
Biochimica et Biophysica Acta, 1017 (1990) 49-56 49 
Elsevier 

BBABIO 43206 

The structure of spinach Photosystem I studied 
by electron microscopy 

Egbert J. Boekema 1, R .  Max Wynn 2, .  and Richard Malkin e 

I Biochemisch Laboratorium, Rijksuniversiteit Groningen, Groningen (The Netherlands) 2 Department of Plant Biology, 
University of California, Berkeley, CA (U.S.A.) 

(Received 27 October 1989) 

Key words: Photosystem I structure; Electron microscopy; Image analysis; (Spinach) 

The structure of three/types of Photosystem I (PS I) complex isolated from spinach chloroplasts was studied by electron 
microscopy and computer image analysis. Molecular projections (top views and side views) of a native PS I complex 
(PSI-200), an antenna-depleted PS I complex (PSI-100) and the PS I reaction center complex (CPI) were analyzed. 
The overall structure of the native PS I complex was found to be a disk with dimensions (corrected for attached 
detergent) of 16 X 12 nm in the plane of the membrane and a height of 6.8 nm. The PSI-100 and CPI complexes gave 
much smaller projections but these were similar in shape and size to those of the previously analyzed cyanobacterial PS 
I complex. The arrangement of the subunits within the native PS I complex is discussed. It is concluded that a shell of 
about eight light-harvesting complex (LHCI) subunits attached to the PSI-100 complex fits the dimensions and shape of 
the PSI-200 complex. 

Introduction 

The Photosystem I (PS I) complex catalyzes a light- 
dependent transfer of electrons from reduced plasto- 
cyanin to ferredoxin. In the light, a photoinduced charge 
separation in the reaction center yields an oxidation of 
a special chlorophyll a molecule, P-700, and the 
sequential reduction of a number of bound electron 
acceptors (see Refs. 1 and 2 for recent reviews). 

The PS I complex contains two high molecular mass 
subunits, the products of the psaA and psaB genes 
[3,4], and numerous low molecular mass subunits. 
Amino-acid sequences derived from DNA sequences of 
many of these subunits are now available [5-9], al- 
though a functional role for some of these subunits has 
not been defined. 

The overall structure of the P S I  core complex has 
been studied by electron microscopy. Boekema et al. 
[10,11] analyzed isolated PS I particles from the cyano- 
bacterium Synechococcus sp. prepared in the detergents 
octyl glucoside a n d / o r  dodecyl maltoside. A disk-like 
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particle of about 19 x 6.5 nm consisting of three mono- 
mers was found. Ford et al. [12] observed a very similar 
trimeric structure from another thermophilic cyanobac- 
terium. The monomeric reaction centers measure about 
9-10 x 15 nm in both cases [12,13], or 7 × 12 nm after 
correction for attached detergent. It is unlikely that the 
trimeric particles exist in vivo as well, but for some 
special thermophilic cyanobacteria this possibility can 
not be excluded at the moment [13]. 

The shape and dimensions of the native P S I  com- 
plex from higher plant chloroplasts are less clear. From 
freeze-fracture studies it was concluded that monomeric 
reaction center particles (7-10 nm) associate with 
specific light-harvesting complex (LHCI) subunits re- 
suiting in a spectrum of 10-13 nm particles [14,15]. By 
comparison of fracture faces of mutant and wild-type 
barley thylakoid membranes, Simpson found P S I  par- 
ticles with dimensions of 10.3 x 12.3 nm [16]. The 
freeze-fracture studies are very useful for revealing over- 
all features and numbers of the various thylakoid mem- 
brane proteins in vivo, but since the resolution is gener- 
ally lower than for the negative staining technique, it is 
diffictdt to relate particle dimensions obtained from 
both techniques closely. 

In this paper we report on the detailed characteriza- 
tion by electron microscopy of three different prepara- 
tions from spinach. A model is presented which de- 
scribes the organization of the subunits of the PS I 
complex. 

0005-2728/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division) 
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M a t e r i a l s  and M e t h o d s  

P S I  complexes (PSI-200, PSI-100 and CPI) were 
prepared from spinach chloroplasts as previously de- 
scribed by Wynn and Malkin [17]. Each complex was 
bound to a TSK-650 DEAE resin and washed with 20 
mM Tris-HCl (pH 7.5) and 0.03% dodecyl maltoside to 
exchange the detergents. Following 10-15 column 
volumes of wash buffer, the complexes were eluted with 
the above buffer containing 200 mM NaC1. The PSI-200 
contained approx. 200 Chl/P700 while PSI-100 and 
CPI contained approx. 100 Chl/P700. The latter two 
preparations contained little or no chlorophyll b, while 
PSI-200 had a Chl a/b ratio of 5.5. An analysis of the 
subunit composition of the respective complexes utiliz- 
ing SDS-PAGE, shown in Fig. 1, confirms the depletion 
of the light-harvesting chlorophyll protein subunits 
(molecular masses 24-27 kDa) from PSI-100 and CPI. 

