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Main Conclusion

Based on the effects of inorganic salts on chl@sipFe uptake, the presence of a voltage-

dependent step is proposed to play a role in Fakeghrough the outer envelope.

Abstract

Although iron (Fe) plays a crucial role in chlorapl physiology, only few pieces of

information are available on the mechanisms ofrdplast Fe acquisition.

Here, the effect of inorganic salts on the Fe uptakintact chloroplasts was tested, assessing
Fe and transition metal uptake using bathophenlamrbased spectrophotometric detection
and plasma emission coupled mass spectrometryeatggly. The microenvironment of Fe

was studied by Méssbauer spectroscopy.

Transition metal cations (€Y Zn**, Mn**) enhanced, whereas oxoanions gfNSQ* and
BO;s>) reduced the chloroplast Fe uptake. The effect msensitive to diuron (DCMU), an
inhibitor of chloroplast inner envelope associatezl uptake. The inorganic salts affected
neither Fe forms in the uptake assay buffer nosahacorporated into the chloroplasts. The
significantly lower Zn and Mn uptake compared tattlof Fe indicates that different

mechanisms/transporters are involved in their atijom.

The enhancing effect of transition metals on chptast Fe uptake is likely related to outer
envelope-associated processes since divalent oatahs are known to inhibit Eetransport

across the inner envelope. Thus, a voltage-depérstep is proposed to play a role in Fe
uptake through the chloroplast outer envelope an libsis of the contrasting effects of

transition metal cations and oxoaninons.

Abbreviations

apoLhcll, Light Harvesting Complex Il apoproteinPBS, bathophenantroline disulphonate;
Chl, chlorophyll; CCCP, Carbonyl cyanide m-chlorepkl-hydrazone; DCMU, 3-(3,4-
dichlorophenyl)-1,1-dimethylureaA¥, transmembrane electrochemical potential; EDTA,

Ethylenediaminetetraacetic acid; FRO, Ferric cleeRe¢ductase Oxidase protein; HEPES, 4-
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(2-hydroxyethyl)-1-piperazineethanesulfonic acid;PtMS, Inductively Coupled Plasma
Mass Spectrometry; IE, inner envelope; OE, outerekmpe; OEP, Outer Envelope Protein;
PM, plasma membrane; PPFD, photosynthetic photox dlensity; RbcL, Rubisco large
subunit; VDAC1, Voltage-Dependent Anion Chanel HA/, V-type H ATPase.

Key words: chloroplast; envelope membrane; iron alpelism; Mdssbauer spectrosopy;

voltage-dependent transport
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Introduction

Metal ions are essential micronutrients for allig organisms including plants. Among the
transition metals, iron (Fe) is the most abundamiant tissues. In shoot tissues of plants with
normal Fe supply, up to 80—-90% of the total Feisfl in the chloroplasts (Terry and Abadia
1986; Morrissey and Guerinot 2009), and thylakoickembranes themselves contain
approximately 60% of total leaf Fe (Castagna et28l09). The major Fe-sinks in the
chloroplasts are proteins binding non-heme Fe, ERr8ers and heme cofactors. The absence
of Fe induces strong deficiency symptoms, the dleadtde chlorosis. The biosynthesis of
chlorophyll (Chl) and Fe-S clusters as well asdahsembly of pigment—protein complexes is
strongly hampered by Fe deficiency, leading to erese in photosynthetic capacity and
productivity of plants (Andaluz et al. 2006; Timeet al. 2007; Abadia et al. 2011; Basa et
al. 2014). Fe is also required for the activityF@-containing enzymes involved in protection
against oxidative stress, and therefore anti-okidatlefence mechanisms can be affected
when Fe is in short supply (Latifi et al. 2005; Tewet al. 2005).

In contrast with the wealth of data on Fe root &itjan (Abadia et al. 2011) and long
distance transport (Rellan-Alvarez et al. 2010), knowledge on transition metal uptake by
leaf cells and organelles are still scarce (foriewvsee: Kramer et al. 2007; Palmer and
Guerinot 2009; Abadia et al. 2011). In the mesdpdgybplast and symplast, Fe can occur in
the form of citrate or nicotianamine (NA) complex®@geber et al. 2007; Alvarez-Fernandez
et al. 2014), but their participation and impor&ng the leaf cell Fe uptake and transport
processes is still not known. Leaf mesophyll calis known to take up both £eand F&*
(Nikoli¢ and Rémheld 2007), and although the whole prosesst well understood yet, at
least part of the apoplasmic*&an undergo reduction mediated by FRO reductasearnf

effective Fe uptake (Jeong et al. 2008) similaslyadot Fe aquisition.

