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Iron deficiency severely limits biomass production              Iron deficiency severely limits biomass production              
in otherwise nutrientin otherwise nutrient--rich habitatsrich habitats

Cyanobacteria still produce up to 40 % of the global biomassCyanobacteria still produce up to 40 % of the global biomass
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Iron deficiency often severely limits biomass production in otheIron deficiency often severely limits biomass production in otherwise nutrientrwise nutrient--rich habitats.rich habitats.

LoFeLoFe!!

0



Iron is an essential cofactor of the cyanobacterial electron traIron is an essential cofactor of the cyanobacterial electron transportnsport

[Fe[Fe--S]S]
HemeHeme

NonNon--hemeheme ironiron
[Fe[Fe--S]S]
HemeHeme

[Fe[Fe--S]S]

[Fe[Fe--S]S][Fe[Fe--S]S]

[Fe[Fe--S]S]
HemeHeme

HemeHeme

HemeHeme

HemeHeme

HemeHeme

HemeHeme



Expression of Idi and Expression of Idi and IsiIsi proteins in proteins in S. elongatusS. elongatus PCC 7942 PCC 7942 

Idi and Idi and IsiIsi proteins proteins accumulateaccumulate underunder
LoFeLoFe growth conditionsgrowth conditions



IdiA IdiA protectsprotects the the acceptoracceptor sideside of PS II of PS II againstagainst oxidative stress,                       oxidative stress,                       
especiallyespecially whenwhen thisthis stress stress isis causedcaused byby ironiron--deficientdeficient growth conditionsgrowth conditions..

Acclimation to iron starvation Acclimation to iron starvation –– Part I: IdiAPart I: IdiA

Model of IdiA function in Model of IdiA function in S. elongatusS. elongatus PCC 7942PCC 7942

Lax et al., 2007Lax et al., 2007



ConturedContured versionversion of a PSof a PS II--IsiA IsiA ssuperuperccomplexomplex fromfrom S. elongatusS. elongatus PCC 7942PCC 7942

Acclimation to iron starvation Acclimation to iron starvation –– Part II: IsiAPart II: IsiA

Boekema et al., 2001Boekema et al., 2001

IsiA has been assigned different functions besides the formationIsiA has been assigned different functions besides the formation of an membraneof an membrane--integral integral 
Chl aChl a--containing lightcontaining light--harvesting antenna around trimeric PS I complexes of harvesting antenna around trimeric PS I complexes of LoFeLoFe cells.cells.



Identification of Identification of idiCidiC/IdiC/IdiC inin S. elongatusS. elongatus PCC 7942 PCC 7942 

•• The gene The gene idiCidiC containscontains no no detectabledetectable transcriptionaltranscriptional start start oror terminationtermination sitessites..

Properties of Properties of idiCidiC/IdiC/IdiC

•• The gene The gene idiCidiC isis partpart of the of the ironiron--regulatedregulated idiBidiB operon operon togethertogether with with idiBidiB and and orf6orf6. . IdiBIdiB
encodesencodes the transcription the transcription factorfactor of of idiA idiA andand orf6orf6 encodesencodes a a yetyet uncharacterizeduncharacterized protein.protein.

•• The gene The gene idiCidiC consistsconsists of 561 of 561 bpsbps and and overlapsoverlaps byby 3 3 bpsbps with the with the upstreamupstream orf6orf6. . 

•• The gene The gene idiCidiC encodesencodes a a solublesoluble protein of 20.5 kDa, a pI of 9.17 (18 D/E and 24 R/K).protein of 20.5 kDa, a pI of 9.17 (18 D/E and 24 R/K).

•• All All attemptsattempts to insertionally to insertionally inactivateinactivate idiCidiC byby interposon interposon mutagenesismutagenesis createdcreated
merodiploid merodiploid mutantsmutants..