Specimens for electron microscopy were prepared by 
the droplet method, using 1% (w/v) unbuffered uranyl 
acetate as a negative stain. For electron microscopy the 
purified PSI  samples were diluted in 10 mM Tris-HC1 
(pH 7.5) plus 0.03% dodecyl maltoside [10]. Electron 
microscopy was carried out on a Philips EM 400 micro- 
scope at 60 000 x magnification In order to allow com- 
parison between the three types of P S I  particle, the 
samples and the electron microscope procedures were 
standarized as much as possible, for instance by using 
carbon support films from the same batch. 

Selected micrographs were digitized with a Joyce 
Loebl Scandig 3 rotating-drum densitometer. The scan- 
ning step used was 25/~m, corresponding to a pixel size 
of 0.42 nm in the object. Image analysis was performed 
by means of IMAGIC software [18-20] on a micro- 
VAX-II computer. Correspondence analysis and classi- 
fication [20-22] were performed on the aligned data set 
in order to obtain an impression of the variation as 
present in the projections and to discriminate between 
principal different views. 

R e s u l t s  

Previously, it was found that the negative staining 
technique gives good specimens of photosynthetic com- 
plexes for electron microscopy if detergent was added in 
a concentration of about 2-3-times the critical micellar 
concentration during preparation [10,11]. Good results 
were obtained with the detergent dodecyl maltoside. 
Top- and side-view projections could be easily recog- 
nized and evidence was presented that the top views 
represent the view in the plane of the membrane [11]. 
Electron micrographs from three types of spinach PSI  
particle, prepared in a similar way, show clear projec- 
tions and a low background. 
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Fig. 1. SDS-PAGE of the P S I  preparations, PSI-200, PSI-100 and 
CPI. Approx. 10/~g of chlorophyll in each complex was used and gels 

were run as previously described in Ref. 15. 

Analysis of CPI projections 
Electron micrographs of CPI preparations (Fig. 2) 

show many top-view projections and some side-view 
projections; the overall dimensions of CPI are sum- 
marized in Table I, The top views are elongated, with a 
length to width ratio of 1.46. In many cases, the top 
views are angular and one point is sharper than the 
other one, resulting in projections similar to those previ- 
ously observed for cyanobacterial PSI particles [10-12]. 
Others, however, have a more rounded shape and likely 
this variance was caused by slight differences in the 

TABLE I 

Dimensions (nm) of various Photosystem 1 particles in dodecyl maltoside, 
measured from top- and side-view projections as seen in the electron 
microscope 

The thickness corresponds to the distance over the membrane in vivo; 
the length and width are the dimensions in the plane of the mem- 
brane, without correction for detergent. Number of measurements 
between brackets. 

CPI PSI-IO0 P S I - 2 0 0  

Length 15.3+0.7 (150) 16.2+1.1 (118) 20.05:1.2 (176) 
Width 10.5+0.6(125) 11.1+0.7(118) 16.05:1.1(100) 
Thickness 6.3+0.4 (72) 6.95:0.4 (67) 6.85:0.4 (62) 
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Fig. 2. Electron micrograph of CPI complexes, negatively stained with 1% uranyl acetate in the presence of 0.03% dodecyl maltoside. Some side 
views have been indicated by arrows. 

S 

Fig. 3. Image analysis of CPI-projections. (A-G) show the result of correspondence analysis and classification on 812 aligned top view projections. 
The data set was decomposed into seven classes (A-G) with 109, 108, 87, 108, 95, 110 and 114 projections, respectively. During classification 10% 
of the projections were automatically rejected. (H) Sum of 42 aligned CPI side-view projections. (I) Sum of 28 projections of particles in a position 
intermediate between those of (A-G) and (H). (J) and (K) Sums of 118 and 93 projections (out of the 812) showing both types of handedness, on 

the projections two-fold rotational symmetry has been imposed. The field of one displayed particle is 64 x 64 pixels or 27 x 27 nm. 
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detergent boundary layer and by the low signal-to-noise 
ratio which is inherent to individual projections. 

