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SUMMARY 

Partition in an aqueous Dextran-polyethylene glycol two-phase system has been 
used for the separation of chloroplast membrane vesicles obtained by press treatment 
of a grana-enriehed fraction after unstacking in a low salt buffer. 

The fractions obtained were analysed with respect to chlorophyll, photochemi- 
cal activities and ultrastructural characteristics. The results reveal that the material 
partitioning to the Dextran-rich bottom phase consisted of large membrane vesicles 
possessing mainly Photosystem II properties with very low contribution from Photo- 
system I. Measurements of the H20 to phenyl-p-benzoquinone and ascorbate-C12Ind 
to NADP + electron transport rates indicate a ratio of around six between Photo- 
system II and I. 

The total fraetionation procedure could be completed within 2-3 h with high 
recovery of both the Photosystem II water-splitting activity and the Photosystem I 
reduction of NADP +. 

These data demonstrate that press treatment of low-salt destabilized grana 
membranes yields a population of highly Photosystem-II enriched membrane vesicles 
which can be discriminated by the phase system. We suggest that such membrane 
vesicles originate from large regions in the native grana membrane which contain 
virtually only Photosystem II. 

INTRODUCTION 

Many different disintegration procedures have been used in fractionation 
studies of the chloroplast lamellae, but the separation has usually been obtained by 
traditional centrifugation methods [1, 2]. An alternative method is counter-current 
distribution in aqueous Dextran-polyethylene glycol two-phase systems which 

Abbreviations: I)CMU, 3-(3,4-dichlorophenyl)l,l-dimethylurea; Cl2lnd, 2,6-dichlorophenol- 
indophenol; PPBQ, phenyl-p-benzoquinone. 

* Present address: Department of Biochemistry, University of Lund, Box 740, S-220 07 Lund 7, 
Sweden. 
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separate particles according to differences in membrane surface properties, such as 
charge and hydrophobicity, rather than size and density [3, 4]. 

In a recent paper [5], we showed by this technique that press-treated chloro- 
plasts could be separated into Photosystem I- and II-enriched fractions. Membrane 
vesicles, probably originating from grana unstacked during the isolation procedure, 
were partitioned to the dextran-rich bottom phase, showing a higher Photosystem II 
enrichment than purified grana fractions. 

In the present communication, we report a rapid non-detergent method for the 
isolation of highly Photosystem II-enriched membrane vesicles with improved yield 
and purity. The method, including low salt unstacking of a grana-enriched fraction, 
followed by aqueous two-phase partition, could be performed with relatively small 
activity losses with regard to both the Photosystem II water splitting reaction and the 
Photosystem ! reduction of NADP +. 

Membrane vesicles comparable in size to grana discs, possessing mainly 
Photosystem II properties, were isolated in the dextran-rich bottom phase. These 
membranes constituted at least 20 % of the chloroplast lamellae on a chlorophyll 
basis. These data show that our non-detergent treatment is sufficient to partly dis- 
sociate the grana photosystems from each other into membrane vesicles with different 
surface properties which can be discriminated by the phase system. Based upon these 
results we discuss possible arrangements of the photosystems in the grana region. 

METHODS 

Spinach chloroplasts, prepared as described earlier [5], were osmotically 
broken up in 50 mM sodium phosphate buffer, pH 7.4/10 mM NaCI/50 mM sucrose 
and centrifuged 5 min at 2000 x9. To reduce the contamination of envelope and 
stroma material the pellet was washed twice in the same buffer and finally suspended 
in 150 mM NaCI/50 mM sodium phosphate buffer, pH 7.4. 

Such washed class II chloroplasts were fragmented by passage through a Yeda 
press at a nitrogen pressure of 10 MPa (100 kg/cm2). The fractionation of this 
material is summarized in Fig. 1. Stroma lamellae were removed from fast sedimenting 
grana by centrifugation for 30 min at 40 000 x g. The grana-enriched fraction so 
obtained wa ~, unstacked by suspension in low salt medium, I0 mM sodium phosphate 
buffer, pH 7.4/5 mM NaC1/100 mM sucrose, and passed twice through the Yeda 
press. The direct isolation of the 40K fraction without prior centrifugation at 1000 x g 
for 10 min and 10 000 x g for 30 min was choosen to increase the yield of Photosystem 
II vesicles [5 ] and to get a more rapid isolation procedure. 

