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The structure of the Photosystem T (PS 1) complex from the thermophilic cyanobucterium Syaechecocens sp. has been
investigated by electron microscony and image analysis of two-dimensional crystals. Crystals were ohtained from isolated PS T hy
removal of detergents with Bio-Beads. After negative staining. cither single layers or two superimposed layers with a rotational
different orientation were obscrved. The layers have a rectargular unit celi of 16.0 X [3.0 nm, which contwins two PS |
monomers, The monomers arc arranged altcrnating up and down in cach layer. For double-laver crystals, the images of the two
layers could be separately processed by a combination of Fourier-peak-filtering and corrclation averaging, Features in the
two-dimensional planc can be scen with a resolution up to 1.5-1.8 nm. A model for the PS I structure was obtained by combining
thrce-dimensional reconstructions from three tilt-serics. The model shows an asymmetric PS 1 complex. On one side (presumably
the stromal side) there is a 3 nm high ridge. This is most likely comprised of the psaC, psaD and psaE subunits. The other side
(presumably the lumenal side) is rather flat, but in the center there is a 3 nm deep indentation. which possibly separates partly
the two large subunits psaA and psaB.

Introduction antenna chlorophylls leads to a charge separation be-
tween the primacy clectron donor, P-700 and the pri-
many electron acceptor, A,. The electron then passes
through intermediate acceptors A and F, to the termi-
nal acceptors Fy and F,. The identity of these electron
transport components is known: P-700 is probably a
chlorophyll dimer, A, is 4 chlorophyll monomer, A is
most likely phylloguinone (vitamin K, ), and F,, F, and
F, are iron-sulfur clusters [1-4).

PS 1 has been purified from thermophilic cyano-
bacteria by several groups [5-9]. The low-resolution
structure of PS I has been studied by clectron mi-
croscopy of single particles [10~12] and two-dimen-
sional crystals [13]. High-resolution structure determi-
nation by X-ray diffraction is in progress {14-17}.

Crystallization into two-dimensional shects has been
very helpful to solve the low- and high-resolution struc-
ture of isolated membrane froteins, About 20 objects
have been studied in this way. The three-dimensional
mmncc: E.J. Boekema, BIOSON Research Institute, Usi- structure of h‘actcngrhodopsm has becn S()lch rcfc.cmly
versity of Groningen. Nijenborgh 4. 9747 AG Groningen. The to a resolution high enough 1o sce the individual
Netherlands. arino-zcid side-chains [18}.

The Photosystem 1 (PS 1) complex catalyzes the
light-dependent transfer of electrons from reduced
plastocyanin or cytochrome ¢-553 to soluble ferre-
doxin. It is an abundant constituent of the photo-
synthetic membranes from green plants and cvano-
bacteria. PS I consists of two high molccular mass
subunits of about 83 kDa (psaA and psaB) which are
very hydrophobic and bind most, if not all, of the
60-100 chlorophylls associated with the PS I complex.
A large number of subunits with a mass under 20 kDa
(named psaC, psaD to psaO) is present with one copy
[1]}. Higher plant PS I appears to contain 11 different
small subunits (psaC, psaD, -E, -F, -1, -], -K, -L and
-0) and cyanobacterial PS 1 contains about 9 small
subunits (psaC, -D, -E, -F, -1, -J, -K, -L and -M); (see
Refs. 1-4) for reviews). Photoexcitation of one of the
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Ways of obtaining two-dimensional crystais of iso-
lated membrane proteins have been described (re-
viewed in [19]. In one method, the isolated protein is
reconstituted in a phospholipid bilayer with a high
protein to lipid ratio. During reconstitution excessive
detergent- and lipid molecules are removed b dialysis
or by adsorption with Bio-Beads. As a resalt, lipid
bilayers in the form of sheets or vesicles with ordered
protein molecules are obtained. Once the bilayers are
formed, ordering of the protein molecules can be ¢n-
hanced by incubation with (phospho)lipases which
break down excess of lipid. In this way we have -
tained crystals from the purified cyanobacten:] S ]
complex. Here we present image analysis of the two-di-
mensional projections of the PS 1 crystals and the
three-dimensional reconstruction from filtered projec-
tions of tifted crystals.

