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ABSTRACT: In many natural habitats, growth of cyanobacteria may be limited by a low concentration of
iron. Cyanobacteria respond to this condition by expressing a number of iron-stress-inducible genes, of
which theisiA gene encodes a chlorophyll-binding protein known as IsiA or CP4BA monomers
assemble into ring-shaped polymers that encircle trimeric or monomeric photosystem | (PSl), or are present
in supercomplexes without PSI, in particular upon prolonged iron starvation. In this report, we present
steady-state and time-resolved fluorescence measurements of isolated IsiA aggregates that have been purified
from an iron-starvegrsaFIminus mutant ofSynechocysti®CC 6803. We show that these aggregates

have a fluorescence quantum yield-e2% compared to that of chlorophydl in acetone, and that the
dominating fluorescence lifetimes are 66 and 210 ps, more than 1 order of magnitude shorter than that of
free chlorophylla. Comparison of the temperature dependence of the fluorescence yields and spectra of
the isolated aggregates and of the cells from which they were obtained suggests that these aggregates
occur naturally in the iron-starved cells. We suggest that ISiA aggregates protect cyanobacterial cells
against the deleterious effects of light.

A daily type of stress experienced by many organisms Recent progress has revealed some of the basic features
performing oxygenic photosynthesis is the condition in which of gE in green plants. The process is triggered by acidifica-
the input of light exceeds the rate of carbon fixatid). ( tion of the thylakoid lumen, which activates the enzyme
This condition can lead to the accumulation of excited states violaxanthin de-epoxidase, the enzyme that converts the
of chlorophyll, which in the presence of oxygen can lead to carotenoid violaxanthin into zeaxanthi) (At least in higher
severe damage to the organism. Therefore, all photosynthetigylants, qE requires the presence of the PsbS protein and its
organisms have developed mechanisms by which excesgrotonation by the acidification of the thylakoid lumes (
excitation energy can be harmlessly dissipated into heat. Thisg) Also, zeaxanthin (Zea) needs to be activated, possibly
dissipation is manifested as a decrease in the fluorescencq)y binding to PsbST, 8). It was recently postulate®) that
quantum yield, and is generally known as nonphotochemical \he activated Zea forms a heterodimer with a chlorophyll
](cqluench_lng (Nf?])'-l}_hi part of NPQ Lhat IS relathe_dr;[o rapid  (chi) molecule, which upon excitation rapidly converts into

uctuar:!ons 0 tEe gg tintensity Is known as high-energy charge-separated state (consisting of a Chl anion and a
quenching or qEZ 3). Zea cation) that recombines to the Efdlea ground state in
t3.A.. was supported by the European Union (Grant HPRN-CT- ~150 ps, and thus dissipates the_excnatlon energy. It.|s likely
2002-00248) and by the Academy of Finland (Project 203824). The that the energy transfer to the activated €hiéa heterodimer
\[lg)rk of i\]/'III:z'ITDN ?:I%/'(zgdb %ngo%gé% VEIIaS S%J]port%d Ey the Euro?ean Uhnion determines the kinetics of the proce8s Other mechanisms

rant -Cl- - ntro an y grants from the
Foundation of Life and Earth Sciences (ALW) of the Netherlands have also peen_propOSEd’ such as energy transfer.from a
Organization for Scientific Research (NWO). chlorophyll, identified in the 2.5 A structure of the main light-
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algae 8, 13) and in diatom alga€l@) and is very pronounced
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fluorescence. This indicates that cells with large amounts of

in evergreens, which in freezing conditions are permanently IsiA aggregates are in a strongly quenched state.

in a highly quenched statd %, 16). It was shown that in

green plants NPQ processes can also occur in the absencWIATERIALS AND METHODS

of zeaxanthin 12, 17) or PsbS 18), suggesting that more

than one quenching mechanism plays a role in green plants.

