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The trimeric structure previously evaluated from isolated Photosystem I (PS I) reaction-center complex of the 
thermophilic cyanobacterium Synechococcus sp. was studied in more detail by electron microscopy and computer image 
analysis. Molecular projections (1970 top vie~s and 457 side views) were selected from electron micrographs and 
subsequently aligned to different references. The top views were submitted to a multivariate statistical classification 
procedure. Two types of top view, which differ in handedness and represent face-up and face-down oriented molecules, 
could be separated. The classification shows that the PS I trimeric complex consists of three very similar, if not 
identical, units. The trimer has the shape of a disk with a diameter of 19 nm and a thickness of 6.5 nm. The monomers 
within the trimer have an asymmetric shape. Possible arrangements of the hvo major subunits within the monomer are 
discussed. 

Introduction 

Light-induced charge separation in the reaction 
centers of Photosystem I (PS I) leads to the oxidation of 
a special chlorophyll a molecule Chl a I  (P-700) and to 
the sequential reduction of a number  of electron accep- 
tors (see Refs. 1 and 2 for reviews). The pr imary elec- 
tron acceptors are probably  a Chl a molecule absorbing 
at 693 nm [3] and a phylloquinone [4-8]. Under  physio- 
logical conditions, with certainty, the next acceptor is 
an iron-sulfur center called F~ (A2), interpreted by 
Golbeck et al. [9] as a [2Fe-2S] cluster. The terminal 
acceptors of  P S I  are two interacting [4Fe-4S] centers 
called F A and F a. 

In the reaction-center complex, the pigment  mole- 
cules and the redox centers between Chl a I  and F~ are 
located in one or two integral membrane  proteins with 
apparent  molecular masses (based on SDS-PAGE) of 
about  64 kDa [10,11]. Recently, a '64 kDa '  and a '56 
kDa '  subunit were identified as products  from the p s a - B  
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and p s a - A  genes, respectively [12]. In maize, these genes 
were sequenced and found to code for 82.5 and 83.2 
kDa  subunits, containing 735 and 751 amino acids 
respectively [13,14]. For the cyanobacter ium S v n e c h o -  

coccus  PCC 7002, large parts of the sequences have been 
reported as well [15]; these genes are 78-84% homolo- 
gous with their maize counterparts.  In addition to the 
p s a - A  and p s a - B  gene products, the cyanobacterial  PS I 
reaction center contains four subunits in the range of 
9 -18  kDa [16]. One or more of these subunits are 
involved in the binding of the iron-sulfur centers F A and 
F B [17,18]. 

Further  information on the structure and shape of 
the P S I  complex is relatively scarce. However, the 
recent success in the crystallization of the P S I  complex 
[19,20] may change this situation dramatically in the 
future. By using electron microscopy, Williams et al. 
[21] analyzed Tri ton X-100-solubilized PS I particles 
with the negative-staining technique and found ellipsoid 
particles of about  18 × 8 nm. Recently, we reported on 
the purification and characterization of P S I  reaction- 
center complexes from the cyanobacter ium S y n e c k o c o c -  

cus  sp. by using the detergents Sulfobetain 12 and 
B-dodecylmaltoside.  It was shown by HPLC gel filtra- 
tion that due to the use of these relatively mild deter- 
gents the prepara t ion consists of a homogeneous popu-  
lation of particles with a molecular mass of  about  600 
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kDa. We showed by electron microscopy and image 
analysis that these isolated particles have the structure 
of a trimer with a disk-like form [22]. In this paper we 
report on the detailed characterization of these particles 
by electron microscopy and multivariate statistical anal- 
ysis. After aligning a large set of molecular images 
relative to each other, multivariate statistical-classifica- 
tion techniques can be used to find similar images in the 
mixed data set; 'face-up' and 'face-down' differences 
were detected in a number of cases such as for hemo- 
cyanin molecules [23]. 

Materials and Methods 

Cells and membranes of the thermophilic cyanobac- 
terium Synechococcus sp. were grown as in Ref. 24 and 
prepared as in Ref. 25. PS II was removed from the 
membranes with the zwitterionic detergent Sulfobetain 
12 (usually 0.3-0.4%) according to Ref. 25. P S I  was 
extracted from the pellet by a similar treatment but now 
with 0.8-1.1% Sulfobetain 12, and further purified by 
sucrose-density centrifugation and ion-exchange chro- 
matography as described in Ref. 22. The isolated par- 
ticles contain six different subunits ([22] and [33]), with 
masses similar to those in Ref. 16. Absorption-change 
activity measurements with benzyl viologen as acceptor 
indicate that the preparation still contains the iron-sulfur 
centers F A and F B [20]. 

