10308

Biochemistry2004,43, 10308-10313

Supramolecular Organization and Dual Function of the IsiA Chlorophyll-Binding

Protein in Cyanobacteria

Nataliya Yeremenké$ Roman Koliil,®' Janne A. lhalaineA,Sandrine D’'Haené,Niels van OosterwijK,

Elena G. AndrizhiyevskayaWilko Keegstrd!, Henk L. Dekker@ Martin Hagemanri,Egbert J. Boekemh,

Hans C. P. Matthijé,and Jan P. Dekkef*

Aquatic Microbiology, Institute of Biodersity and Ecosystem Dynamics, Faculty of ScienceydJgiteit van Amsterdam,

Nieuwe Achtergracht 127, 1018 WS Amsterdam, The Netherlands, Department of Biophysical Chemistry,
Groningen Biomolecular Sciences and Biotechnology Instituteyeédsity of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands;i§don of Physics and Astronomy, Faculty of Sciences,
Vrije Universiteit, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands, Mass Spectrometry Group,
Swammerdam Institute for Life Sciences, dénsity of Amsterdam, Nieuwe Achtergracht 166,
1018 WV Amsterdam, The Netherlands, and Fachbereich Biowissenschaften, Pflanzenphysiologie,
Universitad Rostock, Albert-Einstein-Strasse 3a, 18051 Rostock, Germany

Receied June 14, 2004; Resed Manuscript Receéd July 6, 2004

ABSTRACT: A significant part of global primary productivity is provided by cyanobacteria, which are
abundant in most marine and freshwater habitats. In many oceanographic regions, however, the
concentration of iron can be so low that it limits growth. Cyanobacteria respond to this condition by
expressing a number of iron stress inducible genes, of whiclsilvgene encodes a chlorophyll-binding
protein known as IsiA or CP43lt was recently shown that 18 IsiA proteins encircle trimeric photosystem

| (PSI) under iron-deficient growth conditions. We report here that after prolonged groBtmethocystis

PCC 6803 in an iron-deficient medium, the number of bound IsiA proteins can be much higher than
previously known. The largest complexes bind-12 units in an inner ring and 21 units in an outer

ring around a PSI monomer. Fluorescence excitation spectra indicate an efficient light harvesting function
for all PSI-bound chlorophylls. We also find that IsiA accumulates in cyanobacteria in excess of what is
needed for functional light harvesting by PSI, and that a significant part of IsiA builds supercomplexes
without PSI. Because the further decline of PSI makes photosystem Il (PSIl) increasingly vulnerable to
photooxidation, we postulate that the surplus synthesis of IsiA shields PSII from excess light. We suggest
that IsiA plays a surprisingly versatile role in cyanobacteria, by significantly enhancing the light harvesting
ability of PSI and providing photoprotection for PSII.

Iron is one of the most abundant elements on Earth.
However, the share actually available for living organisms
in oxygen-rich aquatic environments is limited. This is
especially true in the oceans, where bioproductivity is limited
by the low solubility of the iron(lll) ion in slightly alkaline
water (L—4). The ubiquitous cyanobacteria that make an
important contribution to global bioproductivity adapt well
to a deficiency of iron 3, 5). The lack of iron and the
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adaptation at large concern the photosynthetic properties of
these organismsy.

The role of iron in oxygenic photosynthesis is obvious
from the obligatory role of three irensulfur clusters in
electron transport in photosystem | (PSIy, 8). It is
therefore no surprise that iron limitation stress affects
primarily PSI. Under iron-deficient conditions, the content
of PSI decreases substantially more than that of PGIQ).
Nevertheless, growth continues despite the lack of iron, and
only after extended periods of time in which the iron content
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help overcome the increasingly heavy burden of shortage of
iron. A major and well-documented adaptation response is
the induction of the iron (limitation) stress inducili&2AB
operon 6). This operon expresses two proteins, IsiA and
IsiB. IsiB, flavodoxin, has a clear function in iron limitation

stress; it replaces the iron-rich soluble electron transfer

1 Abbreviations;3-DM, n-dodecylS-p-maltoside; fwhm, full width
at half-maximum; Isi, iron stress inducible; MSA, multivariate statistical
analysis; Pcb, prochlorophyte chlorophgfb; PSI, photosystem I; PSII,
photosystem 1I.
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protein ferredoxin9). The chlorophyll-binding protein IsiA  MATERIALS AND METHODS
is even more strongly induced than its dicistronic partner
IsiB, but its function and cellular localization have been a
puzzling topic for a considerable period of tin@ {1). The

surprise about the functional role of IsiA came a few years
ago when a large complex of a PSI trimer encircled by 18

monomers of IsiA was revealed by electron microscay ( for iron-depleted culture was by 2@0-fold dilution of cells

