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Abstract 

Recent work on the domain organization of the thylakoid is reviewed and a model for the thylakoid of higher 
plants is presented. According to this model the thylakoid membrane is divided into three main domains: the 
stroma lamellae, the grana margins and the grana core (partitions). These have different biochemical compositions 
and have specialized functions. Linear electron transport occurs in the grana while cyclic electron transport is 
restricted to the stroma lamellae. This model is based on the following results and considerations. (1) There is no 
good candidate for a long-range mobile redox carrier between PS II in the grana and PS I in the stroma lamellae. 
The lateral diffusion of plastoquinone and plastocyanin is severely restricted by macromolecular crowding in the 
membrane and the lumen respectively. (2) There is an excess of 14 4- 18% chlorophyll associated with P S I  over 
that of PS II. This excess is assumed to be localized in the stroma lamellae where P S I  drives cyclic electron 
transport. (3) For several plant species, the stroma lamellae account for 20 4- 3% of the thylakoid membrane and 
the grana (including the appressed regions, margins and end membranes) for the remaining 80%. The amount of 
stroma lamellae (20%) corresponds to the excess (14-18%) of chlorophyll associated with PS I. (4) The model 
predicts a quantum requirement of about 10 quanta per oxygen molecule evolved, which is in good agreement with 
experimentally observed values. (5) There are at least two pools of each of the following components: PS I, PS II, 
cytochrome bfcomplex, plastocyanin, ATP synthase and plastoquinone. One pool is in the grana and the other in 
the stroma compartments. So far, it has been demonstrated that the PS I, PS II and cytochrome bf complexes each 
differ in their respective pools. 

Abbreviations: P S I  and PS II - Photosystem I and II; P 700 - reaction center of PS I; LHC II - light-harvesting 
complex II 

The photosynthetic membrane, the thylakoid, of high- 
er plant chloroplasts is probably the most complex 
and ingeniously constructed of all biological mem- 
branes. Its main function, to capture light quanta and 
drive a series of redox reactions whereby oxygen and 
ATP are produced and ferredoxin reduced, is carried 
out under varying conditions of light and temperature. 
Despite extensive biophysical, biochemical and genet- 
ic research over the last decades we still know very 
little about how the photosynthetic process works in 
vivo at the membrane level. 

The photosynthetic membrane is highly asymmet- 
ric. In addition to the transverse asymetry lateral inho- 
mogeneities can also be distinguished between differ- 
ent lateral membrane domains which have specialized 
functions. In this review I shall summarize work from 
our laboratory where we have studied the structure- 
function relationship of the thylakoid at the membrane 
level. In short, our strategy is to fragment the thylakoid 
into subthylakoid vesicles, isolate these and study their 
properties, and from the data so obtained design a mod- 
el describing the construction of the intact thylakoid 
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Fig. 1. Domains of the thylakoid membrane. Upper: cross section. 
Lower: Viev from above. (1) flat stroma lamellae; (2) margin of 
grana; (3) end membrane; (4) grana core (appressed partitions); (5) 
neck-like zone between grana and stroma lamellae; (6) margin of 
stroma lamellae. The dashed curve indicates a thylakoid below the 
plane. 

system and its function. Such a model is presented 
here, according to which the grana of the chloroplast 
are specialized to carry out linear electron transport 
from water to ferredoxin, while the cyclic electron 
transport around P S I  is restricted to the stroma lamel- 
lae. More than one stroma lamella can be connected to 
each grana sheet. 

