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Stable and well coupled Photosystem (PS) 1-enriched vesicles, mainly derived from the chloroplast stroma 
iamellae, have been obtained by mild digitonin treatment of spinach chloroplasts. Optimal conditions for 
chloroplast solubilization are established at a digitonin/chlorophyll ratio of 1 (w /w)  and a chlorophyll 
concentration of 0.2 mM, resulting in little loss of native components. In particular, plastocyanin is easily 
released at higher digitonin/chlorophyll ratios. On the basis of chlorophyll content, the vesicles show a 
2-fold enrichment in ATPase, chlorophyll-protein Complex I, P-700, plastocyanin and ribulose-l,5-bis- 
phosphate carboxylase as compared to chloroplasts, in line with the increased activities of cyclic photophos- 
phorylation and PS 1-associated electron transfer as shown previously (Peters, A.L.J., Dokter, P., Kooij, T. 
and Kraayenhof, R. (1981) in Photosynthesis I (Akoyunoglou, G., ed.), pp. 691-700, Balaban International 
Science Services, Philadelphia). The vesicles have a low content of the light-harvesting chlorophyll-protein 
complex and show no PS ll-associated electron transfer. Characterization of cytochromes in PS 1-enriched 
vesicles and chloroplasts at 25°C and 77 K is pedormed using an analytical method combining potentiometric 
analysis and spectrum deconvolution. In PS 1-enriched vesicles three cytochromes are distinguished: c-554 
(E~ = 335 mV), b-559Lp (E~ -- 32 mV) and b-563 (E~ = - 123 mV); no b-559He is present (LP, low-poten- 
tial; HP, high-potential). Comparative data from P S I  vesicles and chloroplasts are consistent with an even 
distribution of the cytochrome b-563- cytochrome c-554 redox complex in the lateral plane of exposed and 
appressed thylakoid membranes, an exclusive location of plastocyanin in the exposed membranes and a 
dominant location of plastoquinone in the appressed membranes. The results are discussed in view of the 
lateral heterogeneity of redox components in chloroplast membranes. 

Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid; Tes, N-tris(hydroxymethyl)methyl-2- 
aminoethanesulfonic acid; Tricine, N-[2-hydroxy-l,l-bis(hy- 
droxymethyl)ethyl]glycine; CF~, chloroplast ATPase; PS, pho- 
tosystem; Chl, chlorophyll. 
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Introduction 

The elucidation of the fundamental principles 
of photosynthetic energy transduction is severely 
hampered by the complex physiological functions 
and membrane structures of which the primary 
coupling mechanism is only a part. Photosynthetic 
prokaryotes often used for these studies, such as 



the purple bacteria [1,2] and more recently also the 
cyanobacteria [3,4], are complicated by the (par- 
tial) association of photosynthetic and respiratory 
functions, while chloroplasts consist of a com- 
plicated thylakoid structure with appressed and 
exposed regions showing a heterogeneous distribu- 
tion of photosystem, redox and ATPase complexes 
[5-10]. Intact and broken chloroplast preparations 
often suffer from instability and poor reproduci- 
bility of measurements of sensitive functions due 
to proteinase and lipase action. Investigation of 
primary photosynthetic energy-transducing reac- 
tions would benefit greatly from the availability of 
relatively simple and stable membrane vesicles in 
which the native components and activitities are 
largely conserved. 

An important line of investigation is the recon- 
stitution of relatively pure photosynthetically ac- 
tive complexes such as the PSI  reaction center and 
ATPase complex into lipid vesicles [11]. The isola- 
tion of an oxygen-evolving PS II particle [12] and 
a relatively pure cytochrome b-563-c-554 ( 'b-f ')  
complex with a substantial plastoquinol-plasto- 
cyanin oxidoreductase activity [13] presents a 
promising progress in this field. Another line of 
research is the isolation of intact and well coupled 
PS I-enriched vesicle preparations which are of 
interest because of the apparent association of the 
ATPase complex with PS I. Almon and Brhme 
[14] introduced a gentle isolation procedure of the 
PS II-deficient heterocysts of the cyanobacterium 
Nostoc muscorum. The intactness of their prepara- 
tion was confirmed by the presence of water-solu- 
ble cytochrome c-553, which seems analogous to 
plastocyanin in higher plant chloroplasts [15]. 

Following previous work initiated by Wessels 
[16] and continued by other groups [17-21-] we 
decided to use well coupled PS I-enriched vesicles 
derived from spinach chloroplasts after mild dig- 
itonin fragmentation at high ionic and osmotic 
strength as a routine tool for studying photosyn- 
thetic energy transduction. We have earlier re- 
ported that such a preparation consists of a homo- 
geneous population of unilamellar vesicles (diame- 
ter about 50 nm) and remains stable during pro- 
longed storage in liquid nitrogen without additives 
like glycerol [22]. Such vesicles are commonly con- 
sidered to represent resealed stroma lamellae 
thylakoids containing the redox components for 
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native cyclic electron transfer except the released 
ferredoxin, as well as the ATPase complex. 