This material designated 40K ls (low salt) was either separated analytically by 
the thin-layer counter-current apparatus as described earlier [5], or preparatively by a 
few step two-phase partition. In both types of experiment, a two-phase system of the 
following composition was used: 6.1% (w/w) Dextran-500, 6.1% (w/w) polyethylene 
glycol 4000, 10 mmol sodium phosphate buffer (pH 7.4)/kg, 5 mmol NaCl/kg and 
20 mmol sucrose/kg. 

For the preparative method, 5 ml of the 40K Is fraction (800 #g chlorophyll/ 
ml) was added to 20 g of a polymer mixture to yield a two-phase system of the described 
composition. The phase system was mixed, and centrifuged for 3 rain at 1500 xg  to 
facilitate phase separation. The top phase was removed and the bottom phase, con- 
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Fig. 1. Scheme for the fragmentation and fractionation of chloroplasts lamellae. 

taining mainly Photosystem II enriched material, was washed twice with 15 ml new 
top phase. In the last step, the material at the interface was removed together with the 
top phase. For activity measurements, the material was removed from the bottom 
phase by adding new top phase in which 25 % of the polyethylene glycol was replaced 
by trimethylaminopolyethylene glycol [6]. The total isolation procedure was com- 
pleted within 2-3 h, including 20-30 rain for the two-phase extraction. All operations 
were performed at 2-3 °C. 

Chlorophyll a and b were determined according to Arnon [7]. Fluorescence 
spectra were recorded at liquid nitrogen temperature using the instrumentation of 
Oquist [8]. The/)-700 content was estimated chemically (Table I) using an Acta CIII 
spectrophotometer with an external recorder. Manganese was determined by flame- 
less atomic absorption (at 279.5 nm) using a Varian Techtron AA6 supplied with a 
CRA-63. NADP ÷ reduction was measured spectrophotometrically either with water 
or ascorbate-Cl2Ind as electron donor. Oxygen evolution was measured polaro- 
graphically with phenyl-p-benzoquinone as electron acceptor. This hydrophobic 
redox substance was shown, by inhibition studies with KCN (not published), to be a 
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T A B L E  I 

C H L O R O P H Y L L ,  P-700 A N D  M A N G A N E S E  C O N T E N T S  O F  F R A C T I O N S  O B T A I N E D  
BY D I F F E R E N T I A L  C E N T R / F U G A T I O N  A N D  A Q U E O U S  T W O - P H A S E  P A R T I T I O N  OF  
PRESS  D I S R . U P T E D  C H L O R O P L A S T  L A M E L L A E  

Suhchloroplast fractions were obtained and designated as illustrated in Fig. 1. Chlorophyll a/b 
was determined according to Arnon and chlorophyll fluorescence spectra was recorded at --196 °C. 
P-700 was estimated by the oxidized minus reduced absorbance difference at 700 nm, by adding 
0.8 m M  K 3 F e ( C N ) 6  or  1.7 m M  ascorbate to a chloroplast sample containing 15-20 # g  chl/ml. 
Manganese Was estimated by atomic absorbtion. Less than 0.5 % of the chlorophyll was found in 
the 100K supernatant. 

Fraction Chlorophyll 

% a/b F735/F685 P-700 M n  

Yeda press 
homogenate 100 3.2 2.5 430 61 
4 0 K  ls 93.8 3.1 2.3 460 110 

T1 77.4 3.2 2.7 410 103 
B1 16.4 2.5 1.3 1150 67 

T2 7.5 3.0 1.9 740 83 
B2 8.9 2.4 1.0 > 1200 73 

T3 2.8 2.6 1.3 --  -- 
B3 6.1 2.3 1.1 > 1200 50 
100K 6.2 6.7 6.9 210 266 

better electron acceptor for Photosystem lI than p-benzoquinone, Cl2Ind and K3Fe 
(CN)6. Samples for electron microscopy were thin-sectioned and stained as described 
in the legend to Fig 2. 

RESULTS 

It is well known that suspension of chloroplast lamellae in a low salt buffer 
leads to unstacking of grana [9]. In the present study a medium containing 10 mM 
sodium phosphate buffer, pH 7.4/5 mM NaC1/100 mM sucrose, was used. This ionic 
strength was low enough to cause unstacking of class II chloroplasts (Fig. 2). The 
40K fraction, enriched in grana after removal of stroma lamellae (Table I and III), 
were suspended in this low salt buffer and passed through the Yeda press two more 
times. This press treatment in low salt medium yielded mainly unstacked membrane 
vesicles as shown by electron micrographs (Fig. 4). 