13). (washed three times) that were pregrown in normal medium.
The IsiA protein belongs to the so-called core complex |n the work presented here, cells harveste®2 days after
antenna family of chlorophyll-binding proteins, a family of inoculation were used.
proteins that is more widespread and important than was cg|| Fractionation Cells were broken and thylakoid
realized until only a few years agtl). Its most well-known membranes isolated as described previougR).(Freshly
members are the CP47 and CP43 core antenna proteins ofgg|ated thylakoid membranes (0.15 mg of chlorophjrhL)
photosystem Il (PSlI), which are structurally resolved down ere solubilized with 0.5% (w/vii-dodecylg-p-maltoside
to 3.5 A resolution {4). CP47 and CP43 are located at fixed (8-DM) and centrifuged at 90@¥or 3 min. The supernatant
positions in the PSII supercomplex and mediate the transferyas filtered on a Titan PVDFE syringe filter (0.48n) and
of excitation energy from the peripheral antenna to the sypjected to size exclusion chromatography as described
photochemical reaction center of PSIE]. Other members  previously @8), using a Superdex 200 HR 10/30 column
of the core complex antenna family are the prochlorophyte (Pharmacia), a running buffer consisting of 20 mM Bis-Tris
chlorophyll a/b (Pcb) proteins, whose sequences are ho- (pH 6.5), 5 mM MgC}, and 0.03%3-DM, and an on-line
mologous with that of CP431(Q). It was shown that Pcb  diode array detector (Shimadzu SPD-M10A). Fractions
proteins fromProchloron didemn({16) and a moderate-light-  containing particles with sizes of supercomplexes were used
adaptedProchlorococcusstrain (L7) can bind to dimeric PSII,  for further analysis.
whereas other Pcb proteins from the latter species and from SpS-PAGE and Mass SpectrometRPLC fractions were
an extremely low-light-adapteérochlorococcusspecies  concentrated on a Microcon YM-10 membrane (Millipore),
form a ring of 18 units around trimeric PSLLY, 18), and the protein content was estimated by the assay according
giving rise to a supercomplex with an overall structure very to Bradford (Bio-Rad). The protein composition was ana-
similar to that of the (PSiflsiA)1s supercomplex of cyano-  lyzed by Tris-Tricine SDSPAGE (9). Protein bands were
bacteria. cut out off the gel, reduced with DTT, S-alkylated with
Spectroscopic evidence has indicated that IsiA provides iodoacetamide, and digested with trypsin (sequence-grade,
an additional light harvesting functiodg, 20), and thus, its ~ Roche, Basel, Switzerland) as described previoiy. The
function is explained by the supply of more light to the digested peptide mixture was loaded onto the precolumn of
gradually shrinking pool of active PSI centers. In the 18- an Ultimate nano-HPLC system (LC Packings, Amsterdam,
ring structure, the light harvesting capacity of the PSI trimer The Netherlands) and separated on a PepMap C18 nano

is approximately doubled compared to that of the PSI core '€versed phase column (# inside diameter). Elution was
complex @0, 21). performed using a gradient of 5 to 40% acetonitrile with

0.1% formic acid. The flow was infused directly into an ESI-
QTOF mass spectrometer (Micromass) via a modified nano-
electrospray device (New Objective, Woburn, MA). MS/MS
(tandem mass spectrometry) experiments were conducted
with argon as the collision gas at a pressure of 205 bar

Organism and CultureWild-type Synechocystisp. PCC
6803 and thgpsaFJ mutant 6) were grown at 30°C in
liquid BG11 medium at a light intensity of 5amol of
photons m? s~ in ambient air. Iron deficiency was achieved
by omitting all iron sources from the medium. Inoculation