Structure 

The photosynthetic membrane of the chloroplasts con- 
sists of a system of paired membranes, the thylakoids, 
and constitutes a single, complex membrane enclos- 
ing the lumen which is separate from the surrounding 
stroma where CO2 fixation takes place. The thylakoid 
membrane consists of two main compartments, the 
grana and the stroma lamellae. The grana in turn consist 
of a central core with appressed membranes (partitions) 
forming the grana stack, and a peripheral domain, the 
margins, and two end membranes (Fig. 1). In contrast 
to the appressed grana core membranes, the margins, 
the end membranes and the stroma lamellae are stro- 
ma exposed. In addition, one can distinguish between 
the planar membrane domains (appressed grana core 
membranes, grana end membrane, stroma lamellae) 
and curved domains, such as the margins of both 

the grana and stroma lamellae. The neck-like con- 
nections between grana and stroma lamellae may also 
be considered a separate domain. The intricate three- 
dimensional relationship between grana and stroma 
lamellae has been studied by several electron micro- 
scopists and each have presented a structural model 
(see review by Staehelin 1986). 

Despite the complexity and plasticity of the thy- 
lakoid membrane, there is a certain regularity in the 
structure of the thylakoid system of plants grown 
under normal conditions.Viewed from above, the grana 
stacks are circular in shape with diameters that gener- 
ally fall between 0.4 and 0.5 m. The number of paired 
membranes per granum is 5-20. The chlorophyll a/b 
ratio is 3.0 + 0.5. A remarkable consistency is tbund 
in the relative amount of grana membranes (includ- 
ing margins and end membranes) and stroma lamellae 
(Table 1). For 10 different plants, the amount of stro- 
ma lamellae is 20 + 3%. This consistency must be 
of functional significance and will be discussed below 
(see section on the model). 

The membrane-enclosed lumen space is narrow, 
particularly in light (Murakami and Packer 1970), 
since there are attractive forces between the two oppos- 
ing inner surfaces (Albertsson 1982) such that protrud- 
ing pieces of membrane proteins are in contact and 
occupy the lumen space. This crowded lumen space 
can be visualized by electron microscopy (Weibull and 
Albertsson 1988). 

Isolation of subthylakoid vesicles 

Four different types of subthylakoid vesicles, origi- 
nating from different domains of the thylakoid can be 
isolated by a combination of sonication and aqueous 
two-phase partitioning (Albertsson et al. 1994). They 
originate from the grana, stroma lamellae, grana mar- 
gins and grana core (partitions). 

Isolation of  grana and stroma lamellae vesicles 

Through a suitable choice of medium and sonication 
time, selective fragmentation can be achieved such 
that essentially two types of vesicles, one derived from 
the grana and the other from the stroma lamellae, are 
obtained. These can then be quantitatively separated 
by countercurrent distribution. The left-and right-hand 
peak in Fig. 2 represent the grana (a) and the stroma 
lamellae vesicles (fl), respectively. The two types of 
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Table 1. The amount of each membrane type, (expressed as percentage of total) in the thylakoids from chloroplasts of different plants. 
The amount of each type of membrane domain was measured by drawing lines at regular intervals perpendicular to the chloroplast axis 
and counting the number of membrane intersections (counting two membranes for the intersection of an appressed partition). About one 
thousand intersections were counted. The variation in the frequency of end membranes correlates with the number of tbylakoids in the 
grana stacks. Despite this variation there is a fairly constant percentage of stroma lamellae and total grana 

Appressed + margins End membrane Grana total Stroma lamellae Reference 

Spinach 70 
Spinach 69 
Spinach 63 
Spinach 70 
Spinach 63 
Lettuce 70 
Sugar cane (mesophyll) 69 
Tobacco 60 
Barley 73 
Oat 69 
Corn (mesophyll) 77 

Antirrhinum majus 73 
Phleum pratense 69 

Peperomia 69 

8 78 22 

11 80 20 
19 82 18 
10 80 20 
17 80 20 
11 81 19 
8 77 23 
22 82 18 
7 80 20 

11 80 20 
4 81 19 

4 77 23 
11 80 20 
10 79 21 

Miller (1988) 

Park (1965) 
Weibull, unpub. 
Staehelin (1986) 
Greenwood (1993) 
Arntzen (1983) 
Laetsch (1972) 
Staehelin (1986) 
Simpson (1979) 
Hanchey (1985) 
Shumway (1973) 

