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SUMMARY

Iron–sulfur (Fe–S) clusters play an essential role in plants as protein cofactors mediating diverse electron

transfer reactions. Because they can react with oxygen to form reactive oxygen species (ROS) and inflict cel-

lular damage, the biogenesis of Fe–S clusters is highly regulated. A recently discovered group of 2Fe–2S pro-

teins, termed NEET proteins, was proposed to coordinate Fe–S, Fe and ROS homeostasis in mammalian

cells. Here we report that disrupting the function of AtNEET, the sole member of the NEET protein family in

Arabidopsis thaliana, triggers leaf-associated Fe–S- and Fe-deficiency responses, elevated Fe content in

chloroplasts (1.2–1.5-fold), chlorosis, structural damage to chloroplasts and a high seedling mortality rate.

Our findings suggest that disrupting AtNEET function disrupts the transfer of 2Fe–2S clusters from the

chloroplastic 2Fe–2S biogenesis pathway to different cytosolic and chloroplastic Fe–S proteins, as well as to

the cytosolic Fe–S biogenesis system, and that uncoupling this process triggers leaf-associated Fe–S- and

Fe-deficiency responses that result in Fe over-accumulation in chloroplasts and enhanced ROS accumula-

tion. We further show that AtNEET transfers its 2Fe–2S clusters to DRE2, a key protein of the cytosolic Fe–S

biogenesis system, and propose that the availability of 2Fe–2S clusters in the chloroplast and cytosol is

linked to Fe homeostasis in plants.
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INTRODUCTION

Iron–sulfur (Fe–S) proteins play a central role in many differ-

ent metabolic and regulatory pathways in plants (Balk and

Pilon, 2011; Bernard et al., 2013; Balk and Schaedler, 2014;

Hu et al., 2017; Lu, 2018; Przybyla-Toscano et al., 2018).

They originated under highly reducing conditions during

early evolution and are sensitive to damage by reactive oxy-

gen species (ROS; Lill, 2009; Boyd et al., 2014; Andreini

et al., 2017; Sengupta et al., 2018). The biogenesis and

mobilization of Fe–S clusters within cells is therefore tightly

regulated, protected and compartmentalized. Although

much is known about how Fe–S clusters are formed in the

different cellular compartments of plants (Balk and Pilon,

2011; Balk and Schaedler, 2014; Hu et al., 2017; Lu, 2018;

Przybyla-Toscano et al., 2018), less is known about how this

process is coordinated between different organelles, plant

tissues and cell types, and how it is regulated based on the

availability and mobilization of Fe and S.

A newly discovered group of mammalian 2Fe–2S pro-

teins, termed NEET proteins, was recently proposed to
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play an important role in mobilizing 2Fe–2S clusters from

the mitochondria to the cytosol, linking the Fe–S biogene-

sis pathway of the mitochondria with that of the cytosol

(Lipper et al., 2015; Tamir et al., 2015; Mittler et al., 2018;

Sengupta et al., 2018). NEET proteins were also proposed

to play a key metabolic and regulatory role in several dif-

ferent human diseases, including cancer, diabetes and neu-

rodegeneration (Tamir et al., 2015; Mittler et al., 2018). The

flowering plant Arabidopsis thaliana contains a single gene

encoding a NEET protein (At5g51720), and the protein pro-

duct of this gene, AtNEET, was previously proposed to

play an important role in maintaining Fe and ROS home-

ostasis in Arabidopsis (Nechushtai et al., 2012). Knock-

down mutants and RNAi lines with suppressed expression

of AtNEET displayed early senescence and accumulated

higher levels of Fe and ROS. In addition, AtNEET was

shown to transfer its 2Fe–2S clusters to apo-Ferredoxin

(FD), and was able to mimic the function of the mam-

malian NEET protein mitoNEET in human cells (Nechushtai

et al., 2012). In addition to the mitochondria, AtNEET is

also localized to the chloroplast in plants, and its expres-

sion is restricted to leaves (Su et al., 2013; Khan et al.,

2018).

The main feature distinguishing NEET proteins, such as

AtNEET, from many of their Fe–S protein counterparts is

the coordinating structure of their 2Fe–2S clusters. In all

NEET proteins the 2Fe–2S cluster is coordinated by three

cysteines and one histidine, as opposed to four cysteines

observed in other 2Fe–2S clusters (Tamir et al., 2015; Mit-

tler et al., 2018; Sengupta et al., 2018). This coordination

structure enables the cluster to be mobilized or shared (do-

nated or accepted) with other Fe–S proteins (Nechushtai

et al., 2012; Tamir et al., 2014). AtNEET, for example, can

actively donate its clusters to FD (binds a classic 2Fe–2S
cluster, coordinated by four Cys residues), but when the

single histidine coordinating the cluster of AtNEET was

mutated to cysteine (H89C), AtNEET becomes a highly

stable Fe–S protein unable to donate its clusters to FD

(Nechushtai et al., 2012).

Despite growing interest in the function of AtNEET in

the 2Fe–2S biogenesis, mobilization and metabolism of

plants (Nechushtai et al., 2012; Su et al., 2013; Lu, 2018;

Przybyla-Toscano et al., 2018; Tissot et al., 2019), very little

is currently known about the precise role AtNEET plays in

regulating these processes. This is perhaps because of a

lack of true knock-out mutants for AtNEET, suggesting that

it is an essential gene. To advance the study of AtNEET

function in plants, we therefore used a dominant-negative

strategy to disrupt its function by overexpressing the

highly stable H89C variant of AtNEET in Arabidopsis. This

strategy has been successfully used in cancer cells to dis-

rupt the function of NAF-1, a human NEET protein, by

overexpressing its H114C high-cluster-stability variant

(equivalent to the Arabidopsis H89C mutant in stabilizing

the cluster; Nechushtai et al., 2012; Tamir et al., 2014; Dar-

ash-Yahana et al., 2016). In both H114C and H89C proteins,

the 2Fe–2S classical cluster binding site of NEET proteins

is mutated from 3Cys-1His, which has low cluster stability

and can donate its clusters to acceptor proteins, to 4Cys

that has high cluster stability and is unable to donate its

clusters to acceptor proteins (Nechushtai et al., 2012; Dar-

ash-Yahana et al., 2016). Expression of the H114C NEET

variant in cancer cells has dramatic effects, including the

suppression of cancer cell growth, initiating the activation

of cell death and enhancing the sensitivity of cancer cells

to ROS (Darash-Yahana et al., 2016). The rationale for

using a dominant-negative strategy is that NEET proteins

such as AtNEET or NAF-1 are homodimers (Nechushtai

et al., 2012; Tamir et al., 2014; Mittler et al., 2018), and

expressing a mutated high-cluster-stability version of the

gene in transgenic plants will either replace the entire

homodimer with a dysfunctional homodimer or form an

inactive heterodimer composed of one wild-type (WT) and

one mutated subunit, disrupting the overall NEET protein

function in cells (Darash-Yahana et al., 2016).

Here we show that disrupting AtNEET function in plants

results in the transcriptional re-programming of several

networks mediating ROS metabolism, Fe–S biogenesis and

Fe-deficiency responses. Despite an accumulation of many

transcripts encoding Fe–S proteins, the protein level of key

Fe–S proteins, such as FD, declines and Fe accumulates at

the whole-plant level, and particularly in chloroplasts.

These changes are accompanied by chlorosis, severe struc-

tural damage to chloroplasts and a high mortality rate of

seedlings. We further show that AtNEET transfers its 2Fe–
2S cluster to DRE2, a key protein of the cytosolic Fe–S bio-

genesis system. Our findings suggest that disrupting

AtNEET function disrupts the transfer of 2Fe–2S clusters

from the chloroplastic 2Fe–2S biogenesis pathway to

cytosolic and chloroplastic Fe–S proteins, and that the

availability of 2Fe–2S clusters is linked to Fe homeostasis

in plants.