Until recently, cyanobacteria were thought to be unable

to regulate photosynthesis by an NPQ mechanism. The main
regulation mechanism was considered to be the state transi

tion, in which the membrane peripheral phycobilisomes
(PBS) move from photosystem Il (PSll) to photosystem |

(PSI) and back to adjust for imbalances in photosynthetic

electron transport 10). However, a number of recent

experiments suggest that, under special conditions, cyano

bacteria can give rise to very pronounced NPQ. It was
demonstrated that in a PSll-less mutanBghechocystiBCC
6803 intense blue light gives rise to am0% decrease in
PBS fluorescence?()). Under conditions in which the “iron-
stress-inducible” proteins are expressed byish#B operon
[iron depletion or oxidative stress in general)], a strong
NPQ was found Z2) that also was triggered by blue light
(23) and that was particularly pronounced after prolonged
iron depletion 24).

The isiAB operon expresses two proteins, IsiA and IsiB.
IsiB is flavodoxin, which replaces the iron-rich soluble
electron transfer protein ferredoxin. IsiA belongs to the core-
complex family of chlorophyll-binding protein®%), which

Organism and Culture.The psaFJ mutant of Syn-
echocystisp. PCC 680321) was grown at 30C in liquid
BG11 medium at a light intensity of 50mol of photons
m~2 s7! in ambient air. Iron deficiency was achieved as

described previously20). In the work presented here, cells
harvested 3640 days after inoculation were used.

Preparation of IsiA Aggregateells were broken and
thylakoid membranes isolated as described previo@dy. (

_[Freshly isolated thylakoid membranes (0.15 mg of &hiL)

were solubilized with 0.5% (w/vip-dodecylS-p-maltoside
(6-DM) and centrifuged at 90@Xor 3 min. The supernatant
was filtered on a Titan PVDF syringe filter (0.48n) and
subjected to a MonoQ column (Pharmacia) for ion-exchange
chromatography (IEC). The running buffer consisted of 20
mM Bis-Tris (pH 6.5), 10 mM MgCJ, 20 mM NacCl, 15
mM MgSQ,, 1.5% taurine, and 0.03%-DM. A gradient
with MgSQO, up to 500 mM was applied. The IsiA aggregates
eluted at a MgS@concentration of~250 mM. The IEC was
monitored with an on-line diode array detector (Shimadzu
SPD-M10Avp). Size-exclusion chromatography was con-
ducted with a Superdex 200 HR 10/30 column (Pharmacia)
as described previously29).

also includes the well-characterized CP47 and CP43 core Pigment AnalysisPigment analysis was performed ac-

antenna proteins of PSII. IsiA can build a ring of 18 units
around trimeric PSI146, 27), or of 17 units if the PsaJ and
PsaF subunits are missing§j. Recent elaborate electron

cording to the method of Gilmore et al3@). For this
procedure, pigments were extracted with 80% acetone,
centrifuged, and loaded on a RP-HPLC column (Lichrosorb

microscopic analyses of supercomplexes prepared fromC18, 10um, 250 mmx 4.6 mm), which was equilibrated

Synechocysti®CC 6803 grown under variable degrees of

in buffer A [85% acetonitrile, 13.5% methanol, and 1.5%

iron depletion revealed that IsiA can also build several other 0-2 M Tris-HCI (pH 8.0)]. After a 15 min isocratic run with

types of rings, such as rings of 423 units around
monomeric PSI, double rings of up to 35 units around

a flow rate of 1 mL/min, myxoxanthophyll, zeaxanthin, and
an unknown carotenoid were eluted from the column. After

types of rings but without a photosyste29(-31). These
IsiA-only supercomplexes were particularly abundant in
psaFJ cells, but were also quite abudant in wild-type cells.
The “standard” (PS#{IsiA)1s complexes have been analyzed
by steady-state3@Q) and time-resolved33, 34) spectroscopic

16.7%n-hexane) and an isocratic run for 40 min with buffer
B, chlorophylla, echinenone, ang-carotene were eluted.
The HPLC system was equipped with a diode-array optical
absorption spectrophotometer, which allowed identification
of the peaks in the chromatogram by their absorption spectra.

