mechanism increased when the temperature was raised (see
second phase in Figs 1 and 2). Consequently, the best estimation of the
actual phospholipid distribution in the membrane is given by computing
the fast-reacting pool of lipids as shown in Fig. 3. The easy accessible
pool of PG; which was 35% at 0°C, increased with temperature to reach a
plateau between 15 and 25°C. On the other hand, the corresponding pool
of PC remained essentially constant within 30 to 40% of the total PC

between O and 25°C. Above 250C, the accessibility of both lipids
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became total. We conclude that around 70% of PG and 35% of PC could be
localized in the outer layer of the thylakoid membrane.

The effect of pancreatic PLA) at 20°C on different electron flow
activities of thylakoid membranes is shown in Fig. 4. The activities
involving PSII + I (Fig. 4A and B) decreased rapidly and were complete-
ly inhibited after 60 to 80 min. In contrast, PLA) brought about a
stimulation of PSI‘actiQity which remained higher than the control
(Fig. 4C). A greater activation was found when methylviologen was used
as the electron acceptor (not shown). This stimulation was only partial-
ly due to uncoupling since the long-term activation was also observed in
uncoupled thylakoid membranes. The inhibition of electron flow through
both photosystems (Fig. 4A,B) could be ascribed to the decrease in PSII
activity as shown in Fig. 4D. Comparing the 1,5-diphenylcarbazide (DPC)-
and HyO-supported PSII activities it seems unlikely that the water-
splitting system is inactivated by the PLAj; treatment. Thus, these
results suggest the existence of at least two action sites of PLAj. The
first, leading to an inhibitory effect, is located between the electron
entry point from DPC and the plastoquinones. The second site, leading
to a stimulatory effect, is located between the electron entry point
from DCPIPHy and the primary acceptor of PSI. The shapes of the hydroly-
sis curve of PC at 20°¢c (Fig. 1) and of the decrease of PSII activity
(Fig. 4D) seem to indicate a possible involvment of PC in PSII activity.
Surprisingly, the huge increase in PSI activity (even in uncoupled
thylakoid membranes) corresponded to a great decrease in PG level (see
also Fig. 6).

The comparison between the action of PLA; from pancreas and snake

venom (which have inverse preference toward PC and PG) supports the
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hypothesis that PC is the main phospholipid involved in PSII electron
flow activity (Fig. 5). When the concentrations of both enzymes were
chosen so as to obtain the same hydrolysis rate of PG, the extent and
rate of the hydrolysis of PC by the pancreatic PLA, were smaller than
that by the snake venom enzyme (Fig. 5B). This difference in the
hydrolytic patterns of PC can be related to the inhibition of PSII
electron flow activity which was smaller with pancreatic PLA than with
the snake venom enzyme (Fig. 53a).

The involvment of PC in PSII-mediated activity is further substantia-
ted by the comparison, at different temperatures, of the action of
pancreatic PLA2 on the phospholipid content and on PSII electron
transport activities in uncoupled thylakoid membranes. When the external
pool of PC was hydrolysed (for instance up to 10 min of PLA2 treatment
at 59C and 20°C, Fig. 6a and b) no change in PSII activity wes observed.
However, the hydrolysis of the internal pool of PC under the conditions
where the flip-flop mechanism occurs (for instance at 35°C and after
10 min of PLA) treatment at 20°C, Fig. 6 b and c) was directly related
to the inhibition of the PSII activity. On the other hand, ﬁhen no
flip-flop occurred (for instance after 10 min at 5°C) there was no
inhibition of PSII aétivitya In addition, Fig. 6 shows that the
hydrolysis of the external pool of PG was associated to an increase in
PSI activity, which was markedly stimulated when the internal pool of
PG was further hydrolysed, due to the flip-flop mechanism. It is
noteworthy that the great stimulation of PSI activity is not due to

uncoupling. This unexpected observation suggests that PG plays a
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Fig. 5. Comparison of the action of pancreatic and Vipera russelli venom

PIA2 on PSII electron flow activity (A) and on the hydrolysis of phospho-
lipids (B) as a function of incubation time. Closed symbols : pancreatic
PLA2; open symbols : snake venom PLA2. A, PSII electron flow H20/DCPIP

(+ DBMIB); B, phospholipid content; ‘, A : PG; ., 0 : ec.

privileged role in the function of PSI. These results point out the

great importance of the internal pool of PC to sustain the PSII electron

flow activity and a complex relationship between both external and

200

150

100

50

Activity or Lipid content (%)

Incubation Time (min)

Fig. 6. Temperature dependence of the action of pancreatic PLAj on the
phospholipid content and on PSII and PSI electron transport activities
of uncoupled thylakoid membranes. a, SOC; b, 20°C; ¢, 3S°c. o , PSII

electron flow, Hy0/DCPIP; M, PSI electron flow, DCPIPHy/NADP+; O, PC;

[], PG. Uncoupling and blocking of hydrolysis were achieved by
addition of 2 mM EDTA in the reaction media.
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Fig. 7. Effect of various incubation
times on the PSII-catalysed photo-
reduction of DCPIP by water in
thylakoid membranes treated with
pancreatic PLAjp. Hydrolysis is
blocked by addition of 2 mM EDTA
(®) after 2 (M), 5 (@), 10
(W), 20 (Y¥) and 40 minutes (@)
of treatment. Non-interrupted
treatment with PLap ( O, ® ).
Incubations were made at 20°C.
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internal pools of PG and the PSI electron flow activity.

Another approach to show the importance of the internal phospholipids
was to control the degree of phospholipid depletion of thylakoid
membranes and to observe the subsequent behaviour of PSII electron flow
activity. Such an experiment is shown in Fig. 7 where EDTA was added in
the incubation mixture to block PLA2 action by Ca2t chelation. Short
treatments (2 and 5 min) with PLA,, which destroy only partially the
external pool of PC (Figs 1 and 6 a,b) and which do not induce sizable
flip-flop, did not inhibit significantly PSII activity (Fig. 7). In
contrast, longer treatments with PLA) which cause increasing flip-flop
and progressive destruction of internal lipids, did inactivate PSII
electron flow activity. However, the flip-flop of internal PC, but not
its destruction, is in itself necessary and sufficient to inactivate
PSII electron flow (Figs 6b and 7). It is noteworthy that the presence
of lyso-compounds produced in situ did not appear to contribute signifi-
cantly to the inactivation of electron flow, as indicated by the fact
that small amount of lyso-compounds (e.g. 5 min of treatment with PLA)
and 75 min incubation) had the same inhibitory effect than larger
amount (10 min of treatment and 35 min incubation). We conclude that
pancreatic and snake venom PLA2 inhibit the electron flow at the PSII
level. The presence of an intact pool of phosphatidylcholine in the
inner layer of the thylakoid membrane is required for PSII electron

flow activity. PSI activity is associated in a complex manner with
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phosphatidylglycerol. .
The above results favor the idea that the well-known functional
asymmetry of the thylakoid membrane could be supported at least in part

by an asymmetric distribution of its phospholipids.
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Summary

Thylakoid membranes were treated with either pancreatic or snake venom
phospholipase A,, and the residual phospholipid content of these membranes
was determined and compared to the rates of Photosystem II and/or Photo-
system I electron transports. The hydrolysis curves of both phosphatidylgly-
cerol and phosphatidylcholine displayed a first, rapid phase which was almost
temperature-insensitive, followed by a second, slower phase which depended
strongly on the temperature. When pancreatic phospholipase A, had access
either to the outer face or to both faces of the thylakoid membrane, either
only part of or all the phospholipids, respectively, could be hydrolysed. These
results were interpreted as indicating an asymmetric distribution of phospho-
lipids across the thylakoid membrane, phosphatidylglycerol and phosphatidyl-
choline being preferentially located in the outer and the inner layer, respec-
tively. When acting on uncoupled thylakoid membranes, phospholipase A,
exerted an inhibitory effect on Photosystem II activity and a stimulatory effect
on Photosystem I activity. The involvement of phosphatidylcholine and of
phosphatidylglycerol in electron transport activities of Photosystem II and of
Photosystem I are discussed with special reference to the role of the external and
internal pools of these phospholipids.