Concerning the chloroplasts, photosynthetic ordasedf endosymbiotic origin, Fe uptake
may differ from that of eukaryotic cells, since $t®ould cross two different membranes, the
chloroplast outer (OE) and inner envelopes (IE)e Tihst protein found to be involved in
chloroplast Fe acquisition was PIC1/TIC21 (Duy le2@07a). PICL1 is localised in the IE of
chloroplasts inArabidopsis, was shown to be a component of the IE proteinstozon
machinery (Teng et al. 2006), and is a memberlafger ‘Fe-import’ complex together with
the NiCo protein (Duy et al. 2011). Based on rasalitained with PIC1 overexpressing lines,
4



© 00 N O o b~ W DN P

[
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

it also seems to regulate chloroplast Fe metabo(lBay et al. 2011). Another important
member of the Fe uptake machinary is the chloroféasc chelate oxidoreductase (FRO7),
in the absence of which chloroplasts were not ttbtake up Fe from the cytoplasm (Jeong et
al. 2008). The chloroplast FRO has been recentigliged in the IE (Solti et al. 2014). In fact,
the chloroplast FRO and IE uptake machinery muskwoa close cooperation, because no
free FE" accumulates during the uptake process (Solti.€2Qdl2). Bughio et al. (1997) and
Solti et al. (2012) showed that Fe uptake of baflégrdeum vulgare) and sugar beeBéta
vulgaris) chloroplasts, respectively, were light/photoswsie dependent, since both was
blocked by a PSII inhibitor. Shingles et al. (206@)nd the importance of inwardly directed
proton gradient in & movement across the chloroplast IE membrane.

Despite some Fe metabolism related transporters bagn discovered in the past few years,
no transport protein participating in the movemefEe®™ across the chloroplast OE has been
described by now (Inoue 2011; Breuers et al. 20bpez-Millan et al. 2016). OE membrane,
the first barrier that regulates solute transporamd out of the chloroplasts, includes various
transport proteins and protein complexes (Gutie@Gawonell et al. 2014). Most of them are
descendant of prokaryotic ancestors (Reumann arefjdte@ 1999), and similar to those
occuring in Gram-negative bacteria. Gram-negatizetdria take up Fe in Eesiderophore
chelated forms across the plasma membrane (PM) Uiptake of F&-siderophores is
voltage sensitive (Braun 2003). Escherichia coli, the main component in the Fe uptake
across the outer membrane is the FecA, a TonB-depénFé'-citrate receptor/gated
channel, which is energised via a proton gradierdss the cytoplasmatic membrane through
cytoplasmatic membrane integrated proteins (Dugl.e2007b; Braun and Herrmann 2007;
Marshall et al. 2009)-barrel, pore-forming transport proteins, such @C¥5, are abundant
in the OE (Inoue 2007; Duy et al. 2007b; Breuerslet2011; Gutierrez-Carbonell et al.
2014). Among OE proteins, the presence of a specifannel for amino acids (OEP16), an
ATP- and substrate-regulated channel (OEP21), iarcatlective channel (OEP37) and an
unspecific channel (OEP24) have been already apdréuy et al. 2007b; Breuers et al.
2011; Gutierrez-Carbonell et al. 2014). The outeredope proteins and the function of OEPs
have been discussed several times (Soll et al.; 28@r and Soll 2001; Duy et al. 2007b;
Breuers et al. 2011), but the significance of \gdtaegulation in the Fe uptake of intact

chloroplasts is not clear yet.
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The aim of this study was to test whether voltagresgive transport through OE may have a
function in the Fe acquisition of intact chlorogkadn particular, we studied how transition
metal cations and oxoanions influence the Fe upték#tact chloroplasts.

Materials and Methods

Plant material

Sugar beetReta vulgaris L. cv. Orbis) plants were grown in hydroponics anclimate

chamber with 14/10 h light (160-200mol m? s® photosynthetic photon flux density,
PPFED)/dark periods, 24/22 °C and 70/75% relativaidity in modified ¥4 strength Hoagland
solution with 10uM Fe**-citrate (Fe:citrate = 1:1, Reanal Kft., Hungarg)fe source (Solti et

al. 2012). Mature leaves of plants having 7-8 lsavere used for isolation of chloroplasts.

Chloroplast isolation, determination of purity anthctness

Sugar beet chloroplasts were isolated and purdied stepwise sucrose gradient as described
in Solti et al. (2012), and see also the Suppleargntiaterial 1. Chloroplast density was
determined by counting in a Nikon Optiphot-2 miaage. Chloroplasts were solubilised in
62.5 mM Tris-HCI, pH 6.8, 2% SDS, 2% DTT, 10% glsaeand 0.001% bromophenol blue
at room temperature for 30 min. Proteins were sgpdrin 10-18% gradient polyacrylamide
gels in a MiniProtean apparatus (BioRad) usingrsstamt current of 20 mA per gel at 6 °C.
Protein concentration of samples was determinecbbyparing the area density with that of a
standard mixture using Phoretix 4.01 software (Btrointernational, Newcastle upon Tyne,
UK).

