Final report (NKFI PD-112047)

Chloroplast iron homeostasis: The iron uptake machmery of chloroplasts

Chloroplasts are the organelles of prime importandée intracellular iron (Fe) metabolism
of plants. Since only pieces of information wereyously available on the Fe uptake and
metabolism of chloroplasts that contain 90% of sheot Fe, the closing project intended to
shed more light on the mechanism and regulatiochtefroplast Fe homeostasis. It aimed to
reveal the mechanism of action of chloroplast Fguesition machinery and its alterations
under Fe starvation. Our investigations focusedhenchemical forms of Fe used iasvivo

substrate in the uptake process, on the organisatid transcription level regulation of the Fe
uptake machinery of chloroplast envelopes undetirfgation and excess of Fe and the

interaction of the chloroplast Fe uptake to thespnee of other heavy metals.

Natural substrates of the chloroplast iron uptake nachinery

Among the most important open questions, first weeehinvestigated the f&-complex
preference of chloroplast Fe uptake system. Siedhaer there are literature information on
thein vivo chemical from of iron present in the cytoplasme(doncentration of iron is lower
than the threshold of techniques such as Mdsskbepestrometry that are sensitive to the
microenvironment of iron), nor there can be foumg anethods of cytoplasm isolation that
guarantee the unchanged iron microenvironment, itieerect (chloroplast iron form

preference-based) determination of thisivo form is the only way to get valid information.

Theoretically, ferric iron can be complexed by camic acids such as citrate or carbonic
amino acids, such as nicotianamine in the cytopla&ie have selected to test the uptake of
Fe'"_citrate 1:1.1, F& -citrate 1:10, F&"citrate 1:100, F& -malate 1:1.1 (carbonic acid
complexes), F& -nicotianamine (NA) 1:1.2 (carbonic amino acid cdexp, and F&"- 0-0'-
EDDHA (synthetic N-containing chelate). Since NAaiso reported previously to form stable
complexes with ferrous iron, feNA 1:1.2 complexes were also included into theakpt
assays. F&¥-NA was prepared from a mixed 0.1 M Fe(§y> FeC} solution by adding NA

in small quantities together with the balance efpi to 7.5 by KOH. F&-NA solution was
prepared on a similar way using FeSe€blution (containing 100% Fe(ll) according to

Mossbauer spectroscopy tests). The characteriefigeon-NA complexes were tested by



Mossbauer spectroscopy at 80 K to prove their yulit a frame of a cooperation, the
characteristics of the iron-NA complexes were aésied by helium temperature Méssbauer
spectroscopy in a magnetic field by Krisztina Kavd@institute of Chemistry, E6tvds Lorand
University), Jii PechouSek, Libor Machala and Radek b@epartment of Experimental
Physics and Physical Chemistry, Palacky Universizech Republic) to reveal its structure.

To test the iron substance preference of chlortglastact chloroplasts were isolated. The
integrity of chloroplasts was checked by an immuobbased measurement of RbcL (soluble
protein) to apoLhcll (thylakoid membrane proteia)io. We could certify that the intactness
of chloroplasts was over 85% in all measuremerits: gurification of intact chloroplasts
resulted in intactness of 96.8+£8.3% (Class 1) @n81%.8% (washed chloroplasts), where the
incubation during the uptake assays did not réssutie decrease of the intactness.