RESULTS

Construction and characterization of AtNEET and H89C

plants

We recently attempted to use clustered regularly inter-

spaced short palindromic repeats (CRISPR)/CRISPR-associ-

ated protein 9 (Cas9) to knock-out AtNEET function, but

despite the introduction of a frame-shifting nucleotide at

the N-terminal region of AtNEET, some protein was main-

tained (Figure S1; similar to Lalonde et al., 2017; Mou

et al., 2017; Gapinske et al., 2018; Smith et al., 2018; Sui

et al., 2018). To disrupt AtNEET function in plants we there-

fore used a dominant-negative strategy (Darash-Yahana

et al., 2016). For this purpose, we generated transgenic

plants expressing the H89C mutant under the control of
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the cauliflower mosaic virus (CaMV) 35S promoter (H89C

plants). As controls we generated transgenic plants

expressing the WT AtNEET protein under the control of the

CaMV 35S promoter (NEET plants). In contrast to overex-

pression of the WT NEET protein (NEET), overexpression

of the H89C protein (H89C) was detrimental to plants. Of

the 23 H89C primary transformants obtained, five died at

the seedling stage, five had severe growth defects and six

more had a reduced growth phenotype. We therefore

focused our study on the two H89C lines with the highest

expression level of H89C that were still viable (H89C #4-3

and H89C #11-7), and on two NEET lines with comparable

or higher protein expression levels to these H89C lines

(NEET #5-4 and NEET #10-10; Figures 1 and 2a). In addition

to the reduced growth phenotype, H89C lines bolted earlier

compared with WT or NEET-overexpressing lines (Fig-

ure 1b) and displayed chlorosis, with a mortality rate of

about 20% (Figure 2a).

To study the function of AtNEET and to better under-

stand the growth suppression phenotype associated with

H89C mutation, we conducted comparative transcriptomics

analysis on 7 day-old seedlings (Figure 2). At this stage,

H89C seedlings displayed severe phenotypes, including

chlorosis and delayed growth, compared with WT or NEET
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Figure 1. Expression of the H89C variant of AtNEET

in transgenic plants stunts growth and triggers

early bolting: (a) transcript and protein abundance

of AtNEET and H89C; (b) rosette diameter and inflo-

rescence height; and (c) images at day 21 of the

three highest expressing AtNEET and H89C trans-

genic lines. Student t-test, SD, n = 30, *P < 0.05.

Scale bar in (c) indicates 1 cm. NEET, transgenic

plants expressing AtNEET; H89C, transgenic plants

expressing the H89C variant of AtNEET.
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(Figure 2a), and their mortality rate was 15% (the mortality

rate of H89C seedlings could reach 20–25% by day 11; Fig-

ure 2a). Three biological replicates of each of the different

H89C or NEET lines (H89C #4-3, H89C #11-7, NEET #5-4 and

NEET #10-10), as well as three biological replicates of WT

seedlings (each containing 80–100 seedlings), were sub-

jected to RNA-Seq analysis. Overexpression of NEET

resulted in the up- and downregulation of 1088 and 1400

transcripts, respectively (Tables S1 and S2), and overex-

pression of H89C resulted in the up- and downregulation

of 2071 and 1976 transcripts, respectively (Tables S3 and

S4; Figure 2b). Little overlap was found between tran-

scripts significantly altered in NEET- or H89C-overexpress-

ing plants, demonstrating that the single amino acid

change between the overexpressed NEET and H89C pro-

teins had a significant impact on plant metabolism and

transcriptional programs (Figures 2b and S2). Transcripts

upregulated in NEET-overexpressing seedlings were pri-

marily associated with transcription, protein phosphoryla-

tion and responses to pathogen, abscisic acid (ABA) and

cold stress, whereas transcripts upregulated in H89C-over-

expressing seedlings were primarily associated with oxida-

tion–reduction processes, responses to cadmium, and

responses to pathogen, ABA and salt stress (Figures 2c

and S3). Notably, a substantial number (>10%) of tran-

scripts associated with responses to hydrogen peroxide

were also found in H89C plants (Table 1).

Activation of ROS-response networks and the leaf Fe-

deficiency response in H89C plants

The presence of upregulated transcripts associated with

the response of plants to hydrogen peroxide (Table 1), as

well as oxidation–reduction processes (Figure 2c), in H89C

plants prompted us to examine different transcription
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Figure 2. Seedling mortality and RNA-Seq analysis of transgenic plants expressing AtNEET or H89C. (a) Images (left) and a bar graph (right) showing the chloro-

tic appearance and mortality rate of seedlings expressing the H89C variant of AtNEET. (b) Venn diagrams showing the overlap between upregulated (top) or

downregulated (bottom) transcripts in transgenic seedlings expressing AtNEET or H89C. (c) Gene ontology annotation of transcripts significantly upregulated in

AtNEET or H89C plants (numbers above each bar represent P value for statistical significance). Student’s t-test, SD, n = 30, *P < 0.05. NEET, AtNEET-expressing

seedlings; H89C, H89C variant of AtNEET-expressing seedlings.
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factor (TF) networks associated with responses to ROS in

H89C plants. As shown in Figure 3a,b, numerous ROS-re-

sponse TFs and many of their associated transcripts were

found to be upregulated in H89C plants. These included

ROS- and heat-response heat-shock transcription factors

(HSFs; Ohama et al., 2017), stress- and pathogen-response

WRKYs (Viana et al., 2018), and light- and stress-response

TFs such as Zat12 (Davletova et al., 2005) and BRUTUS

(BTS; an E3 ligase known to regulate Fe-deficiency

responses, primarily induced in leaves during Fe depriva-

tion; Le et al., 2016; Hindt et al., 2017). Moreover, in con-

trast to NEET-expressing seedlings, and compared with

the WT, the accumulation of hydrogen peroxide was

higher in H89C-expressing plants (Figure 3c). As shown in

Figure 3(a), many of the ROS-response TFs upregulated in

H89C plants were also upregulated in Arabidopsis seed-

lings in response to treatment with 1 mM H2O2 (H2O2; Zan-

dalinas et al., 2019). These findings further strengthen the

link between H89C expression, H2O2 accumulation and

oxidative stress.

The identification of zinc finger of Arabidopsis

thaliana 12 (Zat12) and BTS among the upregulated tran-

scripts associated with H89C expression (Figure 3)

prompted us to examine the expression level of different

transcripts associated with Fe deficiency and Fe

Table 1 Response of transcripts significantly upregulated in
AtNEET or H89C to different hormones and reactive oxygen spe-
cies (ROS)

Hormone/ROS 1088 NEET 2071 H89C

ABA 79 (7.26%) 175 (8.45%)
ACC 2 (0.18%) 20 (0.96%)
Brassinolide 26 (2.38%) 13 (0.62%)
Cytokinin 44 (4.04%) 83 (4.01%)
Gibberellin 6 (0.55%) 7 (0.33%)
Indole-3-acetic acid 33 (3.03%) 32 (1.54%)
Methyl jasmonate 83 (7.62%) 151 (7.29%)
SA 14 (1.28%) 71 (3.42%)
H2O2 99 (9.09%) 244 (11.78%)

O2
� 21 (1.93%) 88 (4.24%)

1O
2 43 (3.95%) 27 (1.3%)

Total number of significantly altered transcripts in NEET (1088) or
H89C (2071) is indicated at the top. In bold, transcripts with more
than 10% of representation. Abbreviations: ABA, abscisic acid;
ACC, 1-aminocyclopropane-1-carboxylic acid; SA, salicylic acid.
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Figure 3. Expression of H89C results in the activation of reactive oxygen species (ROS) response transcription factors (TFs) and networks. (a) Heat map.

(b) Expression association network for the different ROS-response TFs and some of their related targets significantly upregulated in seedlings expressing H89C.

(c) H2O2 content in wild type (Col), and AtNEET- and H89C-expressing seedlings. Significant transcripts compared with wild type (P < 0.05; ANOVA) are shown.