techniques, and it was concluded that in these supercom- Electron MicroscopyEM was performed as described in

plexes IsiA efficiently harvests light for PSI. The average

ref 29. Briefly, EM specimens were prepared on glow-

time by which excitations become trapped by charge separa-discharged carbon-coated grids, using 2% uranyl acetate as

tion in the reaction center was shown tob40 ps @3, 34),

a negative stain, and EM was performed on a Philips EM120

nearly 2 times longer than in the PSI core complex. On the electron microscope. Images were recorded with a Gatan
basis of these findings, it was suggested that the IsiA bound4000 SP 4K slow-scan camera at 4690@agnification with

to PSI has a light-harvesting function and that the uncon-

nected ISiA is involved in photoprotectio29). The photo-

protection function was confirmed and extended by the recent

finding that IsiA is, under iron-replete growth conditions,
also induced by high light and protects the organism from
photooxidative stress3p).

a pixel size (without binning the images) of 3.2 A at the
specimen level.

Steady-State EmissidRoom-temperature emission spectra
were measured with a commercial spectrophotometer (Jobin
Yvon, Fluorolog), with 430 nm excitation (bandwidth of 3
nm) and detection with 1 nm resolution. The absorbance of

In this report, we present steady-state and time-resolvedthe sample was 0.1 at 680 nm. For low-temperature
fluorescence measurements of IsiA aggregates isolated frommeasurements, the isolated aggregates were diluted in 20 mM

long-term iron-depletegpsaFJ Synechocystigells. The

Bis-Tris (pH 6.5), 20 mM NaCl, 0.06%5-DM, and 66%

psaFJ mutant was used because of the relative abundance(v/v) glycerol to an absorbance of 0.1 at 680 nm and cooled

of IsiA-only supercomplexes over PSIsiA supercomplexes.
The results indicate that these aggregates containaChl
[-carotene [§-Car), echinenone (Ech), and Zea as main

in a helium-bath cryostat, which allowed a temperature range
of 4.2—-230 K. The cells were diluted in 20 mM Bis-Tris
(pH 6.5) and 5 mM MgCl to an ORygo value of 0.1.

pigments, and give rise to a very strong quenching of the Fluorescence emission spectra were measured withna
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FIGURE 1: Selected parts from electron micrographs showing IsiA 400 450 500 550 600 650 700
aggregates of variable size. A PSI complex with a single IsiA ring Wavelength (nm)

(marked A), an IsiA complex with a double ring (marked B), and . ; ; ;
some incomplete rings (marked C) have been indicated. The bar iSE%J;eEé.tufébsorpnon spectrum of isolated IsiA aggregates at room

100 nm.

Table 1: Pigment Composition of Purified IsiA Aggregates,

imaging spectrographanda CCD camera (Chromex Chromecany\;;malized to a Content of 16 Chl Molecules per Monomer

I). The spectral resolution was0.5 nm. For broadband
excitation, a tungsten halogen lamp (Oriel) was used with
band-pass filters transmitting at 420 nm (bandwidth of 20 chlorophylla 16.0 zeaxanthin 0.7
nm). The obtained emission spectra were corrected for thegé%?:]%tﬁgﬁe 11..% L:r?;‘:g’)g?nhophy" %_21
wavelength-dependent sensitivity of the detection system.

Time-Resaled Emission.Time-resolved emission mea-

pigment no. per complex pigment no. per complex

) articular case relatively many even larger aggregates with
surements were performed with a Streak camera setup. Th&,arjaple size and shape were formed. We found that the
sample was placed iata 2 mmthick spinning cell with @ jsojated aggregates are very stable, and that incubation with

diameter of 10 cm and a rotation speed of 33 Hz. The 4 5o, 5 DM and 2 M LiCIO, did not induce the release of
absorbance of the sample was 0.12 at 680 nm. EXcitation y,,nomeric IsiA. The same treatment effectively removed

pulses of 400 nm~+100 fs) with vertical polarization were 4 sequence-related CP43 protein from the PSII core
generated using a titanium:sapphire laser (Coherent, VIT- complex B9). Figure 2 shows the room-temperature absorp-
ESSE) with a regenerative amplifier (Coherent, REGA), a (ion spectrum of the isolated aggregates. Thabsorption

double-pass optical parametric amplifier (Coherent, OPA), .- immum of the chlorophylls peaks at 672 nm, and the