After such a destabilization of grana, no further fractionation of the photo- 
systems could be achieved by differential centrifugation (Table II). In contrast, 
counter-current distribution of these vesicles showed that they were very inhomo- 
geneous with respect to their surface properties, yielding two well resolved fractions 
(Fig. 3). The material distributed to the first main peak, because of a high affinity for 
the dextran-rich bottom phase, showed low chlorophyll a/b and F735/F685 ratios. 
This Photosystem II-entichment was gradually altered along the counter-current 
distribution train, so that the material trader the second main peak, preferring the top 
phase, was slightly enriched in Photosystem I properties. 

Because of the extreme differences in partition behaviour of the main popula- 
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Fig. 2. Electron micrograph of chloroplasts unstacked by suspension in low salt medium, 10 mM 
sodium phosphate buffer, pH 7.4/5 mM NaCI/100 mM sucrose. The sample was fixed in 3 % glutar- 
aldehyde, washed with buffer and post-fixed in 2 % OsO4 for 2 h. The dehydration was performed 
stepwise in ethanol and further in propylene oxide before embedding in Epon. Sections were cut and 
finally stained with uranyl acetate and lead citrate. 

TABLE lI 

CHLOROPHYLL DISTRIBUTION AFTER DIFFERENTIAL CENTRIFUGATION OF THE 
LOW-SALT TREATED GRANA FRACTION (40K. Is) 

Values should be compared to those obtained after aqueous two-phase partition of the same material. 

Fraction Chlorophyll 

% a/b 

40K ls 100 3.1 
1 000 x #, 30 min 8 2.9 
2 000 ×.q, 6 3.0 
3~000 x g, 10 2.9 
4"000 × y, 9 3.0 
5~000 × y, 5 3.0 

10"000 x y, 31 3.0 
20"000 / #, 16 3.1 
40~000 × y, 11 3.3 
80 000 × #, 90 min 4 3.7 
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Fig. 3. Counter-current distribution diagram of the low salt treated grana fraction (40K. Is). The 
experiment was carried out in an aqueous dextran-polyethylene glycol two-phase system at 2 °C. 
After 110 transfers using a shaking time of 30 s followed by a settling time of 8 min, the fractions 
were diluted with low salt buffer and collected in test tubes. The absorbance at 680 nm was measured 
and plotted against the tube numbers. Spectra of chlorophyll fluorescence was recorded at -- 196 °C. 
Arrow indicates F735/F685 of the material before distribution. 

TABLE III 

PHOTOCHEMICAL ACTIVITIES OF FRACTIONS OBTAINED BY DIFFERENTIAL CEN- 
TRIFUGATION OF A YEDA PRESS HOMOGENATE 

The specific activities are expressed as/~mol O2 produced or #tool NADP + reduced per mg chloro- 
phyll and hour. Values within brackets are the percentage of the total activity in each centrifugal 
fraction calculated from the total activities of the class II chloroplasts. Assay of Photosystem I1: 
oxygen evolution was measured with a Clarce type of electrode in a medium containing 0.4/~mol 
phenyl-p-benzoquinone, 70/~mol sodium phosphate buffer (pH 6.5), 12/tmol NaCI and chloroplast 
material corresponding to 46 #g chlorophyll, in a total volume of 2.3 ml. Assay of Photosytem I: 
NADP + reduction was followed at 337 nm using a spectrophotometer equipped with an illumination 
source, in a medium containing 100/~mol sodium phosphate buffer (pH 7.4), 2.6 #tool NaCI, 1.0 
/zmol NADP +, 1.7/tmol ADP, 5.0 #mol MgCI2, 0.75/~mol C12Ind, 28.8/~mol ascorbate, 25 nmol 
I)CMU, saturating amounts of ferredoxin, ferredoxin-NADP ÷ reductase and plastocyanin and 
chloroplast material corresponding to 10 #g chlorophyll, in a total volume of 2.6 ml. Assay of com- 
plete electron transport: as for Photosystem I, except that the pH was 6.5 and that DCMU, ascorbate 
(Ascl and Cl2Ind were omitted. 