Materials and Methods

Cells of the thermophilic cyanobacterium  Syue-
chococens sp. (910} were a gift of Prof. H.T. Witt.
About 100 g of cclls were washed with buffer 1 (20 mM
Na-Mces (pH 0.5) 10 mM CaCl,. 10 mM MgCli,). The
pellets were resuspended in 200 mi of the same butfer
to which 500 mM mannitol and 200 mg lysozymce
(183000 U/mg dissolved in 5 ml of the same buffer)
were added. The resulting protoplasts were centrifuged
at 17000 X g for 10 min and osmotically shocked in 300
mi of buffer 1. The membranes were collected by 10
min centrifugation at 17000 X g and resuspended in
300 ml buffer (10 mM Na-Mes (pH 6.0). 100 mM
NaCl). This washing procedure was repeated (about
S§-15 times) until the phycobilisomes were removed
(i.c.. the blue color of the supernatant disappeared).
Finally. the pellets were washed twice with 10 mM Mes
pH 6.0 and resuspended in the same buffer so that a
maximum of S0 ml was obtained. Then, 50 mi solubi-
lization medium was added (38 mM octyl glucoside, 28
mM dithiothreitol. 16 mM sodium cholate) and the
mixture was incubated at 4°C for 30 min. followed by
centrifugation for 60 min at 50000 X g. The protein
obtained from the supernatant was fractionated by
ammonium sulfate precipitation (20G, 353% and 50%/).
Pellets from the S0% fraction were resuspended in the
gradient medium without sucrose. In this solution. the
protein extract can be frozen and stored in liquid
nitrogen until use. For purification, the extract was
layered on a sucrose density gradicnt (steps 127, 185,
23%, 26%¢, 28%. 30% , 40%) using a gradient medium
which contained 30 mM Tris-succinate pH 6.5. 0.5 mM
EDTA, 0.2% Triton X-100 and 0.2 mM ATP. After
centrifugation in a Beckman Vac50 rotor for 16 h at
107000 x g (4°C). Photosystem I was found between 30
and 409 steps (sometimes directly as crystalline sheets)
as well as in the 4077 step. In some cases, the solubi-

lization was carried out with 0.4% sulfobetain 12 under
the same conditions as described above. In this case,
PS I was obtained from the pellets after sucrose gradi-
ent centrifugation was donc.

The subunit composition of PS [ was determined by
SDS-gel electrophoresis with the Phast System (Phar-
macia). Before gel electrophoresis the 30-40% fraction
from the sucrose density gradient was subjected to
HPL.C 1 a Mono Q column (Pharmacia) and cluted
with a lincar MgSO, gradient (25-200 mM). The elu-
tion pattern indicates that the sample contains mainly
PS I monomers and additionally some PS 1 trimers and
PS 11 and H'-ATPasc as impurities. The PS 1 contain-
ing peak was used for gel clectrophoresis. For obtain-
ing the two-dimensional crystals this additional purifi-
cation was not necessary.

Two-dimensional crystals were prepared by treat-
ment of 20 ul aliquots of isolated PS I with about 5-10
beads of Bio-Beads SM 7 (Bio-Rad) and 0.5-1 units of
phospholipase A. (from Naja mossambique. Sigma) or
10 units of lipase (Type VII from Candida cylindracea,
Sigma) at 4°C between 3-14 days.

For clectron microscopy. aliquots of the crystalling
material were prepared using the droplet method with
1%¢ uranyl acctate as negative stain. During the stain-
ing procedure the grid was washed about 5-10 times
with 197 uranyl acctate in order to remove most of the
sucrose. Electron microscopy was performed with a
Philips EM 400 clectron microscope. Micrographs used
for the analysis were taken with 80 kV at 60000 X
magnification. Care was taken not to preilluminate the
part of the specimen to be recorded, to avoid excessive
specimen damage. Metal shadowing experiments were
carricd out with an Edwards evaporating device at
room temperature at a vacuum of 107° torr.