The pronounced induction of ISiA has given rise to
proposals for two additional roles in cell physiology, i.e., to
protect PSIl against oxidative stress by shadind.@, @2)
and as a store for chlorophyll to enable its rapid addition to

newly synthesized PSI formed after the iron content in the . aasured on the quadruple pressure gauge. The acquired

growth environment increaseg)(The importance of protec-  pentige MSMS spectra were used in a search of the SwissProt
tion of PSIl against oxidative stress in cyanobacteria deficient y5iapase.

in iron has also been confirmed with other observations, such SpectroscopyFor 5 K absorption and fluorescence mea-

as the indu_ction Of the iron s_tress gemsA (23), _t_he surements, the samples were diluted in a buffer containing
downregulation of light harvesting by the phycobilisome 20 mM Bis-Tris (pH 6.5), 10 mM MgG| 10 mM CaC}

antennae of PSII2d), and the regulation of expression of a 0.02% -DM, and 66% (w/w) glycerol. The ODs of the
range of PSIl and PSI genes from gene array anal$ss ( gamples used for fluorescence and absorbance measurements
Ey|dence the}t OX|d.at|ve stres; rather than the lack of iron were~0.1 and~0.6 cnT?, respectively, at the Qabsorption
triggers the induction of thésiAB operon has also been  mayimum. Low-temperature absorption was assessed on a
presented3, 26). home-built spectrophotometer. Fluorescence emission spectra
Here we describe how iron limitation stress during were recorded on a home-built spectrograph CCD fluorim-
extended periods of time gives rise to abundant synthesis ofeter, using an excitation wavelength of 420 nm. Fluorescence
the IsiA protein in complexes that show highly variable excitation spectra were recorded on a home-built spectrom-
stoichiometries of PSI and IsiA. We characterize this as an eter with emission wavelengths of 722 and 742 nm (fwhm
optimal adaptation to the degree of iron limitation stress for of 5 nm).
flexible light harvesting. In addition to the antenna function  Electron MicroscopyEM was performed as described in
of IsiA complexes associated with PSI, free IsiA super- ref 28. Briefly, EM specimens were prepared on glow-
complexes without associated PSI may contribute to the discharged carbon-coated grids, using 2% uranyl acetate as
shading of PSII for prevention of oxidative stress. a negative stain. EM was performed on a Philips FEG20
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electron microscope. Semiautomated data acquisition was
used to record a total of 7500 images (2042048 pixels)

at a magnification of 66850 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 81) 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 multi-
reference alignment, MSA, and classification. Final sums
within homogeneous classes were obtained by reference-free
alignment procedures3®p).

RESULTS

Accumulation and Structural Dersity of PSt-IsiA Super-
complexesTo investigate the relation among the number of
bound IsiA units in PStISiA supercomplexes, the mono-
meric or trimeric aggregation state of PSB), and the degree
of iron starvation, we analyzed these complexes at various
times after the start of a culture in an iron-free medium. We
prepared supercomplexes by a short incubation with the
nonionic detergent-DM, separated these complexes by gel
filtration chromatography as described previousd$, (34),
and investigated the freshly prepared supercomplexes by
electron microscopy and image analysis. Because initial
experiments indicated that many different types of super- , ) )
complexes occur during the various stages of iron deficiency, E:g;’gg g)-é)t;:]%%eks))sleedlet;‘t?o\r/:erT\:\il(s:rg;E(;?)sl—A(aaa?% :;'OA) %ggﬁgryf'
we analyzed a very large set of single-particle projections, gatistical analysis and classification of 59 000 particles from wild-

to obtain a statistically satisfactory set of projections. A total type SynechocystiBCC 6803. A total of 47 000 projections could
number of 7500 images were processed, from which nearly be assigned to specific complexes. Closed rings of IsiA consist of

60 000 single-particle projections could be selected. 12,13, or 18 copies in a single ring (b, ¢, and a, respectively) along
. . B y with 19, 20, and 21 copies in a second ring surrounding 12, 13,
Figure 1 shows that besides the “standard” (H&iA)1s and 14 copies in an inner ring<d). The center of the complexes

complex (Figure 1a) various other ring-shaped complexes can be occupied by a either a PSI trimer (a) or a monomer (e, f,
can also be discerned, with both smaller and larger contents?n)d J—8|g/- 1('3)6 r(ilgg/lv? )a1bu9r§a(nc):e 3f9t096(8f)e C(irg)Pée?essga(gr‘]’?

