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Using clectron microscopy of negatively stained specimens. we have investigated the shupe and degree of associulion of photosysiem (PS) 1
complexes in cyanobueterial thylakoid membranes, When incubated al high concentrations of magnesium <hloride (>0.15 M), the P8I complexes
lorm small ordered arrays in the membrane composed of monomeric complexes in 4 Pl square lattice of dimensions ¢=5=11 nm, Averaged
projeciions of the complex resemble those found for the purified PSI reaction centre after reconstitution (Ford, R.C, Hefii. A, and Engel. A. (1990)
EMBOQ J. 9, 3067-3075). Some small differences in its shupe are discussed, with particular refecence (o the differences in the polypeptide composilion
of the 2 preparations. We find that the complex remains in the monomeric form in the thylukoid membrane under all the conditions lested.

Electron microscopy: Membrane protein; Photosystem I, Pholosynthesis: Synechocaccus sp.

I. INTRODUCTION

Photosystem 1 (PSI) is a large membrane protein
complex composed of more than 4 protein subunits;
about 120 chlorophyll (Chl) a molecules; at least 10
caretenoid molecules and an electron transfer chain
composed of Chl molecules, a phylloguinone and 3 iron
sulphur centres [1]. It catalyses the later steps in the
photosynthetic electron transfer system found in plant
chloroplasts and cyanobacteria, being responsible for
the photo-oxidation of a water soluble electron carrier,
plastocyanin (or cytochrome ¢ss,). and the photo-reduc-
tion of ferredoxin. Reduced ferredoxin can then be used
in a variety of metabolic pathways including the fixation
of carbon dioxide in the Calvin cycle. Previous structu-
ral studies of P8I have tended to concentrate on the
detergent-solubilised reuction centre of PSI which, in its
simplest form is composed of several protein subunits,
the electron transfer chain, and about 70 light-harve-
sting Chl and carotenoid molecules [2-8]. The reaction
centre purified from cyanobacteria exists in various oli-
gomeric forms, the major ones being the trimeric and
monomeric forms. Crystals of the trimeric reaction cen-
tre have been obtained and are currently the subject of
X-ray crystallographic studies [9-11]. Recently we also
obtained two-dimensionally ordered arrays of mono-
meric and trimeric reaction centres in reconstituted lipid
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bilayers {12] and showed their projections and surface
relief reconstructions with a resolution of about 2 nm.

It is of importance 1o determine whether the PS1 com-
plexes in the cyanobacterial thylakoid membrane bear
any resemblance to the highly purified and simpler reac-
tion centres that we use for structural studies using
electiron microscopy and X-ray crystallography. The
obvious difficulty in achieving this goal is that the native
thylakoid membranes contain several protein comple-
xes, as well as an exlensive membrane-associated light-
harvesting sysiem conlained in phycobilisomes. Thus,
the identification of PSI complexes within this mixture
seems, at first, very difficult to achieve.

To overcome this problem, we have used membranes
that had been treated with a low detergent concentra-
tion to remove the PSI1 complexes [13] and were then
extensively washed to remove most of the residual phy-
cobiliproteins. The resuliing membranes were highly en-
riched in PSI. We have examined the overall size and
shape of the complex in these membranes and, in addi-
tion, we were able 1o obtain small 2D ordered arrays of
the PS that have allowed us to analyse the complex in
somne detail by digital image processing.

2, MATERIALS AND METHODS

Membranes of the thermophilic cyanobacterium Synechococcus sp.
OD 24 were obtained essentially as described in [14). For clectron
microscopy, the membranes were washed twice in the incubalion
bufTer, resuspended at about 1 mg Chl/ml and then incubated al room
temperature for 60 min, incubation builer consisted of 20 mM MES,
§ mM MgCl,, 15 mM NaCl, pH 6.3, plus additional MgCl, ltom
0-0.15 M, as detailed in the resulls section. The same procedure was
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Fig. 1. SDS-PAGE of PSi-enriched thylakoid membranes washed with

0.15 M MgCl, (lane A) and 5 mM MgCl, (lane B); amounts equivalent

to 3.5 and 4.9 ug Chl were loaded, respeciively. Note that the yield of

trimers is much higher al lower MgCl, concentrations. Purified trime-

ric reaglion centre complexes were run in lane C (3.4 wg Chl was

loaded). Apparent molecular weights of the various bands (in kDu)
are shown on the gel.

employed prior to solubilisation of the membranes with dodecyl mal-
1oside (195 w/v) al room temperature for 5 min. Assays for PSI enrich-
ment were carried oul as in [2], Assays for the presence of PSI1 and
the cytochrome complex were carried out by detection of the eyto-

chrome by, (for PSII and the cytochromes f and bq,y (for the by/f

complex), essentially s described in [15]). SDS-PAGE was carried out
as described by Laemmli [16]; sumples at a concentration of 0.5 mg
Chl/ml were incubated with 1% (w/v) SDS, 20 mM Tris-HCI, pH 8.8,
10% (v/v) plycerol at 40°C for 5 min and then centrifuged at 16 000
% g for | min prior to loading onlo the gel. Chl assuys followed the
method of Arnon [17]. Electron microscopy. negative staining and
image analysis were carried out as described in [12].