* This work is part of a doctoral program which is being carried out by A.R. in the Laboratoire de Phy-
siologie Végétale et Biochimie, Université de Neuchdtel, Neuchdtel, Switzerland.
** To whom correspondence should be addressed.
Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DCIP, 2,6-dichlorophenolindophenol;
Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; Mops, 3-(N-morpholino)propanesulfonic
acid; Tricine, N-tris(hydroxymethyl)methylglycine,
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Introduction

The relationship between the functional asymmetry of the thylakoid mem-
brane and its structural sidedness, thoroughly discussed in 1974 by Trebst [1],
has gained continuous support during the past six years. So far, this relation-
ship is mainly concerned with the proteins involved in electron transport and
proton movements. However, our knowledge of the distribution of lipids in
thylakoid membranes is rather scarce [2—4]. The only major contribution to
the problem of the localization of lipids in chloroplast membrane fractions was
made by the group of Radunz (Ref. 5 and references therein), who used im-
munological techniques. However, this approach did not provide a quantitative
estimation of the transmembrane distribution of lipids, although an asym-
metric picture of the thylakoid membrane emerged from these studies.

Lipolytic treatments of biological membranes were designed for a double
aim. Firstly, they have been widely used with bacterial and animal membranes
in an attempt to establish the quantitative distribution of lipids with respect to
a possible asymmetry of these components across the membrane. Advantages
and limitations of this approach have been critically reviewed recently by Op
den Kamp [6]. Secondly, lipolytic treatments were often used to assess the
direct involvement of lipids in the functionality of various membranes. This lat-
ter approach was also applied to thylakoid membranes [7—20]; however, the
results were often ambiguous [8—20]. In our view, there are at least two rea-
sons for this lack of clear-cut results. Most authors did not recognize clearly
that a lipolytic enzyme destroys almost inevitably lipids which do not support
directly the measured function. In addition, the fact that biological membranes
are generally described in terms of a lipid bilayer, the outer and inner mono-
layers of which being mutually independent up to a certain degree [21], was
neglected in these studies [8—20]. We believe that the knowledge of the
distribution of lipids across the thylakoid membrane is a prerequisite to any
attempt to understand whether and, if so, how the lipids are involved in the
functions of this membrane.

In this investigation, we present the thylakoid transmembrane distribution
of phosphatidylcholine and of phosphatidylglycerol as revealed by pancreatic
phospholipase A, treatment. In addition, we report on the role of external
and internal pools of these phospholipids in sustaining electron transport activ-
ities in spinach thylakoid membranes. A preliminary report of these findings
has been published [22].

Materials and Methods

Enzymes

Phospholipases A, (EC 3.1.1.4) from pig pancreas and from Vipera russelli
venom, purchased from Sigma Chemical Co., ‘were used without further purifi-
cation. ’

Preparation of thylakoid membranes
Spinacia oleracea (var. Nobel) was grown in a growth chamber and the leaves
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were harvested after 14 weeks of hydroponic culture [28]. Intact chloroplasts
were first prepared according to Kalberer et al. [24] in a medium containing 25
mM Mops (pH 7.6) and 350 mM sucrose, spun down at 1935 X g for 30 s and
then osmotically disrupted in the above medium diluted 10-fold. Centrifuga-
tion at 17 300 X g yielded a pellet which was resuspended in a medium con-
taining 25 mM Mops (pH 7.6) and 175 mM NaCl. The chlorophyll concentra-
tion was determined spectrophotometrically [25] and adjusted to 2 mg/m]; this
suspension was used without delay for the enzymatic treatments.

Enzymatic treatments

The incubation of thylakoid membranes (0.5 mg chlorophyll/ml) with
enzymes was carried out in darkness in 50 mM Tricine (pH 8), 80 mM NaC(l,
1 mM CaCl, and phospholipase A, either from pig pancreas (not less than 1.6
Sigma unit/mg chlorophyll) or from Vipera russelli venom (not less than 0.11
Sigma unit/mg chlorophyll). Except where indicated, the incubations were
performed at 20°C. Aliquots of the above incubation media were taken at
various times (including a zero time control) for the determination of electron
transport activities and for lipid analysis.

Determination of electron flow activities

‘Photosystem II activity was measured by the photoreduction of DCIP at
530 nm in a glass cuvetie (0.2 cm optical path); the reaction mixture contained
50 mM Hepes (pH 7.6), 35 mM NaCl, 0.2 mM DCIP, 0.005 mM 2,5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone and thylakoid membranes (40 ug chloro-
phyll/ml). When used instead of water as an electron donor, 1,5-diphenylcar-
bazide was at 0.5 mM in the reaction mixture.

Photosystem I activity was estimated by the photoreduction of NADP" at
340 nm; the reaction mixture contained 50 mM Tricine (pH 8.4), 35 mM NaCl,
4 mM sodium ascorbate, 0.3 mM DCIP, 0,01 mM DCMU, 2 mM NADP’, 6 uM
ferredoxin and thylakoid membranes (100 ug chlorophyll/ml).

Photosystem II + 1 activity was measured as a H,O/NADP" electron flow.
The reaction mixture was the same as for Photosystem I, except that ascorbate,
DCIP and DCMU were omitted. When the H,O/methylviologen electron flow
activity was followed with a Clark oxygen electrode, the reaction mixture con-
tained 50 mM Tricine (pH 8.4), 35 mM NaCl, 2 mM NaN3, 0.15 mM methyl-
viologen and thylakoid membranes (20 ug chlorophyll/ml).

The intensity of actinic light after filtration through a Calflex and a DT-Red
filter (both from Balzers) was 250 mW - cm ™2 at the level of the cuvettes.

Lipid analysis

The changes in the phospholipid content of thylakoid membranes treated
with phospholipases A, were followed by the method of Rawyler and Siegen-
thaler [26]. This method is based on the combination of thin-layer chromatog-
raphy and scanning of photographic negatives of the charred plates. The resulis
are expressed as percentages of the initial (control) values. The amounts of
" phosphatidylglycerol and phosphatidylcholine in freshly isolated thylakoid
membranes were 0.195 and 0.150 umol/umol chlorophyll, respectively [26].
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Results and Discussion

When thylakoid membranes were treated with pancreatic phospholipase A,,
the hydrolysis of phosphatidylglycerol and phosphatidylcholine displayed two
phases (Fig. 1). The first was almost temperature-independent whilst the sec-
ond was strongly dependent on this factor. The extent and rate of the first,
fast hydrolytic step were greater for phosphatidylglycerol than for phospha-
tidylcholine. The difference in rates reflects, at least in part, the preference of
the pancreatic phospholipase A, for anionic phospholipids whilst the difference
in the extents of the first hydrolytic step suggests that a greater amount of
phosphatidylglycerol than of phosphatidylcholine is easily accessible to the
enzyme. The rates of the second phase were much slower; however, above 15°C
the hydrolysis of both lipids was eventually complete. These results may indi-
cate an asymmetric distribution of the phospholipids in the thylakoid mem-
brane. ‘