The uptake form ferric-carbonic acid complex sosraea ratio of low complexing compound
to iron was significantly higher (E8-citrate 1:1.1: 36.0+5.4 amol Fe riirchloroplast;
Fe'")-malate 1:1.1: 19.6+9.1 amol Fe rlichloroplast) compared to that complexes and
chelates where Fe also binds to N ligandd$"¢Feicotianamine 1:1.2: 7.1+0.0 amol Fe fhin
chloroplast; Fé"- 0-0’-EDDHA: 2.1+3.3 amol Fe mihchloroplast), but also compared to
that complexes, where the ratio of the complexitgte was high to iron (K& -citrate 1:10:
6.4+6.9 amol Fe mih chloroplast). Fine-scale uptake measurements indicated, liea¢ tis
possibly a double saturation for ®ecitrate uptake (first predicted saturation in t2&-40
uM external Fe range at 12.1+0.8 amol Fe nihloroplast and second assumed saturation
in the 100-25QuM external Fe range at 36.7+1.1 amol Fe tnihloroplast), similarly as it
was found previously for chloroplast ferric chelatadoreductase enzyme activity (Sadt

al. 2014.New Phytol. 202: 920 Data were presented on thé"lIBternational Symposium on
Iron Nutrition and Interactions in Plants, Madrfgpain (2016), and on the EPSO/FESPB
2016 Congress, Prague, Czech Republic (2016), ®8%Global Summit on Plant Science,
Rome, Italy (2017), and on the”lZ:ongress of the Society for Hungarian plant Biglog
Szeged, Hungary (2017). A manuscript, in writinggst “Mduller B, Kovacs K, Pham HD,
Halasz K, Kavak Y, Pechousek J, Machala L #loR, Fodor F, Klencsar Z, Solti A: Iron
uptake of chloroplasts prefers ferric-citrate owen-nicotianamine complexes Brassica
napus is planned to submit to New Phytologist.

Natural and biodegradable iron complexe<'tFbgnosulphonate; ¥ -EDDS; F&"-IDHA;
Fe'""-gluconate) along with chelates of high stabilitye”- 0-o-EDDHA) were also



involved into utilisation assays in order to findeap and biodegradable iron fertilisers. The
reduction of F&"-EDDS and F¥"-IDHA biodegradable chelates was effective, whereas
natural complexes proved to be inert in a ferrielate reductase assay. In contrast, iron
deficiency alleviation experiment indicated thateothe widely-used K&- o0-o-EDDHA
chelate, natural iron substanced"#dignosulphonate and F&-gluconate are also effective
substrates of the iron uptake system. Data werdisheil in: Martin-Fernandez C, Solti A,
Czech V, Kovacs K, Fodor F, Géarate A, Hernandezedara L, Lucena JJ (2017) Response
of soybean plants to the application of synthetid diodegradable Fe chelates and Fe

complexesPlant Physiology and Biochemistry 118: 579-588.

Chloroplast ferric chelate reductase (cFRO - ifiedtias AtFRO7 inArabidopsi$ is an
enzyme of essential function in the chloroplash inptake. Previously, the enzyme kinetics of
cFRO was determined using a synthetic chelatd) f#DTA (Solti et al. 2014.New Phytol.
202: 920. Since F&"-citrate, and all other ferric-carbonic (amino-Jcacomplexes react
with NADPH very fast at pH 7.0, the only way to meee the ferric chelate reductase (FCR)
activity against natural complexes is the encloghgNADPH into inner envelope vesicles.
Nevertheless, the incorporation of both NADPH aWdFcoenzymes into chloroplast inner
envelope vesicles by freezing, thawing and waspeglgting by ultracentrifugation at 25.00
rpm for 75 min resulted in a sharp decrease iretieyme activity against f8-citrate 1:1.1.
This decrease prevented us to measure the FCRtyatsing potential natural substrates.
Since the NADPH binding site of the enzyme locatethe stromatal surface of the protein,
the reason for this decrease can be only expldnyethe inhibiting role of the removal of
FAD from the external solution (equivalent to tikermembrane space of the chloroplasts).
This finding let us hypothesize that a similar mredbm may operate at the cFRO level as it
was shown by Sisé-Terrazd al (2016,New Phytol. 209: 733-745n relation with the root
FCR enzyme: flavin derivatives may have a rolenmrieduction of ferric iron. To clarify this
phenomenon we are continuing our investigatiors frame of our recently starting research

grant.

