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Abstract

The cyanobacterium Synechocystis PCC 6803 grown under short-term iron-deficient conditions assembles a supercomplex consisting of a
trimeric Photosystem I (PSI) complex encircled by a ring of 18 IsiA complexes. Furthermore, it has been shown that single or double rings of
IsiA with up to 35 copies in total can surround monomeric PSI. Here we present an analysis by electron microscopy and image analysis of the
various PSI-IsiA supercomplexes from a Synechocystis PCC 6803 mutant lacking the PsalL subunit after short- and long-term iron-deficient
growth. In the absence of Psal, the tendency to form complexes with IsiA is still strong, but the average number of complete rings is lower
than in the wild type. The majority of IsiA copies binds into partial double rings at the side of PsaF/J subunits rather than in complete single
or double rings, which also cover the PsaL side of the PSI monomer. This indicates that Psal facilitates the formation of IsiA rings around

PSI monomers but is not an obligatory structural component in the formation of PSI-IsiA complexes.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photosystem I (PSI) in cyanobacteria is organized as a
trimer or as a monomer. The structure of the trimer from
the thermophilic cyanobacterium Thermosynechococcus
elongatus has been resolved to 2.5 A by X-ray crystallog-
raphy [1]. It shows the position of the PsalL subunit in the
center of the structure. The presence of this subunit is
essential for the trimeric association [2], which is unique
for cyanobacteria. In green plants, the closely associated
PsaH subunit, not present in cyanobacteria, prohibits trimer
formation [3].
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Under conditions of iron deficiency, the iron-stress-
inducible isiAB operon is induced [4]. This leads to the
synthesis of, among others, the chlorophyll-binding protein
IsiA (or CP43’). The IsiA present in the thylakoid
membranes of iron-stressed cyanobacteria is likely to be
present in several pools. It was shown by electron micro-
scopy that after short-time stress, the PSI trimer can be
encircled by 18 copies of IsiA [5,6]. Spectroscopic evidence
has indicated that IsiA provides an additional light-harvest-
ing function [7], and, thus, its function is explained by the
supply of more light to the gradually shrinking pool of active
PSI centers. Free IsiA is also present, in smaller or larger
complete and incomplete ring-like structures [8]. This IsiA
moiety forms a rather mobile fraction within the thylakoid
membrane [9]. IsiA has also been suggested to associate to
Photosystem II (PSII), where it may act as a quencher of
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excess excitation [10,11]. IsiA may also be regarded as a
storage for chlorophyll that cannot be bound anymore to PSI
units, as excitation of free chlorophyll would trigger
dangerous oxygen ion formation. A similar function has
been attributed to HLIPS chlorophyll proteins [12].

We recently showed that a mutant of Synechocystis PCC
6803 without the PsaF and Psal subunits forms an IsiA ring
of 17 units around trimeric PSI [13]. The smaller number of
bound IsiA proteins was explained by the smaller circum-
ference of the PSI trimer of the mutant (the PsaF and Psal
subunits are located at the outer rim of the PSI trimer [1])
and it was concluded that the size of the PSI complex
determines the number of units in the IsiA ring [13]. After
prolonged iron-deficiency, the number of bound IsiA
complex can be much higher [8]. A monomeric PSI
complex can be surrounded by 12-14 IsiA copies in an
inner ring and another 19-21 copies in a second ring.

In order to investigate the role of the PsalL subunit in the
formation of PSI-IsiA supercomplexes at various times after
the start of culture in an iron-free medium, we analyzed a
PsalL.™ deletion mutant of Synechocystis PCC 6803 [2], and
investigated detergent-solubilized supercomplexes by elec-
tron microscopy and image analysis of a large set of single
particle projections.

