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Abstract 

Photosystem I of Synechococcus elongatus was crystallized showing maximal diffraction to 4 .A resolution (Witt et al. (1988) 
Ber. Bunsenges. Phys. Chem. 92, 1503-1506). The crystal structure has been determined at a resolution of 6 ,~ (KrauB et al. 
(1993) Nature 361, 326-331). Based on this structure, docking sites for plastocyanin and ferredoxin are proposed. The 
arrangement of helices is analysed in terms of hydrophobicity plots and homology to the reaction center of purple bacteria. A 
possible coordination of the primary donor P700 by the helices in subunits A and B is suggested based on the relative 
three-dimensional arrangement of the helices. 

Key words: Photosystem I; Crystal; X-ray structure; Photosynthesis; Plastocyanin; Ferredoxin 

1. Introduction 

The first step of photosynthesis is the light induced 
charge separation followed by the directed electron 
transport  across the photosynthetic membrane .  In 
higher plants and cyanobacteria this takes place within 
two membrane- integral  protein complexes, the Photo- 
systems I and II. Photosystem II  utilizes water  as 
electron donor, and shows similarities in respect of 
amino acid sequence and composition of electron 
transport  carriers to the bacterial reaction center (b- 
RC) of purple bacteria, despite this reaction center  
being unable to use water  as electron donor. The 
structure of  the reaction center  of  purple bacteria has 
been determined by X-ray diffraction methods [1,2]. 

By comparison, Photosystem I shows nearly no pri- 
mary sequence homology and significant differences in 
the composition and arrangement  of  electron carriers. 
In contrast to Photosystem II  about 90 antenna chloro- 
phyll molecules are bound by the large subunits A and 

Abbreviations: PS I, Photosystem I; PS II, Photosystem II; Chl a, 
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B of PS I. These subunits also carry the primary donor 
P700 (probably a chlorophyll a dimer, the first electron 
acceptor A0 (chlorophyll a), the second electron ac- 
ceptor  A1 (vitamin K1) and the first 4Fe-4S cluster F x. 
The  two terminal iron-sulfur clusters F A and F B are 
bound to the small stromal subunit C. From the termi- 
nal iron-sulfur cluster the electron is t ransferred to the 
soluble ferredoxin, which carries it to the N A D P  re- 
ductase (for review see [3]). At the lumenal side, P700 ÷ 
is re-reduced by plastocyanin. In the case of cyano- 
bacteria cytochrome c 6 may also be used as alternative 
electron donor. 

2. Progress in characterization and crystallization of 
Photosystem I 

Photosystem I from the thermophilic cyanobacte- 
rium Synechococcus  sp., now reclassified as Syne-  
chococcus  e longatus  [4], was characterized by isolation 
and sequencing of the genes of  11 subunits: the two 
large subunits A and B; three subunits (C, D and E) 
located on the stromal side; the subunit F, located at 
the lumenal side of Photosystem I; and five small 
membrane  intrinsic subunits named I, J, K, L and M 
[5]. The presence of subunit L and I in the crystals 



100 P. Frornme et al. / Biochimica et Biophysica Acta 1187 (1994) 99-105 

could previously not be ascertained, but subunit L has 
now been identified in the crystals by peptide specific 
antibodies (Haehnel, W., personal communication). 

Photosystem I was isolated from the membrane in a 
trimeric form and there is evidence that the trimer also 
exists in the native membrane [6,7]. The molecular 
mass of the Photosystem I monomer [8] has been 
estimated to be 340 kDa on the basis of the subunit 
composition and the chlorophyll content; i.e., about 1 
MDa in the case of the trimer. 

The Photosystem I trimer was crystallized by dialysis 
against low salt concentration of MgSO 4. After 1 or 2 
days, dark-green hexagonal prisms, either elongated, 
needle-shaped or plate-like are obtained. The crystals 
diffract to a resolution of 4 .A [9,10]. Data sets were 
initially measured to a resolution of 6 ,~ using syn- 
chrotron X-radiation and the structure of Photosystem 
I was determined [11]. To date, we have collected a 
native data set of 3.8 ,~ resolution and several heavy 
atom derivative data sets at 4 to 4.5 ,~ resolution. The 
evaluation of a number of data sets is in progress, but 
even based on the structure at 6 ,~ further information 
can be inferred about the possible docking sites for 
ferredoxin, plastocyanin and the coordination of P700. 