Impact of the iron nutrition on the organisation and function of the chloroplast iron
uptake machinery

The iron nutrition status of plants is well knovanregulate the root iron uptake from the soil:

in the reduction-based strategy-| iron uptake, eprivation induces a strong enhancement



on the iron uptake system. Such a regulation wagkmmwvn at chloroplast level before. In the
iron uptake of chloroplasts, the most important porents known so far are the cFRO
(identified at gene and transcript levelsBag-ro7 [Bra037953 in Brassica napus and two
transport-related membrane proteins, PIC1 (idedtifasBnPicl [Bra036409) and NiCo
(identified asBnNico [Bra037287). Here, we studied (i) the changes in the expoessf
these genes during the development and aging wédeand (ii) the iron uptake as well as the
(i) inner envelope FCR activity of the chloropigssolated from leaves grown under iron
deficiency (grown on Fe deficient nutrient solutibpom the 4-leaves stage in the presence of
CaCQ), optimal (grown on 2@M Fe"-citrate) and superoptimal (grown on non-toxic: 100

uM Fe'Vcitrate from the 4-leaves stage) iron nutritiomditions.

In Brassica napusAtFro7 was determined to have a single ortholog cdpryro7) in the A
genome parenBrassica rapa(Bra037953 EST sequence homology is >85%), whereas no
close ortholog was found in the C genome parBragsica oleraceasequences so far. To
follow the changes in the expressionRiiFro7 gene, primers were designed based on the
Brassica Date Base (brassicadb.org). To validate qirantitative real-time-PCR (qPCR)
results, expression oR-tubulin [accession numberXM _009125342]1 and 18S rRNA
[accession numbeKT225373 was also studied. Among these reference genes,rR8IA
and3-tubulin were found to be stable under changesenirion nutrition level based on total
guantification of copy ssDNA measurements, thusused them for normalisation of the
genes of interest.

Primers were designed and optimised for the exjmsanalysis. The following primer
sequences were found to be optimal for the expmessinalysis: BnFro7: forward:
GGTGTTCGCTAAGAAGAAGATATCG, reverse: GTCAAGATCCCTCAIGTATATGC,;
BnPicl forward: TGCGGTCACTACTCTTGC, reverse: GATGGTGGCICCTCTTC,;
BnNica forward: CTTCCGCCACAATCCTTC, reverse: CATAACTCCBCGATCC. For
18S rRNA andi3-tubulin internal control gene, the following prirsewere used: forward:
GCATTCGTATTTCATAGTCAGAGGTG, reverse: CGGAGTCCTAAAAGAACATCC
and forward: TCSATCCAGGARATGTTCAGG, reverse:
ACTCTGCAACAAGATCATTCATG, respectively.

The expression dBnFro7 was strongly dependent on the iron nutrition staalthough the
expression did not altered significantly under ideficiency compared to that of in plants of
optimal iron nutrition, the superoptimal iron ntibh decreased its expression significantly
(on the 14 day of treatment, the relative expression BriFro7 was: 1.038+0.008;