Selected micrographs were digitized with a Joyce-
Loebl Scandig 3 rotating drum densitometer or with an
Eikonix Modc! 1412 CCD camcra cquipped with a
Nikon objective lens (AF Micro Nikkor, focal length
105 mm). A step size of 25 pm, corresponding to a
pixcl (image clement) size of approx. (.42 nm at the
specimen level was used. Image analysis was carried
out on a Convex CI-XP mini-supercomputer using
IMAGIC software.

Two-dimensional ciystalline arrays were processed
by a combination of Fourier-peak filtering and correla-
tion averaging [21]. Crystalline areas were divided into
128 X 128 pixel fragments. The first reference for
alignment of the fragments was made by Fourier-peak
filtering of a 1024 X 1024 transform. In the case of
double layer crystals both layers could be separated
using different masks on the Fourier transform [22].
The peaks were found with a peak search program
using least-square fitting of a parabolic curve over the
peaks. The alignment of the fragments was performed
with correlation methods and was repeated several



times. Finally. the best 50% of the fragments were
summed with the correlation coefficient as a quality
measure.

A threc-dimensional model was obtained by combin-
ing the results from three reconstructions from three
different single-axis tilt serics. A direct-space iterative
algorithm was used [23.24]. The method included the
following steps:

(1) Each of the two-dimensional projections was fil-
tered by the combination of Fouricr-peak filtering and
correlation averaging.

(2) The common origin in the averaged 128 x 128 pixcl
projections of cach tilt series was determined by calcu-
lating the transiational cross-correlation function be-
tween subsequent members of the series. using the
untilted image as starting point.

(3) The direction of the tilt axis was determined and
the angle of tilt was checked by comparing the calcu-
lated unit-cell dimensions in the tilted and untilted
projections {25].

(4) The thus aligned 128 X 128 pixel projections of
cach tilt series were used to calculate the three-dimen-
sional reconstruction. In the first reconstructions we
took the whole filtered projection and reconstructed
the crystal in a 128 x 128 X 128 pixel format. In the
iater reconstructions only the central part was recon-
structed (64 X 64 X 64 pixels), with one monomer in
the center. Comparison showed that the latter recon-
structions had more structural detail in the 2-5 nm
range. Moreover, the errors between input projections
and projections calculated from the reconstruction were
lower (always under 107%). Overcorrection factors [23]
of 1.5 for the first 10 iterations and 1.1 for the next
10-20 gave the best reconstructions.

(5) The reconstruction was high-pass and low-pass fil-
tered with a gaussian mask (0 suppress noise details
larger than 16 nm and smaller than 2.5 nm. respec-
tively.

(6) The reconstructions from the three tilt-series were
combined. Since from each of the three tilt-scrics the
up- and the down-oriented monomers were recon-
structed scparately. actually six reconstructions were
combined.

Results

Preparation and analysis of two-dimensional crystals
Fig. 1 shows a silver stained SDS-gel of the Photo-
system 1 preparation. The bands are labelled according
to Ref. 9. In this work. the N-terminal amino acid
sequence ¢t cach band in the gel was determined and
comparcd witi: the gene-derived sequence. Qur prepa-
ration contains the following subunits: psaA. psaB.
psaC, psaD, psaF and psal. The band labelled X is an
impurity, the subunits psaE. psaK and psaM could not
be detected. The difference in subunit composition
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might be due to the fict that our preparation contains
PS I monomers. whereas in Ref. 9 trimers are ob-
served. A smaller number of subunits in the monomer
was also observed in Ref. 17.

Two-dimensional crystals of PS 1 were obtained ks
incubating aliguots of sample with phospholipase A .
or lipase und Bio-Beads at 3°C. The envetaliine areas
were optimal after S-Hh days. If prospholipase A was
omitted. the erystallization process ook longer and the
packing in the enstalline arraye was not as good.
Additios of 3 mM Ca” ", which should stimulate the
phospholipase AL activity. did not effect the cnstal
growth. Therefore. it was omittcd in most cases. 1t
phospholipase or lipase were added in 10 o 100-times
larger quantitics enstals discppeared once they were
tormed. These abecivations pussibly indicate the vads-
tence of a narrow region of lipid:protein ratios where
crystals can exist. Cnvstals were also obtained atter 14
days by dialysis against 2 mM MgSC, and phospho-
lipase A. treatment. No crystals of amy preparation
could be obtained at room temperature. Cnistals of PS
I preparations solubilized with octy! glucoside con-
tained substantial amounts of ATP synthace. which
aggregated in non-crystatline areas. But if sulfobctain
12 was used in the solubilization step. both the final
preparation and the crystals were almost free of ATP
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svathas2. The quality of the crystalline arrays. however.
was not substantially improved.