3. RESULTS AND DISCUSSION

To characterise the PSl-enriched cyanobacterial
membranes, we performed various assays for activity
which are summarised in Table [. Although we only
tested for activity of expected complexes, it seemed rea-
sonable to suppose from the data that the membranes
were largely composed of PSI. Using electron paramag-
netic resonance speciroscopy, simiiar conciusions were
drawn with membranes prepared from the cyanobacte-
rium Phonnidium laminosum (Rutherford, Setif and
Ford, unpublished results). The average number of Chl
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Fig. 2, PSl-enriched membrane fragments stained with uranyl tor-
mate. (1) At u concentration of 150 mM MgCly, small ordered arrays
of particles were observed in the PSl-enriched membranes. The bur
represents 100 nm. (b) The diffraction pattern from the boxed area in
(a). (¢) The unit cells have dimensions a=b=11 nm. The drrows point
to proirusions thal are not observed in the purified reaction centre.

molecules associated with PSI can be estimated from the
measured Chl:P700 ratio.

it is possible to conclude from Table 1 that PS] has
about 50% more Chl associated with it in the membrane
than in the purified reaction centre. These data must be
treated with caution, however, since several studies have
shown that some detergents can change the extinction
coefficient of P700 under some conditions, and this
could exaggerate the actual difference between the Chl
content of membrane-bound PSI and the purified PSI
reaction centre [18].

SDS-PAGE under mildly denaturing conditions was
used to further study the composition of the membranes
and to compare it with purified reaction centres. The
results are shown in Fig. |. The overall staining pattern
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is very similar for the PSl-enriched membranes (lanes
A and B) and the purified reaction centre {lane C), with
some additional bands present in the membrane sample
at 20 kDa, 18-14 kDa (broad) and 8 kDa. Perhaps the
least significant of these was the broad band at 18-14
kDa which was associated with a yellow colouration in
the unstained gel. This band stained strongly at first, but
then slowly faded in the destain, suggesting that it may
not, in fact, be proteinaceous in nature, although this
conjecture remains to be confirmed. The yellow colour
was mainly due to carotenoid absorbing in the Soret
region with a broad peak at about 430 nm. The identity
of the other 2 bands on the gel also awaits further
analysis, although there are several candidate PSI-asso-
ciated polypeptides with molecular weights in the rele-
vant region, notably the psaF (18 kDa) and psaK (8
kDa) gene products [8].

As discussed in a previous publication, for Pharmi-
divm laminosum PSl-enriched membranes, it is only the
monemeric form of PSI that seems to exist in the native
membranes [3]. Similarly, electron micrographs of nega-
tively stained Synechococcus sp. membranes after incu-
bation at low MgCl, concentrations showed areas pac-
ked with non-ordered elongated particles of maximum
length 14 nm. No evidence for trimeric complexes could
be found (data not shown). After incubation of the
membranes at high concentrations of MgCl,, small or-
dered arrays of the particles were observed, and it was
again clear from the unit cell dimensions that these
could not be formed from trimeric PSI complexes, but
were rather, composed of monomeric units (Fig. 2). Fig.
2b shows the diffraction pattern produced from the area
enclosed by the box in Fig. 2a. The diffraction pattern
showed (2,1) orders indicating a spatial resolution of 5
nm. A correlation-averaged projection revealed comple-
xes packed in a Pl square lattice with ¢=b=11 nm (Fig.
2c). The complex had an elongated form of maximum
dimensions of 13 x 9 nm. In comparison, the P2, square
lattices formed after reconstitution of the isolated reac-
tion centre [4] have dimensions a=b=14.5 nm with 2
monomeric reaction centres in the unit cell. Maximum
dimensions for the monomeric complex in this lattice
are approximately 13 % 7 nm, slightly narrower than in

Table I
Chiaraclerisiics of the PSl-enriched membranes

Chl:P700 ratio

chemical assay + 0.15 M MgCl, 110
+ 5 mM MgCl, 111

photochemicul assay + 0.15 M MgCl, 103
+ 5 mM MgCl, 105

Chl:cytochrome b /f

chemical assay + 0.15 M MgCl, >2000
+ 5 mM MgCl, >2000

Chi: PSH raiio

chemical assay + (.15 M MgCl, >4400
+ 5 mM MgCl, >4400
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Fig. 2c. The overall shape of PSI in the thylakoid
membrane seems to be very similar to the reconstituled
reaction centre, however its packing arrangement is dif-
ferent because the complexes must be unidirectional
with respect to membrane plane in the native system. In
both cases we observe a characteristic apex which sub-
tends an angle of approximately 120 degrees (bottom
side of the complex in Fig. 2c). The opposite side of the
complex (top side of the complex in Fig. 2¢) shows 2
protrusions (arrowed) which are absent from the corre-
sponding images of the purified reaction centre. The
reaclion centre shows a bevelled outline in this region.
These extra protrusions in the more native complex
seem Lo account for its increased thickness compared to
the reaction centre.

To answer the question of whether these additional
features might correspond to proteins involved in bind-
ing the extra light-harvesting molecules present in PSI,
or whether they might be proteins involved in mediating
electron transfer to other electron carriers we must
carry out further work, preferably with larger arrays.
The use of antibodies directed against purified acces-
sory proteins might provide a possible route to identify
the jocation of these proteins.

In conclusion, we have been able to determine to
what extent the purified PSI reaction centre resemibles
the complex in the thylakoid membrane. Although the
membranes we must work with are not strictly ‘native’
since they have received a detergent pretreatment, albeit
a very mild one, it is apparent, given the size of the
membrane fragments and the orientation of the com-
plex with respect to the membrane plane, that they are
intact. Because the images obtained from the ordered
arrays in the membranes are so similar to the images of
the purified reaction centre, we c¢an assign increased
confidence to our structural investigations of the puri-
fied reaction centre. Further studies of the complex in
the membrane should lead to the identification of the
likely binding sites of accessory proteins to the reaction
centre, increasing the value of the reaction centre struc-
ture when it emerges at high resolution.
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