IdiCIdiC--similar proteins are present in:similar proteins are present in:
•• S. elongatus S. elongatus PCC 6301PCC 6301
•• S. elongatus S. elongatus JAJA--33--3AB3AB
•• S. elongatus S. elongatus JAJA--22--3BA (23BA (2--13)13)
•• Anabaena variabilisAnabaena variabilis
•• AnabaenaAnabaena PCC 7120PCC 7120
•• Trichodesmium erythraeumTrichodesmium erythraeum

•• NodulariaNodularia spumigenaspumigena
•• LyngbiaLyngbia sp. PCC 8106sp. PCC 8106
•• Nostoc punctiformeNostoc punctiforme
•• CrocospheraCrocosphera watsonii watsonii WH 8501WH 8501
•• Gloeobacter violaceusGloeobacter violaceus PCC 7421PCC 7421
•• Thermosynechococcus elongatusThermosynechococcus elongatus BPBP--11

IdiC IdiC isis a a thioredoxinthioredoxin--like [2Felike [2Fe--2S] ferredoxin2S] ferredoxin

IdiC has similarity to NuoE of the IdiC has similarity to NuoE of the E. coli E. coli NDHNDH--1 complex1 complex



Model of Model of IdiCIdiC--mediatedmediated photosyntheticphotosynthetic cycliccyclic electronelectron transporttransport
aroundaround PS I in PS I in S. elongatusS. elongatus PCC 7942 PCC 7942 

NOTE: NOTE: S. elongatusS. elongatus PCC 7942 contains neither a PCC 7942 contains neither a 
ssr2016ssr2016-- nor a nor a slr1206slr1206--similar gene (Matthijs 2005).similar gene (Matthijs 2005).



Acclimation to iron starvation significantly alters cellular eleAcclimation to iron starvation significantly alters cellular electron transport activitiesctron transport activities

Physiological Physiological consequencesconsequences of of acclimationacclimation to to LoFeLoFe
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Transcript profiling with Transcript profiling with S. elongatusS. elongatus PCC 7942 WT,                               PCC 7942 WT,                               
the IdiBthe IdiB--free mutant K10, and the free mutant K10, and the idiCidiC--merodiploid mutant MuDmerodiploid mutant MuD

•• The The IdiBIdiB--freefree mutantmutant doesdoes notnot express IdiB express IdiB butbut still still containscontains
high high amountsamounts of IdiC of IdiC underunder ironiron--limitinglimiting growth conditions.growth conditions.

•• The The absenceabsence of IdiB of IdiB preventsprevents expressionexpression of IdiA.of IdiA.

•• The The idiCidiC--merodiploidmerodiploid mutantmutant MuD has MuD has severelyseverely reduced reduced 
concentrationsconcentrations of IdiA, IdiB, and IdiC.of IdiA, IdiB, and IdiC.



TranscriptTranscript profilingprofiling of of S. elongatusS. elongatus PCC 7942                                    PCC 7942                                     
with an with an oligonucleotideoligonucleotide--basedbased DNA microarray DNA microarray approachapproach



TranscriptTranscript profilingprofiling of of S. elongatusS. elongatus PCC 7942 PCC 7942 vs.vs. LoFeLoFe cellscells
identifiedidentified sixsix ironiron--reponsivereponsive genomegenome regionsregions
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The The irpABirpAB operon and soperon and somB(1)omB(1)
areare transcribedtranscribed in in elevatedelevated amountsamounts underunder LoFeLoFe

irpAirpA:: MembraneMembrane--associated ironassociated iron--regulated protein A with regulated protein A with 
miscellaneous function.miscellaneous function.

5252--fold increasefold increase
7.57.5--fold increasefold increase 2323--fold increasefold increaseWT 24 h WT 24 h LoFeLoFe::

irpBirpB:: Multiheme Multiheme cc--type cytochrome with two hemetype cytochrome with two heme--binding sites. binding sites. 
Heterologous expression causes immediate growth arrest!Heterologous expression causes immediate growth arrest!

somBsomB:: Outer membrane protein, which probably forms porinOuter membrane protein, which probably forms porin--like                              like                              
ßß--barrel structures and which might also connect to the Sbarrel structures and which might also connect to the S--layerlayer..