Solid arrows indicate the significantly higher expression of different ROS-response TFs in H89C plants and dashed arrows indicate the potential activation of

gene expression by the enhanced TFs of additional transcripts (based on previously published work; references provided in Appendix S1), also found to be

upregulated in the data set for H89C plants. Student’s t-test, SD, n = 5, * P < 0.05. NEET, AtNEET-expressing seedlings; H89C, H89C variant of AtNEET-express-

ing seedlings; n.s., not significant; Please see Appendix S1 for additional abbreviations. Data for H2O2-associated transcripts (H2O2) are from Zandalinas et al.

(2019).
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accumulation in cells (Figure 4; Selote et al., 2015; Brum-

barova et al., 2015; Le et al., 2016; Jeong et al., 2017; Khan

et al., 2018; Kobayashi et al., 2019). Interestingly, the over-

expression of H89C resulted in the upregulation of POPEYE

(PYE), Zat12, IAA-leucine resistant 3 (ILR3) and BTS, which

are components of the Fe-deficiency response known as

the PYE network in Arabidopsis. In contrast, FIT (Fer-like

Fe-deficiency induced transcription factor) and AHA2

(plasma membrane H+-ATPase 2), which are mostly associ-

ated with Fe-deficiency responses in roots, were not upreg-

ulated. In addition, transcripts encoding proteins involved

in the mobilization of Fe into chloroplasts (MFL1) and mito-

chondria (MIT), and the mobilization of Fe from the vac-

uole to the cytosol (NRAMP3/4), were also upregulated in

H89C (Figure 4). Most of these upregulated responses were

not found in NEET-overexpressing plants. Taken together,

our RNA-Seq analysis indicates that overexpression of

H89C resulted in a partial activation of the Fe-deficiency

response of Arabidopsis, primarily associated with leaves

(Thomine and Vert, 2013; Brumbarova et al., 2015; Le et al.,

2016; Jeong et al., 2017; Khan et al., 2018; Kobayashi et al.,

2019). The activation of leaf-associated Fe-deficiency
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Figure 4. Expression of H89C results in the partial activation of the Fe-deficiency response. Heat maps (left) and models (right) of transcripts encoding:

(a) selected Fe-deficiency response transcription factors; (b) Fe mobilization proteins in the chloroplast, vacuole and mitochondria; and (c) Fe mobilizing proteins
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responses in H89C plants (Figure 4) is also consistent with

the expression pattern of AtNEET, which is restricted to

green tissues (Khan et al., 2018). Our results are also in

agreement with the recent transcriptional link described for

the bHLH factor ILR3 and AtNEET (Tissot et al., 2019).

Notably, and in contrast to the ROS-related transcripts

upregulated in H89C plants (Figure 3), almost none of the

Fe- (Figure 4) or Fe–S-related (Figure 5) transcripts upregu-

lated in H89C plants were also upregulated in H2O2-treated

seedlings (H2O2; Zandalinas et al., 2019).

Enhanced accumulation of transcripts encoding Fe–S

biogenesis and Fe–S proteins in H89C plants

An Fe-deficiency response could be activated in plants if

plants sense an increased demand to synthesize Fe–S clus-

ters, as these two processes are thought to be linked (Hant-

zis et al., 2018). Such a need could arise if Fe–S
biosynthesis and Fe–S mobilization are impaired by the

overexpression of the H89C mutant, which is unable to

donate its clusters. We therefore examined the expression

levels of different transcripts associated with Fe–S biogen-

esis in the cytosol, mitochondria and chloroplast (Balk and

Pilon, 2011; Bernard et al., 2013; Balk and Schaedler, 2014;

Hu et al., 2017; Lu, 2018; Przybyla-Toscano et al., 2018). As

shown in Figure 5(a), several transcripts associated with

Fe–S biogenesis in all of these cellular compartments were

upregulated in H89C-expressing plants but not in NEET-ex-

pressing plants. In addition, the expression of many tran-

scripts encoding Fe–S proteins was upregulated in H89C

plants (Figure 5b). The transcriptional responses shown in

Figures 4 and 5 strongly suggest that the expression of

H89C impaired Fe sensing and Fe–S homeostasis, inducing

a transcriptional program consistent with Fe and Fe–S defi-

ciency in plants.

Decreased level of Fe–S proteins and damage to

chloroplasts in H89C plants

To induce a state of Fe and Fe–S deficiency affecting the

expression of different Fe–S pathways, as well as many

Fe–S proteins, H89C would have to block at least some

of the mobilization of Fe–S clusters between one or

more Fe–S biogenesis pathways and Fe–S proteins,

resulting in a decrease in the level of Fe–S proteins in

cells. To test this possibility, we conducted an untargeted

proteomics analysis of each of the different H89C or

NEET lines (H89C #4-3, H89C #11-7, NEET #5-4 and NEET

#10-10), as well as WT seedlings (three biological repli-

cates each; 80–100 seedlings; 7 days old; Figures 5c, 6a

and S4; Tables S5–S8). As shown in Figure 5(c), com-

pared with control, the abundance of several Fe–S pro-

teins was decreased in H89C plants. These included the

chloroplastic proteins Ferredoxin 1 (FD1; 2Fe–2S) and a

subunit of NAD(P)H dehydrogenase (NDHI; 4Fe–4S) that

displayed significantly upregulated transcript levels

(Figure 5b) but lower protein abundance levels (Fig-

ure 5c). Interestingly, and in contrast to the decrease in

Fe–S protein abundance, the level of several heme-con-

taining proteins was not suppressed in H89C plants, and

in some cases the abundance of the heme protein

increased (Figure 5c). This finding suggested that ‘free’

Fe is not limiting and that the Fe-deficiency responses in

H89C plants are primarily linked to the low availability of

Fe–S clusters. The finding that the abundance of NDUS7

(NADH-ubiquinone oxidoreductase 20-kDa subunit, mito-

chondrial respiratory chain complex I) is enhanced in

H89C plants (Figure 5c) could suggest that respiration is

enhanced in H89C plants to compensate for the decrease

in chloroplast function.

To further determine what group(s) of Fe–S proteins are

primarily affected by H89C expression, we conducted a tar-

geted proteomics analysis of different types of Fe–S pro-

teins. As shown in Figure 5(d), H89C expression primarily

reduced the expression of 2Fe–2S type Fe–S proteins, with

no or marginal effect on other types of Fe–S proteins (3Fe–
4S and 4Fe–4S). These findings suggest that AtNEET is pri-

marily involved in 2Fe–2S metabolism. As shown in Fig-

ure 5d, only one 2Fe–2S protein in our analysis was found

to be enhanced (PAO), and this may be because of the role

this protein plays in chlorophyll catabolism, which corre-

lates with the observed yellowing phenotype of the seed-

lings (Figure 2a). It is also possible that this protein

receives its 2Fe–2S cluster in an AtNEET-independent man-

ner. In addition, there is uncertainty as to the cluster type

of SiRB, which could be a 4Fe–4S or a 2Fe–2S protein

in vivo (Saha et al., 2012).

Our untargeted proteomics analysis of H89C seedlings

(Figures 5c, 6a and S4; Tables S5–S8) further revealed a

significant decrease in the abundance of many chloro-

plastic proteins. This finding correlated with a decrease

in chlorophyll content (Figure 6b) and the appearance of

chlorotic stunted seedlings (Figure 2a). To determine

whether such an appearance was associated with a delay

in chloroplast biogenesis or damage to chloroplasts, we

conducted TEM analysis. As shown in Figure 6(c),

expression of H89C was associated with the appearance

of severely damaged chloroplasts that contained no

starch granules and appeared highly distorted. In con-

trast to the appearance of chloroplasts, mitochondria and

nuclei of leaves and roots appeared normal, suggesting

that the expression of H89C primarily affects chloroplast

function.