In this paper we describe the optimal condi- 
tions for spinach chloroplast solubilization with 
digitonin that result in little loss of native compo- 
nents. For the characterization of the cytochromes 
present in these vesicles we have applied a recently 
described [23] computer-assisted spectrophotomet- 
ric analysis, that combines redox potentiometric 
titrations with data from deconvolution of cyto- 
chrome absorption spectra. In this way we have 
quantitatively analyzed the presence and proper- 
ties of the b- and c-type cytochromes in PS I-en- 
riched vesicles as compared to chloroplasts. The 
consequences of the measured amounts of photo- 
systems, electron-transfer components and ATPase 
are discussed in relation to the proposed heteroge- 
neous lateral distribution of these components in 
the thylakoid membranes of higher plant chloro- 
plasts [5-10]. 

Materials and Methods 
Preparation of chloroplasts and PS I-enriched 

vesicles. Broken chloroplasts were prepared by ho- 
mogenization of precut leaves of marked spinach 
(100 g fresh weight) in 150 ml of a medium con- 
taining 50 mM Tricine-KOH buffer (pH 7.8), 300 
mM sorbitol, 25 mM NaC1, 25 mM KC1 and 5 
mM MgC12, in a Braun MX 32 mixer for 5 s at 
maximal speed. The slurry was filtered through 
four layers of perlon net (56 #m mesh width) 
followed by a 1.5 min centrifugation at 3000 x g. 
Broken chloroplasts were obtained by suspending 
the pellets in 30 ml of 10 mM MgC12 for 1.5 min, 
after which 30 ml were added of a mixture con- 
taining 40 mM Tes-KOH buffer (pH 7.8), 500 mM 
sorbitol, 50 mM KC1 and 50 mM NaC1. After 
centrifugation at 3500 × g for 1.5 rain, the pellets 
were resuspended in 1-2 ml of 20 mM Tes-KOH 
buffer (pH 7.8), 250 mM sorbitol, 25 mM KC1, 25 
mM NaC1 and 5 mM MgC12. 

PS I-enriched thylakoid vesicles were obtained 
by fractionation by digitonin (Merck, twice re- 
crystallized from ethanol) in the latter medium, at 
a final digitonin concentration of 0.2% (w/v) and 
a digitonin/Chl (w/w) ratio of 1, unless stated 
otherwise. The mixture was stirred for 30 min in 
the dark at 4°C, followed by a 3-fold dilution with 
the latter medium. After two centrifugations of 30 
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min at 10000 x g and 30 min at 50000 × g, the PS 
I-enriched vesicles were isolated from the super- 
natant by centrifuging for 60 min at 129000 x g 
(D129 pellet). The D129 pellet was carefully resus- 
pended with a pottering tube in a medium contain- 
ing 5 mM Tes-KOH (pH 7.8), 2.5 mM KH2PO 4, 
20 mM NaC1, 20 mM KC1 and 5 mM MgC12 at a 
chlorophyll concentration of 1-4 mg/ml .  Of this 
suspension 0.1-0.2-ml aliquots were stored in 0.5- 
ml tubes and quickly frozen in liquid nitrogen. All 
operations were carried out at 0-4°C.  The vesicles 
could be stored for 3 -4  weeks without appreciable 
loss of phosphorylation activity [22]. 

Chlorophyll and Chl a / C h l  b ratios were de- 
termined by the method of Bruinsma [24]. Protein 
determinations were carried out according to the 
method of Bradford [25] with crystalline bovine 
serum albumin as standard. 

EPR techniques. For EPR measurements broken 
chloroplasts and PS I-enriched vesicles were resus- 
pended in the homogenization medium. Samples 
(0.25 ml) were preincubated at 20°C with either 1 
mM duroquinol or 1 mM potassium ferricyanide 
for 1 min in the dark prior to freezing to 77 K in 
calibrated (3 mm quartz) EPR tubes. Duroquinol 
solutions in methanol were made as described by 
White et al. [26]; the final concentration of 
methanol added to the chloroplast suspension 
never exceeded 1% (v/v).  EPR spectra were re- 
corded as described before [27]. The amounts of 
P-700 and plastocyanin were estimated from the 
differences of the duroquinol-reduced minus fer- 
ricyanide-oxidized signals at g 2.0026 (77 K, 0.5 
mW microwave power) and g 2.05 (77 K, 50 mW 
microwave power), respectively. These values were- 
related to spectrophotometric determinations of 
these components as previously described [22]. 