To detect mitochondrial contamination and estintheeintegrity of the chloroplasts, protein
blots were carried out. Membrane proteins separaied&SDS-PAGE were transferred to
Amersham™ Protrd! Premium 0.2 um NC blotting membranes (Amesham+Raeaia,
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Germany) in a 25 mM Tris, pH 8.3, 192 mM glicin®%2 (v/v) methanol and 0.02% (m/v)
SDS at 4 °C using 90 V constant voltage (<0.4 A)3fd.

The purity of chloroplast preparations was checkati rabbit polyclonal antibody against
mitochondrial alternative oxidase (AOX 1/2, a mhoadrial inner envelope marker, Lang et
al. 2011) (Agrisera AG, vVannas, Sweden). Mitochadign at ~ 34 kDa was identificated
according the manufacturer's informations (for moteformation, please visit:

http://www.agrisera.com/en/artiklar/aox1 2-plartealative-oxidase-1-and-2.htmlin order

to estimate the integrity of the chloroplasts, meanks were decorated with rabbit polyclonal
antibodies against apoLHCII (a gift from Dr. Udohdaningmeier, Bohum Universitat,
Germany) and RbcL (Rubisco large subunit, form d &rm II; Agrisera AG, Vannas,
Sweden). Antibodies were dissolved in 20 mM TriStfpH 7.5), 0.15 M NaCl, 1% gelatine
following the manufacturer’s instructions. Horsastidperoxidase- (HRP-) conjugated goat-
anti-rabbit IgG (BioRad, Inc.) was used to deteends following the manufacturer's
instructions. Chloroplast integrity was estimatgd domparing the RbcL/apoLhcll ratio in

solubilized leaf tissues and chloroplast samplaa &lti et al. (2012).

Measurements of Fe uptake

Iron uptake was assessed from the total chloroplastontent before and after a 30 min Fe
uptake assay. Total chloroplast Fe was measurddBHDS according to Solti et al. (2012).
The assay was carried out with 0.5 ml chloroplaspension (10Q,g chlorophyll (Chl) mt:
approximately 76000 + 9500 chloroplasis') in uptake buffer (50 mM HEPES-KOH, pH
7.0, 330 mM sorbitol, 2 mM Mgg), and 100uM Fe**-citrate (Fe:citrate 1:1; Reanal Kift.,
Hungary) was used as Fe source. In order to testftects of inorganic salts on the Fe uptake
process, one of the following inorganic salts: KEEBO3;, KNOs, K;SQ,, CdSQ, CdCH,
ZnSQ,, ZnChL and MnC} was also added to the Fe uptake medium at a ctvaten of 500
uM. Transition metal cations were also tested aerile salts at a concentration of 200.

K* and Cl were present both in the isolation buffer and upéake assay medium in mM
concentrations. To uncouple chloroplast envelopenbmaneA¥, 5 UM of the ionophore
CCCP (carbonyl cyanide m-chlorophenyl-hydrazone}k vaaded to the Fe uptake assay
medium. The reduction-based Fe uptake across theoplast IE membrane was disrupted by

7
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using 10 puM of the photosynthetic electron transparhibitor DCMU (3-(3,4-
dichlorophenyl)-1,1-dimethylurea), which blocks NRE production by the photosynthetic
electron transport chain. Values obtained with BEee uptake medium free of any added
inorganic salts and inhibitors are referred tocamtrol' values throughout the paper. Iron
uptake was initiated by illuminating the sampleshwili6Opumol m?s* PPFD white light, and
terminated by placing the samples in ice to thek.d&e uptake values are expressed in
attomol (amol; 13° mol) Fe taken up chloroplast

Determination of element concentrations in chloastd

Chloroplast samples, taken before and after theigtake assay, were washed in washing
buffer containing 50 mM HEPES-KOH (pH 7.0), 330 nedrbitol, 2 mM EDTA, 2 mM
MgCl,. The total Fe content of chloroplasts was deteedhiafter reduction by 100 uM
ascorbic acid and Eecomplex formation with 300 uM BPDS as in Soltiaét(2012), using
an absorption coefficient of 22.14 mivem™* for the Fe(ll)-BPDS complex (Smith et al.
1952). For determination of the concentrations thieo elements, chloroplast samples taken
before and after the uptake assays were washedashimg buffer, resuspended in uptake
buffer and dried for one week at 60 °C. Samplesvaggested by HN®for 30 min at 60 °C
and then in KO, for 90 min at 120 °C. After filtration by MN 640\Waper, ion contents were
measured using ICP-MS (Inductively Coupled PlasmasdMSpectrometer, Thermo-Fisher,
USA).