The The futfut operon operon isis expressedexpressed in in elevatedelevated amountsamounts underunder LoFeLoFe

fut fut operon:operon: Ferric iron uptake transport system and is Ferric iron uptake transport system and is 
widely distributed in different genera of cyanobacteria. widely distributed in different genera of cyanobacteria. 

22--fold increasefold increase55--fold increasefold increaseWT 24 h WT 24 h LoFeLoFe::

mapAmapA:: MapA partly resembles periplasmic soluteMapA partly resembles periplasmic solute--binding binding 
proteins and thus, is likely to belong to the Fut system or proteins and thus, is likely to belong to the Fut system or 
another iron uptake system.  another iron uptake system.  



LoFeLoFe inducesinduces expressionexpression of a of a novelnovel iron transporteriron transporter

ftr1ftr1:: Ftr1 is part of a highFtr1 is part of a high--affinity ferrous iron transporter first affinity ferrous iron transporter first 
identified in yeast. identified in yeast. 

44--fold increasefold increaseWT 24 h WT 24 h LoFeLoFe::



The The suf suf operon operon isis transcribedtranscribed in in elevatedelevated amountsamounts underunder LoFeLoFe

sufsuf operon:operon: The The suf suf operon encodes an [Feoperon encodes an [Fe--S] assembly system. SufR is the transcriptional S] assembly system. SufR is the transcriptional 
repressor of the repressor of the sufsuf operon.              operon.              

22--fold increasefold increase

33--fold increasefold increase

22--fold increasefold increase

WT 24 h WT 24 h LoFeLoFe::

ftrCftrC: : FtrC corresponds to the catalytic FtrC corresponds to the catalytic ßß--SU of the SU of the Fdx:TrxFdx:Trx reductase.                                                reductase.                                                 

merRmerR: : MerR is the transcriptional regulator of the mercury resistance MerR is the transcriptional regulator of the mercury resistance operon.operon.



isiABC isiABC areare transcribedtranscribed in in elevatedelevated amountsamounts underunder LoFeLoFe

isiAisiA:: IsiA, the iron starvationIsiA, the iron starvation--inducible CP43inducible CP43’’ analog protein analog protein 
modifying  PS I complexes during selected stress conditions.    modifying  PS I complexes during selected stress conditions.    

6868--fold increasefold increase6262--fold increasefold increase2626--fold increasefold increaseWT 24 h WT 24 h LoFeLoFe::

isiBisiB: : Flavodoxin, which substitutes for the loss of ferredoxin in the Flavodoxin, which substitutes for the loss of ferredoxin in the 
course of  iron starvation.course of  iron starvation.

isiCisiC:: IsiC, a putative hydrolase with a typical IsiC, a putative hydrolase with a typical ßß--fold. Its function fold. Its function 
remains enigmatic.                                              remains enigmatic.                                              



The The idiidi genes genes areare transcribedtranscribed in in elevatedelevated amountsamounts underunder LoFeLoFe

idiAidiA:: Iron deficiencyIron deficiency--induced protein A, which protects induced protein A, which protects 
the acceptor side of PS II against ROS.                         the acceptor side of PS II against ROS.                         

7575--fold increasefold increase1919--fold increasefold increase

1212--fold increasefold increase

1818--fold increasefold increase
WT 24 h WT 24 h LoFeLoFe::

idiBidiB:: HTH transcriptional activator of HTH transcriptional activator of idiAidiA and the IdiB and the IdiB 
regulon.                                                     regulon.                                                     

idiCidiC:: (Fe(Fe--S) thioredoxinS) thioredoxin--like ferredoxin with similarity to like ferredoxin with similarity to 
NuoE. NuoE. 