Menke (1980) 
Ledhetter and Porter (1970) 

Juniper (1978) 
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Fig. 2. Separation of grana (~) from stmma lamellae (fl). Stacked 
thylakoids from peas were sonicated and then subjected to counter- 
current distribution according to the method described by Andreas- 
son et al. (1988). 70 + 5% of total chlorophyll, 85% of total PS 
II activity and 40 -4- 5% of total P 700 is found in the c~ peak. The 
fraction of the/3 peak probably also contains fragments from the end 
membranes. 

ves ic les  c an  a lso  be  sepa ra ted  by  a th ree - s tep  ba t ch  
p r o c e d u r e  ( A l b e r t s s o n  et al. 1994).  

T h e  g r a n a  ves ic les  h a v e  a low ch lo rophy l l  alb ra t io  

and  are e n r i c h e d  in PS II wh i l e  the  s t r o m a  lamel-  
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Fig. 3. Separation of grana margins from the grana core. Grana 
vesicles were first isolated from sonicated thylakoids by a batch 
partition procedure. The grana vesicles were then further sonicated 
and subjected to countercurrent distribution. From Wollenherger et 
al. (1994). 

lae ves ic les  have  a h i g h e r  ch lo rophy l l  a/b ra t io  and  

are en r i ched  in P S I .  T h e  d i s t r ibu t ions  o f  ch lo rophy l l ,  

P700,  PS II ac t iv i ty  and  c y t o c h r o m e  f b e t w een  the 

two  types  o f  ves ic les  for  s p i n ach  have  been  pub l i shed  

( A n d r e a s s o n  et al. 1988; A l b e r t s s o n  et al. 1994).  
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Results from several experiments similar to those 
in Fig. 2 show that the amounts of membrane vesicles, 
on a chlorophyll basis, in the c~ and/3 fractions are 70 
4- 5 and 30 4- 5%, respectively. From the data in Table 
1, one would expect only 20% in the/3 fraction if this 
consisted of only stroma lamellae vesicles. According 
to Sane et al. (1970) the end membranes are rippped 
off the grana by mechanical (pressure) treatment. We 
therefore assume that the/3 fraction illustrated in Fig. 2 
contains end membranes (about 10% of the thylakoid, 
Table 1) in addition to stroma lamellae, which would 
explain why the yield of the fl fraction is increased to 
30%. 

Fragmentation of  grana vesicles - isolation of grana 
margins and grana core 

The grana vesicles can be further fragmented by son- 
ication and separated into smaller vesicles originating 
from the grana margins and the grana core (partitions), 
Fig. 3. The margin vesicles are enriched in P S I  and 
have a chlorophyll alb ratio of 2.8-3.2, i.e. lower than 
the stroma vesicles (Wollenberger et al. 1994). This is 
due to LHC II attached to the PS Ic~ of the grana mar- 
gins (Svensson et al. 1991; Andreasson and Albertsson 
1993). The margins are enriched in the 64 kDa protein 
claimed to be a kinase (Yu et al. 1994). 

The grana core vesicles, i.e. grana vesicles minus 
margins, are highly enriched in PS II (Svensson and 
Albertsson 1989). They also have the highest concen- 
tration of cytochrome bfcomplex. The molar ratio of 
PS II to cytochrome bf is 2:1, which might indicate 
that these two components form a functional complex 
(Yu et al. 1993). 

Heterogeneity among the photosystems 

Several studies have shown that there is heterogeneity 
among both PS II and PS I. The grana PS II (PS Ilct) has 
antennae which are about twice as large as the stroma 
lamellae PS II (PS Ilfl) (Anderson and Melis 1983). 
In addition, there also seem to be differences in the 
redox properties. Both types can evolve oxygen with 
PPBQ as electron acceptor, but PS IIc~ is more efficient 
in reducing ferricyanide and duroquinone (Henrysson 
and Sundby 1990). There is also heterogeneity within 
PS Ihx. (Albertsson and Yu 1988; Albertsson et al. 
1990c). It has been suggested that the PS Ilct units 
with the largest antennae are localized in the center of 
the partition regions (Albertsson et al. 1990a). 