Enhanced accumulation of iron in chloroplasts of H89C

plants

Previously, it has been shown that reduced expression of

AtNEET was associated with an enhanced accumulation of

Fe in Arabidopsis plants (Nechushtai et al., 2012). To test

whether a similar phenomenon accompanied the
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overexpression of H89C or NEET we measured total Fe

levels in 7-day-old seedlings of WT, NEET and H89C plants.

As shown in Figure 7, H89C plants accumulated more Fe

compared with WT or NEET plants. This was evident based

on both Pearl’s staining (Figure 7a) and inductively

coupled plasma optical emission spectroscopy (ICP-OES)

analysis of seedlings (Figure 7b). Moreover, the staining of

light microscopy mounts and transmission electron micro-

scopy (TEM) sections with Pearl’s, as well as inductively

coupled plasma mass spectrometry (ICP-MS) analysis of

(a)

Chloroplast
Cys Ala

SH

SH

S

Fe

ATP ADP+Pi

SufB
FADH2

Carrier
NFU1/2/3
GRXS14/16

Apo Holo

NFS2

SufE

SufD

SufCSufC

Significantly altered in H89C

Downregulated Upregulated

Fold change values with respect to Col(b)

(c)

2F
e-

2S

4F
e-

4S

2F
e-

2S 4F
e-

4S

4F
e-

4S

4F
e-

4S H
em

e

H
em

e

H
em

e

H
em

e

H
em

e

H
em

e

H
em

e H
em

e

H
em

e

Fe
2+

Fe
2+

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Fo
ld

ch
an

ge

Cys Ala

SH

SH

S

Fe

ATP ADP+Pi

Isu1

Apo

Holo

NFS1

ISD11
Ssq1

GRXS5

Isa1/2
Iba57
HSCA1/2

Mge1Jac1

H
2O

2

N
EE

T 
#5

-4

N
EE

T 
#1

0-
10

H
89

C
 #

4-
3

H
89

C
 #

11
-7

Chloroplasts
n.s. 0.83 0.84 n.s. AT4G01940 NFU1
n.s. n.s. 1.58 1.94 AT1G67810 SufE2
1.2 n.s. 1.96 1.09 AT4G04770 SufB
n.s. n.s. 1.13 1.33 AT1G32500 SufD
n.s. 0.73 0.73 n.s. AT3G54900 GRXS14
n.s. n.s. 1.46 1.27 AT2G38270 GRXS16
Cytosol
n.s. n.s. 2.45 1.25 AT5G18400 DRE2
n.s. n.s. 1.53 1.15 AT5G50960 NBP35
n.s. n.s. 1.62 1.18 AT5G48120 MET18
Mitochondria
n.s. 0.81 0.79 n.s. AT4G22220 ISU1
n.s. n.s. 1.24 1.46 AT4G37910 HSCA1
n.s. 0.61 0.78 1.39 1.44 AT5G09590 HSCA2
n.s. n.s. 1.39 1.17 AT5G65720 NFS1
n.s. n.s. 1.19 1.14 AT3G15660 GRXS15

H
2O

2

N
EE

T 
#5

-4

N
EE

T 
#1

0-
10

H
89

C
 #

4-
3

H
89

C
 #

11
-7

n.s. 1.21 1.18 1.66 1.42 AT1G75200 TWY1, flavodoxin family
n.s. 1.25 1.18 n.s. AT5G04560 DNA glycosylase DEMETER
n.s. 1.18 1.17 3.38 1.18 AT2G43400 Electron-transfer oxidoreductase
n.s. n.s. 8.40 6.17 ATCG01090 Subunit of the Chl NAD(P)H dehydrogenase
n.s. n.s. 2.43 1.14 AT5G20960 Aldehyde oxidase AA01
n.s. n.s. 1.58 1.22 AT2G24820 TIC55, translocon at chl membrane
n.s. 0.68 0.83 1.57 1.09 AT2G20860 LIP1, lipoic acid synthase
n.s. n.s. 1.55 1.12 AT4G19210 RLI2, involved in ribosome assembly
n.s. n.s. 1.48 1.16 AT4G36390 MIAB, radical SAM enzyme
n.s. n.s. 1.46 1.27 AT3G59630 Diphthamide synthesis DPH2 family
n.s. n.s. 1.42 1.24 AT1G60620 RNA polymerase I subunit 43
n.s. n.s. 1.41 1.26 AT5G13440 Ubiquinol-cytochrome C reductase
n.s. n.s. 1.36 1.22 AT5G11770 NADH-ubiquinone oxidoreductase
n.s. n.s. 1.33 1.42 AT1G60850 DNA-directed RNA polymerase protein
n.s. 0.57 0.77 1.31 1.27 AT1G10960 Ferredoxin 1
n.s. n.s. 1.20 1.21 AT2G05710 ACO3 converts citrate to isocitrate
n.s. n.s. 1.14 1.30 AT2G43360 BIO2 converts dethiobiotin to biotin
1.4 n.s. 1.12 1.36 AT4G21990 APR3, disulfide isomerase-like protein
n.s. 0.63 0.88 0.61 0.85 AT5G23240 DNAJ heat shock domain-containing protein
n.s. 0.82 0.81 n.s. AT4G13430 Methylthioalkylmalate isomerase
n.s. 0.63 0.79 n.s. AT2G42750 DNAJ heat shock domain-containing protein
n.s. 0.78 0.78 0.78 0.77 AT1G44446 Chlorophyllide a oxygenase
n.s. 0.77 0.76 n.s. AT2G04700 Ferredoxin thioredoxin reductase
n.s. 0.87 0.74 n.s. AT3G44880 PAO, pheide a oxygenase
n.s. n.s. 0.25 0.83 AT4G34900 Xanthine dehydrogenase 2
n.s. n.s. 0.53 0.80 AT2G36490 Repressor of transcriptional gene silencing
n.s. n.s. 0.80 0.70 AT3G05345 Chaperone DnaJ

CIA1
MET18AE7

NAR1
NBP35

Fee

DRE2
TAH18

e

NAD(P)H

2e

NBP35Apo

Holo

Cytosol

2F
e-

2S

2F
e-

2S

2F
e-

2S

3F
e-

4S

3F
e-

4S

2F
e-

2S

2F
e-

2S

4F
e-

4S

4F
e-

4S

2F
e-

2S
 o

r 4
Fe

-4
S

4F
e-

4S

4F
e-

4S
0
2
4
6
8

10
12
14

Fo
ld

ch
an

ge

(d)

Figure 5. Expression of H89C impairs Fe–S metabolism. (a) Heat map (left) and models (right) showing the elevated expression of transcripts encoding Fe–S bio-

genesis pathways in H89C and AtNEET expressing seedlings. (b) Heat map showing the enhanced expression of transcripts encoding Fe–S proteins in H89C and

AtNEET expressing seedlings. (c) Bar graph showing the abundance of Fe–S, heme and iron-containing proteins in H89C seedlings. (d) Bar graph showing the

abundance of different Fe–S proteins determined by targeted proteomics. Significant transcripts and proteins compared to wild type (n = 6; P < 0.05; ANOVA fol-

lowed by a Tukey post hoc test) are shown. NEET, AtNEET-expressing seedlings; H89C, H89C variant of AtNEET-expressing seedlings; n.s., not significant;

Please see Appendix S1 for additional abbreviations. Data set for H2O2-associated transcripts (H2O2) is from Zandalinas et al. (2019). Black stars indicate affected

transcripts within each pathway.
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isolated intact chloroplasts from WT, NEET and H89C seed-

lings, suggested that Fe accumulated in H89C plants in

chloroplasts that appeared darker than in WT or NEET

plants, and accumulated more Fe (Figure 7c–e). In contrast,

Fe did not accumulate in the mitochondria of H89C plants

(Figure S5).

Cluster transfer from AtNEET to DRE2

The finding that H89C expression altered the expression of

cytosolic Fe–S proteins (Figure 5) prompted us to test

whether AtNEET can transfer its clusters to DRE2, a key

member of the cytosolic Fe–S biogenesis machinery that
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Figure 6. Decrease in the expression of chloroplastic proteins, low chlorophyll content and structural damage to chloroplasts in seedlings expressing H89C.