Usually crvstalline double-lavers were observed.
caused by a collapse of a vesicle erystal (Fig. 20 but
monolavers were also frequent. The largest crystals
measured 0.5 1 um and contained about 3000
monomers in one kaver. Optical diffraction of the dou-
ble-layer crystals showed that the stacking of the layers
was not in register: both layers were randomly orien-
tated in respect to cach other (Fig. 2A) This gives us
the opportunity to process the layers separately by the
correlation averaging method [22]. In this procedure a
Fourier-peak filtered image of cach layer is used as a
reference in the actual correlation averaging step. Fig.
3A.B show the results of the processing. Both lavers
show rows of monomcrs with a slightly clongated shape.
In one layer the monomers appear all similarly stained
(Fig. 3B) whereas in the other one the monomers
appear differently embedded in the stain (Fig. 3A).
The homogencously stained layer is presumably the
one attached to the carbon support. To evaluate the
crystal packing. the sums of Fig. 3A,B were Fourier
transformed (Fig. 3C.D). In the transform of the evenly
stained layer (Fig. 3D) the odd reflections on the

vertical axis are missing or very weak, indicating a
serew axis in the plane of the crystal [26]. In the
transform of the other layer (Fig. 3C) this screw axis
. not be scen, because uneven stainirg causes the
monomers look different. Each layer of a crystal has a
rectangular v it cell with dimensions of 16.0 (£0.3) X
15.0 (£ 0.14) nm (S.D.; average of 8 crystals): tke angle
between the axes was 89.6° (+0.7°). The packing of the
crystals was pl2, (cquivalent to pg) [26]). This mcans
that the unit cell contains two monomers and that the
monomers arc oricnted up and down in alternating
rows with respect to the plane of the crystal. The
transform in Fig. 3D shows many strong spots. such as
a (7.3) spot corresponding to a resolution of 1.8 nm.
Higher order spots (the (1,10), (49), (16,1) and the
(7.7) spots) are related to structural details with a
resolution of about 1.5-1.8 nm, but their amplitudes
arc much weaker.

Metal shadowing of crystals

In transmission electron microscopy, two-dimen-
sional projections are obtained in which all details are
superimposed and seen with the same *sharpness’, irre-
spective of their height in the v-rtical direction.

Fig. 2. (A) Part of an original electron micrograph showing a collapsed membrane crystal of Photosystem 1 used for the analysis. The crystal was
negatively stained with a 177 solution of uranyl acetate; (B) optical diffraction pattern from (A) indicates multiple spots from both layers in
different rotational positions. One row of spots has heen indicated; the outer fourth-order spots indicate a resolution of 4 nm before processing.



Three-dimensional information can be acquired in two
ways. One way is to decorate the object by evaporating
with a hcavy metal. Knowing the angle between the
sample and the cvaporation source. this shadowing
technique gives information of the surface relief. We
applied unidirectional shadowing with platinum to the
PS I crystals. One large shadowed crystal (Fig. 4A) was
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processed by correlation averaging. Fig. 3B shows the
final sum of the aligned fragments. 'the contours of the
monomers, which can be casily recognized in noga-
tively stained specimens (Fig. 3), are difficuli 1o tiscern
in the shadowed crystal. But the diffraction pattern
(Fig. 4C). which is the Fourier-transformation of Fig.
4B, indicates that the rows of monomers run from top