Photosystem I is also heterogeneous (Andreasson 
et al. 1988; Svensson et al. 1991). The grana PS I 
(PS Ict) which is located in the periphery of the grana, 
(margins) has an antenna which is 30--40% larger than 
the stroma lamellae PSI  (PS I/3). The additional anten- 
nae of grana PS I form a special pool of LHC II which 
is attached to PS Ict and functionally coupled to it 
(Andreasson and Albertsson 1993). Recently, it has 
also been shown that grana and stroma lamellae PS I 
differ in their ability to reduce ferredoxin (Wollenberg- 
er and Albertsson 1995). PSI  in isolated stroma lamel- 
lae, but not that from grana margin vesicles, could 
reduce ferredoxin with ascorbate and DCIP as elec- 
tron donors. However, if NADP and FNR were added 
both types of PSI  could reduce NADP via ferredoxin. 
It appears from these experiments that the presence of 
NADP and FNR is necessary for the reduction of ferre- 
doxin by grana margin PS I. This is consistent with the 
notion that the two types ofPS I have specialized func- 
tions, the grana PS I in linear, and stroma lamellae PS 
I in cyclic electron transport. 

The cytochrome bfcomplex is distributed all over 
the thylakoid membrane, although at different con- 
centrations in the different domains (Albertsson et al. 
1991; Albertsson 1994) The stacked grana domain has 
the highest concentration and the grana margins the 
lowest. 

Lack of a candidate for a long range mobile 
carrier 

It has been suggested that PS II in grana and PSI in stro- 
ma lamellae can cooperate in linear electron transport 
via a long-range (micron-scale) mobile carrier, such 
as the cytochrome bf complex, plastoquinone or plas- 
tocyanin (Sane et al. 1970; Andersson and Anderson 
1980). The main problem is that the diffusion of these 
components in the membrane may be severely restrict- 
ed by molecular crowding of the membrane proteins. 
For a molecule to act as a mobile carrier at a distance 
of 0.5 ~m on the ms time scale, its diffusion coefficient 
should be of the order of at least 10 -8 cm 2 s -I  (Ort 
1986; Whitmarsh 1986). Below follows an evaluation 
of the candidates for a mobile carrier between the grana 
and the stroma lamellae. 

The cytochrome bfcomplex occurs in the form of 
a dimer both in the grana and the stroma lamellae 
(Romanowska and Albertsson 1994). Its molecular 
mass is about 230 kDa. Its diffusion coefficient is 
expected to be of the order of 10 -]° cm 2 s J, i.e. 



two orders of magnitude too small to to act as a mobile 
carrier and to account for the maximum observed rates 
of electron transfer between the two photosystems. 

Plastoquinone is a small, lipid-soluble, molecule 
which would be expected to diffuse rapidly in the mid- 
dle of the membrane bilayer. Because of this, it has 
been the favourite candidate as a long- range mobile 
carrier. However, the results of three recent indepen- 
dent experimental results speak against the possibility 
that plastoquinone is a mobile carrier over long dis- 
tances. 

(1) Joliot et al. (1992) concluded from kinetic 
experiments on the reduction of plastoquinone that 
only a small local domain of about 4-6 molecules 
of plastoquinone is available for rapid reduction by 
each PS II unit. They proposed that, because of the 
close packing of the membrane proteins, the mobility 
of plastoquinone is sterically hindered and hence the 
diffusion coefficient reduced. 

(2) Blackwell et al. (1994) showed that the diffu- 
sion coefficient of plastoquinone in thylakoids, (0.1-3) 
10 -9 cm 2 s -  l, is about two orders of magnitude smaller 
than the diffusion coefficient in liposomes, probably as 
a result of macromolecular crowding of the thylakoid 
membrane proteins. 