In order for this to be true, at least three criteria should be satisfied in con-
trol experiments [27]. Firstly, no lysis of the thylakoids should occur when the
enzyme attacks the membrane from the outside. This was indirectly established
by the fact that a proton gradient was still maintained across the membrane
when the first hydrolytic step was achieved (data not shown). Secondly, all
lipids should be hydrolyzed when the enzyme attacks the membrane from
both sides. Fig. 2 shows that when phospholipase A, attacks the membrane
from the outside only (e.g. in. normal thylakoids), the hydrolysis of both phos-
pholipids at 0°C was only partial, At this temperature the transbilayer move-
ment mechanism is negligible, On the other hand, when phospholipase A, had
access to both sides, e.g. in disrupted thylakoids (Fig. 2), the hydrolysis of
phosphatidylglycerol and phosphatidylcholine was almost complete. This indi-
cates that some of the phospholipids are located in the inner layer of the thyla-

100

!
[ '

P N T L N S |
o] 20 40 60 80 100 0] 20 40 60 80 100

LIPID CONTENT (%)

INCUBATION TIME WITH PHOSPHOLIPASE A2 (min)

Fig. 1. Time course of phospholipid hydrolysis at various temperatures in thylakoid membranes treated
with pancreatic phospholipase A,. v v, 0°C; e——s, 5°C; O———0, 10°C; -—a 15°C;
o -0, 20°C; & A, 25°C; ¥ v, 35°C. PG, phosphatidylglycerol; PC, phosphatidylcholine,




352

T 1] 1 T T 01T r
4 100

A 80 .
< 4
[
b 60 .
[
g -
Q 40 | B
Q - -l
¥
- 20 } -

- -

0 1 1 1 1 t 1 1 1 i

0 20 40 60 80 100 0 20 40 60 80 100
INCUBATION TIME WITH PHOSPHOLIPASE A; (min)

Fig. 2. Time course of phospholipid hydrolysis at 0°C in normal (&——=) and disrupted (8———=n)
thylakoid membranes treated with pancreatic phospholipase Aj. Disrupted thylakoid membranes were
obtained by sonication of normal membranes for 3 min in an incubation mixture containing phospholi-
pase Ay, but no NaCl and no CaCl,; vesicles containing the trapped enzyme were thus formed and Ca?t
was added to initiate the hydrolytic reaction, PG, phosphatidylglycerol; PC, phosphatidylcholine.

koid membrane. Thirdly, an unequivocal localization of the lipids in the mem-
brane can only be obtained if the lipolytic treatment does not modify the
actual distribution of these lipids. This implies that no transbilayer movement
should occur during the hydrolytic process. Although this was the case at low
temperatures, the intensity of this phenomenon increased when the tem-
perature was raised (see second phases in Figs. 1 and 2). Consequently, the best
estimation of the actual distribution of phospholipids in the membrane is given
by computing the fast-reacting pools of phosphatidylglycerol and phosphatidyl-
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Fig, 3. Effect of temperature on the easy accessible pools of phosphatidylglycerol (A) and phosphatidyl-
choline (B) in thylakoid membranes treated with pancreatic phospholipase A;. The estimation of these
pools was made from the data of Fig. 1 by the logarithmic treatment of Demant et al. [28].
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choline as shown in Fig. 3. The easily accessible pool of phosphatidylglycerol,
which was 35% at 0°C, increased with temperature to reach a plateau between
15 and 25°C. On the other hand, the corresponding pool of phosphatidyl-
choline remained essentially constant within 30—40% of the total phosphati-
dylcholine between 0 and 25°C. Above 25°C, the accessibility of both lipids
became total. We conclude that around 70% of phosphatidylglycerol and 35%
of phosphatidylcholine could be localized in the outer layer of the thylakoid
membrane.

Previous reports have shown that phospholipase A, treatment of spinach
[19] and pea [20] thylakoid membranes resulted in a rapid hydrolysis of about
80% of the total phosphatidylglycerol. Our data on phosphatidylglycerol are in
good agreement with these results, although these earlier works were not
aimed at the study of the phospholipid transmembrane distribution. Moreover,
our results give a quantitative support to the qualitative estimation of the distri-
bution of phosphatidylglycerol in Antirrhinum thylakoid membranes [5]. In
contrast, the distribution of phosphatidylcholine presented here is just the
opposite of that suggested by Radunz [5]. :

The effects of pancreatic phospholipase A, at 20°C on different electron
flow activities of thylakoid membranes are shown in Fig. 4. The activities involv-
ing Photosystem II + I (Fig. 4 A and B) decreased rapidly and were completely
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Fig. 4. Action of pancreatic phospholipase A, on thylakoid membranes followed by the time-dependent
variations of electron transport activities measured from H, O to NADP* (A) or to methylviologen (B)
(Photosystem II + I), from reduced DCIP to NADP* (C) (Photosystem I) and from H, O (closed symbols)
or 1,5-diphenylcarbazide (open symbols) to DCIP (D) (Photosystem II). 0 and ®, control membranes; ©
and ®, treated membranes. The 100% values were 140 and 70 umol NADPH; - mg~1 chlorophyll - h7! in
A and C, respectively; 80 umol O, consumed - mg~1 chlorophyll - h™! in B and 130 ymol DCIPH; - mg~1
chlorophyll - h™1 in D.
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inhibited after 60 to 80 min. In contrast, phospholipase A, byought about a
stimulation of Photosystem I activity which remained higher than the control
(Fig. 4C). A greater activation was found when methylviologen was used as the
electron acceptor (data not shown). This stimulation was only partially due to
uncoupling [9] since the long-term activation was also observed in uncoupled
thylakoid membranes. The inhibition of electron flow through both photosys-
tems (Fig. 4 A and B) could be ascribed to the decrease in Photosystem II activ-
ity as shown in Fig. 4D. Comparing the 1,5-diphenylcarbazide- and H,O-sup-
ported Photosystem II activities, it seems unlikely that the water-splitting sys-
tem is inactivated by the phospholipase A, treatment. Thus, these results sug-
gest the existence of at least two action sites of phospholipase A,. The first,
leading to an inhibitory effect, is located between the electron entry point
from 1,5-diphenylcarbazide and the plastoquinone pool. The second site, lead-
ing to a stimulatory effect, is located between the electron entry point from
DCIPH, and the primary acceptor of Photosystem I.

These results are in partial agreement with those of Hirayama and Matsui
[17] but disagree strongly with more recent works by Hirayama and Nomoto-
bori [19] and Duval et al. [20]. Indeed, our phospholipase A, treatments
always led to an inhibition of Photosystem II electron transport activity which
was not found by these authors [19,20]. This discrepancy can be explained, at
least in part, by the fact that these two groups did not add 2,5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone to their H,O/DCIP reaction mixture and
thus did not measure a true Photosystem II-mediated electron flow, but a pre-
ferential DCIP reduction through Photosystem I [29,30]. Moreover, it should
be emphasized that the hydrolysis of the lipid moiety of membranes, treated
either with the lipolytic acyl hydrolase from potato [7] or with the pancreatic
and snake venom phospholipase A, (see Figs. 1,4 and 5), begins before any

LIPID CONTENT (%)

ACTIVITY (% control }

INCUBATION TIME (min)

Fig. 5. Comparison of the action of pancreatic and Vipera russelli venom phospholipase A3 on Photosys-
tem 11 electron flow activity (A) and on the hydrolysis of phospholipids (B) as a function of incubation
time. Closed symbols: pancreatic phospholipase Aj; open symbols: snake venom phospholipase Ajz. A,
Photosystem 11 electron flow H,O/DCIP; B, phospholipid content; A and 4, phosphatidylglycerol: ® and
0, phosphatidylcholine,
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appreciable change in electron flow activities can be detected. Hirayama and
Nomotobori {19] and Duval et al. [20] did not present the time-dependent
changes in electron flow activities of their phospholipase A,-treated thylakoid
membranes. Thus, the weak inhibition of Photosystem II electron flow activity
observed by these authors could be explained by the limited time of incubation
of their membranes in the presence of phospholipase A,.