(a) Pie chart of subcellular localization and gene ontology annotation (numbers above each bar represent P values for statistical significance) of proteins with a

significant lower abundance in H89C seedlings (P < 0.05; ANOVA). (b) Chlorophyll content in wild type (Col), and AtNEET- and H89C-expressing seedlings.

Student’s t-test, SD, n = 3, *P < 0.05. (c) Transmission electron microscope images (left) and quantification bar graphs (right) showing structural damage to

chloroplasts in seedlings expressing H89C compared with AtNEET or controls (Col). Student’s t-test, SD, n = 250, *P < 0.05. Scale bar in (c) indicates 1.0 or

0.2 µm. NEET, AtNEET-expressing seedlings; H89C, H89C variant of AtNEET-expressing seedlings.
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contains binuclear (2Fe–2S) and tetranuclear (4Fe–4S) Fe–S
clusters (Bernard et al., 2013; Lipper et al., 2015). The mam-

malian NEET proteins NAF-1 and mitoNEET were previ-

ously shown to transfer their 2Fe–2S clusters to Anamorsin/

CIAPIN1 (the mammalian homolog of DRE2; Lipper et al.,

2015). As shown in Figures 8 and S6, At-NEET, but not

H89C, was able to transfer its clusters to DRE2. The ability

of AtNEET to transfer its 2Fe–2S cluster to DRE2 was

assessed after holo-AtNEET, or holo-H89C, were incubated

for increasing lengths of time with apo-DRE2 followed by

two analytical methods: native polyacrylamide gel elec-

trophoresis (PAGE) (Figure 8a) and absorption spec-

troscopy (Figures 8b,c and S6). Because the presence of the

Fe–S cluster in AtNEET or DRE2 make these proteins appear

as a red band on native gels, we incubated holo-AtNEET, or

holo-H89C, with apo-DRE2 for 0 and 60 min, separated

them by native PAGE, and followed the 2Fe–2S cluster

transfer from holo-AtNEET (upper band, 0 min) to DRE2

(b)

(c) (d)

(e)

NEET #5-4 H89C #4-3

2000 µm

3000 µm 1000 µm

400 µm 400 µm 400 µm

Col

0.0

0.5

1.0

1.5

2.0

2.5

Fe
 (µ

g 
m

g–
1

D
W

) *

*

(a)                                                                                                                          

0

0.3

0.6

0.9

1.2

1.5

1.8

Fo
ld

 c
ha

ng
e

*

*

0

20

40

60

80

100

120

Col NEET H89C

%

Stained chloroplasts
*

Col NEET H89C

0

20

40

60

80

100

120

%

Stained chloroplasts

*

*

NEET #5-4 H89C #4-3Col

10 µm 10 µm 10 µm 0

0.2

0.4

0.6

0.8

1

Col NEET H89C

Fe
 (n

g 
µg

–1
pr

ot
)

*

Figure 7. Accumulation of iron in seedlings expressing the H89C variant of AtNEET. (a) Images (left) and bar graph (right) showing Pearl’s staining in cotyledons

of wild type (WT), NEET and H89C seedlings. Student’s t-test, SD, n = 40, *P < 0.05 (b) Inductively coupled plasma optical emission spectrometry (ICP-OES)

measurements of iron in WT, NEET and H89C seedlings. Student’s t-test, SD, n = 3, *P < 0.05 (c) Light microscopy images (left) and a quantification bar graph

(right) showing Pearl’s staining of chloroplasts from WT, NEET and H89C seedlings. Student’s t-test, SD, n = 60, *P < 0.05. (d) Inductively coupled plasma mass
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graph (right) showing Pearl’s staining of cytosol and chloroplasts in WT, NEET and H89C seedlings. Student’s t-test, SD, n = 100, *P < 0.05. NEET, AtNEET-ex-

pressing seedlings; H89C, H89C variant of AtNEET-expressing seedlings.
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(lower band, 60 min). Visualizing both proteins in the gel,

regardless of Fe–S content, was then achieved by Coomas-

sie blue staining. Holo-AtNEET, but not holo-H89C, was

shown by this method to transfer its 2Fe–2S clusters to

DRE2 (Figure 8a). Because holo-DRE2 was shown to have a

peak absorption at 420 nm (Figure 8b, red line; Bernard

et al., 2013), whereas holo-AtNEET has a typical peak

absorption at 458 nm (Figure 8b, blue line; Nechushtai

et al., 2012), it is possible to follow the kinetics of cluster

transfer by following changes in absorption spectroscopy

between these two peaks (Figures 8b,c and S6). Incubation

of holo-AtNEET, or holo-H89C, with apo-DRE2 therefore

presented a peak of 458 nm at time 0 (blue line, 0 min), but

the absorption of the holo-AtNEET-apo-DRE2 incubation

slowly transitioned into a peak at 420 nm at 60 min (red

line, 60 min), whereas the incubation of the holo-H89C-

apoDRE2 did not (Figure 8c). The results presented in Fig-

ures 8 and S6 demonstrate that in contrast to holo-AtNEET,

holo-H89C is unable to donate its clusters to DRE2.

DISCUSSION

Although AtNEET was found to be localized to the chloro-

plast (Nechushtai et al., 2012; Su et al., 2013), and the sup-

pression of its expression was shown to cause impaired

growth, early senescence, and the accumulation of Fe and

ROS in Arabidopsis plants (Nechushtai et al., 2012), the

function of AtNEET in relation to its localization and the

phenotypes its suppression induced were unclear. Here we

show that disrupting AtNEET function using a dominant-

negative strategy (Darash-Yahana et al., 2016) impairs

chloroplastic 2Fe–2S metabolism and causes the enhanced

expression of many different transcripts involved in Fe-de-

ficiency responses, Fe–S biosynthesis in mitochondria,

cytosol and chloroplasts, and Fe–S proteins (Figures 4 and

5). Proteomics analysis shows that despite the higher

expression levels of transcripts encoding Fe–S proteins,

the abundance of several Fe–S proteins, and in particular

2Fe–2S, in H89C plants is low (e.g. FD1; Figure 5). The
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AtNEET and pre-reduced apo-DRE2 were incubated for 60 min. The two proteins were then separated by native-PAGE gel, photographed (upper gel), stained

with Coomassie blue, and photographed again (lower gel). The upper band corresponds to AtNEET and the lower band corresponds to DRE2. Following 60 min

of incubation, the red band representing the holo-form of AtNEET, present at time 0 in the upper gel, disappeared and the red band corresponding to the holo-

form of DRE2 appeared. The AtNEET-H89C mutant did not transfer its cluster to apo-DRE2. (b) UV-VIS analysis of 2Fe–2S cluster transfer from holo-AtNEET to
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blue curve; 30 min, orange curve; and 60 min, red curve). Following the 1-h incubation, the AtNEET characteristic 458-nm absorption peak is lost, whereas the

absorption peak corresponding to the holo form of DRE2 (red curve) appears. (c) UV-VIS analysis of cluster transfer reaction from holo-H89C to apo-DRE2 pro-

tein. Unlike the cluster transfer observed in (b) between holo-AtNEET and apo-DRE2, no shift in the major absorption peaks is detected when holo-H89C and

pre-reduced apo-DRE2 were incubated for 30 min or 1 h. The absorption spectra correspond to holo-H89C/apo-DRE2 (0 min, blue curve; 30 min, orange curve;
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apparent discrepancy between the high expression levels

of transcripts encoding Fe–S proteins and low abundance

of Fe–S proteins, in the presence of sufficient Fe (i.e. not

under Fe-deficient conditions), suggests that the disruption

in AtNEET function blocked the transfer of Fe–S clusters

from the chloroplastic 2Fe–2S biogenesis machinery to

chloroplastic (e.g. FD1; Figures 5 and 9) and cytosolic (e.g.