(3) The third result is from the determination of 
the plastoquinone pool available to PS II for intact 
thylakoid compared with subthylakoid vesicles (Yu et 
al. 1993). The plastoquinone pool was found to be 
the same, 6-7 molecules per PS II, for the whole thy- 
lakoid, and for grana vesicles. If the plastoquinone 
were present and freely mobile over the entire thy- 
lakoid membrane, then the plastoquinone pool per PS 
II centre would be significantly reduced when the PS 
II-poor stroma lamellae were removed in the prepa- 
rations of grana vesicles. That this is not the case 
is a strong argument against plastoquinone being a 
mobile carrier over long distances (0.1 #m and longer) 
in the thylakoid membrane. These results also exclude 
the possibility that plastoquinone could act as a long- 
range mobile carrier by self-redox exchange along the 
membrane or that plastoquinone is moved along the 
membrane by some active process. 

Plastocyanin is a water-soluble 10.5 kDa protein 
and has been suggested as a mobile carrier by diffu- 
sion in the lumen from the grana to the stroma lamel- 
lae. However, as discussed above, the lumen of the 
thylakoid is not a free volume for the unrestricted dif- 
fusion of proteins. The two inner opposing membrane 
surfaces come closer together in light due to attractive 
forces (Albertsson 1982). The protruding hydrophilic 
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loops of the membrane proteins are in close contact 
and fill the lumen space. The diffusion of plastocyanin 
would therefore be expected to be severely retarded by 
macromolecular crowding. From studies on the rate of 
electron transfer from P700 to cytochrome f Haehnel 
(1984) also concluded that plastocyanin is immobilized 
in light due to the narrow space available in the lumen. 
The self-exchange reaction of plastocyanin in solution 
is too slow for it to act as a mobile carrier (Beattie et 
al. 1975). 

In all, the experiments described above do not sup- 
port the notion that there is a long-range mobile redox 
carrier between the grana and stroma lamellae func- 
tioning by passive diffusion, by self redox exchange or 
by any active transport along the membrane. 

Distribution of chlorophyll and quanta between 
the photosystems 

A fundamental question is how much light is absorbed 
by the photosystems PSI  and PS II, respectively. In the 
literature it is usually claimed that the two photosys- 
tems absorb about equal amounts of light or that there 
is an imbalance in favour of PS II. We have found, 
however, that more chlorophyll is associated with PSI  
than with PS II (Table 2). The calculations behind the 
data presented in Table 2 are based on the quantitative 
separation of grana and stroma lamellae (Andreasson 
et al. 1988) see Fig. 2, which allows the determination 
of the amount of chlorophyll associated with each of 
the four photosystems, PS Ia,, PS 1;3, PS I io and PS 
I1/3 (Albertsson et al. 1990b). 

I wish to point out the following points concerning 
the results in Table 2. 

(1) In all three cases, there is more chlorophyll 
associated with P S I  than with PSII, the excess being 
14-18%. This is in contradiction to previous data on 
the chlorophyll distribution between P S I  and PS II 
based on gel electrophoresis (Evans 1986; Melis et al. 
1987). Estimations of chlorophyll in different protein 
bands indicated that a greater fraction of chlorophyll 
is associated with PS II than with PS I. Such data are 
uncertain, however, because part of the chlorophyll is 
extracted from the protein by the detergent used for 
solubilization. In addition, all LHC II chlorophyll was 
assigned to PS II which is not justified since part of 
the LHC II is attached to PS Ict in the grana (Svensson 
et al. 1991; Andreasson and Albertsson 1993). The 
calculation method used to obtain the data given in 
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Table 2. Excess of chlorophyll associated with PS I. The distribution of chlorophyll between the different four 
photosystems, PS IIa, PS Ia, PS 11/3 and PS 1/3 was calculated according to 'alternative A' in Albertsson et al. (1990b) 
and based on separation experiments such as that in Fig. 2. The values under the heading 'thylakoid' are the sum 
of PS II and PS I respectiveley. Spinach (1) and peas were grown in light from dysprosium lamps (300 m 2 s-1) 
with a light period of 12 h. (Chlorophyll a/b = 3.1 and 3.0, respectively). Spinach (2) was grown in greenhouse with 
daylight (chlorophyll a/b = 3.1). The a-fraction originates from grana (appressed and margin domains). The/3-fraction 
originates from stroma lamellae and probably also end membranes 

a-fraction /3-fraction Thylakoid 
PS IIa PS Ia PS II/3 PS I/3 PS II PSI Excess of PSI (PS I - PS II) 