i i ; it i a), ~3% Bad 0 (C),~9% (e),~ 0 (1), ~4% (g),~>% ,
Ic.’f o é’al”'t.c”'?r “”ﬂer Colndg'ons of plfslon?edt"o” ~1% (i), ~4% (j), ~6% (K), ~5% (), and~4% (o). The images
imitation. Relatively well-resolved are ringlixe structures ¢ panels m and n contain a larger number of projections than image
without a central mass. The largest complex is an almost | put have the same number of 421 IsiA copies. Since individual
circularly shaped double-ring structure (Figure 1i) that projections have been aligned in different ways, they show fuzziness
consists of inner and outer rings of 14 and 21 units, in either the inner or outer ring, caused by rotational flexibility

; ; . between these rings (see the text for details). (d) Results of analysis

reSp?Ct.lvely;c SIIght(ij Zsmal.ler andh Ovaljsf}apze de domplexe S of 6000 particles from &ynechocystis psaFdnutant (see re28).
consisting of 13 and 20 (Figure 1h) and of 12 and 19 units A gpecific complex of trimeric PSI with seven IsiA proteins attached
(Figure 1g) were also detected in significant numbers. Single (d) was observed in this set. In addition, this set yielded PSI trimers
rings of 12 and 13 units with a size similar to those of the with a closed ring of 17 unit2g) and rings and partial rings similar

inner rings of the double rings (Figure 1b,c), as well as partial 0 panels b and ¢ and o, respectively.

double and single rings of variable sizes (see Figure 10 for The shapes and sizes of the rings with a central complex
an example), were observed as well. appear to be very similar to the shapes and sizes of those
Many other complexes, however, do contain a central without.
complex resembling monomeric or trimeric PSI. Afterafew  We noticed that relatively little detail is resolved in the
days of culture in an iron-free medium, a (PBIA); projection maps of Figure 1jl, despite the large number of
complex is abundant (Figure 1d), whereas aft@0 days processed projections. For complexes with#421 IsiA
of culture, single and double closed rings of IsiA around a copies, the monomer has the expected shape, but only in
particle with the size and shape of monomeric PSI can be classes with small numbers of projections summed (Figure
detected in significant numbers (Figure 1e;f)j The central 11). With an increase in the number of summed projections,
mass of the best-resolved complex (Figure 1e) exhibits thethe features of the outer ring improve, but the monomer and
typical features of PSI. In the largest complex (Figure 1l), the inner ring do not improve substantially (Figure 1m). The
stain accumulation in the center of the complex suggests thatfeatures of the inner ring of the projection map of Figure
the inner ring of 14 units (Figure 1n) is too large for the 1m could be improved by masking the outer ring of the
central complex, which is expected if a ring of 12 units is individual projections during an additional alignment step,
just large enough to encircle monomeric PSI (Figure 1e). but at the cost of detail in the outer ring (Figure 1n). This
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Ficure 4: Fluorescence emission and excitation spectra (5 K). (A)
0.0 T T . : . . — Fluorescence emission spectra of a fraction from WT cetisa(nd
B —— -Fe psaFJ-null from psaFJ mutant cells ¢ — —) grown in iron-deficient medium.
—-—- -Fe WT (B) Fluorescence excitation spectrum)(of fluorescence detected

at 722 nm of a fraction from WT cells grown in iron-deficient
medium. The free IsiA contribution (20% at 722 nm; see panel A)
has been subtracted from the excitation spectrum. The excitation
spectrum of free IsiA was obtained by taking the difference of
spectra detected at 742 and 722 nm. The 77 K absorption spectra
of the IsiA fraction from thgpsaFJ mutant grown in iron-deficient
medium ¢ — —) and the 5 K absorption spectrum from isolated
(PSIX(IsiA) 15 particles €-+) are shown for comparison.

Absorption / a.u.

IsiA alone is the main constituent of the supercomplexes
found in the PsaFJmutant.