L
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Fig. 3. Image analysis of the two layeps of a collapsed vesicle crystal. (A) the result of correlation averaging: the sum of the best 750 126x 128

pixel fragments (out of 2000) of one layer. For fepresentation, the sum has been interpolated to a 768 X 768 pixel format and contoured with

equidistant contour lines. The inner part of about 500 500 pixels is shown: {B) the final sum of the other layer. processed as for (A); (C)

calculated diffraction pattern (Fourier transform) of the sum of (A); (D) calculated diffraction pattern of (B). The unit cell has been indicated for
buth layers with dimensions of 16 X 15 nm.
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to bottom, as in Fig. 3B. In one type of row ther: are
dark metal depositions of 3 6 nm Cridges’”. sce Fig.
4D). which are absent in the other type of row (marked
with asterices). From the shadow length it can be
estimated that the height of a ridge is about 3 nm. This

means that at one side the monomer clearly extends
the membrane. The shadowing pattern of the upside-
down rows indicates that on the other side the
monomers extend the membrane by about 1 nm, sce
Fig. 4D).

Fig. 4. (A) A PS I crystal, unidirectional shadowed with platinum from an angle of 25° after drying on the grid. The direction of the shadow is

indicated by an arrow, metal deposits are dark, uncovered crystal parts (shadows) are light: (B) sum of the best 128 x 128 pixel fragments after the

correlation averaging step; (C) Fourier transform of the sum of B: (D) Fourier-peak filtered image of (B). The contours of the individual

monomers cannot be discerned, but the diffraction pattern of (B) indicates that monomers are oriented as in Fig. 3A. The positions of a ridge (R)

of about 46 nm, which extends about 3 am above the plane of the crystal, have been indicated. Asterices indicate the equivalent positions in

one neighboring row where the monomers are oriented upside-down. At these positions. only smaller extensions of about 1 nm can be seen. The
diameter of the circular mask is 56.6 nm.



Three-dimepsional reconstruction

More detailed three-dimensional information can be
obtained after tilting the specimen in the microscope
and calculating a three-dimensional structure from the
tilted projections. We have applicd a tomographic (‘di
rect space’) reconstruction method te calenlate the PS
1 structure. Three tilt series were recorded from mono-
layer crystals. The first one was compriscd of 15 images
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running from - 33.53° to +56.5. the second one of 18
images from - 307 to #5227 and the third one of 14
images from —4035° to +51° They were processed in
six subscquent steps as indicated in the "Methods
section. In the first step all 47 different projections
were filtered by correlation averaging. with a Fourier-
peak filtered crvstai part as the first reference. The
final resolution in the 47 filtered projections varied

Fig. 5. The tilted projected structure of a mono-fayered PS I crystal from a single tilt-axis series of |5 micrographs. Each image is the sum of the

best 450 aligned crystal fragments from the best underfocussed part of the crystal. The tilt axis is from top to bottom and by coincidence, one

crystal axis is running parallel to the tilt axis with a deviation of less than 1°. The respective tilt angles have been indicated. All images have been

shifted to a common crigin. For presentation, the 128X 128 pixel sums were interpolated to a 384> 384 format and windowed with a circular
mask with a diameter of 365 pixels. which is equivalent to 30.6 nm.
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between 2 and 2.5 nm. Fig. § shows the filtered projec-
tions of the {irst tilt series. By coincidence. one crystal
axis is running parallet te the tilt axis (which is verti-
cally oriented in Fig. 5) and the shortening of the unit
cell upon tilting occurs only in the horizontal direction.
The subsequent shortening of the monomers can be
clearly followed going from ° (Fig. 3E) to +36.5° (Fig.
50).