Spinach 38 25 3 34 41 59 18 
Spinach 40 30 3 27 43 57 14 
Peas 38 35 3 24 41 59 18 

Table 2 is robust  in that the results are not sensit ive to 
small  exper imental  errors. 

That  there is an excess of  chlorophyll  associated 
with P S I  (Table 2) means  that P S I  will absorb more  
quanta  than PS II. Quantif icat ion of  this excess is dif- 
ficult. The chlorophyl l  composi t ions  of  the antennae 
of  the photosystems are different; the PS II anten- 
nae con ta in ing  more  chlorophyl l  b. The absorbance of  
chlorophyl l  a is stronger than that of  chlorophyll  b in 
the red region of  the spectrum, the opposite is true for 
the b lue  region. Red light is more  important  since the 
flux of  quanta  f rom sunl ight  which  strikes the ground 
is higher in the red region. I f  these facts are taken into 
account,  one finds that there is not  much  difference 
in the absorpt ion of  quanta  per  chlorophyll  molecule  
(a+b) of  the different subthylakoid vesicles, i.e. the 
amoun t  of  chlorophyl l  associated with each photosys- 
tem is a fairly good indicator  (within a few per cent) 
of  the quanta  absorbed by each photosystem, with a 
slight advantage  for chlorophyl l  a over chlorophyll  b, 
(Melis  et al. 1987). This  conclus ion is supported by 
a compar i son  of  the absorption spectra of  the isolat- 
ed domains  f rom the thylakoid which shows that the 
absorpt ion of  s t roma lamellae and grana vesicles in 
the red region (600 -700  nm) differs only  by a few per 
cent  (Wol lenberger  et al. 1995). There is also a qualita- 
t ive difference in carotenoid composi t ion  between the 
two Photosystems;  P S I  be ing enriched in /3-carotene  
and PS II in lutein (Juhler et al. 1993). However,  for 
all subthylakoid  vesicles there is about  1 carotenoid 
molecule  per  4 chlorophyll  molecules  independent  of  
the type of  chlorophyl l  or carotenoid.  

In conclus ion,  an excess of  quanta  is absorbed by 
P S I  compared  with PS II, according to the data in 
Table 2 and  the considerat ions described above. This  is 

PSII ~x, cyt bf PSI a ,  PSI113 QB red. 
cyt bf, ATP synth. I 

m 

1 .  

Linear electron 911 I1~ Cyclic electron -~11 
transport transport 

Fig. 4. Model of the thylakoid membrane from grana containing 
chloroplasts. Linear electron transport occurs in the grana where PS 
lla, localized in the central appressed domain, cooperates with PS 
Io~, localized in the periphery. The border between the PS la and PS 
lla domains is not sharp as depicted. One should rather envisage a 
peripheral annulus where PS Ia and PS IIa are partly intermixed and 
cooperate in local domains. Cyclic electron transport takes place in 
the single paired membrane of the stroma lamellae. The two grana 
photosystems PS la and PS IIo~ have larger antenna than the respec- 
tive stroma lamellae systems (PS I/3 and PS II/3). The width of the 
annulus is 60 nm for a circular grana disc with a diameter of 0,5 #m. 
20% of the membrane is in the form of stroma lamellae. The remain- 
ing 80% is grana and distributes, approximately, amongst appressed 
membrane (40%) margins (30%) and end membrane (10%). These 
percentages for the grana domains varies somewhat depending on 
the size of the grana stacks. 

convinc ing  evidence for the existence of  cyclic electron 
transport  around P S I  in vivo. The 14-18% excess of 
chlorophyll  associated with P S I  can be compared with 
the 20% of the thylakoid membrane  which is made up 
of  stroma lamellae,  and is consistent  with the not ion 
that this membrane  domain,  domina ted  by PS I/3, the 
cytochrome bf  complex and ATP synthase,  is indeed 
the site of  cyclic photophosphorylat ion.  