Electrophoretic analyses. SDS-polyacrylamide 
gel electrophoresis was carried out according to 
the method of Laemmli [28]. For characterization 
of chlorophyll-protein complexes, solubilization of 
thylakoid membranes for 30 min in the presence 
of 0.25% mercaptoethanol was carried out by the 
recently described method of Anderson [29]. 
Solubilized membranes were immediately applied 
to the gels at 4°C in the dark. Gels were stained 
with Coomassie brilliant blue G250 and destained 
in 25% methanol, 7.5% acetic acid. Molecular 
weights were estimated using phosphorylase 

(94000), bovine serum albumin (67000), ovalbu- 
min (43 000), carbonic anhydrase (30 000), soybean 
trypsin inhibitor (20 000) and lactalbumin (14 000) 
as marker proteins. The content of CFvATPase 
was estimated from the relative intensities of the 
a- and fl-bands on the gels supposing a molecular 
weight of 60000 and 57000 for the a- and fl-sub- 
units, respectively, and assuming the presence of 
two a- and two fl-subunits per CF~. 

Redox potentiometry and data analysis. Redox 
titrafions of cytochromes in thylakoid membranes 
(concentration 200/~g Chl /ml)  were performed in 
a medium containing 100 mM Hepes-KOH buffer 
(pH 7.0), 15 mM MgC12 and 4 mM EDTA in the 
presence of 0.4 mM diaminodurene, 2.5 /~M 
N, N, N', N'-tetramethyl-p-phenylenediamine, 0.1 
mM trimethylhydroquinone, 0.1 mM phenazine 
methosulfate, 0.1 mM phenazine ethosulfate, 0.4 
mM 2-methyl-l,4-naphthoquinone, 1.2 mM tetra- 
methyl-p-benzoquinone, 12.5 ~M 2-hydroxyl- 1,4- 
naphthoquinone, 12.5 ttM riboflavin 5'-monophos- 
phate, 12.5 ~tM anthraquinone-2-sulfonate and 1 
/~M benzyl viologen. Some mediators were dis- 
solved in ethanol, but the final ethanol concentra- 
tion never exceeded 1%. The final pH was 7.0. The 
sample was kept anaerobic by flushing continu- 
ously with ultrapure argon (02 < 0.1 ppm). The 
redox potential was measured with a platinum 
electrode against an Ag/AgC1 reference electrode 
and monitored with a Philips digital mV meter, 
PW 9408. The electrode combination was 
calibrated before and after each titration by mea- 
suring the potential of a saturated solution of 
quinhydrone in 50 mM potassium hydrogen 
phthalate at 25°C. In oxidative titrations the 
potential was adjusted by additions of anaerobic 
aliquots of ferricyanide after full reduction of the 
cytochromes was accomplished by NADH and, at 
lower potentials, dithionite. Reductive titrations 
were performed by addition of N A D H  or, at lower 
potentials, dithionite. During the titrations at 25°C 
spectra were recorded in an Aminco DW-2a spec- 
trophotometer equipped with a magnetic stirrer 
accessory. For recording of 77 K spectra the spec- 
trophotometer was equipped with a low-tempera- 
ture accessory (Aminco, J4-9603). Samples were 
poised at different electrode potentials at 25°C in 
a 35 ml glass vessel as described earlier [23] and 
were quickly transferred into special argon-flushed 



1.0-ml cuvettes, light path 2 mm [23], and im- 
mediately frozen in liquid nitrogen. Concentra- 
tions of reduced cytochromes were correlated to 
peak areas underneath the a-band recorded in the 
dual-wavelength mode against a reference at 540 
nm. After 5-10 min, when the redox mediators 
were in equilibrium with the adjusted potential, 
four to nine scans from 540 to 575 nm (minus 540 
nm) of each sample were recorded at 1 n m / s  and 
averaged by means of a PDP 11/03 micro- 
processor (Digital Equipment Co.) to improve the 
signal-to-noise ratio [23]. For data storage and 
retrieval, the microprocessor was connected on-line 
to a disc-based minicomputer (Hewlett-Packard, 
21 M-E, with RTE IV-B). 

For the determination of the best-fitting curve 
to a set of data points on the basis of a given 
function, a computer programme as described 
earlier [23] was used which optimizes the parame- 
ters of a given number of components by means of 
a nonlinear least-squares analysis. The number of 
fitted components was arbitrarily chosen as the 
minimum above which no substantial improve- 
ment of the fit was obvious. For interpretation of 
the potentiometric results the series of redox 
potential-dependent spectral areas were fitted to 
the Nernst equation, assuming one-electron trans- 
fer [23]; each component is characterized by the 
redox midpoint potential and the percentage of 
the peak area in the 540-575 nm range at full 
reduction. Spectrum deconvolution was based on 
the assumption that the shape of optical bands can 
be described by Gaussian functions, that are sym- 
metrical on the energy scale. The integrated fit 
procedure, which combines potentiometric analy- 
sis with spectrum deconvolution of the whole set 
of spectra of thylakoid membranes at different 
redox potentials, was based on an equation in 
which the Nernstian and Gaussian functions are 
integrated as described earlier [23]. The cyto- 
chromes are then characterized by the redox mid- 
point potential and wavelength maximum, peak 
width and intensity of the a-bands. 