The next steps of the reconstruction scheme were
carried out as described in the Materials and Methods
section. This resulted in two reconstructions (from the
upside-up- and upside-down oriented monomer) for
cach of the three tilt series. These reconstructions all
showed similarly shaped features and were therefore
combined to one final reconstruction. From the total
st of 64 sections a gallery of the inner sections (odd
sections No 21-43) is shown in Fig. 6. Scetion number

21 is the second one from the top of the model of Fig.
7. The top of the model represents presumably the
stromal side of PS I (s¢¢ Discussion). In section 21 a
central mass with only three contour lines can be seen.
Going from top to bottom the number of contour lines
increases (indicating a higher mass density in the cen-
ter of the protein) and the central mass splits into two
scparate mass centers which can be recognized best in
sections 31 and 33. Going further to the bottom of the
molecule the number of contour lines decreases again
and the two mass centers become elongated forming
two bean shaped structures (sections 35 and 37) which
finally close to a ring structure (sections 39 and 41). At
the bottom (scction 43) again only three contour lines
can be seen with two mass centers which are now
placed at different positions compared to the mass
centers in sections 29-31. A three-dimensional plexi-

Fig. 6. The three-dimensional reconstruction of PS 1. represented as a gallery of sections 0.42 nm apart through the reconstructed object. The
sections are paraliel to the plane of the crystal. The upper sections are from the stromal side. the lower sections from the lumenai side of PS L
The section numbers have been indicated. the lowest section is the second one from the top of the model in Fig. 7.
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Fig. 7. Two views of a perspex model for the three-dimensional
shape of PS I. The model consists of 24 sections of (142 nm parallel
to the planc of the crystal. The location of the 5 nm thick membrane
has been indicated and was deduced from differences in height of
the reconstructed upside-up- and upside-down-oriented monomers.
The arrow indicates the part of the monomer which is closest to the
center of the trimeric PS I particles. the same place is aiso marked in
Fig. 6.

glass model made from sections 20-43 is shown in Fig.
7. The most probable position of the membrane is
indicated (see Discussion).

Discussion
Two-dimensional projection

In this study the structure of PS I was investigated
by electron microscopy of negatively stained crystals. In
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the first step image processing on the two-dimensional
projection was carried out. A resolution of 1.5-1.8 m
was achicved, as determined from the diffruction pat-
tern. This is close to the limit of the negative staining
procedure. Usually, the crystals form double layers.
Image processing of these layers was carried out sepa-
rately and it was found that one layer is very homoge-
neously stained whercas the other one is inhomoge-
neously stained. We assume that the more homoge-
neously stained layer is closer to the carbon support
because of two reasons. First, in single layer crystals we
found a stain pattern that was like the stain pattern of
the inhomogeneously stained layer. Obviously, if the
particles of the crystal are not fully embedded in the
stain, they should show a different appearance for the
upside-up- and upside-down ariented molecules if they
are asymmetric in their shape parallel to the axis of
view. The lower layer of the double-layer crystal is
located between two layers. the carbon film and the
upper crystal layer and therefore is better embedded in
the stain. In this case upside-up and upside-down ori-
ented molecules will show the same staining profile.
Second, the average image of the homogeneous layer
indicates a slightly higher resolution than the average
tmage of the more inhomogeneous one. The layer with
the higher resolution is presumably located directly on
the carbon film. which is rclatively smooth. The layer
with the lower resolution is located on the lower crys-
talline layer which is relatively rough (the laycrs arc
not in register). This causes disordering in the crys-
tallinc packing followed by a loss of resolution.

Three-dimensional structure

The metal-shadowing of the crystals indicates that
the molecule projects about 3 nm out of one side of the
membrane and 1 nm at the other side. This is in
accordance to the conclusions from the inhomoge-
neous staining of the crystals. The three-dimensional
reconstruction from the different tilt series provide
more detailed information. On the top side of the
molecule there is a compact clongated mass. Passing
through the molecule perpendicular to the membrane
plane the mass becomes wider, splits into two masses
and finaily forms a ring-shaped structure at the other
side. The location of the membrane cannot be deduced
from the three-dimensional reconstruction. The shad-
owing experiments indicate that the ridge extends the
membranc 3 nm (Fig. 4). This is equivalent to 7 sec-
tions of the model. On the lumcnal side the model
sticks out about 1 nm or 2 sections. The membrane
bilayer is supposed to be 5 nm (about 12 sections). The
model includes 24 sections or 10 nm. Thus, there is
some discrepancy between the shadowing experiments
(21 sections inferred) and the reconstruction (24 sec-
tions). However, the resolution of the reconstruction
perpendicular to the membrane is only about 4 nm,
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i.c.. it is much lower than in the membrane plane. This
is a result from the limited maximum angles of the
three til series. It was shown that cach pixel becomes
clongated in the z-direetion if & reconstruction is based
on projections over a limited tilt angle [27]. This causes
overlapping of the pixel information in the z-dircction.
The image information becomes blurred out in this
dircction. Thus. the localization of the membrane can
only be rougl.y (with 1-2 nm accurucy) indicated. In
the model of Fig. 7 the membrance is situated between
sections 30 and 41.