orf6orf6:: 10 kDa hypothetical protein with miscellaneous 10 kDa hypothetical protein with miscellaneous 
functionfunction.                                                               .                                                               



AcclimationAcclimation to to LoFeLoFe changeschanges acetateacetate metabolismmetabolism

33--fold increasefold increase
55--fold increasefold increaseWT 24 h WT 24 h LoFeLoFe::

pgam:pgam: Phosphoglycerate kinase catalyzes the Phosphoglycerate kinase catalyzes the 
conversion of 3conversion of 3--phosphoglycerate (3phosphoglycerate (3--PGA) to        PGA) to        
22--phosphoglycerate (2phosphoglycerate (2--PGA). PGA). 

ackA:ackA: Acetate kinase A catalyzes the formation                Acetate kinase A catalyzes the formation                
acetate and ATP from acetyl phosphate and ADP. acetate and ATP from acetyl phosphate and ADP. 



AcclimationAcclimation to to LoFeLoFe affectsaffects majormajor componentscomponents of of electronelectron transporttransport

PS I:PS I:
psaK1 psaK1 (0.49x)(0.49x)
psaK2psaK2 (0.53x)(0.53x)
psaL psaL (0.56x)(0.56x)
psaI psaI (0.50x)(0.50x)

Cyt Cyt bb66//ff::
petA petA (0.47x)(0.47x)
petC petC (0.48x)(0.48x)
petJpetJ (0.48x)(0.48x)

PS II:PS II:
psbO psbO (0.52x)(0.52x)
psbTpsbT (0.46x)(0.46x)

NDHNDH--1:1:
ndhDndhD (6.15x)(6.15x)

PBS:PBS:
apcE apcE (0.50x)(0.50x)
apcIapcI (0.42x)(0.42x)
cpcAcpcA (3.14x)(3.14x)

Cyt Ox:Cyt Ox:
cydAcydA (2.08x)(2.08x)
ctaE ctaE (2.20x)(2.20x)
ccoN ccoN (1.92x)(1.92x)

FldFld::
isiB isiB (61.82)(61.82)

NN--Assimilation:Assimilation:
gifBgifB (3.29x)(3.29x)

Acetate metabolism:Acetate metabolism:
ackA ackA (5.03x)(5.03x)
nat nat (4.74x)(4.74x)
pgam pgam (3.05x)(3.05x)

Stress proteins:Stress proteins:
htpG htpG (2.33x)(2.33x) sodB sodB (4.00x)(4.00x) hliC hliC (3.61x)(3.61x) somA1 somA1 (15.00x)(15.00x)
groL groL (2.03x)(2.03x) katG katG (0.48x)(0.48x) mthmth (0.21x)(0.21x) somB1somB1 (15.00x)(15.00x)
groS groS (2.27x)(2.27x) nblA nblA (2.66x)(2.66x) somB2somB2 (0.50x)(0.50x)

SelectedSelected differentiallydifferentially--regulatedregulated transcriptstranscripts in WT in WT growngrown underunder LoFeLoFe



IdiBIdiB--bindingbinding sitesite consensusconsensus sequence sequence 

Members of the IdiB regulon:Members of the IdiB regulon:

irpAirpA ftr1ftr1 idiAidiA pgampgam
irpBirpB ackAackA
somBsomB
somAsomA

Comparative transcript profiling of the IdiBComparative transcript profiling of the IdiB--free mutant free mutant vs.vs. WT WT 
identified novel members of an IdiB regulonidentified novel members of an IdiB regulon



TranscriptTranscript profilingprofiling of MuD of MuD vsvs. WT . WT growngrown for 72 h for 72 h underunder LoFeLoFe

Reduced cellular IdiC Reduced cellular IdiC concentrationsconcentrations predominantlypredominantly
affectaffect transcriptstranscripts encodingencoding proteins of the proteins of the photosyntheticphotosynthetic apparatusapparatus