Mossbauer spectroscopy

Changes in the chemical microenvironment *%Fe were assessed using Mdssbauer
spectroscopy (Solti et al. 2012). After 30 min ibation in uptake buffer supplemented with
>'Fe**_citrate, chloroplasts were washed in washing butidemove any excess Fe adsorbed
on the organelle surface. Concentrated chloroglaspensions were placed in a conventional
constant acceleration type Mdssbauer spectromafissé€l) in a liquid nitrogene bath cryostat
at 80 K. A*>'Co(Rh) source of ~£Bq activity was used, and the spectrometer wabrestd
with a-Fe at room temperature. Evaluation of spectra egased out using the MOSSWIN

code (Klencsar et al. 1996). The Mdssbauer parameséculated for the spectral components
8
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were: isomer shift § mm $%), quadrupole spliting4, mm s%) and partial resonant
absorption areas§( %). These parameters provide information on teet®n densities at the
Mdossbauer nuclei (including also the valence statel) on the magnitude of any electric field
gradients (indicating the coordination number & thsonant atom). Quantitative analytical
information for the different species found candidained from the relative spectral areas
(Greenwood and Gibb 1971).

Statistical analysis

Fe uptake measurements were carried out with tieenical repetitions in each of three to
four biological repetitions. To analyse statistiddferences between means a Student’s t-test
was applied. To compare multiple treatments, ong-WAlIOVA was performed with a
Tukey-Kramer multiple comparisgoost hoc test, using InStat v. 3.00 (GraphPad Software,

Inc.).

Results
Intactness of chloroplasts

To determine the intactness of chloroplasts, thie & RbcL to apoLhcll was followed and
compared during the whole isolation process, ndéeaves, leaf homogenates, first chloroplast
pellets and in class | and class Il chloroplasttfoas (Fig. 1). Purified class | chloroplast
fractions were free of mitochondrial contaminatimo sign of AOX 1/2 was detected
according to westen blots). Although the first ecbfdast pellet contained larger amount of
damaged chloroplast, intact class | chloroplastaldcdoe purified by sucrose gradient
centrifugation. Comparing the RbcL/apoLhcll ratibabloroplast samples to that of leaves,
the intactness of class | chloroplast was 96.8+8(886 calculations, see Supplementary
Material 1), while the soluble Rubisco escaped fthm chloroplast stroma of damaged class
Il chloroplast. When chloroplasts were subjectedr¢éouptake assay, inorganic salts did not

influenced significantly the intactness of the chjdasts (see Supplementary Material 2).
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Influence of inorganic salts on the chloroplashitptake

Chloroplasts were able to take up Fe from a medianaining F&'citrate independently of
the inorganic ions present. Though a 30-min indobain the Fe uptake medium in the
presence of Cd, Mn?*, Zn**, NOs, SQ% or BO;* did not cause significant changes in the
chloroplast intactness (Fig. S2, Table S2), thaupimke varied in the presence of different
ions. When salts were applied at 500 pM concenfiatitransition metal cations (€dzn”,
Mn®*) generally enhanced the Fe uptake whereas andifedaas K salts (NQ, SQ and
BO5*) decreased it (Fig. 2). Among the metal catiorogte salts, ZnGlwas the most
effective in stimulating Fe uptake. It was followby CdC}, whereas MnGl had a weakly
significant effect (P<0.05). Using ‘Ksalts, effects of anions were independent of their
valence: Cldid not influence the chloroplast Fe uptake aritiibition by NQ and BQ*
was similar, whereas the presence of,S@ecreased strongly the uptake of Fe. When the
transition metal cations and $Owere present together in the uptake medium (tiansi
metals were added in forms of sulphate salts) #pparently had antagonistic effects, leading
to an intermediate Fe uptake, i.e. to values betweese measured with,£0, and the metal
chloride salts.

The chloroplast Fe uptake was also affected bgdmeentration of transition metal cations in
the uptake medium, Fe uptake being more enhancedaicentration of 200 uM than at 500
UM (Fig. 3). The differences in Fe uptake using 20d 500uM metal concentrations was

22+4% in average.