2. Materials and methods
2.1. Cell culture and isolation of PSI-IsiA complexes

A Symnechocystis PCC 6803 mutant lacking PsalL was
designed according to Ref. [2]. It was grown at 30 °C in
BG11 medium at a light intensity of 50 pmol photons m >
s~ ! in ambient air. Iron deficiency was achieved by omitting
all iron sources from the BGIl medium. Cells were
harvested 6 days after inoculation in iron-free medium for
short-term iron stress and 15 days for long-term iron stress.
Subcellular preparations and isolation of PSI-IsiA com-
plexes by FPLC were made according to Ref. [8].

2.2. Electron microscopy

EM was performed as described in Ref. [14]. Briefly, EM
specimens were prepared on glow-discharged carbon-coated
grids, using 2% uranyl acetate as a negative stain. EM was
performed on a Philips FEG20 electron microscope. Semi-
automated data acquisition was used to record a total of
4675 2048x2048 pixel images at 66,850% magnification
with a Gatan 4000 SP 4K slow-scan CCD camera. The step
size (after the binning) was 30 um, corresponding to a pixel
size of 4.5 A at the specimen level and projections were
selected for single particle averaging [15] with Groningen
Image Processing software. Projections were aligned by
multireference alignment and aligned images were subjected
to multivariate statistical analysis (MSA). After MSA,
particles were classified and summed and class sums were

used in a next cycle of multireference alignment, MSA and
classification. Final sums within homogeneous classes were
obtained by reference-free alignment procedures [16].

3. Results

Purified supercomplexes from a Psal. mutant from
Synechocystis PCC 6803 were investigated after short and
long iron stress conditions. Multiple types of PSI-IsiA
complexes were found by EM and image analysis. In the
case of short iron stress, the variation in shape of the
complexes is rather small. Classification indicated the
presence of an incomplete double ring of IsiA associated to
PSI monomers. The inner ring consists of either 6 (Fig. 1a,b)
or 7 copies (Fig. 1c—e), whereas the outer ring is formed by 7—
10 copies of IsiA. These same five types of complexes were
also found under long-term iron stress, where the number of
complexes with 7 IsiA copies in the inner ring was relatively
higher. A larger complex with incomplete rings of 8 and 12
copies was also found (Fig. 1f). The individual IsiA copies
are well resolved in the smallest particles, with 6 inner IsiA
copies (Fig. la,b), whereas in the larger ones individual
copies are somewhat fuzzy (Fig. 1f). This is explained by a
higher flexibility in binding positions in the larger particles.
Very small numbers of PSI-free IsiA-only supercomplexes
were found (Fig. 1n).

In addition, monomers with either one or two complete
IsiA rings were observed at long-term iron stress conditions
(Fig. 1g-1). The total number of such complexes was about
half of the ones with incomplete rings. In comparison to the
complexes with incomplete rings, the individual copies of
IsiA are poorly resolved, despite the fact that some of these
supercomplexes have a larger size. A similar case of fuzzy
details was previously observed for wild-type PSI mono-
mers with double IsiA rings, where it was demonstrated that
slight flexibilities between the rings lead to the loss in
resolution [8]. Judging from the features and size, the
complexes of Fig. 1g,h appear to have rings of 13 and 14
IsiA copies. The double rings in Fig. 1i have 12 plus 19
copies. The complexes of Fig. 1j,k both have 13 plus 20
copies but differ in overall shape. The largest double ring is
formed by 14 plus 21 copies (Fig. 11). Very similar
complexes with the same numbers of IsiA copies in single
or double rings have been observed for PST monomers from
wild-type Synechocystis [8].

No complexes consisting of PSI trimers were found in
the Psal. mutant. Such complexes, like the one with a single
ring of 18 IsiA copies (Fig. 10), are abundant in wild-type
Synechocystis and Synechococcus [5,6]. This is not surpris-
ing since the mutant lacks the Psal subunit, which is
essential for trimer formation [2]. Nevertheless, it appears
that a unique dimeric complex can be formed. From its size
and shape, it is likely that the complex in the middle is a
dimeric PSI, surrounded by two rings of IsiA (Fig. 1m). The
number of IsiA copies is 15 for the inner and 22-23 for the
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