Transcripts specifically affected by the Transcripts specifically affected by the 
reduced amounts of IdiC in mutant MuDreduced amounts of IdiC in mutant MuD

psbBpsbB (0.54x)(0.54x) apcAapcA (0.26x)(0.26x) isiAisiA (11.00x)(11.00x)
psbCpsbC (0.46x)(0.46x) apcB1apcB1 (0.48x)(0.48x) isiBisiB (5.06x)(5.06x)
psbTpsbT (0.46x)(0.46x) apcB2apcB2 (0.37x)(0.37x) isiC isiC (8.64x)(8.64x)

cpcAcpcA (0.46x)(0.46x)
psaA psaA (0.43x)(0.43x) cpcB1cpcB1 (0.28x)(0.28x)
psaB psaB (0.38x)(0.38x) cpcB2 cpcB2 (0.29x)(0.29x)
psaC psaC (0.35x)(0.35x)
psaJ psaJ (0.29x)(0.29x) cpcI1cpcI1 (0.23x)(0.23x)
psaL psaL (0.30x)(0.30x) cpcI2cpcI2 (0.36x)(0.36x)

petD petD (0.50x)(0.50x) cpcHcpcH (0.25x)(0.25x)
cpcGcpcG (0.48x)(0.48x)

ctaA ctaA (2.17x)(2.17x)
rub rub (2.04x)(2.04x) dxrdxr (0.48x)(0.48x)

•• The PS The PS II--modifyingmodifying reactions reactions areare likelylikely to to bebe
alteredaltered in the in the idiCidiC--merodiploidmerodiploid mutantmutant..



Reduced amounts of IdiC affect regulation of IsiA expressionReduced amounts of IdiC affect regulation of IsiA expression

24 h growth24 h growth
48 h growth48 h growth
72 h growth72 h growth

77 K 77 K pigmentpigment fluorescencefluorescence of WT and the of WT and the idiCidiC--merodiploidmerodiploid mutantmutant MuDMuD
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SummarySummary –– Part IPart I

The adaptational The adaptational responseresponse to iron to iron starvationstarvation

1.1.

2.2.
3.3.

4.4.

5.5.

2.2.



SummarySummary –– Part IIPart II

Transcript profiling of WT identified six chromosomal regions wiTranscript profiling of WT identified six chromosomal regions with genes arranged in th genes arranged in 
sequence that are upsequence that are up--regulated under regulated under LoFeLoFe::

irpA/BirpA/B region: encoding an iron uptake systemregion: encoding an iron uptake system
fut fut region: encoding an iron uptake system region: encoding an iron uptake system 
sufsuf region: encoding an [Feregion: encoding an [Fe--S] assembly systemS] assembly system
isiA/B/C isiA/B/C regionregion:: encoding  electron transport modifying proteinsencoding  electron transport modifying proteins
idiA/B/CidiA/B/C region: encoding electron transport modifying proteins and a trregion: encoding electron transport modifying proteins and a transcription factoranscription factor
ackA/pgamackA/pgam region: encoding enzymes of acetate synthesis (ATP synthesis siregion: encoding enzymes of acetate synthesis (ATP synthesis site)te)

Transcript profiling of the IdiBTranscript profiling of the IdiB--free mutant identified of novel members of an IdiB regulon:free mutant identified of novel members of an IdiB regulon:

idiAidiA, , irpAirpA, , irpBirpB, , somB(1)somB(1), , somA,somA, ftr1ftr1, , ftrCftrC, , ackAackA, and , and pgampgam..

Transcript profiling of the Transcript profiling of the idiCidiC--merodiploid mutant MuD showed that merodiploid mutant MuD showed that LoFeLoFe combined w/         combined w/         
low IdiC concentrations predominantly resulted in a higher decrelow IdiC concentrations predominantly resulted in a higher decrease of the steadyase of the steady--state            state            
level of transcripts encoding proteins of the photosynthetic applevel of transcripts encoding proteins of the photosynthetic apparatus aratus –– especially of PS I.especially of PS I.
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