Specimens for electron microscopy were prepared by 
the droplet method, using 1% uranyl acetate as a nega- 
tive stain. For electron microscopy the purified PS I 
samples were diluted in buffer plus 1.1% octyl gluco- 
pyranoside. Electron microscopy was carried out on a 
Philips EM 300 or 400T microscope at 70000 × 
magnification. Selected micrographs were digitized with 
a Datacopy Model 610F electronic digitizing camera 
(Datacopy, Long Beach, CA, U.S.A.). The scanning step 
used was 32 #m, corresponding to a pixel size of 0.47 
nm on the specimen level. Image analysis was per- 
formed by means of the IMAGIC software system [26] 
on a VAX 780 computer. All images were band-pass 
filtered to remove the very high (greater than (1.2 
nm) -1) and suppress the very low (less than (12 nm) -1) 
frequency components. The very low frequency compo- 
nents are normally related to stain gradients in the 
environment of the molecule and are not structure-re- 
lated [28]. The next steps in the analysis - alignment of 
the images, the eigenvector-eigenvalue data compression 
procedure ('correspondence analysis') and the auto- 
matic classification - were carried out as described 
previously [27-30]. 

Results 

In general, it is difficult to obtain well-preserved 
samples of membrane proteins by negative staining, 

since the hydrophobic parts of these molecules are 
stain-excluding. Moreover, detergent molecules, which 
are necessary to keep the particles in a monodisperse 
solution, give rise to a strong background on the speci- 
men. A low detergent concentration, however, leads 
either to PS I molecules aggregated into large sheets, as 
was also noticed by Williams et al. [21], or to randomly 
clustered material. The best compromise for making 
good specimens is to add detergent to the buffer solu- 
tion in a concentration of about 2-3-times the critical 
micellar concentration during preparation. Before stain- 
ing the grid, a large amount of the detergent is removed 
by quickly washing with distilled water. Fig. 1 illustrates 
that by following this staining procedure it is possible to 
obtain clear images of PS I' particles in the presence of 
octylglucopyranoside, fl-Dodecylmaltoside gives similar 
results, but causes a higher background because it forms 
larger detergent micelles. 

Inspection of the micrographs shows that there are 
two typical projections of the solubilized particles: an 
almost circular top view and an elongated side view. If 
particles are lying on their sides, they frequently aggre- 
gate as a 'stack of coins'. A small cleft filled with 
negative stain between the particles always characterizes 
such aggregates. Other purified photosynthetic mem- 
brane proteins can aggregate in a very similar way 
[25,31]. 

Analysis of top-view projections 
From 38 digitized micrographs 1970 top-view projec- 

tions were selected (Fig. 2) to ensure good statistical 
significance of the results. The projections were brought 
into register by repeated alignments on improving refer- 
ences [28,30]. After the first alignment cycle, we noticed 
that the total sum of all particles showed a nearly 
three-fold symmetry, but had a clear handedness (i.e., 
departure from mirror symmetry). To avoid biasing the 
data set towards one particular reference image [30], in 
casu, towards a left- or a right-handed projection of the 
molecule, each reference image in the multi-reference 
alignment procedure [28] was also used in its mirrored 
version [32]. 

In the next step, the data set was classified with a 
multivariate statistical algorithm [29]. The classification 
not only facilitates the discrimination of principally 
different views but also allows one to judge the quality 
of the particles. The treated data set was partitioned 
into 14 classes, and the members of each class (roughly 
100 per class) were summed in order to enhance the 
signal-to-noise ratio. During the classification, 24% of 
the projections were automatically rejected based on 
their large contribution to the variance of the data set 
[28]. The 14 classes are shown in Figs. 3A-N. One sees 
that the classification resulted in a separation of the 
projections into two different types, which are roughly 
mirror-related. These types represent the two ways the 



83 

Fig. 1. Electron micrograph of PS I particles, negatively stained with 1% uranyl acetate in the presence of 1.1% octyl glucopyranoside. Arrowheads, 
indicate side-view stacks of the particles. 