2.1. Structure of Photosystem I 

Based on the 6 .~ map [11], 28 tubular structures 
interpreted as alpha-helices were identified. Out of 
these 21 are transmembrane. They are depicted in Fig. 
1A as seen from the stromal side. 16 of these helices 
(in grey in Fig. 1A) are structurally related to each 
other by local two-fold symmetry. The axis of this 
non-crystallographic two-fold symmetry passes through 
the iron-sulfur cluster F x. Two 'horizontal' helices n 
and n' at the lumenal side also obey this two-fold 
symmetry. The 16 transmembrane helices and the two 
helices parallel to the membrane plane were assigned 
to the large subunits A and B. 

40 of the 90 antenna chlorophylls have been located. 
They are oriented nearly perpendicular to the mem- 
brane plane and grouped to surround the inner ring of 
helices. 

The position of the three iron-sulfur dusters could 
be inferred from dense peaks of electron density on 
the stromal side of PSI. Between F x and the lumenal 
surface of the protein electron density features were 
interpreted as the carriers of the electron transport 
chain (Fig 1B): P700, two additional chl a in the 
vicinity of P700, A0 and, rather speculatively, A1. 

Comparing this structure with the present knowl- 
edge of PSI from molecular biological, biophysical and 
biochemical investigations some interesting questions 
arise: 
(a) Where are the most reasonable docking sites for 

the soluble electron carriers plastocyanin (or cy- 

tochrome ¢6 ) on  the lumenal side and for ferro- 
doxin on the stromal side of Photosystem I? 

(b) Hydrophobicity plots (Fig. 1C Kyte & Doolittle) of 
the large subunits A and B indicated 10-12 trans- 
membrane helices for each. Only 8 transmembrane 
helices were, however, identified in the electron 
density map. Furthermore the electron density re- 
veals two helices running parallel to the membrane 
plane near the lumenal indentation near the pri- 
mary donor P700. These were not predicted, previ- 
ously, but presumably belong to the large subunits 
A and B, due to their symmetry relation. 

i 

O, 

C 

Fig. 1. (A) view from the stromal side of Photosystem I onto the 
membrane plane. The assigned helices are shown as columns. The 
transmembrane helices are shown as well as two 'horizontal helices' 
at the lumenal side of Photosystem I. The chlorophylls of PT00 and 
the accessory chlorophylls are represented by discs. The helices, 
shown in grey are structurally related to each other by a local twofold 
dyad, passing through the iron-sulfur center Fx, and are therefore 
assigned to the large subunits A and B. (from [10]) (B) Part of the 
electron density map between FA/n 2 and the lumenal surface. 
Electron densities are interpreted as carriers of the electron trans- 
port chain. (from [11]) (C) Hydrophobicity plot (Kyte and Doolittle) 
of the large subunits A and B. (From Ref. [27].) 
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(c) Which of the helices, surrounding the electron 
transfer chain, can most reasonably be assumed to 
be involved in the coordination of the primary 
donor P700? 

2.2. Docking site for plastocyanin or cytochrome c 6 

It was shown [12] that plastocyanin can be 
crosslinked to subunit F in spinach, suggesting the 

direct binding of plastocyanin to this subunit. New 
results on mutants of Synechocystis PCC 6803 lacking 
subunit F [13] show that photoautotrophic growth was 
not influenced by this deletion. Furthermore, the kinet- 
ics of electron transfer from cytochrome c 6 to P700 
were not influenced by the removal of subunit F by 
detergent in Synechoccus elongatus [14]. It therefore 
appears that plastocyanin and cytochrome c 6 interact 
directly with the large subunits A and B. The most 
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Fig. 1 (continued). 
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Fig. 2. Electron density map of Photosystem I including the structure of plastocyanin from Enteromorpha prolifera [15] in its proposed docking 
site. Seven assigned molecules of the electron transfer chain (F x to P700) are also shown for added clarity. Plastocyanin is depicted with its Van 
der Waals surface. Left side: view along the membrane plane. Right side: rotated to the left side by a rotation of = 90 ° around the vertical axis. 

feasible binding site for plastocyanin is inside an inden- 
tation on the lumenal side of PSI, near the two 'hori- 
zontal' helices n and n'. Fig. 2 shows this part of the 
electron density with the structure of plastocyanin from 
Enteromorpha prolifera (green alga) [15] (Brookhaven 
data bank entry 7PCY) modelled inside the cavity. The 
distance from Cu 2 ÷ to the center of the chlorophylls of 
P700 is about 20 ,~. As may be seen, the dimensions of 
plastocyanin match this cavity well. It should be noted 
that in cyanobacteria cytochrome c 6 can be used as 

alternative electron donor. The structure of this cy- 
tochrome has not been solved as yet, but the size of the 
two proteins is comparable as judged by their amino 
acid sequence. 