Results 

Broken chloroplasts were incubated with the 
detergent digitonin in the presence of ionic and 
osmotic agents so that conditions for stacking of 

463 

the thylakoid membranes were established. 
Leakage of soluble components was minimized by 
a 3-fold dilution of the mixture immediately after 
incubation. For the quality of the derived vesicles, 
particularly concerning the maintenance of the 
original (stroma lamellae) composition, the used 
digitonin/Chl ratio was of crucial importance (as 
is also obvious from Refs. 21, 30 and 31). This is 
demonstrated by Fig. 1 and Table I where the 
composition of the P S I  vesicles (D129 fraction, 
see Materials and Methods) derived at different 
digi tonin/Chl ratios and that of chloroplasts are 
compared by SDS-polyacrylamide gel electro- 
phoresis and quantitative determination of some 
important components. 

From Fig. 1A, showing the electrophoretic 
polypeptide patterns of P S I  vesicles and chloro- 
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Fig. 1. Polypeptide composition and chlorophyll-protein com- 
plexes of PS I vesicles ( P S I  ves.) derived after chloroplast 
(Chlor.) solubilization at different digitonin/Chl (dig/Chl) 
ratios at a chlorophyll concentration of 0.2 mM and of chloro- 
plasts. (A) Polypeptide pattern on an 8-20% SDS-polyacryla- 
mide gradient gel. The same amount of chlorophyll (10/xg) was 
applied to each slot. (B) Chlorophyll-protein complexes of the 
PS I vesicles, isolated after solubilization at a digitonin/Chl 
ratio of 1, and chloroplasts, resolved on a 7.5-15% SDS-poly- 
acrylamide gradient gel. The same amount of chlorophyll (15 
/.tg) was applied to each slot. The relative distribution of 
chlorophyll among the complexes was for PS I vesicles 63% 
CPI,  3% LHCP and 34% free chlorophyll (FC) and for chloro- 
plasts 25% CPI, 5% CPa, 41% LHCP and 29% FC. LSU/SSU,  
large/small subunit. 
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TABLE I 

SOME COMPONENTS IN PS I VESICLES DERIVED AF T ER SOLUBILIZATION OF CHLOROPLASTS AT D I F F E R E N T  
DIGITONIN/CHL RATIOS A N D  IN CHLOROPLASTS 

P-700 and plastocyanin were determined by EPR spectroscopy; the amplitude of the EPR signal of P-700 (g  2.0026; line width 8 G) in 
chloroplasts wascorrected for a 15% contribution by Signal II (g  2.0046; line width 20 G) which is assigned to PS II [56]. CFI-ATPase 
was estimated from the subunit  peak areas of the electrophoresis scans, n.d., not determined. 

Preparation Digi tonin/Chl  Chl a / C h l  b Prote in /Chl  Content of components  
(w/w)  for (w/w)  (w/w)  (mol /10  3 mol Chl) 
solubilization 

P-700 Plastocyanin CF I 

P S I  vesicles 

Chloroplasts 

0 3.9 6.7 n.d. n.d. 2.2 
0.5 4.1 6.3 3.5 2.5 2.0 
1.0 4.5 6.0 3.8 3.0 2.4 
2.0 4.9 3.6 n.d. n.d. 2.2 

10.0 4.2 4.6 4.5 0.6 2.6 

- 2.5 3.9 1.6 1.4 1.2 

plasts at equal sample chlorophyll concentrations, 
it is clear that the vesicles contain more protein 
when derived at the lower digitonin/Chl ratios or 
after incubation in the absence of digitonin. The 
chlorophyll-protein complex (CP 1) at 95 kDa 
associated with PS I is enriched in the vesicles, 
again at the lower digitonin/Chl ratios, whereas 
the content of the light-harvesting chlorophyll-pro- 
tein complex (LHCP) at 24-27 kDa is relatively 
low in these vesicles. This is more clearly shown by 
the electrophoretogram in Fig. 1B that only shows 
the chlorophyll-containing proteins after a gentle 
treatment of chloroplasts and P S I  vesicles (dig- 
i tonin/Chl  = 1) as recently introduced by Ander- 
son [29]. The vesicles show a higher Chl a / C h l  b 
ratio (Table I), in accordance with the lower con- 
tent of the Chl b-containing LHCP complex [6]. 
Remarkably, the content of LHCP is increased 
when the vesicles are derived at a digitonin/Chl 
ratio of 10 (Fig. 1A), indicating a substantial 
cross-contamination with appressed membranes. 
From Fig. 1B it can also be seen that in chloro- 
plasts but not in PS I vesicles a weak band at 47 
kDa is detectable which is considered to be the 
reaction center complex of PS II (CPa) [6,31]. 
However, a more refined electrophoretic analysis 
would be required to make clear statements, be- 
cause in particular the labile CPa complex was 
partly dissociated in the chloroplast gel resulting 
in a relatively high free chlorophyll band. 