To gain a further impression of the shape of this 
minimal particle, image analysis was carried out and 
812 top-view projections and 142 side-view projection 
were selected from six micrographs to ensure good 
statistical significance of the results. The top-view pro- 
jections were brought into register by repeated align- 
ments on improving references [19,20]. The CPI projec- 
tions were often asymmetrical in shape, which means 
that in principle two groups of projections could be 
expected, caused by up and down attachment of com- 
plexes on the carbon support. This difference in attach- 
ment causes a difference in handedness, and previously, 
for the cyanobacterial trimeric complex [11] the two 
groups of projections could be separated. For CPI, we 
also applied multivariate statistical analysis to dis- 
criminate between different types of projection. After 
the correspondence analysis step, the 812 aligned top- 
view projections were classified into (an arbitrarily cho- 
sen number of) 7 classes. 

Fig. 3 shows the results of the classification. The 
classes reflect the variation present in the data set. The 
main difference was the width of the projections, which 
varies over about 1 nm between the various classes. This 
effect became even more apparent if the data set was 
decomposed in just two classes (not shown). In Fig. 3, 
classes C, F and G have the smallest width. Small 
differences in the length (Class E vs. F) also exist. 
Furthermore, a difference in handedness can be seen: 
5A and C are sums of projections of one type and B 
and E represent the other one. This difference in 
handedness is, however, not easily recognizable. In Fig. 
3J and K, which represent particles with the most 
extreme angular shape, the handedness is more obvious; 
both images are clearly mirror-related. These sums were, 
however, two-fold rotationally averaged, which facili- 
tates the visualization of the handedness. 

The asymmetry of CPI is an interesting result by 
itself. CPI contains one copy of two large subunits with 
masses of 83 and 82.4 kDa, which run at 62 and 58 kDa 
on the gel (Fig. 1) with homologies in their amino-acid 
sequences [3,4]. Therefore, CPI top-view projections with 
close to two-fold symmetry could be expected, like in 
Fig. 3J,K where this symmetry was imposed. However, 
a third small hydrophobic subunit, which runs at 6 kDa 
on the gel system (Fig. 1) is present in the CPI com- 
plexes, and this subunit could cause the asymmetry if 
binding occurs close to one of the outer points of the 
projection. 

Although the contours are sharp, no clear inner 
features are recognizable in the top view projections, 
which is not unexpected since the complexes are very 
flat particles, as can be seen from the averaged image of 
the side-view projections (Fig. 3H). There is no indica- 
tion for the position of the two large subunits of CPI, 

but projections of particles in intermediate positions 
(Fig. 31) show a small cleft half way along the projec- 
tions, which may be an indication for some separation 
between both large subunits. 

Analysis of PSI-IO0 
In comparison to CPI, the PSI-100 complexes con- 

tain single copies of several low-molecular-mass sub- 
units, with masses between 6 and 22 kDa on the gel 
(Fig. 1), and with calculated masses from the sequence 
between 8.9 and 17.9 kDa. The PSI-100 top views 
measure 16.2 x 11.1 nm (Fig. 4, Table I) and are quite 
similar to those of CPI, with the same length to width 
ratio (1.46). However, PSI-100 is slightly larger in all 
three dimensions (Table I), giving a difference in volume 
of 23%. The greater length seems to be significant; 
PSI-100 complexes were also examined previously on a 
Philips EM 300 microscope (unpublished data), in which 
case we found an overall length of 15.8 + 1 nm (n = 
200). If the dimensions for the top-view projection are 
corrected for a detergent boundary layer of 1.7 nm [23], 
the difference is 26%. The difference in mass between 
CPI and PSI-100 is about 22%, calculated from the total 
masses of the consisting subunits and pigments (assum- 
ing 100 attached chlorophylls binding to the large sub- 
units, and neglecting other pigments and iron-sulfur 
centers) *. The measured difference in dimensions and 
the calculated difference in mass are quite similar. From 
the recently determined sequences of the smaller sub- 
units it is predicted that most of their structures is 
hydrophilic without membrane spanning a-helices [5-9]. 
This would explain the smaller thickness of CPI (Table 
I). However, the projection in the plane (top view) of 
PSI-100 is slightly but significantly larger than those of 
CPI and this can only be caused by parts of the struc- 
ture of the smaller subunits buried in the membrane. 
This confirms work of Moiler and co-workers [24], who 
recently sequenced a 10.2 kDa polypeptide from barley, 
which shows one membrane spanning region. 

In comparison to CPI, the top view projections of the 
PSI-100 particles often show a stain accumulation on 
one side (Fig. 4). This could be caused by differences in 
height, slight tilts of the molecules on the carbon sup- 
port or by charge differences on the protein surface. 
Since the side-view projections show that PSI-100 is a 
very flat molecule, the latter explanation seems the most 
plausible one. 