DRE2; Figures 8 and 9) 2Fe–2S proteins. The result of such

blockage could mediate some of the stunted growth and

chlorosis phenotypes (Figures 1 and 2a), especially as FD

is suppressed and this protein is essential for chloroplast

function and plant growth (Hantzis et al., 2018). The muta-

tion in AtNEET (H89C), which converted the 2Fe–2S cluster

binding coordinates of AtNEET from 3Cys-1His to 4Cys,

stabilizes the AtNEET cluster >10-fold (Nechushtai et al.,

2012), and this fits well with a model in which H89C blocks

AtNEET function in mobilizing clusters from the chloro-

plastic 2Fe–2S biogenesis pathway to target proteins such

as FD1 and DRE2 (via a dominant-negative effect; Figures 8

and 9). Indeed, whereas WT AtNEET can donate its cluster

to FD or DRE2 in vitro, H89C is unable to do this (Figure 8;

Nechushtai et al., 2012). If AtNEET is unable to transfer

2Fe–2S clusters to FD1 or DRE2 it could disrupt photosyn-

thesis and many cytosolic functions, resulting in the forma-

tion of ROS and a severe stunted and chlorotic seedling

phenotype (Figures 1–3; Table 1; Gao et al., 2013; Rey

et al., 2017; Hantzis et al., 2018).

In addition to the chloroplast, AtNEET may also be local-

ized to the mitochondria (Nechushtai et al., 2012). In addi-

tion, if AtNEET functions in a similar manner in plant and

animal cells (Nechushtai et al., 2012; Tamir et al., 2015; Mit-

tler et al., 2018), in which homodimeric NEET proteins are

primarily localized to the outer mitochondrial and/or ER

membranes, it might also be localized on the chloroplast

and mitochondrial outer membranes. Being localized

inside the chloroplast, as well as on its outer membrane

(and at the mitochondria) would implicate AtNEET in medi-

ating 2Fe–2S cluster transfer between these different sub-

cellular compartments and the cytosol. Indeed AtNEET, but

not H89C, was able to transfer its 2Fe–2S clusters to DRE2,

a key cytosolic Fe–S assembly factor (Figure 8). This find-

ing, as well as the elevated expression of DRE2 in H89C

(Figure 5), could explain the drastic effect that H89C

expression has on the expression of all Fe–S biogenesis

pathways in the mitochondria, chloroplast and cytosol,

and suggests that AtNEET could also be involved in trans-

ferring 2Fe–2S clusters from the chloroplast/mitochondria

to the cytosol (Figures 5 and 9). Alternatively, a disruption

in chloroplastic Fe–S metabolism may affect all pathways

via the activation of a retrograde pathway that senses the

level of Fe–S proteins in the chloroplast, and regulates Fe-

and Fe–S-related transcript expression and Fe uptake into

the chloroplast (Figures 4, 5, 7 and 9). In this respect it

should be noted that AtNEET is primarily expressed in

green tissues and leaves, and that expression of H89C

appears to have primarily affected the structure of chloro-

plast and not mitochondria, nuclei or other subcellular

compartments (Figure 6). Thus, although plant mitochon-

dria are sensitive to disruptions in Fe–S metabolism

(Armas et al., 2019), the role of AtNEET in Fe–S metabo-

lism might be more prominent in the chloroplast com-

pared with the mitochondria.

The disruption in mobilizing 2Fe–2S clusters from the

chloroplastic Fe–S biogenesis pathway to target proteins in

H89C plants appears to have triggered a leaf-associated Fe-

deficiency response that involves the PYE network, Fe

remobilization from storage compartments (by natural

resistance-associated macrophage proteins, NRAMPs) and
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Figure 9. Proposed model for AtNEET function in plants. A hypothetical model showing that AtNEET is required for the mobilization of 2Fe–2S clusters from the

chloroplastic Fe–S biogenesis machinery to chloroplastic and cytosolic Fe–S proteins. Blocking the function of AtNEET via expression of the dominant-negative
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uptake into the chloroplast (Figure 4). This transcriptional

program is ultimately reflected in the over-accumulation of

Fe in the chloroplast (Figure 7c–e). These findings suggest

that chloroplastic Fe–S homeostasis, and the abundance of

cytosolic and chloroplastic 2Fe–2S proteins (perhaps even

AtNEET itself), could function as an indicator for Fe levels

in green tissues. The disruption of Fe–S metabolism may

therefore trigger an Fe-deficiency response in leaves, even

though Fe levels are normal or even elevated (Figure 7a,b).

The triggered Fe-deficiency response may cause the accu-

mulation of Fe in chloroplasts (Figure 7c–e), but this Fe is

not used for the production of Fe–S proteins (Figure 5c)

and could result in the enhanced accumulation of ROS and

damage to chloroplasts (Figures 3, 6 and 9; Duy et al.,

2011). Interestingly, this response appears to be specific

for 2Fe–2S metabolism and was not associated with ele-

vated levels of several heme proteins (Figure 5c). Because

direct H2O2 application to seedlings (albeit for 8 min with

no apparent visible phenotype, as opposed to the con-

tentious expression of H89C in seedlings for 7 days that

resulted in a visible phenotype; Zandalinas et al., 2019) did

not result in Fe- and Fe–S-transcriptomic signatures, simi-

lar to those reported here for H89C expression (Figures 4

and 5), it is likely that the disruption in Fe and Fe–S meta-

bolism induced by H89C expression (Figure 7) triggered

ROS accumulation and ROS-associated transcriptomic sig-

natures (Figure 3). H89C expression therefore altered Fe

and Fe–S metabolism that in turn caused enhanced ROS

levels (Figure 9). This finding highlights the intimate link

between Fe/Fe–S and ROS in cells (e.g. Lill, 2009; Boyd

et al., 2014; Andreini et al., 2017), and suggests that

AtNEET function needs to be tightly regulated in order to

prevent Fe, Fe–S and ROS imbalances, such as those

observed in H89C plants.

Interestingly, the Fe-deficiency response activated in

H89C plants (i.e. the PYE network, NRAMPs and mitochon-

drial/chloroplast Fe uptake) appears to be specific to leaves

(local) without being systemically propagated to roots

(Thomine and Vert, 2013; Brumbarova et al., 2015; Le et al.,

2016; Jeong et al., 2017; Khan et al., 2018; Kobayashi et al.,

2019). For instance, although BTS, ILR3 and PYE are upreg-

ulated, FIT and several Fe-responsive root-specific tran-

scripts such as the root Fe2+ uptake transporter (IRT1) and

the Fe3+/2+ reductase (FRO2) are not. This observation

could be explained by the presence of high levels of labile

Fe and ROS in H89C plants (Figure 7a,b). The Fe that is pre-

sent in forms other than Fe–S clusters in H89C plants could

be loaded into the phloem and complete the shoot-to-root

signaling route, thus preventing FIT induction. Moreover, it

has been previously shown that Zat12, which is highly

induced in H89C plants, is also induced by ROS and may

block the function of FIT, thus repressing a possible Fe-de-

ficiency response in roots (Le et al., 2016). Taken together,

it appears that the PYE network and other Fe-responsive

transcripts specific to leaves are induced when the metabo-

lism of 2Fe–2S clusters is impaired in chloroplasts, even in

the presence of high levels of Fe in leaves. The Fe-defi-

ciency response observed in H89C plants was not propa-

gated systemically to roots, however, probably because of

the presence of high ROS levels, which are capable of

blocking the FIT network in roots in a Zat12-dependent

manner.