The amounts of P-700 and plastocyanin were 
determined by EPR spectroscopy (Table I). A loss 
of various electron-transfer components by dig- 
itonin treatment was observed previously [20,21, 
32], in particular, the loosely bound plastocyanin, 
although this protein seems to be located at the 
internal thylakoid surface [33]. Table I shows that 
P-700 is not released by the digitonin treatments; 
the P-700/Chl ratio at all digitonin/Chl ratios is 
increased about 2-fold as compared to chloro- 
plasts. Plastocyanin is drastically set free by dig- 
itonin, but only at higher digitonin/Chl ratios. 
Remarkably, the plastocyanin loss is very low at a 
digitonin/Chl ratio of 1. 

An important constituent of the vesicles for our 
aim is the ATPase complex. As expected from 
earlier observations by others [34,35], CF 1 is en- 
riched in the P S I  vesicles consisting of originally 
exposed thylakoids. Fig. 1A reveals an enrichment 
of the a-, fl- and y-subunits of CF 1 in PS I vesicles 
in comparison to chloroplasts and on a chloro- 
phyll basis. Table I shows an approx. 2-fold in- 
crease in CFI /Chl  in vesicles. However, it is also 
clear (Fig. 1A and Table I) that the used dig- 
i tonin/Chl  ratio hardly influences the CF~/Chl 
ratio. This is in agreement with results of ATP 
hydrolysis measurements on digitonin-derived PSI  
vesicles as reported by Hauska and Sane [34]. On a 
protein basis the CF 1 content increases at higher 
digitonin/Chl ratios, due to the loss of other pro- 
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teins: the loosely bound ribulose-l,5-bisphosphate 
carboxylase, consisting of the large subunit at 53 
kDa and the small subunit at 15 kDa [12], is 
gradually lowered at increasing digitonin/Chl 
ratios (Fig. 1A). 

On the basis of the results presented so far (see 
also Ref. 22), a digitonin/Chl ratio (w/w) of 1 at 
a chlorophyll concentration of 0.2 mM is routinely 
used in preparing the PS I vesicles for further 
experiments. 
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Fig. 2. Redox titration and baseline corrections of cytochromes 
in P S I  vesicles at 77 K. Nine scans of each spectrum were 
recorded and averaged by means  of a microprocessor. Subse- 
quently, each spectrum was corrected by subtraction with the 
spectrum where all cytochromes were fully oxidized, which was 
controlled by extra additions of ferricyanid¢ at a potential of 
+ 390 to + 420 mV (column A). After that, a straight line was 
constructed between the estimated boundaries (indicated by the 
arrows) of the relevant spectrum and subtracted from the 
spectrum (column B). The chlorophyll concentration was 200 
t*g/mi. 

For characterization of the b- and c-type cyto- 
chromes in PS I vesicles compared to chloroplasts, 
suspensions of thylakoid membranes were sub- 
mitted to potentiometric titrations at 25°C and 77 
K. The results of such an experiment on PS I 
vesicles at 77 K are presented in Fig. 2A. In order 
to separate the spectral absorption of cytochromes 
from irrelevant absorbances a straight line was 
drawn between the estimated boundaries of the 
relevant spectrum. After this the straight line was 
subtracted from the spectrum, resulting in the 
spectra of Fig. 2B. 

In order to distinguish the cytochromes with 
respect to their redox midpoint potentials, spectral 
peak areas underneath the or-band were measured 
at different redox potentials. Fig. 3 shows typical 
plots of the redox titrations of cytochromes in PSI  
vesicles and chloroplasts at 25°C. On the basis of 
fitting to the Nernst equation and assuming one- 
electron transfer by all cytochromes in both frac- 
tions, a three-component fit in each case seems 
quite justified. Table II (left column) shows the 
redox midpoint potentials in PS I vesicles and 
chloroplasts and the fractional contributions of the 
three components. Apparently, in PSI  vesicles the 
midpoint potential of the major cytochrome com- 
ponent is shifted to a lower value as compared to 
chloroplasts. 

To analyze more precisely the characteristics of 
the cytochromes a method was used which com- 
bines the potentiometric analysis with spectrum 
deconvolution of the whole set of spectra from 

10C 

8C 

m 4o 

2o 

PSZ vesicles 

-2OO 0 2OO 4OO -200 0 2OO 4OO 
Redox potential (mv) 

Fig. 3. Potentiometric titration of cytochromes in P S I  vesicles 
and chloroplasts. The percentage of the peak area in the 
540-575 nm range at full reduction is plotted vs. the redox 
potential. The solid lines represent the fit analysis for three 
components  (see also Table II). The chlorophyll concentration 
was 200 v g / m l .  Digi tonin /Chl  ratio for solubilization of chlo- 
roplasts was l (w/w).  
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TABLE II 

BEST-FI'VrlNG PARAMETERS OF POTENTIOMETRIC AND COMBINED ANALYSES FOR CYTOCHROMES IN PS 1 
VESICLES AND CHLOROPLASTS 

The potentiometric analyses refer to the series of spectra recorded at 25°C as described in Fig. 3. The combined analyses refer to the 
sets of spectra, recorded at 25°C and 77 K, as described in Fig. 4. The percentage expresses the fractional contribution of a 
component to the total area of the a-band at full reduction, A m represents the wavelength of its absorbance maximum, ~0 is the band 
width at half-height and E~represents the midpoint potential at pH 7.0 in mV. 