The shapes of the hydrolysis curve of phosphatidylcholine at 20°C (Fig. 1)
and of the decay in Photosystem II activity (Fig. 4D) seem to indicate a pos-
sible participation of phosphatidylcholine in Photosystem II structures. The
comparison between the action of phospholipase A, from pancreas and snake
venom (which have inverse preference toward phosphatidylcholine and phos-
phatidylglycerol) supports the hypothesis that phosphatidylcholine is the main
phospholipid involved in Photosystem 1I electron flow activities (Fig. 5). When
the concentrations of both enzymes were chosen so as to obtain the same
hydrolysis rate of phosphatidylglycerol, the extent and rate of the hydrolysis
of phosphatidylcholine by the pancreatic phospholipase A, were smaller than
that by the snake venom enzyme (Fig. 5B). This difference in the hydrolytic
patterns of phosphatidylcholine can be related to the inhibition of Photosys-
tem II electron flow activity which was smaller with pancreatic phospholipase
A, than with the snake venom enzyme (Fig. 5A).

Again, this result is not in agreement with that of Duval et al. [20] who sug-
gested that phosphatidylglycerol was mainly associated with Photosystem II
structures. These authors have apparently neglected the fact that the phos-
pholipase A, from Vipera russelli venom shows a preference for zwitterionic
phospholipids such as phosphatidylcholine as compared to anionic phospho-
lipids such as phosphatidylglycerol [31]. Consequently, they did not measure
the changes in the phosphatidylcholine content of their phospholipase A,-
treated thylakoids, considering that the phosphatidylcholine level was constant.
This was obviously not the case (Fig. 5B).

The involvement of phosphatidylcholine in Photosystem II-mediated activity
is further substantiated by the comparison, at three different temperatures, of
the action of pancreatic phospholipase A, on the phospholipid content and on
Photosystem II electron transport activities in uncoupled thylakoid mem-
branes. When the external pool of phosphatidylcholine was hydrolyzed (for
instance up to 10 min of phospholipase A, treatment at 5°C and at 20°C, Fig.
6a and b) no change in Photosystem II activity was observed. However, the
hydrolysis of the internal pool of phosphatidylcholine under the conditions
where transbilayer movement occurs [28] (for instance at 35°C and after 10
min of phospholipase A, treatment at 20°C, Fig. 6 b and c¢) was directly related
to the inhibition of Photosystem II activity. On the other hand, when no trans-
bilayer movement occurred (for instance after 10 min of phospholipase A,
treatment at 5°C) there was no appreciable inhibition of the Photosystem II
activity. In addition, Fig. 6 shows that the hydrolysis of the external pool of
phosphatidylglycerol was associated with an increase in Photosystem I activ-
ity, which was markedly stimulated when the internal pool of phosphatidyl-
glycerol was further hydrolyzed, due to the transbilayer movement. It is note-
worthy that the great stimulation of Photosystem I activity is not due to un-
coupling. This unexpected observation suggests that phosphatidylglycerol plays
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Fig. 6. Temperature dependence of the action of pancreatic phospholipase A; on the phospholipid
content and on Photosystem 11 and Photosystem I electron transport activities of uncoupled thylakoid
membranes. a, 5°C; b, 20°C; ¢, 35°C. &——s, Photosystem II electron flow, H, O/DCIP; 8————a,
Photosystem I electron flow, DCIPH, /NADP*; 0———0, phosphatidylcholine; c———a, phosphatidyl-
glycerol. Uncoupling and blocking of hydrolysis were achieved by addition of 2 mM EDTA in the reac-
tion media.

a privileged role in the function of Photosystem I. These results point out the
great importance of the internal pool of phosphatidylcholine to sustain the
Photosystem II electron transport activity and the complex relationship
between both external and internal pools of phosphatidylglycerol and the
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Fig. 7. Effect of various incubation times on the Photosystem Il-catalysed photoreduction of DCIP by
water in thylakoid membranes treated with pancreatic phospholipase A7. Hydrolysis is blocked by addi-
tion of 2 mM EDTA (®) after 2 (4), 5 (¢), 10 (®), 20 (¥v) and 40 min (®) of treatment. Non-interrupted
treatment with phospholipase Aj (©,®). Incubations were made at 20°C.
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Photosystem I electron flow activity.

Another approach to show the importance of the internal phosphatidyl-
choline was to control the degree of phospholipid depletion of thylakoid mem-
branes and to observe the subsequent behavior of Photosystem II electron
flow activity. Such an experiment is shown in Fig. 7 whete EDTA was added in
the incubation mixture to block phospholipase A, action by Ca?* chelation.
Short treatments (2 and 5 min) with phospholipase A,, which destroyed only
partially the external pool of phosphatidylcholine (Figs. 1 and 6 a and b) and
which do not induce a sizable transbilayer movement, did not inhibit signifi-
cantly Photosystem II activity (Fig. 7). In contrast, longer treatments with
phospholipase A,, which causes an increasing transbilayer movement and a pro-
gressive delocalization of internal phospholipids, did inactivate Photosystem 11
electron flow. However, the delocalization of internal phosphatidylcholine,
but not its further destruction by phospholipase A,, was in itself necessary and
sufficient to cause the inhibition of Photosystem II activity (compare Figs.
6b and 7). It is noteworthy that the presence of lyso-compounds produced in
situ did not appear to contribute significantly to the inactivation of electron
flow. Indeed, even if all phosphatidylcholine is converted into its lyso-deriva-
tive in phospholipase A,-treated thylakoid membranes, the molar ratio of
lysophosphatidylcholine to chlorophyll (0.15) is far below that (0.70) required
to obtain a detectable inhibition on the Photosystem II electron flow activity
[32,33]. It must be emphasized that this threshold value of 0.70 was obtained
with various amounts of lysophosphatidylcholine added to thylakoid mem-
branes [32,33]; moreover, a given amount of lysophosphatidylcholine [34]
or free fatty acids [35] was much more inhibitory when added exogenously
than when the same amount was released in situ by lipolytic enzymes.

General conclusions

Treatments of thylakoid membranes by phospholipase A, permit us to draw
the following conclusions:

1. Phospholipids are asymmetrically distributed in the thylakoid membrane.
The outer layer is enriched in phosphatidylglycerol whereas the inner layer is
enriched in phosphatidylcholine. ’

2. Phosphatidylcholine is the main phospholipid associated with the thyla-
koid structures responsible for Photosystem II electron flow. The presence of
an intact pool of phosphatidylcholine in the inner layer of the membrane is
absolutely required for maximal Photosystem II activity.

3. Phosphatidylglycerol appears to be preferentially associated with the
thylakoid structures responsible for Photosystem I electron flow. Both outer
and inner pools of phosphatidylglycerol seem to be involved in the modulation
of this activity.