0.0 . . ; . . . :
400 450 500 550 600 650 700 750 Spectroscopic Analysedn iron-replete medium, the
Wavelength / nm growth rates of wild-type (WT) and PsaFdutant cells are

FicURE 3: Absorption spectra monitored &K of WT andpsaFJ similar. Differences between both strains are visible in the

mutant cells grown in iron-replete medium (A) or for 5 days in 5 K absorption spectra (Figure 3A). The mutant features a

iron-depleted medium (B). high phycobilisome (628 nm peak) content relative to the

. N . assembly of peaks in the 67690 nm area that represent
demonstrates that the fuzziness in Figure 1I,m is caused bythe chlorophyll proteins of PSI, PSII, and, if present, ISiA.

rotational flexibility between both rings. The fact that the ;. qer iron-depleted conditions, the WT shows a broader
outer ring has seven more copies of IsiA than the inner ring g70-690 nm domain, largely due to added absorption at 670
explains why it becomes overall better aligned in Figure 1Im. .\ caused by IsiA 9). The mutant also features this
Further analysis showed that the rotational flexibility between addition, but shifted to the blue due to a decrease in the
both rings in this subset of particles appeared to-2e-3, magnitude of the original peak in the iron-replete spectrum
on average. at 680 nm (Figure 3B), indicating a decrease in PSI content.
Molecular Composition of Isolated SupercomplexEs. We recordd 5 K fluorescence emission spectra of the
verify that the supercomplexes depicted in Figure 1 consist fraction from wild-type cells analyzed in Figure 1 to further
of IsiA and PSI, we analyzed the supercomplex-containing confirm the nature of the investigated pigmeptotein
fractions from cells grown for-20 days in an iron-deficient ~ complexes. The broad band peaking~at20 nm shown in
medium by SDSPAGE (Figure 2), and subjected the main Figure 4A can be attributed to PS35). The fact that this
bands to a mass spectrometry analysis. The lower main bandgeak is almost absent in iron-stressed mutant cells is
revealed peptide fragmentation spectra consistent with IsiA, consistent with the SDSPAGE results (Figure 2). The
while the upper band revealed peptide fragmentation spectraregion between 685 and 695 nm represents emission from
consistent with PsaB, a core subunit of PSI. These dataPSiIl, which in the PSII core complex &ynechocysti6803
confirm that IsiA and PSI are the main constituents of at5 K consists of a broad band peaking at 688 nm and has
supercomplexes from iron-depleted wild-type cells, and that a fwhm of 14 nm (E. G. Andrizhiyevskaya, unpublished
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observations). The fluorescence spectrum from iron-starvedof 560 chlorophylls as in the largest PS5iA supercom-

mutant cells is dominated by a band peaking at-6687
nm but with a fwhm of only 6 nm, which therefore cannot
arise from PSII and in fact must arise from IsiA aggregates.
IsiA is abundant in the iron-starved mutant cells (Figure 2),
and IsiA monomers exhibit a blue-shifte5 K emission
maximum at 682 nm19). The 686 nm emission in wild-
type cells must in large part arise from PSl-less IsiA
aggregates, because in isolated PISIA supercomplexes
only a very small 686687 nm emission band is observed
(19).

We recordd 5 K excitation spectra of the fraction analyzed
in Figure 4A to determine whether the IsiA proteins in these
IsiA-rich complexes transfer excitation energy to PSI. We

plexes would give an almost 7-fold increase in the light
harvesting ability of PSI.

The image analysis indicated that the two rings that
encircle monomeric PSI have rotational disorder of a few
degrees with respect to each other. For the efficiency of
excitation energy transfer between the rings and from the
rings to PSI, a precise match of the IsiA proteins is probably
not necessary, because of very fast and multiple excitation
transfer routes from IsiA to PSI2Q, 21). The increased
antenna size will thus provide compensation for the light
need of the lower number of PSI centers compared to PSII
under iron stress.

Another major result of this work is that IsiA supercom-

analyzed the relative difference in fluorescence detected atPlexes accumulate in cyanobacteria in excess of what is

722 and 742 nm to correct for the contributions from free
IsiA complexes. The ratios of the contributions of 670 nm
states in the absorption spectra belonging to 14i8) have

needed for functional light harvesting by PSI. The increase
in the narrow-banded 77 K6( 10) or 5 K (this work)
fluorescence emission at 68687 nm almost immediately

been compared to those of 681 nm states belonging to PS|after a shift from iron-sufficient to iron-deficient conditions