2.3. Docking site for ferredoxin 

The positions of the three iron-sulfur clusters were 
identified unambiguously as peaks of electron density 

Fig. 3. Electron density map of Photosystem I fitted with ferredoxin from Spirolina platensis [16], incorporated in its modelled orientation. In 
addition the nine assigned molecules of the electron transfer chain (P700 to FA/B) are shown. Ferredoxin is depicted with its Van der Waals 
surface. Left side: view along the membrane plane. Right side: view from the stromal side onto the membrane plane. 
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significantly above the mean density of the protein. 
The organization of the three clusters suggests an 
unidirectional electron transport from F x via the first 
terminal iron-sulfur cluster FA/B 1 (at a distance of 15 
.~ from F x) to the second iron-sulfur cluster FA/B 2 (at 
a distance of 12 /~ to FA/B 1 and 22 A to Fx). The 
iron-sulfur center FA/B 1 is embedded deeply within 
the protein matrix, the shortest distance from the cen- 
ter of FA/~, 1 to the surface of the protein being 
approx. 16 A. 

Near the second terminal iron-sulfur cluster, FA/a 2, 
a possible docking site for ferredoxin was identified. 
The distance from the center of FA/B 2 to the surface 
is about 12 ,~ for this site. Fig. 3 shows this region of 
the electron density map together with the structure of 
a soluble ferredoxin from Spirulina platensis [16], taken 
from the Brookhaven data bank entry 3FXC. The 
ferredoxin from our cyanobacterium is closely related 
to this ferredoxin, as deduced from sequence homology 
[17], and also binds a 2Fe-2S cluster. It is evident from 
Fig. 3 that ferredoxin fits this possible docking site 
well. The distance from the center of the iron-sulfur 
cluster FA/a 2 to the center of the 2Fe-2S cluster of the 

o 

ferrodoxin is about 14 A, which is suitable for rapid 
electron transfer [18]. It must be noted, however, that 
this distance is only an estimate, as experimental infor- 
mation on the orientation of ferredoxin is lacking and 
also because there may be some small structural differ- 
ences between the ferredoxin of Spirulina platensis and 
that of Synechococcus elongatus. 

A second electron transport route directly from the 
first iron-sulfur cluster FA/B 1 to ferredoxin, binding at 
an alternative site closer to FA/B 1 (on the right side of 
the stromal hump in Fig. 3), cannot be ruled out. This 
is, however, less likely because of the larger distance to 
the protein surface. Binding of ferredoxin to this sec- 
ond site will lead to a smallest center to center distance 
of about 19 .~ between the iron-sulfur centers. Because 
electron transfer rates are inversely related to the 
distance between electron carriers [18], the kinetics of 
ferredoxin reduction at the second site must be signifi- 
cantly lower than that for the preferred binding site 
closer to FA/B 2. 

2. 4. Arrangement of helices 

A clear discrepancy exists between the number of 
transmembrane helices in the large subunits A and B 
of Photosystem I as predicted on the basis of hydro- 
phobicity plots of spinach [19] and maize [20] on the 
one hand and those actually identified in the electron 
density map (8 transmembral, 1 lumenal) on the other 
hand. The latter are illustrated in Fig. 1A in a view 
looking from the stromal side onto the membrane 
plane. A hydrophobicity plot based on the sequence of 
PsaA and PsaB from Synechococcus elongatus is shown 

in Fig. 1C [27]. In the past, various predictions for the 
arrangement of helices have been put forward: 

- A structural model of the large subunits of Photo- 
system I based on the arrangement of helices in Photo- 
system II and purple bacteria RC, was formulated [21]. 
This model is not confirmed by the observed arrange- 
ment of helices: 

In bacterial reaction centers the transmembane he- 
lices D and E of subunit L and M are situated in close 
proximity to the local dyad, and are in contact with 
each other [1,22]. By contrast, the transmembrane he- 
lices in Photosystem I surround the electron transfer 
chain like a fence. The number of 13 helices in the 
model can not be confirmed in the structure. 