* For the calculation of particle masses we took subunit masses 
(kDa) calculated from the sequences, if available: 

CPI 83 82.4 9.7 
PSI-100 83 82.4 8.9 9.7 10.2 10.8 17.3 17.9 
PSI-200 83 82.4 8.9 9.7 10.2 10.8 17.3 17.9 

plus 96 for 4 LHCI's  (26.1 24.9 23 and 22). 
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Fig. 4. Electron micrograph of negatively stained PSI-100 complexes. 

The dimensions of the PSI-100 complex measured 
from the top views (16.2 x 11.1 nm) are slightly larger 
than the ones of the cyanobacterial PS I complex 15.3 × 
10.6 nm) [13]. The latter dimensions are, however, de- 
rived from image analysis. Dimensions from image 
analysis are usually a few percent smaller than the ones 
from direct measurements (see also Discussion). Com- 
puter averaging on PSI-100 was not carried out, because 
of the odd staining behavior, but the dimensions of CPI 
top views from image analysis (15.2 × 9.7 nm) are 
slightly smaller than those of PSI-100. This is not unex- 
pected, since the the cyanobacterial P S I  complex and 
PSI-100 have about similar numbers of (smaller) sub- 
units, but CPI lacks five small subunit in comparison to 
PSI-100. 

Analysis of PS1-200 
Native P S I  particles gave again top- and side-view 

projections and also intermediate projections of par- 
ticles in tilted positions (Fig. 5). The population of 
particles of the PSI-200 preparation is slightly inhomo- 
geneous, which could possibly be explained by dif- 
ferences in the numbers of attached LHCI (light- 
harvesting complex I) subunits in vivo. It has been 
found that PS Ia  particles, which are located in the 
grana membrane region, have an antenna size which is 
30% larger than those of PS Ifl particles, located in the 
stroma membrane region [25]. Instability of the isolated 
PS I particles, resulting in the loss of attached LHCI 
subunits upon preparation for microscopy, could be 
another possiblity for the inhomogeneity. Nevertherless, 

Fig. 5. Electron micrograph of negatively stained PSI-200 complexes. 
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Fig. 6. Image analysis of PSI-200 top view projections. A gallery of 24 projections (out of 210) selected from digitized micrographs. Most 
projections have an egg-form with one edge more pointed than the other one. Inset: sum of 104 (out of 210) aligned projections. The field of the 

displayed sum is 27 x 27 nm, on the same scale as Fig. 3. 

among the larger particles there is a quite homogeneous 
group which measures 20 X 16 nm in top view projec- 
tion (Table I). 

Image analysis was performed on 210 top-view pro- 
jections selected from four digitized electron micro- 
graphs. After repeated alignments on improved refer- 
ences, starting with five different initial references, the 
104 best aligned projections were summed (Fig. 6). This 
sum shows an averaged image with dimensions of 47 x 
36 pixels or 19.8 x 15.1 nm, and these figures are close 
to the dimensions listed in Table I. After correction for 
the detergent boundary layer [23], the dimensions of 
PSI-200 would be about 16 x 12 nm. The averaged 
image is elongated and one of the two outer edges is 
slightly more pointed that the other one (Fig. 6). This 
feature can also be seen from the individual projections 
in the gallery of Fig. 6. This gallery and the sum also 
show that the projections are slightly asymmetrical as 
for CPI. 

From Fig. 6 it is clear that there is a population of 
large PSI-200 complexes with an elongated shape. How- 
ever, the inner density fluctuations of the top view 
projection are quite random and no subunit structures 
could be resolved. This is not unexpected, since uranyl 
acetate, the negative staining salt, generally is unable to 
penetrate hydrophobic structure parts. 

Discussion 

The dimensions and shapes of the different P S I  
preparations were determined by direct measurement 
from prints and from image analysis. The top-view 