Fig. 2. A gallery of 24 digitized top-view projections (out of 1970) used for image analysis. 
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Fig. 3. Classification of the top-view projections. The images of the 14 classes A-N represent the sums of 137, 127, 137, 94, 115, 102, 109, 99, 104. 
105, 95, 101, 103 and 74 projections, respectively. Figs. O-T are the three-fold-averaged images of classes A, B, G, H, I and N, respectively. The 
motif of the monomer, in the shape of a 'shoe', is clockwise oriented in classes A-C (see also O and P for three-fold-averaged versions) and 
counterclockwise oriented in D-L and three-fold-averaged versions in Q-S. No handedness is visible in Figs. 3M-N and the averaged version 3T. 
Note: the images are shown with imposed band-pass filter which is necessary for the suppression of unwanted noise during analysis. This filter 

allows a better analysis of the features, but has the disadvantage of suppressing the central density (see also Fig. 4). 

molecules can be attached to the carbon support  film 
( ' face-up '  and ' face-down') .  One type is found in three 
classes having a total of 401 projections (Figs. 3A-C) ,  
the other type in about nine classes (Fig. 3 D - L )  with 
924 projections. The motif  of the monomer  has roughly 
the shape of a ' shoe ' ;  and if we focus on this motif  we 
can see that the three ' shoes '  of the trimer are oriented 
either clockwise (arbitrarily defined as ' face-up '  or 
' lef t-handed' ,  Figs. 3A-C)  or counterclockwise ( ' r ight-  
handed '  or ' face-down' ,  Figs. 3D-L) ,  with clearest ex- 
amples in Figs. 3 G - I .  The presence of a handedness is 
easier to see if the trimers are three-fold averaged, and 
therefore six classes are also shown in their three-fold- 
symmetrized version. Figs. 3 0  and 3P shows three- 
fold-average version of A - B  (clockwise); Figs. 3 Q - S  
show averaged version of D - L  (counterclockwise). In 
some classes, especially those of Figs. 3 M - N ,  with a 
total of 177 members,  the handedness is impossible to 
determine: in Fig. 3T, which is the three-fold-averaged 

version of 3N, the ' shoe '  has no clear direction at all. It 
is likely that these classes 3 M - N  contain a mixture of 
both  types of projection as well as badly aligned a n d / o r  
damaged molecules. 

In principle, the ratio between the two types of 
top-view shotrld be 1 : 1 if the a t tachment  to the support  
is just  a r andom process. Since the ratio is about  2 :1 ,  
there apparent ly  is some preference in the way the 
molecular stick to the support ,  which might originate 
from charge differences between the face-up and face- 
down sides of the particles [13]. Interestingly, in the 
type with the smallest number  of  classes (Figs. 3 A - C )  
the features of  the object seem to have been slightly 
bet ter  outlined. Therefore,  these 401 images were re- 
aligned on the image of Fig. 3A and were taken together 
to give a final result for the top-view analysis. Fig. 4 
shows this sum with its original spatial frequency com- 
ponents  restored (clockwise version). 

The  outer regions of the molecules, as seen in the 



Fig. 4. Average of the 401 left-handed top-view projections from Figs. 
3A-C, summed after re-alignment of the original projections. The 

image is countered with equidistant contour levels. 

top-view projection, must have a hydrophobic surface. 
Lowering the detergent concentration leads to mole- 
cules clustered in extensive two-dimensional sheets of 
about the same thickness as individual trimers in the 
top-view projection (results not shown). To keep the 
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particles in a monodisperse solution, a boundary layer 
of detergent is expected to surround the molecules. 
Since detergent is strongly stain-excluding, the top views 
consist of the actual PS I particle plus the boundary 
layer. The image analysis was carried out on trimers 
prepared in the presence of octyl glucoside. This results 
in a diameter of 19 nm. The diameter of particles 
isolated and prepared for electron microscopy in the 
presence of the larger detergent fl-dodecylmaltoside is 
22-23 nm on the average. This further confirms the 
supposition that the outer edges of the trimer in top-view 
projection are formed by the detergent boundary layer. 

Analysis of side-view projection 
A total of 457 side-views were aligned and summed 

together in order to get an impression of the thickness 
of the PS I particle. The average image (Fig. 5A) is 
clearly outlined by the negative stain. However, internal 
features are lacking because the image is made by 
averaging (rotationally) different projections. The di- 
mensions of the sum of all 457 side-view projections 
were found to be 19 and 6 nm (Fig. 5A). They depend, 
however, on the surrounding of the particles: the amount  
of attached negative stain and the influence of neigh- 
boring molecules. A minor number of 35 particles is 
lying free on the carbon support. They appear to be 
slightly thicker: 6.7 nm (see Fig. 5B) due to tilting 
freedom in this position. 