1.000+0.163; 0.667+0.144 in leaves grown under deficiency, optimal iron nutrition and
superoptimal iron nutrition, respectively). A peakpression was found in both leaves of iron
deficient and control (optimal iron nutrition) ptanat the % day of treatment. A strong
correlation was found between the iron contenthddroplasts and the expressionBfFro7.
whereas low chloroplast iron contents showed atipescorrelation to the expression of
BnFro7in leaves of iron deficient and control plantsX&9; R=0.53 and a=3.00;%0.84 in
leaves of iron deficient and control plants, resipety), it proved to be a negative regulator
under the excess of iron (a= -3.23*=R.68). In contrast to the changes in the exprassio
pattern, ferric chelate reductase (FCR) activity tbe isolated chloroplast envelope
membranes was more sensitive to iron deficiencyr BE€tivity of membrane vesicles isolated
from Brassica napudeaves grown under optimal iron nutrition showedimilar double
saturation that was published before Beta vulgaris Ky;=39.4+1.5 uM external Fe;
Vsari=7.9+0.2 pmol Fe mih protein® and K,=97+0,9 : M external Fe:sy=10.9+1.3 pmol
Fe min' protein’, whereas FCR activity of chloroplast inner envelopembrane vesicles
isolated from iron deficient leaves showed a sirsgieiration with 15=26.9+6.9 uM external
Fe and v,=4.8+0.2 pmol Fe minh protein®. Since the FCR activity decreased significantly
but theBnFro7 expression remained unchanged under iron defigjemgost-translational
level regulation is predicted for BnFRO7. Supenmyati iron nutrition also decreased the FCR
activity (Ky=11.620.8 and pM external Fe ang,%5.2+1.3 pmol Fe min proteir’) in
parallel to the decreaseBnFro7 expression that support the hypothesis that isarga
chloroplast iron content is a feedback regulatewtdr of their iron uptake machinery.

In our previous studies we have pointed out that neduced in the chloroplast FCR activity
does not accumulate between the two envelope maedthat suggests cooperation between
FRO7 and the iron uptake transporters. Thus, we stisdied the expression and amount of
PIC1 and NiCo. In the expression profile analy$iBiPiclandBnNicogenes, two storeys of
leaves: 4 leaves (grown before the start of treatments) @hdeaves (grown under the
treatments) were involved. As for different irontmtional level treatments, iron deficiency,
optimal iron supply and excess of iron were appli€de detailed expression analysis of
BnPiclandBnNicorevealed that all of these genes change their sgijore in parallel to the
development of the leaves. All of them reachedrtkegpression maxima when the leaves
reached their full development (maximal area): atbthe 14' day of treatment for'4leaves
and around the 2days of treatment for thé"8eaves. After these maxima, expression of all
genes under all treatments decreased. Iron deficienduced an enhancement in the

expression of both genes genes, where this enhamtemere more pronounced il Baves



compared to the oldef™4eaves. In contrast, the iron stress treatmersezhno alteration in
the peak expression, but the level of expressionndit decreased during the aging of the
leaves.

In parallel to the analysis of changes in the esgioe ofBnPiclandBnNicoduring the leaf
development and aging and under different ironitor status of the plants, the protein
amount of BnPIC1 and BnNiCo were also studied. étlaboration with Prof. Katrin
Philippar (Sarland University, Saarbriicken, Germamg received antibodies against these
target proteins. Total leaf proteins were solubdisand subjected to immunoblot against
rabbit anti-PsPIC1 and anti-PsNiCo. As for nornalan, immunoblot against AtRbcL, and
measurement of total protein content were usedh Bo#" and &' leaves, the tendency of
changes in the expression BhPicl and the amount of BnPIC1 were similar that the
expression/protein amount increased during the Idpaeent of leaves but decreased after
reaching their full size/during aging and by ther@ase of the iron nutrition status, the
enhancement in the expression/protein accumulatemmeased. Only we find differences in
the timing of the peak expression/peak protein arhdn the 4' leaves, it was found at the
21-28"and 14" days of the treatments, respectively, and in fhde@ves 1%-21% and 28'
days of treatments, respectively. This patternhainges also suggests post-translational level
regulation of the accumulation of PIC1 proteinshia chloroplast inner envelope membranes.
In contrast, in the expression BiNicoand the protein amount of BnNiCo we found différen
tendencies of changes in th8 and &' leaves. Changes in the iron nutrition levels did n
altered the expression profile BhiNicoamong the treatments significantly: it increaseman
or less continuously during the time of treatmemtsereas its protein level showed a clear
sensitivity to the iron nutrition status and foutal be the highest under iron deficiency.
Moreover, in & leaves, the expression BhNico showed sensitivity to the iron nutritional
status and decreased by the increasing iron rautritt clearly showed an expressional peak
during the 21 — 28" days of treatments. However, the amount of BnNiCthe 6" leaves
was the highest under superoptimal iron nutritiod decreased strongly by the decrease of
the iron nutrition. These differences also suppiwettheory thaBnNico stays under a strong
post-translational level regulation.