- A leucine zipper was proposed to be involved in 
the dimer formation of the two large subunits A and B 
[23]. Because the smallest distance between structurally 
related helices is 20 .~ this possibility can be ruled out. 
This is consistent with mutation experiments on the 
corresponding leucine residues in Synechocystis PCC 
6803, which have identical behavior to the wild type 
Photosystem I [24]. 

We suggest the following correlation between the 
10-12 regions, proposed to represent transmembrane 
helices on the basis of hydrophobicity analysis (see Fig. 
1C) and the 8 transmembrane helices + one 'horizon- 
tal' helix, observed in the structure at 6 ,~: 

The iron-sulfur center F x is coordinated by 4 cys- 
teins: Two from each of the large subunits A and B. 
Consequently, the binding site for the iron-sulfur cen- 
ter Fx may be deduced directly from the primary 
sequence. It is located between the predicted helices 9 
and 10 in Fig. 1C. The four helices predicted to be at 
the C-terminus of the large subunits (9, 10, 11 and 12) 
are all confirmed using different hydrophobicity pro- 
grams [25,26], (data not shown). They are all of suffi- 
cient length to span the membrane. Because they are 
close to the binding site of F x we propose that the 4 
helices surrounding the electron transfer chain should 
be assigned to the C-terminal region of the primary 
sequence and the N-terminal region of the protein in 
turn to be involved in the binding of antenna chloro- 
phylls. Possibly, the evolutionary ancestor of the sub- 
units A and B was formed by a gene fusion of a gene 
for a light harvesting protein and a gene for a photo- 
reaction center. 

The respective lengths of the symmetry related he- 
lices, surrounding the electron transfer chain (e, f, g, h, 
and e', f', g', h') are comparable in both subunits, 
except for helices g and g' (see Fig 1A). The kinked 
helix g is the longest helix in the protein complex, with 
a length of 35 amino acids, whereas the corresponding 
helix g' is significantly shorter, with 24 amino acids. 
Comparing this length to the amino acid sequence and 
the hydrophobicity plot (Fig. 1C), there is only one 
region with such a long hydrophobic sequence: the 
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proposed helix 9 in subunit A. This hydrophobic region 
is significantly shorter in subunit B. It should be noted 
that there is a proline in both sequences, which could 
explain the kink in the helices. On this basis, we 
propose that helix g belongs to subunit A and corre- 
sponds to the region of the helix 9 in the hydrophobic- 
ity plot. Helix g' belongs to subunit B and belongs to 
the corresponding amino acid region. However, we do 
not imply, that all unprimed helices can similarly be 
assigned to subunit A and all primed helices belong to 
subunit B. 

Some proposed helices in the N-terminal region of 
the protein (helices 3, 4 and 5) are of insufficient 
length to form a membrane spanning helix a n d / o r  are 
not predicted using improved hydrophobicity programs 
[24] (data not shown) and so it is reasonable that these 
hydrophobic regions do not form transmembrane he- 
lices. 

A remarkable feature of the secondary structure is 
the existence of the 'horizontal '  helices n and n' which 
were not predicted previously, but which seem to play 
a prominent role in the structure of Photosystem I. 
They are located at the lumenal side, shielding P700 
from the aqueous phase and are possibly involved in 
plas tocyanin/cytochrome c 6 docking (see above). They 
are arranged symmetrically with respect to the two 
chlorophyll molecules of the primary donor P700. The 
shortest distance of the center of t he  chlorophylls to 
the middle of these helices is only 11 A indicating that 
they may well be involved in the coordination of P700 
or the 'accessory chlorophylls'. 

The sequence homology between the correlated 
transmembrane regions of subunit A and B is about 
45%, but for the region of the proposed helix 8 80% of 
the amino acid residues are identical. These helices are 
flanked by two regions which are rich in basic amino 
acids. A common motif H XX W XXX F occurs in 
both subunits, in which the three aromatic amino acids 
lie on one side of the helix, while the other side 
consists of aliphatic amino acids. 

In the reaction center of purple bacteria two hori- 
zontal helices were also observed near the primary 
donor, in both L and M subunit, which contain the 
same consensus sequence H XX W XXX F. In fact, 
the X-ray structure [1,2] shows that these three aro- 
matic amino acids are indeed located on one side of 
the helix with the histidine coordinating the Mg of one 
of the accessory chlorophylls. 