The activation of a partial Fe-deficiency response in

H89C (Figure 4), coupled with the blockage or disruption in

the biosynthesis of 2Fe–2S proteins (Figure 5), could

potentially result in a vicious cycle of events that overloads

the chloroplast with Fe (a consequence of the Fe-deficiency

response; Figures 4 and 9). This Fe is not used for Fe–S
cluster biogenesis (a consequence of the H89C mutation;

Figure 5) and its accumulation results in enhanced ROS

levels (Figure 3; Table 1) and chloroplast destruction (Fig-

ure 6). This cycle of events could be similar to what hap-

pens in the mitochondria of patients with Friedreich’s

ataxia caused by a disruption in Frataxin (Mena et al.,

2015), a protein involved in Fe mobilization and Fe–S bio-

genesis in the mitochondria.

The link identified in this work between 2Fe–2S metabo-

lism in the chloroplast and cytosol and the induction of a

leaf Fe-deficiency response could suggest that part of the

way Fe is sensed in plants is tightly linked to 2Fe–2S clus-

ter metabolism, and/or the abundance of a particular 2Fe–
2S protein(s). Moreover, this Fe deficiency response could

be mediated from the chloroplast via a retrograde signal,

or by the transfer of 2Fe–2S clusters from the chloroplast

to the cytosol (via DRE2; Figure 8). Because leaves play a

major role in regulating Fe uptake by roots (Khan et al.,

2018), the chloroplast and Fe–S metabolism that occurs in

leaves may have a more profound effect on Fe sensing

than previously thought. Further studies are of course

needed to address this possibility.

EXPERIMENTAL PROCEDURES

Plant material

AtNEET (At5G51720) was amplified by polymerase chain reaction
(PCR) and the H89C sequence was generated by site-directed
mutagenesis, as previously described (Nechushtai et al., 2012).
Both sequences were cloned into a pGREEN binary expression
vector using XhoI and SacI sites, downstream of the CaMV 35S
promoter. Agrobacterium tumefaciens strain GV3101 (pMP90)
was transformed with both constructs and used to obtain NEET-
and H89C-overexpressing lines (p35S::NEET and p35S::H89C,
respectively, from Arabidopsis thaliana Columbia-0) using the flo-
ral-dip procedure (Zhang et al., 2006). Transformed lines were
selected using hygromycin resistance and AtNEET expression
was determined by quantitative real-time PCR (qRT-PCR) and pro-
tein blots (using AtNEET antibodies; Nechushtai et al., 2012), as
described in Suzuki et al. (2013). CRISPR NEET plants were gen-
erating using a pCAMBIA-based vector (pHSE401), according to
the method described by Xing et al. (2014). gRNA guide
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(5-CATCGCAAGCACGTTCGGCA-3) was designed in https://zlab.b
io/guide-design-resources. Detection and null mutation homozy-
gote screening of the target gene modification was performed
using hygromycin selection and the Surveyor� Mutation Detec-
tion Kit (IDT Cat#706020; Integrated DNA Technologies, https://
www.idtdna.com/pages/products/reagents-and-kits/mutation-
detection/surveyor-mutation-detection-kits).

Growth conditions

Col plants, homozygous NEET-overexpressing lines and homozy-
gous H89C overexpressing lines were grown in peat pellets (Jiffy-
7; Jiffy, http://jiffygroup.com) under controlled conditions of 23°C
and constant light (50 µmol m�2 sec�1) and monitored for sur-
vival, rosette diameter and inflorescence height. For transcrip-
tomics and proteomics analyses, chlorophyll and Fe
measurements, and light and TEM microscopy imaging, seeds of
Col, two H89C homozygous lines (H89C #4-3 and H89C #11-7;
highest expressing surviving plants) and NEET homozygous lines
(NEET #5-4 and NEET #10-10; similar or higher expression level to
the H89C lines), each with between three and five technical
repeats, were surface-sterilized with bleach and placed on 1% agar
plates (half-strength MS medium). Seedlings were grown at 23°C
under constant light (50 µmol m�2 sec�1) for 7 days and about
80–100 seedlings from each technical repeat were frozen in liquid
nitrogen or fixed and used for subsequent analyses. For ICP analy-
ses, about 100 sterilized seedlings of each line were grown in
100 ml of sterile half-strength MS on a shaker (150 rpm) under
constant light (50 µmol m�2 sec�1) for 7 days, as described in
Zandalinas et al. (2019).

RNA sequencing and differential gene expression analysis

Total RNA from about 80–100 seedlings of each line (Col, NEET
#5-4, NEET #10-10, H89C #4-3 and H89C #11-7) was isolated using
TRIzol (Invitrogen, now ThermoFisher Scientific, https://www.ther
mofisher.com/us/en/home/brands/invitrogen) and purified using a
NucleoSpin RNA Clean-up kit (Macherey-Nagel, https://www.mn-
net.com/). Initial RNA sample quality was assessed with a Bioana-
lyzer RNA 6000 Nano Kit (Agilent, https://www.agilent.com) using
the 2100 Bioanalyzer System (Agilent) and RNA quantification was
assessed with a Qubit RNA Broad Range Assay Kit (Invitrogen)
using the Qubit 3.0 Fluorometer (Invitrogen). RNA libraries were
prepared from 1 µg of total RNA and dual-indexed with a TruSeq
Stranded mRNA HT Library Prep Kit (Illumina, https://www.illu
mina.com). The resulting cDNA libraries were quantified with a
Qubit dsDNA High Sensitivity Assay Kit (Invitrogen) on a Qubit 3.0
Fluorometer (Invitrogen). Fragment length was validated on a
4200 TapeStation System (Agilent) with a TapeStation D1000
Assay Kit (Agilent), prior to library pooling and normalization to a
loading concentration of 1.6 pM. Sequencing was performed as
previously described (Zandalinas et al., 2019) using four NextSeq
High Output 1 9 75 Reagent Cartridges (Illumina) on a NextSeq
500 Sequencing Platform (Illumina), and produced 1.81 G (PF)
reads with Q ≥ 93.84%. RNA library construction and sequencing
were performed by the BioDiscovery Institute Genomics Center at
the University of North Texas (http://bdi.unt.edu/genomics-center).
Single-end sequenced reads were quality tested using
FASTQC 0.11.7 (Andrews, 2010) and aligned to the reference gen-
ome of Arabidopsis (genome build 10) obtained from TAIR
(https://www.arabidopsis.org) using STAR ALIGNER 2.4.0.1 (Dobin
et al., 2013). Default mapping parameters (10 mismatches per read
and nine multimapping locations per read) were used. The gen-
ome index was generated using the gene annotation file (gff file)
obtained from TAIR for genome build 10. Raw and processed

RNA-Seq data files were deposited in GEO (https://www.ncbi.nlm.
nih.gov/geo/) under the following accession number: GSE127300.
Differential gene expression analysis was carried out using DESE-

Q2 1.20.0, an R-based package available from Bioconductor
(https://www.bioconductor.org) (Love et al., 2014). Differentially
expressed transcripts were identified by examining the difference
in their abundance, measured as the mean normalized count of
reads mapping onto the transcript (Love et al., 2014). The differ-
ence in expression was quantified in terms of the logarithm of the
ratio of mean normalized counts between two conditions (log fold
change). Gene ontology enrichment and annotations (GO biologi-
cal process, P < 0.05) of differentially expressed transcripts were
performed using DAVID Bioinformatics Resources 6.8 (https://da
vid.ncifcrf.gov/home.jsp; Huang et al., 2009). Enrichment in
hormone (ABA, ACC, brassinolide, cytokinin, gibberellin, indole-
3-acetic acid, methyl jasmonate and salicylic acid) or ROS (H2O2,
O2

– and 1O
2) response transcripts was calculated as described by

Zandalinas et al. (2019).