Iron deficiency resulted in a significant decreamsthe iron uptake of chloroplasts (saturating
iron uptake was 0.211+0.015 fmol Fe chloroptashereas 2.307+0.446 fmol Fe chloropfast
at 150uM external Fe during 30 min in chloroplast of pgrown under iron deficient and
optimal iron nutrition conditions). The detailed aserements indicated that the uptake of

chloroplasts of iron deficient plants showed a deukaturation with I;=23.0+0.9 uM



external iron with saturating uptake of 0.132+0ffibl Fe chloroplast and Ky,=46.6+3.3
uM external iron with saturating uptake of 0.210A2Gmol Fe chloropladt(Ky of the iron
uptake of control chloroplasts wasy¥43.7+1.9uM external iron). Under iron excess, the
iron uptake of chloroplasts also decreased whexes#tturating chloroplast iron uptake was
0.960+0.010 fmol Fe chloroplasat 150uM external Fe during 30 min, J&29.2+0.6uM

external iron.

To address these changes in the expression ofhtbeoplast iron uptake related genes, the
iron content of the chloroplasts and the excitaterergy allocation of the leaves were
measured. Iron deficiency treatment induced 40 B0 decrease in the chloroplast iron
content in the % and &' leaves, respectively. Interestingly, the chlorsplee content also
showed 7-8% decrease in bothahd &' leaves under superoptimal iron nutrition, indicgti
that iron does not accumulate in the chloroplastshe form of ferritin. By immunoblot
against AtFER1-4 we also got negative results unidem excess treatment. Satellite
immunoblot measurements for the detection of pfaamtitin in various plant tissues revealed
that under non-toxic iron nutrition, Ferritin caa bnly detected from the root branching zone
whereas no Ferritin apoprotein was found in ropt seed and leaf homogenate samples
according to the immunoblot data. Data were publisim: Kovacs K, Pechousek J, Machala
L, Zbatil R, Klencsar Z, Solti A, Téth B, Miiller B, PhamIH Krist6f Z, Fodor F (2016)
Planta 244: 167-179

The Fe content of the chloroplasts of control and deficient leaves (both in th& 4nd the

6" leaves) showed decreasing iron content after ¢aees reached their full development
(14" and 2% days of treatment for"4and & leaves, respectively). Since the chlorophyll
content did not changed significantly in this pdrid is unlikely that this decrease happened
because of the multiplication of the chloropladtéore likely, the iron content of the
chloroplasts mobilised and re-translocated. Howewsrder superoptimal iron nutrition
treatment, a significantly smaller decrease wassored in the chloroplast Fe content. The
actual quantum efficiency of the photosystem lictieen centres decreased in parallel to the
Fe content of the leaves during the aging. Nevkrsise this was not observed under Fe
surplus, and the leaves retained the photosystatulal quantum efficiencies, together with
the Fe content of the chloroplasts. Parallel chanigethe amount of BnPIC1, in the
chloroplast iron content and in the physiologicetivaty indicate that there may be an iron

release from the chloroplasts in connection withdenescence processes.



Data were presented on theé"liBternational Symposium on Iron Nutrition and haetions

in Plants, Madrid (2016), on the 8th Symposium omrrbhlgae and Seaweed Products in
Plant/Soil Systems, Mosonmagyarévar, Hungary (28 on the 12 Congress of the
Society for Hungarian plant Biology, Szeged, Huygé017). A manuscript: “Pham HD,
Miller B, Szenthe K, Polya S, Fodor F, Tamas LtiShl Leaf age and iron nutrition level
affects PIC1 and NiCo, members of the chloroplash iuptake machinery imBrassica
napus” is tended to be submitted to Functional Plargi®yy. A second manuscript: “Muller
B, Szenthe K, Gyuris B, Sagi-Kazar M, Pham HD, FdgoTamas L, Solti A: The regulative
role of the iron nutrition status on the expressiom function of chloroplast ferric chelate

oxidoreductase iBrassica napusis also under preparation from these results.