4. The role of a given lipid in a thylakoid membrane function is determined
by its transmembrane distribution, its localization in the plane of the two leaf-
lets of the membrane and by its chemical identity, but not necessarily by its
relative abundance in the membrane.

The above results favor the idea that the well-known sidedness of the thyla-
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koid membrane is supported in part by an asymmetric distribution of its phos-
pholipids.
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THYLAKOID MEMBRANES AS REVEALED BY PHOSPHOLIPASE TREATMENT
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Thylakoid membranes were treated by potato /'lipolytic acyl hydrolase, phospholipases A, from pancreas and
snake venom, and by phospholipase C from Bacillus cereus under various conditions. The changes in the un-
coupled rates of electron transport through Photosystem I (PS I) and in lipid composition were followed during
these treatments. Pancreatic phospholipase A, which destroyed all phospholipids in thylakoid membranes stimu-
lated the NADP" reduction supported by reduced 2,6-dichlorophenolindophenol. This stimulation concerned
only the dark but not the light reactions of this pathway. The main site of action of pancreatic phospholipase A,
may be located on the donor side of PS I; the hydrolysis of phospholipids at this site cansed an increased ability
of reduced 2,6-dichlorophenolindophenol and ascorbate alone to feed electrons into PS I. A second site may be
located on the acceptor side of PS I, probably between the primary acceptor and the ferredoxin system. When
thylakoid membranes were first preincubated with or without lipolytic acyl hydrolase at 30°C (pH 8), the NADP"
photoreduction was inhibited whilst the methyl viologen-mediated O, uptake was stimulated. A subsequent addi-
tion of pancreatic phospholipase A, (which had the same hydrolysis rates for phosphatidylglycerol but not for
phosphatidylcholine) further stimulated the O, uptake and restored NADP" photoreduction. The extent of this
stimulation, which depended on the presence of lipolytic acy! hydrolase, was ascribed partly to the hydrolysis of
the phospholipids and partly to the generation of their lyso derivatives but not to the release of free fatty acids.
On the contrary, phospholipase C which destroyed only phosphatidylcholine failed to restore this activity. It is
suggested that phosphatidylglycerol is the only phospholipid associated with thylakoid membrane structures sup-
porting PS I activities and that this lipid may play a physiological role in the regulation of these activities.

and digalactosyldiacylglycerol and sulfoquinovosyldi-
acylglycerol) and 15% phospholipids (mainly phos-
phatidylglycerol and phosphatidylcholine).

We have previously shown that when thylakoid

Introduction

In the thylakoid membrane, the vectorial electron
transport is achieved through an adequate organiza-

tion of chlorophyll-protein complexes along with pro-
teic and nonproteic redox components [1,2]. All
these constituents are distributed within a lipid
environment, of which 85% are glycolipids (mono-

* To whom correspondence should be addressed.
Abbreviations: DCIP, 2 ,6-dichlorophenolindophenol; Tricine,
N-tristhydroxymethyl)methylglycine; PS, photosystem; Chl,
chlorophyll.

membranes were incubated in the presence of a non-
specific lipolytic acyl hydrolase, one could observe an
inhibition of various electron-transport activities
which was best explained by the hydrolysis of certain
strategic lipids; the importance of these lipid mole-
cules has been suggested to depend more upon their
localization and their chemical identity than upon
their relative abundance within the membrane [3].
More recently, we have studied the transmembrane

0005-2728/81/0000—-0000/$02.50 © 1981 Elsevier/North-Holland Biomedical Press



distribution of both phosphatidylglycerol and phos-
phatidylcholine in spinach thylakoid membranes as
revealed by pancreatic phospholipase A,. It was con-
cluded that phospholipids are asymmetrically distrib-
uted across the membrane, 70% of phosphatidyl-
glycerol and 35% of phosphatidylcholine being
located in the outer leaflet and the remainder present
in the inner leaflet of the membrane [4,5]. In addi-
tion, we have shown that phosphatidylcholine was
the main phospholipid associated with the structures
supporting PS II activity and that the phosphatidyl-
choline pool of the inner leaflet was essential for this
activity [5]. Previous observations have indicated that
pancreatic phospholipase A, was able to stimulate
PST electron flow activity, even under uncoupled
conditions [5]. It is rather uncommon to observe an
enhancement in a membrane function when part of
the structures supporting this function is destroyed.
Therefore, we have investigated the stimulatory effect
of pancreatic phospholipase A, on PSI activity to
determine the identity of the phospholipid(s)
involved and to characterize the action site(s) of this
enzyme in the thylakoid membrane.

Materials and Methods

Enzymes. Phospholipase A, (EC 3.1.1.4) from pig
pancreas and from Vipera russelli venom and phos-
pholipase C (EC 3.1.4.3) from Bacillus cereus were
purchased from Sigma Chemical Co. and used with-
out further purification. Lipolytic acyl hydrolase (EC
3.1.1.26) was isolated from potato tubers as de-
scribed previously [3].

Biological material. Spinach (Spinacia oleracea var.
Nobel) was grown as hydroponic culture [6]. After
14 weeks, the leaves were harvested; the thylakoid
membranes were prepared as described earlier [3],
suspended at a concentration of 2 mg Chl/ml and
used without delay. Chlorophyll was determined as
described previously [7].

Enzymatic treatments. The incubation medium for
all experiments involving the lipolytic acyl hydrolase
and both phospholipases A, was 50 mM Tricine (pH
8.0), 80 mM NaCl, 1 mM CaCl, and thylakoid mem-
branes (0.5 mg Chl/ml). To this basic medium, lipo-
lytic acyl hydrolase (40 ug protein/mg Chl), pan-
creatic phospholipase A, (1.6 Sigma U/mg Chl) or
snake venom phospholipase A; (0.12 Sigma U/mg
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Chl) was added as indicated in the figures. For phos-
pholipase C experiments, the incubation medium was
the same as above except that 50 mM Tricine (pH
7.5) was used as buffer; phospholipase C was present
at 1.4 Sigma U/mg Chl. Incubations were generally
carried out in the dark at 30°C. Other conditions are
specified in the legends to the figures.

Lipid analysis. The changes in the lipid content of
thylakoid membranes were measured by a combina-
tion of thin-layer chromatography and scanning of
the photographic negatives of the charred plates [8].

Photochemical measurements. The electron-trans-
port activity of PST was measured by the NADP"
photoreduction (followed at 340 nm) or by the
oxygen uptake in the presence of methyl viologen.
The reaction mixture for NADP* photoreduction con-
tained 50 mM Tricine (pH 8.4), 35 mM NaCl, 2 mM
NH,Cl, 4 mM sodium ascorbate, 0.3 mM DCIP, 10
uM 3-(34-dichlorophenyl)-1,1-dimethylurea, 2 mM
NADP’, 6 uM spinach ferredoxin and thylakoid
membranes (100 pg Chl/ml). The oxygen uptake was
measured with a Clark oxygen electrode in the same
reaction mixture as above except that 2 mM NaN,
and 0.15 mM methyl viologen were used instead of
NADP" and ferredoxin; thylakoid membranes were at
20 pg Chl/ml. Other conditions are specified in the
legends. The actinic light was passed through a Cal-
flex and a wide-band DT-Red filter, both from Bal-
zers. The irradiance was usually 250 mW/cm?.