and a Berek compensator. The repetition rate was 150 kHz - ~tanoids have absorption maxima around 496 and 470
with a pulse energy of 0.23 nJ in the sample, which resulted |,

in ~0.05% excited chlorophylls per pulse. The fluorescence
was detected at a right angle with respect to the excitation pigments, i.e., Cha, -Car, Zea, and echinenone (Ech)

beam through a polarizer at the magic angle, using a,q'ye|l as some impurities (Table 1). If each IsiA protein
Chromex 2501S spectrograph and a Hamamatsu C5680yin4s 16 Chla molecules 82), then it probably also binds
synchroscan streak camera. The streak images were recordeg} f-Car molecules, one Zea molecule, and one Ech

with a cooled Hamamatsu C4880 CCD camera. The detectedyqecyje. These results indicate that the IsiA protein differs
streak images were analyzed globally, and t_he estimatedrom the related CP43 protein of green plants by the binding
decay-associated spectra (DAS) were determiRa(3s). of zeaxanthin and echinenone. We note that both carotenoids
Two time bases of the instrument were used, and the 5.0 rather common in cyanobacterial membranes, that small
m_strument response functions were modeled as Gaussiang,qunts of Zea were also detected in purified PSII core
with fwhm values of~6 and ~24 ps. The wavelength  ,onarations fronBynechocystigs0), and that Ech is the
resolution of the experiment wasg nm. carotenoid bound to the cytochronhef complex of Syn-
echocystig41).
RESULTS Temperature Dependence of Steady-State EmidSigure
Pigment Composition and Structure of Isolated IsiA 3 shows 4.2 K emission spectra of the isolated ISiA
AggregatesWe used ion-exchange chromatography to purify aggregates (solid linegynechocystisells grown for 40 days
-DM-solubilized IsiA aggregates from long-term iron- in iron-free medium (dotted line), anBynechocystisells
depletedpsaFJ Synechocystisp. PCC 6803 cells. Gel grown in the presence of iron (dashed line). The IsiA
filtration experiments revealed that the isolated fraction aggregates show a narrow (fwhm6.8 nm) emission band
consisted of very large complexes and was essentially freepeaking at 686.9 nm, accompanied with vibrational transi-
of monomeric IsiA (data not shown). Figure 1 shows EM tions at longer wavelengths. This spectrum is virtually
micrographs of the isolated fraction. In agreement with earlier identical with that of theSynechocystisells from which the
EM experiments on supercomplexes from long-term iron- aggregates were obtained, and demonstrates the absence of
depletedSynechocystisells 29, 31), complete and incom-  PSl in this preparation. However, PSI emission around 720
plete double rings of IsiA were visible, though in this nm dominates the spectrum®ynechocystisells grown with

Pigment analysis revealed the presence of four major types
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1 emission yield of the IsiA aggregate preparation is eptio

° —IsiAaggregate compared to that of Chh in acetone, as demonstrated in
AR Cells without Fe : : e
‘'~ Cells with Fe the inset of Figure 5, where the emission spectra are

normalized to the same amount of absorbed photons. By
comparing the emission values at 675 and 686 nm from the
4.2 K emission spectra (Figure 4A), we estimate that the
preparation consists 0f-2% unconnected Cla molecules.
These unconnected Chlmolecules will contribute~50%
to the room-temperature emission spectrum if the average
decay lifetime of the ISiA aggregates is 144 ps (see below)
and that of unconnected Chlis ~5 ns. This implies that
the IsiA aggregates have an emission yield of 2% compared
580 705 730 755 780 to that of Chla molecules in acetone. To our knowledge,
Wavelength (nm) this is the smallest quantum yield observed in any naturally
Ficure 3: Fluorescence emission spectra at 4.2 K upon 420 nm occurring chlorophyll-containing light-harvesting protein in
excitation of the isolated IsiA aggregates)( psaFJdepleted the absence of reaction centers.