Cadmium treatment is a good model system that egluon deficiency in the shoot by
blocking root-to-shoot iron translocation and thimduces an iron accumulation in the roots
but the leaves remain iron deficient. By replacpignts from cadmium-free iron-enriched
nutrient solution, a synchronised iron uptake aadglocation occurs. To clarify the impact of
thein vivoiron uptake of iron deficient chloroplast, planisre regenerated from induced iron
deficiency and the chloroplast iron content was mooed together with the changes in the
content of photosynthetic pigments, thylakoid pigtaerotein complexes and the excitation
energy allocation in the photosynthetic apparaitas-enriched nutrient solution induced an
intensive iron uptake, translocation of iron to #teot with a short delay, and finally the
accumulation of iron in the chloroplasts. The aculation of complexes, particularly the Fe-
containing photosystem | reaction centres begapairallel with the increase in the iron
content of chloroplasts. In conclusion, iron waketa up and translocated to the leaves
incorporates into the chloroplasts in a short timke chloroplast iron uptake is directly
proportional to the iron translocation to leavefie Taccumulation of photosystem (PS) |
reaction centres and the recovery of PSII funcbegin in parallel to the increase in the Fe
content of chloroplasts. The initial reorganizat@nPSIl is accompanied by a peak in the
antennae-based non-photochemical quenching. Inluson, Fe accumulation of the
chloroplasts is a process of prime importance enrdcovery of photosynthesis. Data were
published in: Solti A, Sarvari E, Téth B, Mészatlpsodor F (2016) Incorporation of iron
into chloroplasts triggers the restoration of cadmiinduced inhibition of photosynthesis.
Journal of Plant Physiology 202: 97-106



Interaction of the chloroplast iron machinery to the presence of other heavy metals

Heavy metals are known to interact to the iron hostesis of plants at various levels,
including chloroplasts. Literature data on isolatdoroplast inner envelope membrane
vesicles showed that divalent transition metal oreti can competitively inhibit the
translocation of iron across the membrane (Shingled.; 2002;Plant Physiol 128: 1022
Since isolated chloroplast inner envelope vesicl®ot model the whole iron acquisition
machinery of the chloroplasts, we studied how tihesgnce of these metals alters the
chloroplast iron uptake. Isolated intact chlorofasere incubated in the presence of'Cd
Zn** and Mrf*in 200 or 500uM concentration (together with either @r SQ* counter
ions). The presence of oxoanions (NGBQ?", and BQ*) was also studied with Kcounter
ion. K+ and CI- did not affect the iron uptake dflaroplasts. Nevertheless, transition metal
cations (Cd', zr?*, and Mrf") enhanced, whereas oxoanions gNOSQ?", and BQ*)
reduced the chloroplast Fe uptake. The effect wsanisitive to diuron (DCMU), an inhibitor
of chloroplast inner envelope-associated Fe uptakelisrupted by ionophores that vanished
all transmembrane ion and electrochemical gradieme. inorganic salts affected neither the
microenvironment of iron in the uptake assay buffer those incorporated into the
chloroplasts. The significantly lower Zn and Mn algg compared to that of Fe indicates that
different mechanisms/transporters are involvedheirtacquisition. The enhancing effect of
transition metals on chloroplast Fe uptake is Viketlated to outer envelope-associated
processes, since divalent metal cations are knowinhibit F€* transport across the inner
envelope. Thus, a voltage-dependent step is prdposplay a role in Fe uptake through the
chloroplast outer envelope on the basis of therastihg effects of transition metal cations
and oxoaninons. Data were published in: Solti Ay&ss K, Miiller B, Vazquez S, Hamar E,
Pham HD, Téth B, Abadia J, Fodor F (20Pnta244: 1303-1313.