The width for particles lying in close contact with 
others (Fig. 5C) is 6.5 nm, measured as the distance 
between the two stain maxima on both sides of the side 
view. This value is the most accurate estimation for the 

Fig. 5. Size analysis of side-view projections. A, average image of all 457 particles that were well-aligned; B, average image of 35 particles not in 
contact with others; C, average image of 26 particles with one neighbor closely associated. 
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width, since particles are in close contact with others 
and have less tilting freedom. 

Discussion 

In this paper we have presented further information 
on the trimeric structure of the isolated PS ! complex 
from the thermophilic cyanobacterium Synechococcus 
sp. The overall structure was found to be a circular disk 
with a diameter of about 19 nm and a thickness of 6.5 
nm. Image analysis showed that the top-view projection 
has close to three-fold symmetry (Fig. 3, 4). Moreover, 
there are two types of top view, which differ in handed- 
ness and represent face-up and face-down oriented 
molecules. The three monomers could be identical, but 
this question cannot be answered from the present data 
alone. Since no departure from symmetry can be proven, 
we presented our final top-view sum (Fig. 4) with 
three-fold symmetry imposed. 

The molecular mass of the PS I trimer, estimated 
from its dimensions and assuming a specific volume of 
2 +_ 0.5- 10 -3 n m .  Da -1, is about 700-800 kDa, which 
is roughly in agreement with the apparent mass of 600 
kDa from gel-filtration experiments [22]. Accordingly, 
the molecular mass of each monomer would be around 
250 kDa. This is compatible with the view that the P S I  
reaction center consists of two large subunits and four 
smaller subunits (see previous sections). The protein 
part would then have a molecular mass of about 190 
kDa. When the additional mass of chlorophylls, lipids 
a n d / o r  detergents is taken into account, an estimate of 
250 kDa is not unrealistic. Through biochemical decom- 
position of the trimer into three monomers,  together 
with the determination of the protein and chlorophyll 
concentration as well as the photo-activity, it has re- 
cently been shown that one monomer has a mass of 
about 260 kDa. Each monomer contains one reaction 
center Chl aI  (R/Sgner et al., unpublished data). 

Recently, Fish et al. [13,14] reported on the sequence 
and identification of two maize P-700 chlorophyll a- 
apoprotein genes which encode for 45% homologous 
polypeptides of 751 and 735 amino-acids, or 83.2 and 
82.5 kDa. Using the hydropathy plots as a guide, it is 
possible to draw a structure for these polypeptides that 
would have some 11 membrane-buried helices. Since the 
Synechocoecus polypeptides are very similar [15], this 
information can be used to interpret the structure of the 
PS I reaction center. Our image analysis of the side 
views showed that the maximum height of any part of 
the P S I  structure is within 6.5 nm. This implies that 
these polypeptides must at least fill a minimum space of 
4 x 5 nm in the plane as seen in the top-view projec- 
tions. This space would be even larger if any part of the 
structure were thinner than 6.5 nm vertical to the mem- 
brane. The large hydrophilic regions in the sequence 
between the alpha-helical regions of the predicted strut-  

ture lead one to conclude that presumably most of the 
structure is indeed about 6.5 nm in height. These struct- 
ural implications constrain the interpretation of our 
top-view structure considerably. An examination of the 
features of each monomer  in the top view (Fig. 4) shows 
that there are two large stain-excluding regions on the 
outer ends. They have the right size for being the large 
subunits. According to Golbeck et al. [9], the large 
subunits must have an interface in common where they 
share the iron-sulfur center F~. From the shape of the 
monomer,  as shown in Fig. 4, it is most likely that these 
interfaces are in the center of each monomer.  However, 
since the density fluctuations within the monomers are 
small, a closer interpretation is not yet possible. 

One central question remains to be answered: do the 
trimeric particles reflect the in vivo situation or are they 
a result of the P S I  isolation? The size and shape of P S I  
in vivo has been investigated by freeze-fracturing tech- 
niques. For  instance, according to Giddings and 
Staehelin [33], none of the particles in the thylakoids of 
Anabena cylindrica is larger than 10 nm in diameter. 
Thus, it is apparent  that, in general, only monomeric PS 
I complexes exist in vivo in the membrane. It can, 
however, not be excluded that some specialized 
organisms, like this thermophilic Synechococcus cyano- 
bacterium, may have their P S I  aggregated into trimers. 
Work is in progress to clarify this point. 
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