Preparation Potentiometric 
analysis 

% E 6 (my) 

Combined analysis at 25°C Combined analysis at 77 K 

% A m (r im) w (nm) E" (mV) % A m (r im) W (nm) E,~ (mV) 

P S I  vesicles 

Chloroplasts 

19 341 20 554.3 8.2 334 5 547.6 2.4 309 
16 551.6 5.0 319 

51 22 46 559.1 11.3 32 47 555.7 8.4 30 
30 - 162 34 562.9 11.6 - 123 21 557.9 7.0 - 129 

11 561.2 5.1 - 131 

16 336 17 553.5 9.0 335 6 548.1 2.7 329 
11 552.0 3.2 334 

57 91 31 558.9 11.0 148 29 556.2 6.3 123 
24 559.3 11.0 40 26 554.7 8.3 21 

27 - 147 28 562.8 10.0 - 147 18 557.7 7.2 - 113 
10 561.3 5.3 - 128 

which the midpoint potential, wavelength maxi- 
mum, peak width and intensity of the a-bands are 
resolved [23]. Table II gives the computer-fitted 
parameters of such combined analyses of cyto- 
chromes in PS I vesicles and chloroplasts at 25°C 
and 77 K. Fig. 4 illustrates the corresponding 
three-dimensional plots. For PS I vesicles at 25°C 
a three-component fit with peaks at 554.3 nm 
(cytochrome c-554), 559.1 nm (cytochrome C- 
559Lp) and 562.9 nm (cytochrome b-563) with 
midpoint potentials of + 334, + 32 and - 123 mV, 
respectively, represents the cytochrome composi- 
tion of PSI  vesicles and confirms the results of the 
potentiometric fit (Fig. 3). In chloroplasts at 25°C, 
however, four components can be distinguished. 
While cytochromes c-554 and b-563 were found to 
have midpoint potentials similar to those in PS I 
vesicles, the combined fit in chloroplasts clearly 
distinguished the low- and high-potential forms of 
cytochrome b-559 with midpoint potentials of + 40 
and + 148 mV, respectively. The latter value corre- 
sponds to the converted form of cytochrome b- 
559Hp after partial deterioration of the chloro- 
plasts, due to the 4 h duration of the titration, 
according to Cramer et al. [36], Okayama and 
Butler [37] and Rich and Bendall [38]. A titration 

- " .  PS Z vaslcles 

2 5 " C  77 g 

55O 560 5~I) 54O S50 560 57O 

( mV ) ,~:~ 3 ' :  

25 "C .'3 77 g "~: 

W a v e l e n g t h  ( n n l )  

Fig. 4. Three-dimensional plots of combined analysis of cyto- 
chrome spectra and redox potentials of PS I vesicles and 
chloroplasts at 25°C and 77 K. The absorbance is plotted 
perpendicular to the plane determined by the wavelength and 
potential axes. Measured spectra are represented by the solid 
line and the best multicomponent fits (see also Table II) by the 
broken lines. The absorbance at full reduction for PSI  vesicles 
at the peak maxima at 558 nm (25°C) and 553 nm (77 K) was 
0.009 and 0.013, respectively, and for chloroplasts in the peak 
maxima at 560 nm (25°C) and 557 nm (77 K) 0.013 and 0.023, 
respectively. The chlorophyll concentration in each titration 
was 200 #g Chl/ml.  



with chloroplasts carried out within 2 h, mainly in 
the positive potential range, showed that cyto- 
chrome b-559np is present at a higher midpoint 
potential of about + 340 mV (results not shown). 

At 77 K, splitting of the a-band of several 
cytochrome components appears (Table II). The 
best-fit solution of the combined analysis at 77 K 
resulted in six components in chloroplasts and five 
components in PS I vesicles (Table II). At 77 K, a 
nonsymmetrical splitting occurs of the a-band of 
cytochrome c-554 into two bands with maxima at 
about 552 and 548 nm, as was also previously 
described by Boardman and Anderson [39]. Also a 
splitting of the a-band of cytochrome b-563 oc- 
curred giving peaks at about 558 and 561 nm 
which corresponds to earlier results with isolated 
cytochrome b-563 [40]. The apparent absence of 
cytochrome b-559Hp in P S I  vesicles at 77 K is 
confirmed and is obvious from the difference of 
spectral shapes at complete reduction of PS I 
vesicles and chloroplasts (Fig. 4). 