The volume of the molecule as depicted in Fig. 7 is
about 310 nm'. With a density of 1.38 g ecm ¥ a
molecular mass of about 260 kDa is calculated. Based
on the sequence derived molecular masses of the sub-
units. a molecular mass of 232 kDa is caleulated. Since
PS T contains about 60 Chl. the total mass is about 292
kDa in accordance with the estimation from the vol-
ume of the molecule. If a slightly higher volume was
taken (350 nm® instead of 210 nm?®) the difference
resulted in a smaller additional mass in the ring area,
extending from section 43 to 48 (i.e.. about 2.7 nm with
a volume of 27 nm’. Because of the limited resolution
in the -direction, we cannot finally decide whether
this extension is real or an artifact. The information of
trimeric particles in side view position (sec below),
which points to a maximal height of less than 10 nm
indicates, however. that the extension is most likely an
artifact.

Oriemation of PS Lin viro

It is of interest to discuss the features of the model
and the implications for the subunit organization of PS
I. even at the low resolution level obtained. The three-
dimensional reconstruction docs not give evidence in
which manner the PS 1 is oriented in rivo. However.,
some arguments lead to the conclusion that the top of
the model of Fig. 7 is on the stromal side of the
membrance in vico. On the top side. the model shows a
ridge in the center. This ridge includes 10 sections
(about 4 nm). The ridge is the feature of the recon-
struction that sticks out the farthest from the planc of
the membranc. This can be seen by compartng sections
on both sides of the reconstruction (Fig. 6). In sccticn
27 the ridge in the center of the image is contoured by
six contour lines, indicating a high density. In the top
of the image the upside-down oriented monomers are
contoured by only four lincs. In section 43 the ridge in
the molecules in the top left and right positions is
contourced with more contour lines. Thus, it sticks out
farther from the plane of crystal than the part of the
reconstruction with the central indentation.

Based on earlier results with crosslinking experi-
ments [28,29] we suppose that the hydrophilic subunits,
psaC, psaD and psaE (which is not present in this

preparation) are located on the stromal side of the
membrane and that these subunits form the ridge.

That the ridge is in a central position on top of the
membranc-embedded PS 1 part is understandable, be-
causc psaC contains two iron-sulfur clusters, which
must accept ¢lectrons from another iron-sulfur cluster
which is bound at the interface between the large
subunits psaA and psaB. A central position is also
understandable because psaC is essential for PS |
stability [30]. On the lumenal side there is only one
extrinsic subunit, psaF, which binds cytochrome ¢-553
and has a mass of 15 kDa [9).

On the bottom (lumenal side) of the model there is
a central indentation of about 3 am in diamcter and in
depth (Fig. 6.7). This separates the reconstruction in
two halves of about the same shape. Since the lumenal
side sticks out the membrane by only about 1 nm, this
means that the separation occurs also within the mem-
brane. The two large subunits psaA and psaB (without
chlorophylls) contribute to more than 509 of the mass
of PS . They both have 11 hydrophobic amino acid
stretches, supposed to be buried as a-helices in the
membrane [31]. It is likely that the two separated
halves of the model on the lumenal side coincide with
the positions of the large subunits. Other possibilities
for the position of the large subunits can almost be
excluded. The membrane-embedded a-helices of psaA
and psaB are very hydrophobic and it is not likely that
negative stain will separate them. Sections 37 and 39
(Fig. 6) arc on the level were the separation of the two
halves is the clearest. The contour lines indicate that
both halves have about the same arca. But in addition
to psaA and psaB other subunits will also contribute to
the shape and form; thus, it is not surprising that both
halves are not exactly the same. One particular detail
scen in one half is a protrusion (see arrows in Fig. 6
and 7) that forms the center of PS I in the trimeric
arrangement of the monomers.