(2) A large fraction (40-43% in the case of spinach) 
of the chlorophyll of the grana vesicles (a) is associ- 
ated with PS Ict. The question is then whether the two 
grana photosystems, PSIc~ and PS I Ia  can cooperate in 
linear electron transport. In each granum there is more 
chlorophyll associated with PS I Ia  than PS Ic~ (ratio 
about 60 to 40). This would mean overexcitation of 
PS II even at low light intensities. However, although 
there is more chlorophyll associated with PS II than PS 
I in the grana vesicle fraction (Table 2) this calculation 
does not include the end membranes. If we assume 
that the end membranes contain mainly PS I then a 
complete granum would have a more equal distribu- 
tion of chlorophyll between PS II and PS I. In addition 
one should consider that the number of quanta reach- 
ing the PS II of the grana may be reduced relative to 
the number reaching PS I in margins for the following 
reasons. The PS I I a  domain is located in the interior of 
the granum. It is surrounded by the PS Ic~-rich margins 
which have a lateral thickness of about 60 nm. Light 
has to pass through this layer before reaching PS IIc~ 
which will thus be exposed to a lower light intensi- 
ty than PS Ic~. This attenuation of the light intensity 
can be approximately quantified. The concentration of 
chlorophyll in the thylakoid membrane is 90 mM (Flo- 
reset  al. 1983) and the absorptivity is, on average, 70 
m M - l  cm-1 at 678 nm. Light illuminating a granum 
parallel to the membrane will be attenuated by about 
10% after passing through a 60 nm thick PS Ic~ layer 
(it is assumed that Beers law is applicable). Calcula- 
tion of the absorption of light, at 678 nm, parallel to 
the grana membrane, by the entire disc shows that the 
absorption of quanta per chlorophyll molecule, is on 
average, 20-30% less for the PS IIct domain than the 
PS Ia  domain, i.e. the margin. In conclusion it appears 
that PSI  and PS II of grana may well carry out balanced 
linear electron transport. 

The model 

A model for the structure and function of the thylakoid 
membrane of higher plants is presented in Fig. 4. It is 
a further development of a previous model (Alberts- 
son et al. 1990a,b; Svensson et al. 1991) and resem- 
bles that of Park and Sane (see Sane 1977) in that the 
grana are specialized for linear electron transport and 
the stroma lamellae for cyclic transport but differs in 
that the PS II and PS I of the grana are segregated. 
Our model resembles that of Andersson and Anderson 
(1980) in that the two photosystems are segregated, 
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but differs from theirs in that it takes into account the 
heterogeneity of the photosystems and that no long- 
range mobile redox carrier between grana and stroma 
lamellae is needed. According to our model, 80% of 
the membrane is in the form of grana and the remain- 
ing 20% consists of stroma lamellae (based on the 
data in Table 1). Linear electron transport occurs in 
the grana where PS IIc~, localized in the core of the 
grana, cooperates with P S I  in the periphery, i.e. an 
annulus surrounding the grana core, the margins, and 
the two end membranes. The annulus covers 40% of 
the circular grana disc in order to accomodate the 40% 
of the grana chlorophyll which is associated with PS 
Ict (Table 2). It is assumed that the chlorophyll is dis- 
tributed evenly over the thylakoid membrane, which 
is reasonable since the membrane protein composition 
is dominated by the antenna protein complexes. For a 
circular grana membrane which is 0.5/lm in diameter, 
the width of the P S I  ct annulus would have to be 60 
nm in order to constitute 40% of the area. The size of 
a PS I a  complex is about 20 nm. This means that three 
PS Ic~ complexes, placed radially, can be accomodated 
in a 60 nm wide annulus. The circular border between 
the PS Ilct and PS Ic~ domains is not sharp. Rather, it 
is assumed that there is some intermixing between the 
two photosystems. This means that electron transport 
between them via plastoquinone, cytochrome bf, and 
plastocyanin at a short distance, 30--60 nm, is possible. 
The situation will be more like that between the pro- 
tein complexes in the mitochondrial inner membrane. 
In the case of the end membrane, plastocyanine may 
act as a carrier across the lumen between cytochrome 
bf, in the adjacent appressed membrane and PSI  in the 
end membrane. 