For the absorption spectrum of the (P8BiA)1s complex,

suggests that PSlI-free ISiA aggregates occur even in early

this ratio was established earlier as 1/0.95 (Figure 4B, dottedstages of iron deficiency. Itis likely that the excess synthesis

line), and for the IsiA aggregates, this ratio is 1/0.5 (Figure
4B, dashed line). For the WT PSIsiA fraction analyzed

in Figure 1, we determined a ratio in the excitation spectrum
of 1/0.81 (Figure 4B, solid line). From these data, we
calculated an average number of 10 functionally bound IsiA

complexes per PSI monomer, which represents an ap-

preciably stronger light harvesting ability in the “average”
PSHIsiA complex generated by long-term iron limitation
compared to the number of six for the “standard” (R&iA)1s

of IsiA serves to protect PSII from photooxidative stress.
PSIl is very vulnerable to photooxidation in the absence of
PSI @4), and the large number of free ISiA complexes
present after prolonged iron limitation stress can simply
remove excess excitation energy from the membranes, thus
preventing overexcitation and photodamage of PSII. This is
in line with earlier reports that advocated a role for
overexpressed IsiA in the protection of PSIl against high
light (10, 23), so the PSl-less IsiA rings may play a role in

complex that occurs predominantly after shorter periods of shading. Some of the free IsiA supercomplexes may also

iron limitation.

DISCUSSION

The original discovery of 18 IsiA monomers in a ring
around PSI as published simultaneously by two different
research groups in 20011%Z 13) set the hallmark for
continued curiosity about the conditions for accumulation,
the structural appearance, and the function of ISiA in

function in forming complexes of newly synthesized PSI
under iron-replete conditions), but for the closed rings,
this seems to be unlikely.

It thus appears that the ISiA protein has evolved optimally
from the common ancestor of the core complex antenna
family of chlorophyll-binding proteins. It not only lacks the
large extrinsic loop that CP43 in PSII needs to assist water
oxidation @, 14), it also very likely contains a few additional
“linker” chlorophylls (19) that could assist in fast and

cyanobacteria. The current results indicate that ISiA occurs efficient excitation energy transfer from the outer to the inner

in two different types of complexes, i.e., in sometimes very
large PStIsiA supercomplexes and in similarly large PSI-

IsiA ring and from the inner ring to PSI2Q, 21). This
situation resembles that in green plant PSI, in which several

free IsiA-only supercomplexes. Fluorescence spectroscopyjinker chlorophylls have been detected between the peripheral
suggests that both types of complexes occur as such in theantenna of LHCI proteins from the unrelated Cab gene family

thylakoid membranes. It is very likely that the ISiA present
in both types of complexes serves different functions.

A major outcome of this work is that the PSkiA

and the PSI complex3); however, most important of all
is the ability of the ISiA protein, unlike CP47 and CP43, to
form large and flexible supramolecular structures, both with

supercomplexes show increasingly larger amounts of bounditself and with PSI. In this sense, IsiA can be viewed as the

IsiA proteins with increasing levels of iron starvation. The
largest particles seen in this work, with a double-IsiA ring
around monomeric PSI, would contatn35 x 16 (560)
chlorophylls, which together with 96 chlorophylls of the PSI
core complex ) would give a total number of 656

cyanobacterial counterpart of LHCII, the main light-harvest-
ing complex for PSIl in green plants37) which forms
supramolecular structures with and without P38)(and
thus provides the photosystem with both a large functional
antenna and a mechanism for regulating the light need for

chlorophylls. PSI particles with such large antenna sizes havephotosynthesis.
not been observed before. Biophysical measurements on the In conclusion, after the onset of iron deficiency, ISiA acts

standard (PS#flsiA)1s complexes have made clear that the
chlorophylls of the IsiA units within the PSlIsiA super-
complexes act as very efficient light harvest&® 1), and
excitation spectra of the average long-time iron-depleted
PSHIsiA complex indicated that the additional ISiA com-
plexes must harvest light efficiently as well. The addition

in the first place in adding light harvesting capacity to PSI.
Concomitantly, a decrease in the rate of electron flow from
PSIl is needed to balance the remaining photosynthesis
activity. This is accompanied by the appearance of large
numbers of IsiA molecules in aggregates without PSI, and a
next function of IsiA emerges, shielding PSII against excess
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light. This means that, depending on the extent of the
prevailing iron limitation stress, ISiA serves at least two
functions, by acting both in light harvesting and in the
dissipation of light energy.
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