Fraction Photosystem II . Photosystem I Complete electron 
activity activity transport chain 
(H20 --~ PPBQ) (Asc-Clzlnd --~ NADP + ) (H20 --~ NADP + ) 

Class II chloroplasts 103 (100) 136 (100) 160 (100) 

Yedapresshomogenate  65 (64) 133 (98) 58 (36) 

40Kls  68 (62) 88 (61) 29 (17) 
100K 12 (0.7) 196 (8.9) 2 (0.1) 
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tions, a three-step phase partition (Fig. 1) was sufficient to yield about the same resolu- 
tion (Table I) as after a 110 transfer counter-current distribution experiment (Fig. 3). 
Simply by one partition step, 16 % of the material was recovered in the bottom phase 
(Table I) with low chlorophyll a/b and F735/F685 ratios, high manganese content and 
hardly detectable amounts of P-700. This Photosystem II enrichment was further 
improved by extraction of the bottom phase (B 1) two more times with pure top phase. 
This three step phase partition required only 20-30 min, which made analysis possible 
after a total isolation procedure of 2-3 h. This is a big improvement, compared to the 
time required for 110 transfer counter-current distribution, especially for fast declining 
activities such as the water splitting reaction of photosystem II. Another advantage is 
that large amounts of material can be separated by simply scaling up the phase 
volumes. 

It should be pointed out that during the two-phase partition the top phases 
which were removed (T1-T3) were not repartitioned with fresh bottom phase as is the 
case during counter-current distribution. That explains why only 6 % of the part- 
itioned material can be found in the B3 fraction (Table I) while around 20 ~ is 
distributed to the left peak after the counter-current distribution (Fig. 3). 

From the photochemical activities, after the phase partition (Table IV), the 
following points are of special interest: (a) the ratio between the percent total Photo- 
system II activity and the percent total Photosystem I activity in the B3 fraction is 
about six, confirming the high Photosystem II enrichment of these membranes; (b) 
there are no losses of activity during the two-phase extraction, leading to around 
100 % recovery of total activity of both photosystems in each. partition step. This 
important observation in combination with the relatively low activity losses during the 
Yeda press treatments (Table III) indicates that the observed Photosystem-II enrich- 
ment does not originate from selective destructive effects; (c) high rates of water 
splitting activity remain throughout the complete isolation procedure and there is no 
need for addition of diphenyl carbazide for measuring photosystem II activity; (d) 
the specific Photosystem I activity of the B3 fraction is of the same order as for the 
complete electron transport from water to NADP +. It seems therefore reasonable to 
assume that the contaminating Photosystem I in some way is associated with Photo- 
system II and not due to free Photosystem I particles. 

No clear ultrastructural differences between the membrane material partitioned 
to the top or bottom phase could be observed from electron microscopy studies (Fig. 
4). All fractions consisted of comparatively large membrane vesicles in which the size 
of the vesicles resembled that of a swollen grana disc. Further, the thickness of the 
membranes did not appear to be less than around 7 nm. 

DISCUSSION 

By utilizing differences in surface properties for separation of unstacked mem- 
brane vesicles, two main fractions can be isolated where the membrane population 
preferring the dextranous bottom phase shows a prominent Photosystem II enrich- 
ment. In contrast, differential centrifugation utilizing particle size differences does not 
yield any separation of the photosystems after dgstabilization of grana [2]. This is also 
confirmed when our 40K Is fraction was subjected to differential centrifugation, as 
revealed by the chlorophyll a/b ratios presented in Table II. Therefore mechanical 
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disintegration procedures have so far b:en limited to removal of Photosystem I-rich 
stroma lamellae from fast sedimenting grana stacks containing both photosystems. 

Fractions of similar Photosystem II enrichment to that obtained in the present 
study, have required detergent solubilization followed by density gradient centrifuga- 
tion [10-12]. The D II particle of Arntzen et al. [10], prepared in such a way, shows 
similar properties as our B3 particles, but is devoid of water splitting capacity. 

Photosystem II fractions completely uncontaminated by Photosystem I activity 
can be obtained by detergent fractionation [13-15] but often in low yield and with 
considerable loss of activity. It is also difficult to make interpretations from such 
studies about the native thylakoid membrane system since detergents solubilize mem- 
brane components into lipid protein-detergent comicelles [16] leaving a modified 
membranous residue. 

In our opinion, high recovery of total activity in combination with preservation 
of the membrane structure are necessary prerequisites when conclusions regarding the 
native thylakoid system will be drawn from fractionation studies. 