To uncouple chloroplast envelope membrat¢ CCCP was added to the Fe uptake assay
medium. The ionophore CCCP eliminated the Fe uptagacity of chloroplasts both in
darkness (not shown) and in light (Fig. 4), sinaedly any measurable changes were found in
the Fe content of chloroplasts irrespectively & thorganic metal salt used. The reduction-
based Fe uptake was disrupted by the photosyntk&gairon transport inhibitor DCMU,
which blocks NADPH production. In the absence of additional inorganic salts, DCMU
significantly decreased the Fe uptake of contrébradplasts under light conditions during a
30-min incubation, which dropped from 570478 to 4B amol Fe chloroplast(a 79%
decrease, Fig. 4). Using inorganic metal salts,CMD-induced decrease in Fe uptake was
also found (Fig. 4) but the tendency of changestiwasame as without DCMU (Fig. 2): KCI
and KNQ induced no singificant change, transition metafiocs (except Mfi) and

10
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oxoanions significantly increased and decreased-¢haptake, respectively. The percentage
of changes were also similar to the case when amicgsalts were applied in the absence of
DCMU.

ICP studies on the element content of chloroplastsuptake of transition metals

Numerous elements were detected in isolated chestg) with Ca, Mg and S being present
in high amounts (Table 1). Potassium content wasesdhat higher but comparable to that of
Na. Among the essential transition metals, two gsocould be distinguished, with Fe and Zn
being approximately five- to ten-fold more abundatiten compared to Cu, Mn and Mo.

Among non-essential metals, the chloroplast coatehAl and Ba were high and comparable
to those of Fe and Zn. Other non-essential tramsithetals were present in lower amounts.
Incubation of chloroplasts in the control Fe uptakedium for 30 min in the light did not

change the element contents considerably (the Gu @mcontent showed a small but

significant increase only), except that a 3.4 folckease in their Fe content.

The uptake of transition metals into the chlorofglasas also monitored by ICP-MS. The
incubation of chloroplasts in Fe uptake medium semppnted with transition metals in the
form of chloride at 50@M concentrations for 30 min in the light led toigrsficant uptake of
each metal (Fig. 5). The uptake of Zn and Mn wegmificantly lower than that of Fe,
whereas the Cd uptake was comparable to that apfake in the control assay. After the 30
min incubation period in the presence of 50 ZnCl,, MnCl, and CdC]J, the final metal
contents taken up were 112+4, 146+5 and 515+17 amioroplast for Zn, Mn and Cd
respectively, whereas that of Fe ranged from 888+13168+4 amol Fe chloroplast

Mdossbauer analysis of Fe forms

The Fe chemical forms in the assay medium wereaheted in the presence of the applied
inorganic salts. In the uptake medium, tffee**-citrate solution showed only one component,
with hyperfine parametes=0.47(1) mm & and4=0.64(1) mm ¢, typical of high spin F&-

carboxylate complexes (Solti et al. 2012) (Fig. 6M)e presence of anions did not have any
effect on the Méssbauer spectrum, with no additigpadrupole doublets appearing on the

spectra; as an example, when adding 500 pM*Stbe only component had hyperfine

11
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parameter$=0.48(1) mm ¥, 4=0.65(1) mm & (Fig. 6B). Similar results were found with

other anions (not shown).

The chemical forms of th&Fe taken up by chloroplasts from the 100 >’Fe**-citrate assay
medium during 30-min incubation in the light wetscastudied by M&ssbauer spectroscopy
(Fig. 7). The spectra consisted of a broadenedrgpate doublet which was fitted to the
superposition of two doublets with the followingpeyfine parametersi=0.46(1) mm &,
4=1.06(4) mm ¢ (Fex component) anéd=0.48(1) mm 3, 4=0.61(3) mm & (Fe; component)
(Fig. 6A). These components have been assigneene lyroups or &, (Fex) and high spin
Fe*-carboxylate complexes, respectively, with theelatieing assigned to Fecitrate (Fg)
having passed the OE membrane but not yet metao(iBolti et al. 2012). The relative
abundance of Recomponent accounted for approximately one thirtheftotal Fe present in
the sample (35+10%). The addition of anions ororetito the uptake medium did not result in
any change in the Mdssbauer spectra when comparedntrol samples containing only
>’Fe**-citrate: as an example, the Fe chemical formééndhloroplasts were not altered by
the addition of 500 pM Z# (Fig. 7B). Similar results were found with otheetals (not
shown). Signals that could be assigned to high Bgif compounds (e.g., [Fet®)s*" or

Fe?*-carboxylates) or ferritins were not found in arfiyre chloroplast samples analyzed.

Discussion

Though chloroplasts contain a large part of thaltshoot Fe, and Fe plays a crucial role in
chloroplast structure and function, only few pieocésnformation are available about the
vivo mechanisms and regulation of Fe acquisition byrcplasts (Nouet et al. 2011). In
particular, no information is available on the rofethe chloroplast OE in the chloroplast Fe
uptake process. Since chloroplasts are organellesndnsymbiotic origin, and Fe transport
across the outer membrane of the evolutionallytedl&ram-negative bacteria is a membrane
potential driven step, we tested whether voltagesitige transport through OE may also have

a function in the Fe acquisition of intact chloragik.