The central indentation is visible because the nega-
live stain penetrates into the part of the PS | structure
that 1s embedded within the membrane. This is only
possible if the protein surface is locally more hy-
drophilic. Additional insertion of hydrophilic loops of
the psaA and psaB polypeptide chains into the center
of the PS 1 structurc on lumenal side could realize this
situation. But although the indentation is about 3 nm
in width and depth, psaA and psaB must be partly in
close contact possibly by hydrophobic intcraction of
leucine side-chains of two helices [32]. This contact
beiween psaA and psaB must be somewhere in the
center of the model. It is evident that a much higher
resolution in the reconstruction will be necessary to
observe such details in the PS | model. Such higher
resolution could, in principle, be obtained by cryo-elec-
tron microscopy of sucrose-embedded larger-sized crys-
tals [18].



Comparison of monomers and trimers from PS [

PS 1 complexes have been isolated as monomers
from many sources. but also as stable monomeric and
trimeric particles from several cyanobacteria, such as
Synechococcus sp. [10,11], Phormidium laminosum [12]
and Synechocystis PCC 6803 [33]. In our crystals it is
obvious that PS 1 is in the monomeric form only,
possibly because our isolation procedure favors the
extraction of monomers. The features of the projected
monomers, as seen in the Synechococcus crystals and
single trimeric particles [11], cannot be correlated very
well, However, rccently we analyzed Synechocystis
trimers by single particle averaging with a higher reso-
lution and now the fcatures from the monomers of
crystals and trimers look more similar, cven in the
finest details (unpublished results).

Analysis of side views of trimers gives additionai
information about the shape of PS I vertical to the
membrane. Negative staining induces aggregation of
trimers in side view position. Although the trimers
come close together when they aggregate, there re-
mains always a small stain-filled gap between two adja-
cent monomers [10,11]. Originally, it seemed that all
gaps from a string had the same width [10]. However,
more recent images (unpublished results) showed
clearly the alternation of smaller and larger gaps in
aggregated side views. The larger gaps appear when
two trimers aggregate ‘face-to-face’ into so-called dou-
ble trimers, the smaller gaps appear between the dou-
ble trimers. From the side view aggregation behavior it
can be concluded that both sides of a trimer are
dissimilar; on one side there must be a protrusion of
maximally 4 nm that hinders a closer packing. X-ray
diffraction studies showed that three-dimensional PS |
crystals have a unit ccll dimension of 16.7 nm in the
direction that coincides with the staggering of double
trimers [14]. Thus, the width of one monomer is at
least 8.4 nm. But if the doublc trimers would interca-
late as far as possible, a width of almost 10 nm could
be expected.

Comparison with literature data

Previously, two-dimensional crystals of PS I from
Synechococcus sp. have been obtained by Ford et al.
[13] by reconstitution in phospnolipid bilayers. Their
method and conditions differed slightly from ours. In
the reconstitution step, detergent was removed by dial-
ysis instead of absorption with Bio-Beads. In the crys-
tallization experiments of Ford et al. the detergent
octyl B-D-thioglucopyranoside was used; no crystals
could be obtained with dodecyl maltoside, although
this detergent gave very good crystals in our crystalliza-
tion experiments. The crystal symmetry for a single
layer (p12,) was the same, but the unit cell dimensions
(14.5 % 14.5 nm) were slightly smaller than ours {16 X 15
nm). Qur crystals are bigger and the slightly higher
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resolution in the two-dimensional projection (1.5- 1.8
nm) results in better resolved details. Six maxima and
two minima in densitics of the staining profile of a
monomer can be obscrved in the two-dimensional pro-
jection (Fig. 3). Three-dimensional information was
obtained by Ford et al. [13] by metal shadowing. From
these results a model was deduced showing a ridge at
one side of the molecule and a central indentation on
the other side. The three-dimensional reconstruction
presented here gives the same shape of the molecule
and additionally reveals more details because of the
higher resolution.
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