Results

Fig. 1 shows that when thylakoid membranes were
incubated at 30°C (pH 8) in the presence of 1 mM
Ca?*, two uncoupled PSI electron flows (e.g.,
reduced DCIP to either methyl viologen/O, or ferre-
doxin/NADP") had a completely different behavior.
The photoreduction of NADP" was first inhibited
(approx. 50%) then progressively recovered up to the
initial level. On the contrary, the methyl viologen-
mediated oxygen uptake was stimulated and reached
a plateau at 180%. An analysis of the lipid composi-
tion during this incubation revealed that the only
change was the appearance of a small amount of free
fatty acids (Table I); this could be correlated with the
formation of 6-O-acylmonogalactosylmonoacylgly-
cerol from 6-O-acylmonogalactosyldiacylglycerol (not
shown in Table I but see Ref. 9). When the incuba-
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Fig. 1. Time course of the changes in the photoreduction of
NADP* (0,8) and in the methyl viologen-mediated oxygen
uptake (o,m) catalyzed by PS I in thylakoid membranes. The

TABLE ]

tion was carried out in the presence of lipolytic acyl
hydrolase, essentially the same changes in activities
(Fig. 1) and in lipid composition (Table I) were ob-
served. However, the release of free fatty acids was
somewhat higher than in the control, due to an addi-
tional hydrolysis of monogalactosyldiacylglycerol.
When pancreatic phospholipase A, was added
(after 42 min of incubation), the photoreduction of
NADP* was restored rapidly and reached 110—120%
of the initial activity in the controls and 80—90% in
the membranes pretreated with lipolytic acyl hydro-
lase (Fig. 1). On the other hand, pancreatic phospho-
lipase A, caused a rapid additional stimulation of the
methyl viologen-mediated reaction which was also
higher in the controls than in the pretreated mem-
branes. This stimulation was followed by a decrease
in these activities. In the presence of pancreatic phos-
pholipase A,, both phosphatidylglycerol and phos-

phatidylcholine were rapidly and completely hydro-
lyzed. In the thylakoid membranes which had not
been treated with the lipolytic acyl hydrolase, the
hydrolysis of phospholipids by pancreatic phospho-
lipase A, was accompanied by the appearance of the
corresponding lyso compounds whilst in the pre-

membranes were preincubated with (open symbols, full lines)
and without (open symbols, dashed lines) lipolytic acyl hy-
drolase. After 40 min of preincubation (arrows) pancreatic
phospholipase A, was added (closed symbols) to aliquots of
both samples. The initial rates were 124 ymol O, consumed/
mg Chl per h and 103 ymol NADPH;/mg Chl per h.

CHANGES IN LIPID COMPOSITION UNDER THE VARIOUS CONDITIONS DESCRIBED IN FIG. 1

Pancreatic phospholipase A, was added after 40 min of preincubation with or without lipolytic acyl hydrolase. Values expressed

as nmol lipid/umol Chl. tr, trace.

Lipid Control Lipolytic acyl hydrolase
0 min 40 min 120 min 120 min 40 min 120 min 120 min
(+ phospho- (+ phospho-
lipase Aj) lipase Ay)
Monogalactosyldiacylglycerol 1431 1316 1260 1260 1280 1121 1068
Digalactosyldiacylglycerol 696 675 661 661 643 576 589
Phosphatidylglycerol 195 191 182 oa 190 174 0
Phosphatidylcholine 150 142 141 oa 134 130 0
Sulfoquinovosyldiacylglycerol 116 116 112 112 112 106 101
Free fatty acids tr 40 98 443 87 140 830

2 Stoichiometric amounts of lysophosphatidylcholine and lysophosphatidylglycerol present.



treated membranes no lysophospholipid could be
detected due to the high activity of lipolytic acyl
hydrolase towards these compounds [10]. In order to
exclude the possibility of the contribution of lyso-
phospholipids in this restoration phenomenon, we
have deliberately chosen to investigate further this
phenomenon under conditions where no lyso com-
pounds can accumulate in the membrane, although
the restoration was less pronounced than in the pres-
ence of lyso compounds. Since the free fatty acids
released by the addition of phospholipase A, (see
Table I) could also be part of the mechanism involved
in the observed reactivation of PST electron flow,
their effect was tested under our experimental condi-
tions. After a preincubation of thylakoid membranes
in the presence of lipolytic acyl hydrolase for 40 min
(see Fig. 1), a subsequent addition of linolenic acid
(the most abundant free fatty acid released by the
action of phospholipase A, and that of lipolytic acyl
hydrolase on both galactolipids and 2-lysophospho-

lipids generated by the phospholipase A,) to these-

membranes (with molar ratio linolenic acid/Chl rang-
ing from 0.1 to 20.0) failed completely to reactivate
the NADP® photoreduction (data not shown). Alto-
gether, these results indicated that the restoration of
NADP"* photoreduction was correlated with the hy-
drolysis of phospholipids but apparently not with
free fatty acids per se. Furthermore, the extent of
this restoration induced by phospholipase A, depen-
ded upon the presence of an enzyme (e.g., lipolytic
acyl hydrolase) which is able to destroy the lysophos-
pholipids generated by the phospholipase A,.

Next, the pancreatic phospholipase A,-induced
restoration was estimated after various times of incu-
bation with the lipolytic acyl hydrolase. Fig. 2 shows
that when both enzymes were added simultaneously,
the activity was first inhibited (about 40%) then
decreased very slowly. In contrast, when thylakoid
membranes were first incubated in the presence of
lipolytic acyl hydrolase, a subsequent addition of
phospholipase A, at different times resulted in a
reactivation of the NADP" photoreduction which
eventually reached the same level (about 80% of the
initial rate). In addition, the longer the first incuba-
tion with the lipolytic acyl hydrolase was, the
stronger was the reactivation rate (see Fig. 2). Since
the reactivation was essentially due to the hydrolysis
of phospholipids by the pancreatic phospholipase A,
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Fig. 2. Effect of pancreatic phospholipase A, (PLA3) on the
NADP* photoreduction catalyzed by PS I in thylakoid mem-
branes preincubated for various times in the presence of lipo-
lytic acyl hydrolase (LAH). (o) Treatment with lipolytic acyl
hydrolase alone, The pancreatic phospholipase A, was added
either immediately (@) or after 15 (a), 30 () or 45 min (v)
of treatment with lipolytic acyl hydrolase. The initial rate
was 93 ymol NADPH,/mg Chl per h,

(see Fig. 1 and Table I), an experiment was designed

to attempt to identify which phospholipids were

involved in the restoration effect. As previously
described [5], two phospholipases A, (from pancreas
and snake venom) having opposite specificities
toward phosphatidylcholine and phosphatidylglycerol
were used. Fig. 3 shows that when the concentration
of both enzymes was chosen so as to obtain the
same hydrolysis rate of phosphatidylglycerol (and
consequently different rates of phosphatidylcholine,
see Fig. 5B in Ref. 5), the rate and extent of reactiva-
tion were identical. This result suggested that the
rapid destruction of phosphatidylglycerol was respon-
sible for the restoration.