Since the presence of divalent heavy metals donhdits the chloroplast ion uptalke vivo
but has an enhancing effect, we also studied thegd#s in the iron content, photosynthetic
activity and antioxidative defence of chloroplasttihe hardening phase of chronic cadmium
stress. Satellite data on the role of the chlosipiieon accumulation in the hardening and
restoration of chronic cadmium stress were pubtisii@r invitation to Zeitschrift fur
Naturforschung C, Peter Bdger memorial issue: SAjtiSarvari E, Szolisi E, Téth B,
Mészaros |, Fodor F, Szigeti Z (2016) Stress hangeander long-term cadmium treatment is
correlated with the activation of antioxidative elete and the iron acquisition of chloroplasts

in Populus Zeitschrift fur Naturforschung C 71: 323-33%he results revealed thBbpulus



plants can acclimate to long-term cadmium stresslicated by the decrease in the
malondialdehyde content and the recovery of theéqdyothethic activity. Re-distribution of
the iron content of leaf mesophyll cells includimcrease in the iron content of the
chloroplasts contributed to the biosynthesis of fifetosynthetic apparatus and some
antioxidative enzymes. Elimination of oxidativeests damage by acclimation mechanisms is

required for the restoration of the photosynthapiparatus.

Copper is also predicted to interact to the irotake machinery of the chloroplasts as
competitor for the ferric chelate reductase enzy@athocuproine disulfonic acid (BCDS) is
an indicator of reduced cuprous ions but also gpastive sign in the presence of ferrous
ions. Nevertheless, according to our tests, therpisn spectrum of Cl+BCDS complexes
overlap to the spectrum of febathophenantroline disulfonic acid (BPDS) comptexus
taken together this phenomenon and competition derivthe ions for the BCDS chelator,
cupric and ferric chelate reductase assays ardait@lbe measured in a single assay on clE
membranes. Thus, the chloroplast copper and irtelkapvas measured instead. Cooperation
has been established with assoc. prof. Katalin ri&cRerényi (Department of Analytical
Chemistry, E6tvos Lorand University) to use flantenaic absorption in the detection of
copper taken up by chloroplasts in the presendeonf In the presence of iron, chloroplasts
took up a significant amount of copper, 17.7+4.0ob@u min' chloroplast at 150 pM
external Cl’-glycinate that is comparable to the metal upta&mfother sources such as Cd,
Zn and Mn (Soltiet al., 2016, Planta 244: 1303-131)3 whereas the iron uptake of
chloroplasts slightly decreased. In the presencBOofiM external CtY-glycinate and 150
uM Fe"_citrate, the iron uptake of chloroplasts decredse®0.0+3.2%. Nevertheless, at
low concentrations of K&, the presence of €¥induced a similar enhancement on the iron
uptake of chloroplasts that was also found in ttesg@nce of other divalent metals. At 25 pM
external F&"-citrate and 50 pM external €liglycinate, the iron uptake of chloroplasts was
enhanced by 58.5+10.1%. Thus, the presence 8} @gulates the chloroplast iron uptake,
but over the predicted competition for the ferfelate reductase enzyme, copper ions may
also interact to the iron uptake on a similar wagt twas found for other divalent metal ions.
Data were published as conference abstract in:aviBl] Horvath N, Zihné Perényi K, Tan G,
Kavak Y, Halasz K, Sagi-Kazar M, Gyuris B, FodorJalti A (2017) Copper interacts with
the iron uptake mechanism of chloropladts. Ordog V, Molnar Z (eds.) Book of Abstracts of
the 8th Symposium on Microalgae and Seaweed Produé&tlant/Soil Systems, p. 77.