Synechocysti803 cells grown for 40 days without iror-{), and Time-Resaled EmissionTo analyze the strong quenching
wild-type Synechocysti§803 cells grown in the presence of iron .
(- - -). All spectra were normalized to their maxima. character qf ISiA aggregates at room temperature, we
performed time-resolved fluorescence measurements with a
iron (Figure 3), whereas IsiA emission is nearly absent. The Streak camera setup. The time-resolved fluorescence signal,
temperature dependence of the emission of the isolated IsiAobtained at all emitting wavelengths after ultra-short 400 nm
aggregates between 4.2 and 230 K is shown in Figure 4A. excitation pulses, was analyzed globally. This procedure
The most striking effect of the temperature dependence of resulted in so-called decay-associated spectra (DAS) with
the fluorescence of the IsiA aggregates is a strong decreasesorresponding decay lifetimes. For a proper description of
in the total emission yield with an increase in temperature the decaying emission signal, a six-component fit appeared
(Figure 4C). A similar behavior, albeit not as strong as to be necessary (Figure 6). The sub-picosecond spectrum
presented here, was observed with large three-dimensionalthin solid line in Figure 6) describes the rise of the emitting
LHCII aggregates4?2), though in the LHCII aggregates the states. The first decay component has a lifetime of 9 ps, an
decrease in yield with an increase in temperature wasintegrated decay amplitude of7%, and a spectrum with
accompanied by a clear red shift of the fluorescence, whereagnaximum at~685 nm (dotted line). Then, two main decay
in IsiA aggregates a small blue shift of the peak position lifetimes of 66 ps (dashed line) and 210 ps (solid line) are
occurs (Figure 4D). Figure 4B demonstrates that in intact observed with basically identical spectra. These decay
cells a similar temperature dependence of the fluorescencecomponents have integrated decay amplitudes of 36 and 55%
occurs, indicating that the observed effect is not a result of of the total excitation decay, respectively, and peak@82
the purification procedure of the aggregates and occurs asnm. Thus, these three components contribute-88% of
such in the cells. Figure 4C shows that the decrease inthe total excitation decay of the preparation; i.e., these are
emission yield is even slightly stronger in the intact cells, the decay lifetimes of the ISiA aggregates. The average decay
and that the emission yield at 240 K is only 6% of that at lifetime of the aggregates is then as short as 144 ps. By
4.2 K. The difference with the isolated aggregates originates comparing this number with the decay lifetime of Gl
probably mostly from a small contamination of unconnected molecules in acetone of 6.1 nd4 45), we conclude that
chlorophylls in the isolated aggregates. At 4.2 K, the free ISiA aggregates have an50 times faster average decay

Emission (rel.)

chlorophyll emission is seen as a small shoulder-673 lifetime than Chla in acetone and should therefore have an
nm (Figure 4A). Although the amount of the free pigments emission yield of~2% compared to that of Clalin acetone.
is at most 2-3% in the preparation, their effect on the overall In addition to the main decay phases, a small long-

emission spectrum of the preparation becomes more promi-decaying component with a lifetime of2 ns and one
nent at elevated temperatures, as the excitation lifetime ofsubfractional decay component with a lifetime 20 ns
the IsiA aggregates becomes ultimately shorter (see below)can be seen. The former component can be assigned to
and the lifetime of free chlorophylls remains basically emission from unconnected chlorophyll molecules, and the
constant {5 ns) at all temperatures. We note that the PSI origin of the latter component is unclear. We also performed
core complex oBynechocysti8803 exhibits a very moderate  fluorescence lifetime experiments on the membranes from
temperature dependence of the emission yield between 4 andvhich the ISiA aggregates are the dominating chlorophyll-
77 K (43). Only at higher temperatures are excitations able based protein complex, and observed that the main decay
to escape from the “red” chlorophylls and thus give rise to lifetimes remain more or less the same (62 and 222 ps) when
photochemical quenching by trapping in the reaction center. the aggregates are embedded in the membrane (data not
Steady-State Emission at Room Temperattigure 5 shown).
shows a comparison between the room-temperature emission
spectra of the isolated IsiA aggregates (solid) and of&hl DISCUSSION
in acetone (dashed). The emission maximum of the IsiA  The results presented here show that IsiA aggregates have
aggregates is located at 679 nm, and the emission band isstrikingly short fluorescence lifetimes. To the best of our
slightly wider (23.8 nm) than that of Cla in acetone (20 knowledge, the average decay lifetime of 144 ps belongs to
nm), which most likely originates from more than one the fastest lifetimes found for any naturally occurring
emitting species (see below). Most strikingly, the integrated chlorophyll-containing antenna system. Isolated LHCII has
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Ficure 4: Temperature dependence of fluorescence emission. (A) Temperature dependence of the main fluorescence emission band of
IsiA aggregates at various temperatures upon 420 nm excitation. (B) Temperature-dependent emission spectra of the mpsaband of
lessSynechocystiBCC 6803 cells after iron depletion for 40 days upon 420 nm excitation. (C) Integrated emission intensities as a function