The stroma lamellae, in which PSIg, cytochrome 
bf, and PS I1/3 are localized, carry out cyclic electron 
transport. The role of PS II/3, which is a minor part of 
the stroma lamellae, is not known. Several alternatives 
have been suggested: that PS 11/3 poises the cyclic 
electron flow around PS I, that PS 1I/3 is a precurser to 
PS IIc~ and that it is a stage in the repair cycle of PS 
II. 

According to the model there are two pools (one 
in the grana and one in the stroma lameilae) of each 
of the following components, PS II, PS I, cytochrome 
bf complex, ATP synthase, plastoquinone and plasto- 
cyanin. It has been shown that PS II (Anderson and 
Melis 1983; Andreasson et al. 1988), P S I  (Svens- 
son et al. 1991) and cytochrome bf(Romanowska and 
Albertsson 1994) each differ in the two compartments. 
It remains to be seen whether the same holds for the oth- 
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er three components. It is a common phenomenon that 
when an enzyme is localized in different compartments 
of a cell, there is also a difference in some property of 
the two pools of the enzymes (isoenzymes). 

The model takes into account the heterogeneity of 
the photosystems and their location as deduced from 
fragmentation and separation studies (Albertsson et al. 
1994) and electron microscopy (Vallon et al. 1985). 
That cyclic electron transport is confined to the stroma 
lamellae is consistent with the agreement between the 
14-18% excess of chlorophyll associated with PSI  and 
the 20% abundance of stroma lamellae. 

The model is also consistent with the results from 
quantum yield measurements (Bj6rkman and Dem- 
mig 1987; Evans 1987). For a large number of C3 
plants, the quantum requirement of oxygen evolu- 
tion was between 9 and 10 quanta of light per oxy- 
gen molecule evolved. The quantum requirement one 
would expect from the model, would be 10-11 quanta 
per oxygen molecule if it is assumed that the quanta of 
light which are absorbed by the grana (80% of the thy- 
lakoid membrane) are efficiently (90-95% efficiency) 
utilized for oxygen evolution, i.e. 8-9 quanta per oxy- 
gen molecule, and that 2 quanta per oxygen molecule 
are absorbed by the stroma iamellae (20% of the thy- 
lakoid membrane) for cyclic elctron transport. The lit- 
tle variation in quantum requirement found among dif- 
ferent C3 plants corresponds to the little variation in 
the relative amount of grana and stroma lamellae (Table 
1). 

According to the model, it is the single paired mem- 
branes, the stroma lamellae, and not the grana, which 
carry out cyclic photophosphorylation. Consequent- 
ly those chloroplasts which have only single paired 
thylakoid membranes would be expected to contain 
mainly P S I  and carry out cyclic photophosphoryla- 
tion. This is indeed the case with chloroplasts from 
some specialized cells, such as the bundle sheath cells 
of some C4 plants or cells from the labellum of the 
orchid Aceras anthropophorum (Schmid et al. 1976). 
These have only single paired thylakoid membranes, 
contain mainly P S I  and carry out cyclic, but not lin- 
ear photophosphorylation. The same holds for the first 
thylakoids which appear during the greening of a leaf 
before complete PS II units are synthesized and grana 
are formed. 
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