Table III summarizes the data found for the 
concentrations of redox components and C F :  
ATPase expressed on the basis of total chlorophyll 
and P-700, in PS I vesicles and chloroplasts. It 
must be noted that calculations of the cytochrome 
concentrations are less satisfactory due to the ob- 
servation that the total spectral area was rather 
variable by baseline changes of as yet unclear 
origin. Therefore, an under- or overestimation of 
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the cytochrome concentrations is easily made. This 
could cause the large discrepancies in chloroplast 
cytochrome concentrations reported in the litera- 
ture [7,12,38,39,41,42]. From the data in Table III, 
we tentatively conclude that on a chlorophyll basis 
P S I  vesicles are about 2-fold enriched in P-700, 
plastocyanin and CF:ATPase;  the concentration 
of plastoquinone is significantly lower but the 
concentrations of cytochromes, except cytochrome 
b-559Hp, are about the same as those in chloro- 
plasts. Since the P S I  vesicles are derived from 
exposed thylakoids with a composition that is not 
representative of the whole chloroplast, it is more 
relevant to compare the concentrations on the 
basis of P-700. On this basis the concentrations of 
plastocyanin and CF:ATPase  are very similar in 
P S I  vesicles and chloroplasts; the concentrations 
of plastoquinone, cytochromes b-559Lp , b-563 and 
c-554 in PS I vesicles are about 18, 57, 30 and 33%, 
respectively, of those in chloroplasts. Significant is 
the constant ratio of cytochrome b-563/c-554 
(1.5-1.6) in PS I vesicles and chloroplasts, in 
agreement with the proposed existence of a native 
cytochrome b-c complex [13,43]. The ratio cyto- 
chrome b-559Lp/C-554 however, is different: 2.0 in 
PS I vesicles and 1.2 ~ in chloroplasts. The ratio 
cytochrome b-559np/b-559Lp in chloroplasts is 
about 1.4, which agrees with some previous reports 
[7,12] but is much lower than ratios of about 2.1 
found by others [38,41]. 

TABLE III 

CONCENTRATIONS OF REDOX COMPONENTS AND ATPase IN PSI  VESICLES AND CHLOROPLASTS 

The contents of cytochromes are calculated from the peak heights at maximal absorption, adopting the following millimolar extinction 
coefficients: e = 20 for cytochromes b-563, b-559Lp and b-559Hp and e = 22 for cytochrome c-554 [41]. 

Component Component/Chl (mol/103 mol) Component/P-700 (mol/mol) 

PSI vesicles Chloroplasts PSI  vesicles Chloroplasts 

Plastoquinone 40 100 11 62 
Cytochrome b-559Lp 1.6 1.2 0.4 0.7 
Cytochrome b-559Hp 0 1.6 0 1.0 
Cytochrome b-563 1.2 i.6 0.3 1.0 
Cytochrome e-554 0.8 !.0 0.2 0.6 
Plastocyanin 3.0 1.4 0.8 0.9 
P-700 3.8 1.6 1.0 1.0 
CF I-ATpase 2.4 1.2 0.6 0.7 
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Discussion 

For the purpose of studying primary energy- 
transducing events we have optimized the prepara- 
tion of stable well coupled PS I-enriched vesicles 
prepared from spinach chloroplasts by mild dig- 
itonin treatment to minimize the loss of natural 
components. These vesicles show a 2-fold enrich- 
ment in ATPase and PS I-associated components 
like the CP1 complex, P-700, plastocyanin and 
also ribulose-l,5-bisphosphate carboxylase, which 
fits with the increased activities of cyclic photo- 
phosphorylation and PS I-associated electron 
transfer as shown before [22]. While only about 2% 
of the original chloroplast material was recovered 
in the preparation, the P S I  vesicles showed a 
remarkable stability of photochemical activities for 
weeks to months when stored in liquid nitrogen 
without requirement for additives like glycerol [22]. 
When no digitonin was used during fragmentation 
the yield was about 30% of that at digitonin/Chl 
= 1 (results not shown) but the membrane com- 
position was essentially the same (Fig. 1A and 
Table I), suggesting that the mechanical treatment 
during the vesicles preparation in the absence of 
detergent also primarily affects the stroma lamel- 
lae. 

P S I  particles had been previously prepared by 
solubilization at a digitonin/Chl ratio of 10 [17]. 
These particles were isolated in high yield (about 
10%) but had a limited capacity of photochemical 
activities. We have shown here that under these 
conditions the important electron-transfer compo- 
nent plastocyanin is largely released, which may 
be the principal cause for the decreased activities, 
as concluded earlier by Robinson and Wiskich 
[21 ]. Remarkably, the ATPase was not released by 
all tested digitonin concentrations. Although the 
P S I  vesicles still contain some PS II-associated 
chlorophyll-protein complexes (LHCP, see Fig. 1A 
and B), they have less than 0.1% of the PS II 
electron-flow activity of broken chloroplasts [22]. 
It is very likely that any remaining PS II activity is 
inactivated by the isolation procedure and dig- 
itonin treatment; digitonin is known to inhibit 
electron flow at the water-splitting site of PS II 
[44]. Therefore, we cannot decide from these re- 
sults whether the observed low content of LHCP 
and CPa in P S I  vesicles represents their original 

presence in stroma lamellae or a contamination 
with some grana material during preparation. If 
the presence of these PS II-associated complexes is 
real, it would confirm the suggestions of Anders- 
son and Anderson [6] and Armond and Arntzen 
[45] that a minor portion of PS II is present in the 
stroma lamellae, but would contradict the model 
of Park and Sane [8]. However, the relatively high 
PS II content (10-20% of total) and chlorophyll 
recovery (7%) in the Y-100 preparation of Anders- 
son and Anderson [6] isolated after Yeda press 
treatment suggests to us that some contamination 
with appressed membrane material has occurred 
here. This is supported by the presence in this 
preparation of Signal II [46], an EPR component 
(g  value 2.0046) used as a marker for PS II, which 
was absent in the P S I  vesicles (results not shown). 