A second argument which supports this suggestion
is given in Fig.4 where the abilities of pancreatic
phospholipase A, and phospholipase C from B. cereus
were compared. In contrast to the rapid restoration
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Fig. 3. Comparison between the effect of pancreatic phos-
pholipase A, and that of Vipera russelli venom phospholipase
A, on the NADP" photoreduction catalyzed by PS 1 in thyla-
koid membranes preincubated in the presence of lipolytic
acyl hydrolase. After 42 min of treatment with lipolytic acyl
hydrolase alone (o), pancreatic phospholipase A; (®) or
snake venom phospholipase A, (w) was added (arraws). The
initial rate was 70 umol NADPH;/mg Chl per h.
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Fig. 4. Comparison between the effect of pancreatic phos-
pholipase A, and that of phospholipase C from Bacillus cereus
on the NADP* photoreduction catalyzed by PS I in thylakoid
membranes preincubated in the presence of lipolytic acyl hy-
drolase. After 24 min of treatment with lipolytic acyl hydro-
lase alone (0), pancreatic phospholipase A, (e) or phospho-
lipase C (4) was added (arrows). The initial rate was 76 umol
NADPH,/mg Chl per h.

induced by phospholipase A,, the reactivation due to
phospholipase C was slow and similar to that of lipo-
lytic acyl hydrolase alone. The changes in the lipid
composition occurring during this particular experi-
ment are depicted in Fig. 5. During the treatment of
the lipolytic acyl hydrolase a weak decrease in all
classes of lipids (with the exception of sulfoquinovo-

syldiacylglycerol) was observed (see also Table I).

After the addition of pancreatic phospholipase A,,
both phosphatidylchotine and phosphatidylglycerol
were completely hydrolyzed. In contrast, phospho-
lipase C destroyed completely the phosphatidyl-
choline (see Fig. 5, sample E,) with a parallel produc-
tion of diacylglycerol (sample E,); this enzyme, how-
ever, attacked only slightly phosphatidylglycerol
(compare samples C,, D, and E,). Again, these
results suggested that the restoration of PS I electron
flow was associated with the hydrolysis of phosphati-
dylglycerol.

The question was whether the destruction of this
lipid would be related to the dark or light reactions of
PS I. By investigating the relation of light intensity to
the rate of the PST electron flow reaction, one can
differentiate between effects related to the dark reac-
tion and those related to the light reaction, using the
following linear equation:

YV =1/Ky - UI+1/Kp

where [/ is the light intensity, K a constant related to
the dark reaction, K a constant related to the light
reaction and V the rate of the reaction [11]. If phos-
pholipase A, affects the dark reaction a change in
1/Ky should occur, whilst if it affects the light reac-
tion a change in 1/K; should take place. Table II
shows clearly that the phospholipase A, treatment
affected the dark reaction(s) of the DCIPH, to
NADP" electron flow.

Next, we investigated whether the hydrolysis of
phosphatidylglycerol would be related to the donor
or acceptor side of PSI. To this end, we have mea-
sured the photoreduction of NADP* under various
conditions (i.e., light intensity, concentration of elec-
tron donor or acceptor). Table III shows that 10 min
incubation had essentially no effect in the controls,
whatever the conditions used. On the other hand, a
treatment of thylakoid membranes by phospholipase
A, always stimulated the electron-transport rates,
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TABLE 11

CHARACTERISTICS OF THE LINES EXPRESSING THE
DOUBLE-RECIPROCAL PLOTS OF RATES OF PS1ELEC-
TRON FLOW VS. IRRADIANCE, 1/V = 1/K - 1/1+ 1/Kp

The rates (V) were measured up to an irradiance of 290 mw/
cmn?; 1/Kp constant related to the dark reactions) and
1/K, (constant related to the light reactions) were derived
from the regression analysis of the experimental data; r,
correlation coefficient. After 10 min incubation at 20°C,
EDTA (2 mM) was added to stop the action of pancreatic
phospholipase A, and the rates were measured.

1/Kp 1/KL I
(¥10%) (x103)
Control 8.51 6.7 0.987
+ phospholipase 4.67 6.7 0.981

maximum stimulation being obtained at high irradi-
ance and concentration of ferredoxin but at low
reduced DCIP concentration. Ascorbate alone which
does not support PS1 electron transport in intact
thylakoid membranes [12] became functional in
- phospholipase A,-treated membranes under saturat-
ing conditions. The extents of the phospholipase A,
stimulation of NADP" photoreduction are presented

TABLE 111

TABLE 1V

EXTENT OF THE STIMULATION OF PS I NADP* PHOTO-
REDUCTION BY PANCREATIC PHOSPHOLIPASE A; UN-
DER THE SAME CONDITIONS AS DESCRIBED IN TABLE
I

The extent of the stimulations was expressed as:
Rate (phospholipase, 10 min) — rate (control, 10 min) X

- 100
Rate (control, 10 min)
Irradiance Electron donor Ferredoxin
(mW/cm?)
Type Concen- 1uM 10 uM
tration
(uM)
64 DCIPH, 30 27 27
300 6 16
290 DCIPH, 30 58 88
300 15 39

in Table IV. Whatever the concentrations of ferre-
doxin, the highest extents of stimulation were ob-
served with limiting amounts of reduced DCIP, sug-
gesting that the donor side of PS1 is affected by the
hydrolysis of phosphatidylglycerol. In addition, the
extents of the stimulation were 4-times higher at low

DEPENDENCE OF PS 1 NADP* PHOTOREDUCTION ON THE IRRADIANCE, AMOUNTS OF FERREDOXIN AND ELEC-
TRON DONORS IN THE ABSENCE AND PRESENCE OF PANCREATIC PHOSPHOLIPASE A,

NADP"* photoreduction given as uncoupled rates (2 mM NH4CI). At the end of each incubation period, 2 mM EDTA was added to

block phospholipase A, activity. Incubations were at 20°C.

Irradiance Electron donor NADP* photoreduction (umol/mg Chl per h)
(mW/cm?)" :
Type Concen- 1 uM ferredoxin 10 uM ferredoxin
tration
Controls + phospho- Controls + phospho-
lipase - lipase
0 min 10 min (10 min) 0 min 10 min (10 min)
64 DCIPH, 30 uM 15 15 19 40 41 52
300 uM 14 18 19 48 49 57
290 DCIPH, 30 uM 20 19 30 67 59 111
300 uM 37 34 39 87 93 129
64 Ascorbate 1 mM - - - 0 0 0
4 mM - - - 0 0 2
290 Ascorbate 1 mM - - - 0 0 0
4 mM - - - 3 1 22




as compared to high concentrations of reduced DCIP
with a rate-limiting amount of ferredoxin whilst they
were only doubled with a saturating amount of ferre-
doxin. This suggests that the reducing side of PS T is
also affected by the phospholipase A, treatment.

Discussion

It is generally believed that the destruction of cer-
tain lipids results in the impairment of the membrane
functions sustained by these lipids. Adopting the
enzymatic approach to make conspicuous the role of
lipids in the functionality of the thylakoid membrane,
several authors have shown that this was indeed the
case (see Ref.3 and references therein). In this
investigation, we give evidence that under certain con-
ditions the hydrolysis of certain’'membrane phospho-
lipids gives rise to an enhancement of PS I-mediated
reactions. This is rather unusual but the type and
extent of the response to phospholipase A, were

found to depend on'the physiological state of the

membrane at the time of the treatment.

Four cases have been considered under identical
conditions of temperature (30°C) and pH (pH 8): (a)
Freshly isolated thylakoid membranes were treated at
zero time with phospholipase A,; in this case phos-
pholipids were destroyed with the formation of the
corresponding lyso derivatives resulting in a stimula-
tion of PST activity (see Table III and Ref. 5). (b)
Freshly isolated membranes were treated at zero time
with a combination of phospholipase A, and lipolytic
acyl hydrolase (Fig.2). (c) Freshly isolated mem-
branes were first preincubated for 40 min in the
absence of lipolytic acyl hydrolase then treated with
phospholipase A, (Fig. 1). (d) Freshly isolated mem-
branes were first preincubated for 40 min in the pres-
ence of lipolytic acyl hydrolase then treated with
phospholipase A, (Fig. 1).