Since the 40K fraction was obtained from the Yeda press homogenate without 
prior centrifugation at 1000 × g for 10 rain and 10 000 × g for 30 rain, it would contain 
some unbroken material as well as contaminating stroma lamellae. This contamina- 
tion does not affect the Photosystem II enrichement since unbroken material and 
stroma lamellae have a high preference for the top phase [5]. It could therefore be 
argued that our Photosystem II enrichment is simply a result of removal of stroma 
lamellae and grana end membranes. This cannot, however, be the only explanation, 
since that would restrict nearly all grana Photosystem I to the end membranes and 
still make up about the same amount of chlorophyll compared to Photosystem II. 
Moreover, a conventional press 10K fraction (Chlorophyll a/b 2.8, Chlorophyll/P-700 
= 850), where most of the stroma lamellae and unbroken material have been removed 
by centrifugation, could be further fractionated by the described method into vesicles 
with predominantly Photosystem II properties (unpublished results). 

We also think it unlikely that the separation of the photosystems is achieved by 
membrane splitting [17, 18], since the thickness of the membranes in the vesicles 
appears normal. 

We do instead claim that the present non-detergent isolation of about 20 ~ of 
the chloroplast lamellae as large membrane vesicles (~b -~ 300 nm), with predomi- 
nantly Photosystem II properties shows that press treatment is sufficient to part grana 
Photosystem I and Photosystem II from each other. This speaks against a model 
where the grana membrane possesses both photosystems in similar amounts and in 
close physical association to each other. Our results suggest instead that in the native 
grana membrane there exist membrane regions of mainly Photosystem II character 
and that such a membrane region is the origin of our B3 vesicles. 

It is tempting to speculate that such a Photosystem II membrane region could 
participate in complete electron transport by cooperation with Photosystem I on an 
adjacent membrane in a grana stack. This would provide one explanation for the 
higher quantum yield obtained when the thylakoids are closely stacked [19]. Recently 
Staehlin [20] from the geometrical arrangement of freeze fracture particles proposed 
an interaction between Photosystem I and Photosystem II of adjacent membranes in 
the grana region. Furthermore, studies on microsomal membranes have revealed that 
reducing capacity can be transmitted from one membrane to another when they come 
into contact [21]. 
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TABLE IV 

PHOTOCHEMICAL ACTIVITIES OF FRACTIONS OBTAINED BY TWO-PHASE PARTI- 
TION OF THE LOW SALT TREATED GRANA FRACTION (40K Is) 

Activities were measured as described in Table III. The specific activities are expressed as #mol O2 
produced or pmol NADP + reduced per mg chlorophyll and hour. Values within brackets are the 
percentage of  the total activity in each fraction calculated from the total activity of the 40K ls fraction. 
Asc: ascorbate. 

Fraction Photosystem II Photosystem I Complete electron 
activity activity transport chain 
(H20 --~ PPBQ) (Asc-Cl2Ind --~ NADP + ) ( t t20 ~ NADP + ) 

40K ls 68 (100) 88 (100) 29 (100) 

T1 63 (76) 104 (97) 37 (107) 
B1 94 (24) 44 (8.2) 26 (16) 

T2 90 (!1) 71 (6.1) 25 (6.5) 
B2 103 (14) 32 (3.2) 21 (6.4) 

T3 100 (4.1) 38 (1.2) -- 
B3 110 (10) 27 (1.9) 21 (4.4) 

The Photosystem II rich regions could also cooperate with neighbouring 
regions rich in Photosystem I by laterial diffusion of redox molecules. Alternatively, 
the Photosystem II rich regions could be self supporting electron transport systems 
where the remaining Photosystem I units are coupled to the six times as many Photo- 
system II units in a mosaic pattern. 

Although there is an enrichment of Photosystem II in the bottom phase, the 
material partioned to the top phase contains about 75 ~ of the total Photosystem I! 
activity present in the 40K ls fraction (Table IV). Whether this means that the grana 
material in the top phase is a mixture of vesicles containing either mainly Photo- 
system I or mainly Photosystem II, or represents vesicles containing both photo- 
systems in about equal amounts can not be judged at the present stage. If the former is 
the case, there must be some differences in surface properties between Photosystem II 
enriched vesicles preferring the bottom phase and those preferring the top phase. Such 
differences could be caused by losses of extrinsic proteins influencing the partition 
behaviour, or be due to differences in the sidedness of the membrane vesicles. A 
mixture of vesicles containing either Photosystem I or Photosystem II would be in 
agreement with a model where grana photosystems are located to different regions. 
On the other hand, if the material partitioned to the top phase represents vesicles 
containing both photosystems in about equal amounts, such a model would be less 
plausible. 

Whatever the explanation for the origin of the B3 particles is, they should 
provide an interesting material for further studies of Photosystem II. Using these 
membrane particles (prepared rapidly with a high yield), the structure and function of 
Photosystem II can be studied without much influence from Photosystern I and still be 
in a membranous state. 
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