Transition metals and oxoanions affect Fe uptalalaroplasts

12
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The presence of inorganic salts in the assay meditloenced the chloroplast Fe uptake but
did not affect chloroplast integrity. The Fe formmsthe uptake buffer were unchanged as
judged by Mossbauer spectroscopy. This latter iinmwith the fact that Pé-citrate has a
much higher stability constant @11.5) than Zfi-citrate (K=5.0), Mrf*-citrate (K=4.2) or
Cd?*-citrate (K=3.8) under the conditions used (Fodor 2002), whigtkes the occurrence of
metal-citrate complexes other thar? Feitrate unlikely. Furthermore, the presence oftint
metal cations, as well as that of NOSQ?® and BQ*, had no effect on the Fe forms
incorporated into chloroplasts as judged by Méssbapectroscopy, since i) only two signals
were found, corresponding to ¥earboxylates (R8 and Fe-S centers or heme {Fethe
same signals as reported previously in untreatéoraplasts, and ii) the ratio of kes
component was similarly unchanged (Solti et al. 220IThese results, obtained in the
presence of relatively high concentrations of tit&mrs metal ions that are known to interact
with Fe homeostasi®s vivo (Pilon et al. 2009; Kobayashi and Nishizawa 20%Rygest that
the effects of these metals on Fe uptake may ra@saiely on transport processes through the
chloroplast envelope, but not on a different altmsaof Fe forms inside the chloroplast.

Iron uptake in intact chloroplasts was enhancedréysition metal cations, whereas it was
hampered by oxoanions. These results were the tpgosthose of Shingles et al. (2002)
who reported that divalent transition metal catismsh as Zfi inhibited the movement of
Fe* across the chloroplast IE membrane. In additibe, effect of cations and anions were
similar in the absence and presence of DCMU. Irgtake into the chloroplasts is
light/photosynthesis dependent, and photosynthekibitors such as DCMU, are known to
eliminate the majority of chloroplast Fe uptakeamfy (Bughio et al. 1997; Solti et al. 2012).
The reason for the inhibitory effect of DCMU is tipotosynthetically produced NADPH is
necessary to fuel the chloroplast IEFehelate reductase enzyme (Solti et al. 2014), kvisic
an essential component in the chloroplast Fe uppa&eess (Jeong et al. 2008). Based on
Mdossbauer spectroscopy studies, the DCMU-inseerskir uptake has been postulated as a
Fe-pool that has moved across the OE membrane auinalated between the OE and IE
membranes (Solti et a2012). Taken together the opposite effect of diviatmations on Fe
uptake of intact chloroplasts compared to IE (FAgversus Shingles et al. 2002), the
inhibitory effects of DCMU on the Fe movement asréE membrane (Solti et al. 2012) and
the similar influence of transition metal catiomglabxoanions on the DCMU-sensitive and -
insensitive Fe uptake (Fig. 4), necessarily, antexhdl regulatory role of OE in Fe uptake is

strongly supported.
13
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May a bacterial type, voltage-dependent Fe upta&ehamism exist in the chloroplast OE?

To the best of our knowledge, no results have Ipedatished so far on the mechanism of Fe
movement across the chloroplast OE. Data obtainetdissbauer spectroscopy indicated
that Fe crossed the OE membrane in a chelatéd.ciete form, which accumulated in the
inter-envelope space before reduction (Solti eR@l2). The similarities that Gram-negative
bacteria, including cyanobacteria, share with apéasts may aid to understand the Fe uptake
mechanism of chloroplasts. In Gram-negative bagtamltage sensitivity of the uptake of
Fe’*-siderophores was found (Braun 2003), where chaimgéiee PMAY regulates the pore
opening of the Fé-siderophore transporter in the outer membraneufBeand Hantke 2011).
In Gram-negative bacteria, the Ton system contebtn the transfer of the energy, originates
from the polarization of the cytoplasmic membraieethe OM transporters (Braun, 2014). A
voltage-sensitive mechanism may be also expectéariitate the Fe uptake in chloroplasts,
since chloroplasts polarise their membrane systeimdarly to free living Gram-negative
bacteria (Shingles et al. 2002). Chloroplasts am to maintail\¥ andApH across the IE
membrane (Shingles and McCarty 1994; Pottosin aadrdvinskaya 2015)AY (positive
intermembrane space) was shown to be an inwardijfyieg driving force for the F&
movement across the IE membrane (Shingles et 8R)2Mevertheless, the polarization of
the IE membrane (accumulation of positive chargetheé intermembrane space) necessarily
polarizes the OE membrane as well. Here, usingutimupling ionophore CCCP, the Fe
uptake of chloroplasts was fully abolished, whiciports the previous observations on the
voltage-dependency of Fe uptake mechanism. NevesteCCCP, being a hydrophobic
compound, not only uncouples th®? of the chloroplast IE membrane but can also
incorporate into chloroplast OE, thus eliminatingy apossible additional effects of the
inorganic salts. In the chloroplast OE, the OEP@Hage-sensitiv@-barrel protein, similar to
the mitochondrial voltage-dependent anion chanM®AC) proteins (Rohl et al. 1999;
Clausen et al. 2004), have been reported This naae lm number of distinct functions
(Homblé et al. 2012). The presence of these preteithe OE is also supported by the recent
chloroplast envelope proteome analysis work of &tdz-Carbonell et al. (2014). Therefore,
a voltage-dependent Fe-complex transport mechardgam also be postulated for the
chloroplast OE. We hypothesize that the presendeaasition metal cations and oxoanions
can change the polarisation of the OE membrane o{depe and hyperpolarize it,
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respectively), possibly due to the lower permegbdf transition metal cations or oxoanions
compared to the ions normally present, such ‘aari Cl, which have relatively low surface
charge and thus a smaller hydrate coat. A simffaceof inorganic ions was also observed