Comparing cases a and b suggests that the stimula-
tion of PS I activity by phospholipase A, can be essen-
tially attributable to the formation of lysophospho-
lipids. This is due to the fact that when the accumula-
tion of lyso compounds was prevented by the pres-
ence of lipolytic acyl hydrolase, the destruction of
the parent phospholipids led to an inhibition of PS I
activity. Furthermore, it can be recalled that the
degradation of phospholipids into their corresponding
lyso derivatives and free fatty acids does not affect
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the bilayer structure in erythrocyte membranes [13—
15]; however, it induces an increase in permeability
to jons [16]. A similar situation in thylakoid mem-
branes could explain the stimulation of the activity
by an increased permeability of the membrane to
electron donors. It is noteworthy that our interpreta-
tion concerning the stimulatory effect of lyso deriv-
atives (e.g., at least in cases a and c) is in disagreement
with the classical conception of the deleterious effect
of lyso compounds on thylakoid membranes [17—
20]. In the first phase of cases ¢ and d, the mirror
behavior of PS I activities (e.g., the stimulation of the
methyl viologen-mediated reaction and the inhibition
of NADP" photoreduction, see Fig. 1) was really un-
expected as well as the subsequent recovery of
NADP" photoreduction activity beyond 50 min of
incubation at 30°C. This behavior accounts for a
reversible modification of the membrane at the level
of the acceptor side (i.e., from X to ferredoxin). The
fact that this phenomenon did not occur at 20°C (not
shown) could indicate that between 20 and 30°C a
phase transition had occurred, namely in the molec-
ular species of phosphatidylglycerol containing pal-
mitic and 3-frans-hexadecenoic acids which might
have changed from the gel to liquid-crystalline state.
Indeed, dimyristoylphosphatidylglycerol has been
shown by differential scanning calorimetry to under-
go a sharp transition at about 25°C [21].

In the second phase of case d, the restoration of
the activities can be explained by the hydrolysis of
phospholipids. The additional restoration of the activ-
ity in case c seems to be due mainly to the presence
of lysophospholipids and possibly to some galacto-
lipids which have not been destroyed by lipolytic acyl
hydrolase.

It is noteworthy that at the beginning of the prein-
cubation in the presence of lipolytic acyl hydrolase,
certain phospholipids are required (case b) whilst
during the preincubation they must be destroyed
(case d) for full photochemical activity (see Fig. 2).
This switch in the role of certain phospholipids may
be an expression of a lateral redistribution of the
membrane components.

One can also ask whether the free fatty acids per
se released by these enzymes could be involved in the
mechanism(s) of the reactivation. The effects of
added free fatty acids on photosynthetic electron
transports depend on their concentration and on the
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pH of the reaction medium [19,22—24]. At pH
values higher than 7.5, these effects are stimulatory at
low fatty acid/Chl ratios and inhibitory at higher
ratios. Under our experimental conditions, an addi-
tion of linolenic acid instead of phospholipase A,
(see Fig. 1) did not reactivate the PS I NADP* photo-
reduction, However, it is not correct, sensu stricto, to
compare the effects of an addition of lipid on an
intact membrane with those of an equal amount of
lipid released endogenously (see, for instance, Refs. 9
and 13). In these two cases, a threshold fatty acid/Chl
ratio might exist above which an inhibition of elec-
tron transport occurs. The extent of the reactivation
observed in the presence of a relatively small amount
of free fatty acids (443 nmol/umol Chl, case c) was
much greater than that obtained in the presence of
twice this amount (830 nmol/umol Chl, case d; cf.
Fig. 1 and Table I). If these endogenously released
free fatty acids had been actively involved in the reac-
tivation, then the opposite should have been observed.
Finally, one may suggest that the type of free fatty
acid released but not its concentration could be
responsible for the reactivation. In this case, such a
free fatty acid could have been released only from the
2 position of certain phospholipids by the action of
the phospholipases A,. Obviously, the levels of this
hypothetical, particular free fatty acid would be
equal in cases ¢ and d, since the pancreatic phospho-
lipase A, was able, in both cases, to destroy all phos-
pholipids of the thylakoid membrane (Table I). As a
consequence, the extent of reactivations should be
the same in cases ¢ and d, which is obviously not the
case (Fig. 1).

Previous studies presented indirect evidence that
phospholipids were associated with PS T structures in
the thylakoid membrane [25--28]. Here, phospha-
tidylglycerol has been identified as the only phospho-
lipid the destruction of which was responsible for
both stimulation (case a) and restoration (cases ¢ and
d) of PSI activity. This has been indirectly verified
by the experiments comparing the effect of phospho-
lipases A, from snake venom and pancreas (Fig. 3)
and demonstrated by comparing the effect of phos-
pholipases A, and C (Figs. 4 and 5). These results
exclude the possibility of the involvement of phos-
phatidylcholine in the structures which participate in
the restoration of PST activity. This conclusion sup-
ports our previous results [S] but disagrees with other
findings [29-31].

Concerning the type of reactions which are
affected by the hydrolysis of phosphatidylglycerol,
the results showing the stimulatory action of phos-
pholipase A, alone on PS I electron flow (case a) per-
mit us to exclude the possibility of the effect of this
enzyme on the light reactions (Table II). Two types
of dark reactions can be concerned, e.g., those on the
oxidizing and those on the reducing sides of PS 1. To
discriminate between these two possibilities, the
following rationale has been adopted. Under condi-
tions where the irradiance and ferredoxin were not
rate limiting, an effect of phospholipase A, on the
donor side should be stronger at low than at high con-
centration of the electron donor. This was indeed the
case, suggesting that the hydrolysis of phosphatidyl-
glycerol resulted in increased permeability of the
membrane to reduced DCIP, This was further sub-
stantiated by the appearance of a PST activity sup-
ported by ascorbate alone (Table III). Such a
phenomenon was already observed when thylakoid
membranes were treated with lipolytic acyl hydrolase
[3] although in this latter case the ascorbate-sup-
ported activity was suppressed by a longer incubation
period. On the other hand, this activity was perma-
nent with phospholipase A, treatment, suggesting the
involvement of lysophospholipids in this process.

The donor side thus appears to be the main target
of pancreatic phospholipase A, in the PSI region.
However, the extent of the stimulation can be modu-
lated by the action of the enzyme on a second target
located at the acceptor side. This modulation is
expressed by the fact that the stimulation at a low as
compared to a high concentration of reduced DCIP
was 2-times higher at limiting than at saturating ferre-
doxin concentration (Table IV).

It has been suggested that the phosphatidylgly cerol
molecules, namely those containing 3-trans-hexadece-
noic acid, could exert a cementing effect in the build-
ing of appressed regions in thylakoid membranes
[32]. However, this hypothesis has been challenged
[33]. Although the aim of this study was not to solve
this problem, we can now suggest another possible
physiological role of phosphatidylglycerol as an ele-
ment which may regulate the rate of PS1T electron
transport.

In conclusion, from these results and those
recently published [5], it may be suggested that in
addition to their asymmetric transmembrane distribu-



tion [5], the phospholipids are located in two main,
spatially distinct pools within the plane of the mem-
brane, phosphatidylcholine being associated with PS
I1 [5] and phosphatidylglycerol with PS I structures.
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