Therefore  we propose, that the region of the pro- 
posed hydrophobic region 8 can be assigned to the 
helices n and n' (Krabben, Kuhn and Fromme in 
preparation). This result will have consequences for 
the proposed docking site for plas tocyanin/cytochrome 
c6: 

The orientation of the helices n and n' will be such, 
that the side with the aromatic amino acids is located 

! 
n 

Fig. 4. Part of the electron density map with modelled polyalanine 
helices and dihydroporphyrine rings of chlorophylls from the elec- 
tron transport chain between F X and the lumenal surface. The two 
helices adjacent to P700 correspond to helices f and f' in Fig. 1A. At 
the bottom of the figure, at the lumenal side, the two helices n and n' 
are located. 

close to P700, while the other, aliphatic side faces the 
lumenal surface of the protein, at the proposed dock- 
ing site for plastocyanin. Consequently a hydrophobic 
surface, at the lumenal indentation is proposed for 
docking of plastocyanin/cytochrome c 6 (see Fig. 3, 
right). Thus we propose that the hydrophobic regions 
1, 2, 6, 7 and 9, 10, 11, 12 (dotted in Fig. 1C) form the 8 
transmembrane helices of subunits A and B, obtained 
in the electron density map; the hydrophobic regions 8 
(marked with a star in Fig. 1C) form the lumenal 
'horizontal '  helices n and n'. 

2.5. Coordination o f  P700 

As discussed previously, it appears reasonable that 
helices n and n' may play a role in coordination of 
P700 a n d / o r  the 'accessory chlorophylls'. In addition, 
however, some of the transmembrane helices would be 
expected to participate in the coordination of P700. 
Fig. 4 shows a detailed view of the electron density 
surrounding P700. The electron density attributed to 
P700 forms the center, flanked on either side by the 
two helices f and f', while n and n' are located at the 
lumenal side. The distance from the center of each 
chlorophyll to the center of the helices is 7 -8  ,~. The 
helices g and g', are at a distance of at least 13 ,~ to the 
center of these chlorophylls). 

Helices e and e' are also in close proximity to the 
chlorophylls of P700. The shortest distance from the 
center of the chlorophylls to the center of the helices e 

o 

and e' is 7 -8  A, as is the case for the helices f and f'. 
Relative to Fig. 4, e is located behind the chlorophyll 
on the left side, while e' is in front of the chlorophyll 
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on the right side (see also Fig. 1A). The  angles be tween 
the axes of  bo th  helices e and e' and the m e m b r a n e  
normal  are about  30 °. Compar ing  the a r r angemen t  o f  
helices to the coord ina t ion  o f  the pr imary donor  in the 
bacterial  react ion center ,  which is coord ina ted  by histi- 
dine f rom helices L D  and M D  to the Mg 2+ of  the 
chlorophylls,  there  are similarities to the a r rangement  
of  e and e' to the chlorophylls of  P700. 

On  the o ther  hand,  it is also possible, that  the 
helices f and f '  coordina te  the pr imary donor  P700. In  
both  cases the coordinat ing amino acid, which is pro- 
posed  to be a histidine, must  be located be tween amino 
acids 10 and 13 as coun ted  f rom the lumenal  side. The  
hydrophobic  region 11 does indeed contain  one  histi- 
dine, which is near  the middle of  the hydrophobic  
sequence.  This histidine H685 of  subunit  A forms par t  
of  the motif  L A G H F  X X X  F. A corresponding  se- 
quence  occurs in the M-subuni t  of  the bacterial  reac- 
t ion center ,  where  the H202 in Rhodospeudomonas  

sphaeroides, which coordina tes  one chlorophyll  of  the 
special pair, is su r rounded  by the sequence F X X X  
F H G L .  The  same mot i f  is also found in subunit  M of  
Rhodopseudomonas  viridis at H200. Therefore ,  we pro- 
pose that  the t r ansmembrane  region 11 and the histi- 
dine in the middle of  this region will play an impor tan t  
role in the coord ina t ion  of  P700. 

We  hope  that  the suggestions outl ined above will 
open  the way to new molecular  biological experiments,  
including muta t ion  experiments  o f  the large subunits A 
and B. However ,  we must  stress that  only an electron 
density map  calculated at higher  resolut ion will be able 
to confi rm our  analyses. Such a map,  incorporat ing 
new med ium resolut ion data,  is present ly in prepara-  
t ion and will hopeful ly  be available in the near  future.  
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