dimensions determined from image analysis are slightly 
smaller for both CPI (15.2 x 9.7 nm) and PSI-200 (19.8 
x 15.1 nm) projections. An identical small discrepancy 
was previously noticed for the 19 nm trimeric PS I 
particles [11], in which case direct measurements gave 
20 nm for the diameter. It is evident that the detergent 
boundary layer around the proteins in top-view projec- 
tion is the main factor limiting the accuracy of the 
measurements. Nevertheless, the set of measurements 
from Table I, in combination with subunit masses of the 
respective subunits, can be used for some calculations. 
The PSI-200 complex in the top view projection is about 
77% larger than PSI-100 (Table I), and 110% larger if 
corrected for detergent. The increase in size is caused by 
attachment of LHCI  complexes, which are absent for 
PSI-100. The PSI-200 complex from spinach has four 
different LHCI  subunits [26,27] with molecular masses 
of 24-28 kDa determined on SDS-PAGE. The sequence 
of three of these genes has been determined for tomato 
[28-30] and from these sequences masses ranging be- 
tween 22 and 26.1 kDa have been derived. One copy of 
each of the four LHCI  subunits would increase the mass 
of a PSI-100 particle by about 47% (96 kDa) and two 
copies of each by about by 91%, assuming that all the 
intrinsic subunits have the same mass/volume ratio and 
that each LHCI  monomer has about 12 attached Chl 
molecules. However, most of the smaller PS I subunits 
are largely or fully extrinsic, as has been predicted from 
their sequences [5-9,24]. Presumably, their contribution 
to the shape of the top-view projection of native P S I  is 
smaller, as discussed previously. If we correct for this 
smaller contribution, two copies of each of the four 



L H C I  subunits would then enlarge the PSI-100 particle 
by about  100% in the top-view projection. This is quite 
close to the figure of  110%, which is the observed 
difference between the PSI-100 complex and the PSI-200 
complex. If  each L H C I  binds approx.  12 -13  chloro- 
phyll  molecules, and there are two copies each, then this 
would account  for the 100 chlorophylls  lost during the 
PSI-100 prepara t ion as binding solely to the an tenna  
peptides. 

Recent ly  the structure of  L H C I I  trimers, interacting 
with PS II, and consisting of  monomers  of  25 k D a  was 
determined at 0.37 nm resolution in project ion [31]. The 
L H C I I  monomers  have maximal  overall dimensions of  
2.4 x 4.4 n m  in the plane of  the membrane.  L H C I  and 
L H C I I  subunits have quite similar amino-acid composi-  
tions [32] and about  the same mass. If  the L H C I  sub- 
units have approximately  the same shape, a shell of  
about  eight subunits would cover the outer  regions of  
the PSI-100 particle with its corrected dimensions of  
7.7 x 12.8 nm, increasing the width and length of  PSI- 
100 by about  4 - 5  nm. It is interesting to note  that the 
PSI-100 and -200 preparat ions differ about  4 - 5  nm in 
bo th  width and length. Moreover,  they have some simi- 
larities in their shape: in both  cases we found  that the 
top view projection is elongated and that  quite a num-  
ber of  projections have one of  the two outer  edges 
slightly more  pointed than the other  one (Figs. 5,6). 
These findings point  to an ar rangement  of  the L H C I  
monomers  as depicted in the tentative model  of  Fig. 7. 
In  this model  no trimeric L H C I  aggregates exist. Such 
trimers, which could exist in vivo for L H C I I  [31], have a 
diameter of  over 6 nm and a t tachment  of  similar L H C I  
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Fig. 7. A tentative model for the LHCI subunit arrangement in the 
PSI-200 complex from spinach, in which the core complex (PSI-100) 
is shown as enclosed in a shell of eight LHCI subunits. Dotted lines 
indicate the contours of the detergent complexes PSI-200 (Fig. 6) and 
of CPI (Fig. 3A). The latter class is shown both because its dimen- 
sions are very close to PSI-100, and because the images of PSI-100 
could not be computer-analyzed to the same extent as those of CPI. 
The solid lines indicate the contours of both particles after correction 

for a detergent boundary layer of 1.7 nm (see text). 
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trimers to PSI-100 would give projections which differ 
in size and shape compared  to the ones found for 
PSI-200. 

Results f rom freeze-fracture studies on pea chloro- 
plast membranes  grown under  different light condit ions 
[33] give some evidence for our  model.  It  was found that 
the PS II  reaction center complex is surrounded by 
discrete aggregates of  L H C I I  subunits, giving rise to 
particles which differ by  steps of  about  2.5 n m  [33], 
f rom 8 nm to 10.5 nm, 13.2 nm and 16.4 nm, respec- 
tively. These increments can be most  easily realized by 
a t tachment  of  one (layer of) L H C I I  subunit(s), which 
have a width of  2.4 nm [31]. Probably,  the L H C I  
subunits could surround the PSI-100 particles in a simi- 
lar way, making them 2.5 nm thicker on one side, as 
depicted in the model.  

The results of  freeze-fracture studies on P S I  indicate 
that the largest PS I complexes have a diameter of  13 
nm [14,15]. This value is somewhat  smaller than the 
16 X 12 nm for our  PSI-200 top view, but  the difference 
is not  of  such a magni tude  that it would make our  
model  unlikely. 
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