Analysis of the composition of the chloroplast envepe membrane inBrassica napus

Pure winter chloroplast inner envelope (clE) membsawere isolated from all leaves of four
weeks old Brassica napusplants by gradient ultracentrifugation of rupturgdrified
chloroplasts in a ~1.5 mg dimension. Purity of ehtelE vesicles was tested based on the
amount of triose-phosphate translocator (CIE markerd main contaminant chloroplast
membrane markers (outer envelope TOC75, thylakbi€IL). The purity of the samples was
also tested by AtOEP16.1 PsIE37 in collaboratiothwrrof. Katrin Philippar (Saarland
University, Saarbriicken, Germany). clE vesiclesensubjected to two-dimensional (2D)
BlueNative(BN)/SDS polyacrylamide gel electrophtsed®AGE). Membrane solubilisation
was found to be optimal by applying 284lodecyl-maltoside. Complexes were separated in a
5-12% BN-PAGE gradient system.

BnFRO7 (BRA037953) protein is predicted to haveaetular weight of 83.310 kDa, thus
10-18% gradient SDS PAGE was applied to separatéatihjer molecular weight regions. By
the 2D separation of the clE membrane complexexybtained 33 major protein spots, 12 of
that were selected for protein sequencing. Praequencing was performed in collaboration
with Prof. Hong-Qing Ling (Chinese Academy of Sdes, Institute of Genetics and
Developmental Biology). Among proteins, translocanthe inner envelope membrane of
chloroplasts 55 (TIC55; AT2G24820.1), 54 kDa pwetmembrane protein (AT1G32080.1),
37 kDa S-adenosyl-L-methionine-dependent methydfexrases superfamily protein
(AT3G63410.1), translocon at the outer envelope brane of chloroplasts 75-IIl (TOC75;
AT3G46740.1), glucose-6-phosphate/phosphate treasiorelated transporter
(AT5G46110.2), chloroplast J-like domain 1 protefAT1G08640.1), plastidic GLC
translocator (AT5G16150.1) and ferredoxin-NADP(xjemreductase 1 (AT5G66190.2)

ortholog protein sequences were found.

Since we did not find BnFROY7 in the predicted regwe continued the work by the detailed
in silico analysis of theBrassica napushloroplast envelope membrane proteins to detect
differences amond\rabidopsisand Brassicaproteins. The envelope membrane proteins of
the Brassica napushloroplasts were also subjectedinosilico analysis according to the
Brassica Date Base. Orthologs of the yet identifieabidopsis thalianachloroplast envelope
membrane proteins were identified in Biassica napu#é and C parental genomed3rassica
rapa andBrassica oleracearespectively). 186 of the 246 investiga#abidopsis thaliana
proteins (75.6%) have orthologs80% sequence homology) Brassica rapaandBrassica



oleracea From these 186 sequences, 139 were found indestbme, 34 were found only in
the A genome and 13 were found only in the C genddaiss component analysis of the
sequence similarities showed that among A genoitelogs, the peak sequence similarity is
at 89.9%, whereas a secondary peak was found @%73his latter group can be excluded
from the homologs. Among the C genome orthologs,gbak was found at 88.4%. In the
Brassica A genome, 111, 45 and Afabidopsis thalianachloroplast envelope membrane
protein encoding genes have 1, 2 or 3 orthologpedively, whereas in the C genome, 104,
41 and 6 genes have, 2 or 3 orthologs. Concerriegchloroplast iron uptake related
envelope membrane protein genes, except that ab2\i@ll genes have a sequence homology
higher than 80% in th®rassicagenome. Data were presented on th& Iernational
Symposium on Iron Nutrition and Interactions in & Madrid (2016). A manuscript on
these results is in preparation: “Miiller B, Kotan Bodor F, Sarvari E, Solti An silico

proteome analysis of chloroplast inner envelope brane inBrassicaspecies”.
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