of temperature of IsiA aggregatel)(and theSynechocystisells from which the aggregates were obtaingll (The integration interval

was from 655 to 815 nm. (D) Maxima of the fluorescence emission peaks of IsiA aggreBat&yigechocystisells grown for 40 days

in Fe-deficient medium[{), and large LHCII aggregates-( data from ref42).
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a decay lifetime of~4 ns @5, 46), whereas large three-  sypercomplexes would have to be modified because of the
dimensional aggregates can have lifetimes as short as 11Gnort excited-state lifetimes of the choropylls in the IsiA
ps (46), though the latter aggregates are extremely large andaggregates arises. In these complexes, a 40 ps phase was
aI’tIfICIal and dO not occur as SUCh n plant Ce||S. Sma"er interpreted as the t|me needed to trap excitation energy by
LHCII aggregates have intermediate lifetimes of, for ex- charge separation in the PSI reaction cend& 84). If in
ample, 700 ps47). these complexes the excitation energy would also disappear
The question of whether the previous conclusion that ISiA in 144 ps k, = 1/144 ps?), then the observed 40 ps phase
acts as a light-harvesting antenna in standard ¢RSH)1s would be the result of a competition of decay by charge
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separation and by dissipation in the anterka (k; + k. = the existence of another NPQ mechanism, triggered by blue
1/40 ps?). The real trapping by charge separati& \(ould light, in early stages of iron depletion. It is possible that this
then occur in 1/53 p$ for 75% of the excitations. However, mechanism is related to the blue light-induced quenching of
it is likely that the excitated-state lifetime without charge PBS fluorescence observed by Karapetyan and co-workers
separation will be considerably longer than 144 ps, because(20). Recent experiments indicate that the water-soluble
this lifetime is expected to be larger in the PSI core antenna, orange carotenoid protein (OCP) is involved in this mech-
and because the IsiA aggregate size is much smaller in theanism (D. Kirilovsky, personal communication).
(PSIx(IsiA)1s supercomplex than in the ISiA aggregates It is likely that the extent of iron starvation experienced
shown in Figure 1. In LHCII, smaller aggregates exhibited by theSynechocystisells used in this study is stronger than
longer lifetimes 46, 47), so it is expected that smaller IsiA  that usually experienced by cyanobacteria in their natural
aggregates also exhibit longer lifetimes. This suggests thathabitats. However, because {B#\B operon is also expressed
the previous conclusiorBg, 34) about the light-harvesting by high light 35) or other types of oxidative stres&lj, the
function of IsiA in (PSI)(IsiA) s supercomplexes is justified.  state of the cells studied here may not be so unnatural (apart
In complexes with much larger amounts of IsiA, such as from the PsaFJ deletion) that they never can exist as such in
the (PSI)(IsiA)s1-35 supercomplexe0), a significant part nature. Furthermore, iron supply to the Southern Atlantic
of the excitation energy will probably not be used for light Ocean relies on occasional sand storr&g (63), which
harvesting. supports our experimental design with long-term iron-starved

Our results do not allow firm conclusions about the C€llS- Why then do these types of cells accumulate such
mechanism by which the energy is dissipated in IsiA Massive amounts of IsiA that other chlorophyll-containing

aggregates. A mechanism based on a closer association ofYSteMs are not seen at all in low-temperature emission
two or more Chl molecules in ISiA upon aggregation, as spectra of cells? In earlier stages of iron depletion, ISiA surely