on the PM solute transport activity of root cellg¢gng et al., 2011).

The effect of transition metals on chloroplast Hetale is quality- and concentration-

dependent

Chloroplasts require transition metals such asMimand Cu to be functional (Shcolnick and
Keren 2006). In fact, our results indicate thatoohplasts take up available transition metals
from the assay medium, and their uptake increasiiggher concentrations. Whereas Cu and
Zn are known to be taken up by P-type ATPases (ABtHany et al. 2005; Finazzi et al.
2014) and by HMAL1 (Kim et al. 2009), respectivaty, data have been published yet on the
mechanism of chloroplast uptake of Mn, as wellasibn-essential metals such as Cd (Nouet
et al. 2011). The significantly higher uptake ofCcompared to Zi and Mrf* supports that
different chloroplast uptake mechanisms should nlved in both cases. Cadmium was
shown to be taken up by plant cells in competitionC&* (Perfus-Barbeoch et al. 2002;
Rodriguez-Serrano et al. 2009), and thus chlortptasy also take up Edmediated by C4
transporters. In spite of the fact thatZand Mrf* inhibit F&* uptake by the |E competitively
(Shingles et al. 2002), the relatively low uptak&n®* and Mrf* even when they are present
in high concentrations in the uptake medium makeikely that chloroplast Zfi and Mrf*
uptake may occur through the Fe transport systamoy the transition metal cations tested,
Zn** has the highest surface charge (i.e. the smadieat radius, the ionic radius for €4d
0.97 A, for Mrf*: 0.80 A, and for Zfi: 0.74 A), so that the size of its hydrate coathis
largest. A larger hydrate coat in the case of #8€ may cause a (higher) size-exclusion in
the movement across the OE membrane leading tageiddasting depolarisation, which in
turn results in a higher enhancement of the chlastg-e uptake.

Higher transition metal concentrations in the uptakedium resulted in a relatively lower

enhancement of Fe uptake (Fig. 3). While transitizetal cations stimulated chloroplast Fe

uptake, they are known to inhibit #emovement across the chloroplast IE membrane

competitively (Shingles et al. 2002). A similar ibitory effect was also found on the process

of Fe uptake through bacterial PM (Moreau et a@8)9The reason for the lower stimulating
15
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effect at higher metal concentrations may be time stithe stimulation of Fe uptake through
the OE and the competitive inhibition of the Feaketthrough the IE.

Conclusion

We propose that a voltage-dependentemplex transport system is involved in theé'Fe

citrate transport across the chloroplast OE. Oopgsal is based on the DCMU-insensitive
and uncoupling ionophore (CCCP)-sensitive stimotpteffects of transition metal cations
(Cd?*, zr?*, Mn**) and inhibitory effects of oxoanions (NOSQ?, BOs*) on the Fe uptake

of intact chloroplasts. The enhancement effectarfdition metals on the Fe uptake is quality-
and concentration dependent. The lower stimulanhigher concentrations may be
connected with the transition metal uptake into ihier-envelope space, and thus their

inhibitory effect on the F& uptake system of the IE.
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Table 1 Element contents (in amol chloropidsin freshly isolated chloroplasts (A) and in

chloroplasts after incubation in the Fe uptake yassadium in the light for 30 min (B).

Statistical differences between means (StudenéstiP<0.05) are indicated (*).