The new method of combining potentiometric 
analysis with spectrum deconvolution provides a 
high resolution, greatly improving the analysis of 
cytochromes in thylakoid membranes. In former 
redox titrations [32,38,47] the midpoint potentials 
of cytochromes were calculated by plotting the 
absorbance change at an appropriate wavelength 
pair against the adjusted potential; the relative 
cytochrome contributions to overlapping spectra 
had to be estimated to get reliable data. The 
combined method offers an improvement in the 
discrimination of overlapping cytochrome species, 
because it takes into account both spectral and 
potentiometric data. Moreover the signal-to-noise 
ratios of the spectra can be improved by averaging 
of repeated scans. 

Our results confirm observations by Cramer 
[48] and Rich and Bendall [38] that two different 
species of cytochrome b-559 are present in chloro- 
plasts: the high-potential cytochrome b-559 (E~ --- 
+ 340 mV) which can be converted into a lower 
potential form (E~ = + 130 mV) under less cou- 
pled conditions (i.e., by ageing during the titra- 
tions), and the low-potential cytochrome b-559Lp 
with a midpoint potential of about + 30 mV which 
is clearly different from the converted cytochrome 
b-559Hp. Cytochrome b-559Lp was found earlier in 
different PS I-enriched vesicles [32,39]. Its absence 
in other PS I preparations was also accompanied 
by the absence of plastocyanin [42]. In our P S I  
vesicles cytochrome b-559La is somewhat enriched 
when related to chlorophyll, which confirms recent 



results reported by Henry and Moller [12]. This 
may indicate a possible role for this cytochrome in 
cyclic electron transfer around PS I in vivo, as 
suggested earlier by Knaff  and Malkin [32]. The 
apparent  absence of cytochrome b-559Hp in our PS 
I vesicle preparation is in harmony with the 
suggestion that this cytochrome is associated with 
PS II [48-51]. 

The midpoint potentials of cytochromes c-554 
(still often called cy toch romef )  and b-563 are very 
similar in P S I  vesicles and in chloroplasts (Table 
II). The value of cytochrome c-554 is about + 330 
mV which is in the lower range generally found by 
others, i.e., +330 to +380 mV [32,43,48], and 
corresponds to a functional site near P-700. The 
midpoint potential of cytochrome b-563 varied 
between - 1 1 0  and - 1 6 5  mV, in line with previ- 
ously reported values. Other workers [47,48] re- 
ported rather different values for the midpoint 
potential of cytochrome b-563 that apparently de- 
pend on the state of the membrane being titrated. 

Cox and Andersson [7] and Anderson [41] sug- 
gested a homogeneous distribution of cytochrome 
b-563 and cytochrome c-554 in the lateral plane of 
the thylakoid membrane.  We found that the molar 
ratios of cytochrome b-563/P-700 and cytochrome 
c-554/P-700 in PS I vesicles are about 40% of 
those in chloroplasts, corresponding roughly to the 
fraction of exposed membranes of the total 
thylakoid membrane area [5], thus supporting the 
proposed even distribution of the cytochrome b- 
563-c-554 complex. 

The similar molar ratios of plastocyanin/P-700 
in both P S I  vesicles and chloroplasts indicate an 
exclusive or at least preferential location of 
plastocyanin in the exposed membranes,  which is 
not in harmony with the proposal [7,41] that 
plastocyanin acts as a lateral shuttle of reducing 
equivalents between the spatially separated photo- 
systems in appressed and exposed membranes.  
Our results rather suggest a role of plastocyanin as 
a possible mobile electron carrier associated with 
P-700 as proposed by Haehnel et al. [52]. On the 
other hand, the apparent  lack of coincidence be- 
tween plastocyanin and the cytochrome b-563-c- 
554 complex suggests that these components do 
not form a supramolecular complex, as suggested 
earlier [53]. 

Plastoquinone seems to be present in both ex- 
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posed and appressed thylakoids but the majority is 
in the appressed membranes,  confirming results 
obtained with other PS I-enriched vesicles [9,42,54] 
and heterocysts of the cyanobacter ium N. 
m u s c o r u m  [14]. 

In a subsequent paper, we will present the use 
of the P S I  vesicles in studies on photophosphory- 
lation and electrical potential generation by fer- 
redoxin-mediated cyclic electron flow, preliminary 
results of which are reported elsewhere [55]. 
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