: : harvests light for PSI132, 33), and perhaps also for PSII
proposed for LHCII aggregate$], 12), is however unlikely ; ; .
because the closer connection of Chls usually results in(23)' though adi'(;gd coEnecthn between PSII and Isuﬁ was
increased excitonic interaction and a red shift of the optical never reporte ynechocystiBCC 6803. However, when

transition. In LHCII, aggregation is indeed accompanied by IbSiA lan:tsposclcutrhas tS#Ch in the memtl)lranesf(withhqut being
a red shift of the absorption, and is manifested by a very ound to ), then they may very well ransfer their energy

pronounced temperature-dependent red shift of the emissio fo PSil, especially_when the I.SiA. aggregate size is not very
(42). In IsiA aggregates, however, there is only af nm arge and the excited-state Ilfet|mt_as are Ipnger than those
red shift of the emission upon warming from 4 to 30 K found for the large aggregates studied in Figure 6. Both PSlI

(Figure 4D). A mechanism based on energy transfer from and ISiA. occur in the same membrane, and can in theory be
chlorophylls to a low-lying S1 state of one of the carotenoids Itgczteed llj?téhr?"nsk?irlgeir?ocm::wr;st;ailts;igle (;?g;%rlglrg;valsnfound
is possible, because all carotenoids in the IsiA aggregates q . y )
have 11 g-Car and Zea) or 12 (Ech) conjugated double grana f_rom. higher .pIants, more than ha_If of the LHCII
bonds, and thus may have S1 states with energies lower thar?c’pm""tlon is not directly bound to F.)S“ n PSIII.HCII
that of Chla. Also, a charge transfer mechanism as detected supercomplexes, but nevertheless, this population also con-
) ' . ; . : tributes to the light harvesting of PSI5Y).
between Zea and Chl in green plan® {s possible. It is | . depleti ¢ ther t ¢
possible that the quenching carotenoid is located between N more Severe iron depletion stress or other types o
ISiA subunits, either between units within a ring or between OX|d_at|ve stress, ph_otoprotectlon will be thg main function
rings, because monomeric ISiA exhibits a normal temperatureOf.IS'A' The shortenlng of the fluorescence lifetimes of large
dependence of the emissids2] and thus dissipates energy ISIA aggregates will decrease the rate of energy tra_nsf_er to
to a much smaller extent at higher temperatures. That thePSI (in PS.HS'A supercomplex_es)_, and also _to PSII if IsiA
guenching originates from a cofactor other than a carotenoidharveStS light for PSII under mild iron erletlon stress, and .
molecule cannot at this stage be ruled &ymnechocysticells thus protects these photc_;systems against photodama_ge. This
in which the Phe181 residue of the D2 protein was substituted situation is similar to that in green plants under qE conditions.
with Trp displayed a quenching that was explained by a-Trp Even further iron depletion will result in membranes in which
Chl charge separatiod®). The single chlorophyth molecule ISiA is by far the most domman'_[ chlorophyll protein, and it
in the cytochromésf complex has an unusually short lifetime seems .that unQer these conquns, when photosynthesis is
(49, 50) that in view of the high-resolution X-ray structure almost !mpossmle, the cells are in a permanently quenched
(515 can now be explained by a TyChl charge separation state, similar to that of evergreens in freezing temperatures
reaction 60). A Trp—Chl or Tyr—Chl charge transfer in the winter (L5). Also, these organisms stay green, and

. ) o . cope with the deleterious effects of light by expressing large
mechanism could in principle also play a role in the amounts of PsbS and thus keep the membranes in a
guenching mechanism of IsiA aggregates.

_ _ _ permanently quenched state. So the basic function of IsiA
~ We note that IsiA aggregates do not explain the blue light- accumulation in cyanobacteria might be to protect the cells
induced NPQ observed BynechocystBCC 680323). The  against light, but at the same time to keep the cells green so

temperature-dependent quenching of steady-state fluoresthat they can resume growth again as soon as the stress
cence was in the long-term iron-depleted cells (Figure 4B) condition is relieved.

nearly identical with blue light and red light excitation (not

shown). The cells investigated in r28 were probably ina  REFERENCES
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