Al

Ba
Ca
Cd
Cr
Cu
Fe

Li

Mg
Mn
Mo
Na

Zn

A B
317.3+72.3 317.3+43.3
359.4+20.9 323.2+2.7
244.7+40.7 241.2+3.2

134873.3+£19728.3127210.6+27189.4
2.4+0.6 2.1+0.7
6.1+0.8 7.8%+0.5
20.9+8.8 26.9+1.0*
233.7+12.2 803.0+7.8
7652.2+442.5 8584.8+3079.3
17.2+1.9 17.3+2.2
20027.2+2348.7 20859.1+2674.8
59.5+7.7 61.8+10.7
53.0+5.2 48.3+3.8

4484.0+631.6
2239.8+148.5
27101.1+1063.7
87.3+16.0
342.7+25.6

4026.6+721.0
2326.1+174.0
26928.0+2292.0
84.2+3.1
320.7451.1
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Figure 1 Coomassie stained solubilized proteins on polyaorge gel (A), combined

immunoblot against RbcL and apoLhcll (B), and immibliot against AOX 1/2 (C). Samples
were 1 — molecular weight standard; 2 — leaf; 8af homogenate; 4 — first chloroplast pellet;
5 — class | chloroplasts; 6 — class Il chloroplagts for molecular weight standards,
Fermentas Page Ruler Prestained Protein SMO0671lused. Marks are: triangle — RbcL;
circle — AOX 1/2; square — apoLhcll. Lanes on protgels and immunoblots were loaded
with 20 pg solubilised protein except sample (3phere the lane was loaded with 20 pg
solubilised proteins over the bovine serum alburtah ~66 kDa) originating from the

isolating buffer.
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Figure 2 Chloroplast Fe uptake in the presence of inorgaaits at 500 UM concentrations
during a 30-min incubation period in the light. T¢ldoroplast Fe uptake in the control, free
of any added inorganic salts, was 570+78 amol Feraplast. Statistical differences
between each treatment and the control, free ofaalayed inorganic salts, are marked above
columns (Student’s t-test); ***P<0.001, **: P<0.05, ns: not significant. To compare the
effects of the different salts, one-way ANOVA wasrformed with Tukey-Kramepost-hoc

test, and changes among treatments were found fti@r dsignificantly @<0.05).
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Figure 3 Effect of the transition metals Cd, Zn and Mn,dise chloride salts and at two
different concentrations (200 and 500 uM, indicaaedVie200 and Me500) on the uptake of
Fe by chloroplasts during a 30-min incubation peiio the light. The chloroplast Fe uptake

in the control, free of any added inorganic salas 570+78 amol Fe chloropldsStatistical

differences between each treatment and the corited, of any added inorganic salts, are

marked within each column (Student’s t-test); P<0.10, ***: P<0.01. Also, significant

differences in the 500 uM treatmemns the 200 uM ones (Student’s t-test) are marked by

arterisks above the columns; *P<0.01. To compare the effects of the differentssalhe-

way ANOVA was performed with Tukey-Kramepost-hoc test, and changes among

treatments were found to differ significantB<0.05).
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Figure 4 Effect of DCMU (grey columns, right y axis) and CE (black columns, right y
axis) on the Fe uptake of chloroplasts in the preseof inorganic salts at 500 uM
concentrations during 30-min incubation in the tigbmpared to the samples containing no
inhibitors (white columns, left y axis). Statistichfferences between each treatment and the
control, free of any added inorganic salts but amig the given inhibitor (grey and black
columns) are marked above the column (Studengst):t***: P<0.001, **: P<0.05, ns: non
significant. To compare the effects of the différsalts in the presence of inhibitors, one-way
ANOVA was performed with Tukey-Kramepost-hoc test, and Fe uptake in the
corresponding DCMU and CCCP treatments were foardifter significantly £<0.05).
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Figure 5 Chloroplast Fe uptake (white columns) and tramsitnetal uptake (black columns)
from a Fe uptake medium without and with 500 pMhgraon metal cations during a 30-min
incubation period in the light. Significant differees from the control (free of any added
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using a Tukey-Kramgpost-hoc test, and they were found to differ significar(f®<0.05).
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Figure 6 Mossbauer spectra ofFe’*-citrate 1:1.1 complexes in uptake medium withd\jt (
and with a five times higher amount 0§$0,> over Fe (B). Evaluation and calculations of
parameters for the spectral components, includsmgner shift, quadrupole splitting and

partial resonant absorption areas were calculatdditied the MOSSWIN code.
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Figure 7 MOssbauer spectra of chloroplasts after 30-minbation in the light in Fe uptake
assay medium , in the absence (A) and in the pces@) of 500uM ZnCl,. Evaluation and
calculations of parameters for the spectral comptsencluding isomer shift, quadrupole

splitting and partial resonant absorption areagwafculated and fitted the MOSSWIN code.
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