Proteomic analysis

Seven-day-old Arabidopsis seedlings (80–100; Col, NEET #5-4,
NEET #10-10, H89C #4-3 and H89C #11-9) grown on 1% agar half-
strength MS plates, as described above, were used for proteomic
analyses. Samples were processed as described by Dahal et al.
(2016). An aliquot of each protein sample was centrifuged and
protein pellets were then re-suspended with 75 µl of 6 M urea, 2 M

thiourea and 100 mM ammonium bicarbonate. Samples were sub-
jected to an EZQ quantitation using MULTI GAUGE 2.3. trypsin diges-
tion, 25 µg of proteins from each sample were reduced and
alkylated, digested with trypsin (ratio 1:50 trypsin:protein, w/w),
and peptides were purified by Pierce C18 tips. Purified peptides
were then lyophilized and resuspended in 5/0.1% acetonitrile/for-
mic acid. For liquid chromatography with tandem mass spectrom-
etry (LC-MS/MS) analyses (timsTOF pro; Bruker, https://www.
bruker.com/products/mass-spectrometry-and-separations/lc-ms/o-
tof/timstof-pro.html), 0.8 µg suspended peptide was separated on
a C18 column (20 cm 9 75 µm, 1.7 µm) with a step gradient of
acetonitrile at 300 ml min�1. The Bruker nanoElute system (Bru-
ker, https://www.bruker.com) was connected to a timsTOF pro
mass spectrometer and the LC gradient conditions were estab-
lished as follows: initial conditions were 2% B (A, 0.1% formic acid
in water; B, 99.9% acetonitrile, 0.1% formic acid), followed by
20 min ramp to 17% B; 17–25% B over 27 min, 25–37% B over
11 min, gradient of 37% B to 80% B over 6 min and hold at 80% B
for 6 min. The total run time was 70 min. MS data were collected
over an m/z range of 100–1700. During MS/MS data collection,
each tims cycle included one MS plus an average of 15 parallel
accumulation–serial fragmentation (PASEF) MS/MS scans. The
acquired data were submitted to the PEAKs search engine for pro-
tein identification. The TAIR 10 protein database was used. Data
were searched with trypsin as the enzyme, and with two missed
cleavages allowed, carbamidomethyl cysteine as a fixed modifica-
tion, oxidized methionine and deamidation of asparagine and glu-
tamine as variable mod, 50 ppm mass tolerance on precursor ions
and 0.1 Da on fragment ions. For quantitative analysis, protein
FASTA sequences for 12 proteins (PetC, PAO, CAO, TIC55, FDC1,
Glu1, Glu2, PsaA, PsaB, Nir1, SiR and SiRB) were imported into
SKYLINE to identify a set of between three and six unique peptides
for each protein based on the TAIR 10 proteome. Areas for each
peptide signal (or summed areas of multiple peptides) were nor-
malized using the prominent trypsin autolysis peptide
(108VATVSLPR115). Peptide digests resuspended in 25 µl of 5% ace-
tonitrile and 1% formic acid (at 1 µg µl�1) were separated using a
gradient method (50 min). A full-loop injection (10 µl) was loaded
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onto a C8 trap column (pepmap100; ThermoFisher Scientific,
https://www.thermofisher.com). Peptides were eluted from the
trap column and separated on a 20 cm 9 75 µm inner diameter
pulled-needle analytical column packed with HxSIL C18 reversed-
phase resin (Hamilton Co., https://www.hamiltoncompany.com)
with a step gradient of acetonitrile at 500 nl min�1. The Eksigent
Nano 1D plus HPLC system was attached to a Thermo Scientific
TSQ Quantiva triple-quadrupole mass spectrometer. Initial LC gra-
dient conditions were 2% B (A, 0.1% formic acid in water; B, 99.9%
acetonitrile; 0.1% formic acid), followed by 2 min ramp to 10% B,
gradient 10–40% B over 36 min, ramp to 90% B in 1 min, hold at
90% B for 7 min, ramp back to (1 min) and hold at (5 min) initial
conditions. The total run time was 50 min. Multiple reaction moni-
toring (MRM) conditions were: ionization voltage 1600 V, Q1 reso-
lution 1.2, Q3 resolution 0.7 (full-width half-max), collision gas 3
mTorr. Data for between one and six peptides were acquired for
each protein. Following acquisition, the most prominent peptides
(and transitions per peptide) were examined and a subset of pep-
tides/transitions was used for quantitation. Ratios of proteins of
interest versus trypsin autolysis peptide were calculated. Stu-
dent’s t-tests were conducted on the triplicates in each group
(pairwise comparisons) and those with a P < 0.05 were identified.
All proteomic analyses were performed by the Gehrke Proteomics
Center at the University of Missouri (http://proteomics.missouri.edu).
Proteomics data were deposited in the Proteome Xchange
(https://panoramaweb.org/Mittler-FeS-prots.url; PX ID PXD015447,
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=
PXD015447).

Chlorophyll measurements

Chlorophyll extraction was performed as described by Moran
(1982), with some modifications. About 50–70 mg of 7-day-old
seedlings of each line were incubated in 5 ml of N,N-dimethylfor-
mamide (DMF) at 4°C in the dark for 7 days. Then, the absorbance
of 1 ml of the DMF extraction was read in a spectrophotometer at
603, 647 and 664 nm, using 1 ml of clean DMF as blank.

Pearl’s staining of ferric iron in seedlings

The Pearl’s staining method was adapted from Schuler et al.,
(2012) and Armas et al., (2019). Briefly, fresh 7-day-old seedlings
of each line growing on 1% agar half-strength MS supplemented
with 0.35 mM FeSO47H2O were vacuum infiltrated for 1 h at room
temperature (21–23�C) with fixative solution (methanol/chloro-
form/acetic acid, 6:3:1). The fixative was removed and seedlings
were washed three times with distilled water and subsequently
vacuum infiltrated with equal volumes of Pearl’s stain solution
(4% HCl and 4% K-ferrocyanide, 1:1) for 1 h at room temperature.
The reaction was stopped by washing three times with distilled
water. Seedlings were visualized and imaged under the micro-
scope and the blue color intensity was measured by using blue
histograms with IMAGEJ 6 (https://imagej.nih.gov). The measure-
ment of Pearl’s levels and counting organelles with a high level of
Pearl’s stain in light or electron microscopy was conducted as
described previously (Zumbrennen-Bullough et al., 2014; Grish-
chuk et al., 2015; Leclerc et al., 2015; Ahmad et al., 2017; Khalaf
et al., 2019).

Inductively coupled plasma optical emission spectrometry

(ICP-OES)

About 100 seedlings of each line grown in half-strength MS as
describe above were rinsed in deionized water for 10 min, washed
in 20 mM Tris-HCl (pH = 8) containing 5 mM EDTA on a shaker for

10 min, and then washed in deionized water on a shaker for an
additional 10 min. Seedlings were dried at 60°C for 3 days and the
dry weight was recorded. The tissues were digested in trace
metal-grade nitric acid for 3 days and, to ensure complete diges-
tion, samples were boiled for 15 min three times. The digested
samples were diluted 1:10 with milliQ water and extracts were
analyzed for Fe concentration using an ICP-OES (Optima 8000;
PerkinElmer, https://www.perkinelmer.com/category/inductively-
coupled-plasma-icp-oes). Three different biological repeats of
each line were analyzed.

Inductively coupled plasma mass spectrometry (ICP-MS)

About 100 seedlings of each line grown in half-strength MS as
describe above were rinsed in deionized water for 10 min, washed
in 20 mM Tris-HCl (pH = 8) containing 5 mM EDTA on a shaker for
10 min, and then washed in deionized water on a shaker for an
additional 10 min. Intact chloroplasts for each line were purified
by using MinuteTM Chloroplast Isolation Kit (Invest Biotechnolo-
gies, https://inventbiotech.com) following the manufacturer’s
instructions, and protein concentration was calculated according
to Bradford, (1976) using bovine serum albumin as a standard.
Chloroplasts were diluted in 300 µl of concentrated HNO3 (Fisher
Optima grade). The acid mixture was heated in a hot block at 75°C
for 2 h. After digestion, samples were made up to 10 ml with
ultrapure water. A solution of internal standards, Sc, Y, In and Tl,
was weighed into each. Two digestion blanks were prepared in
the same way alongside the samples. Analysis of these blanks did
not reveal any significant background level of the elements of
interest. Samples were analyzed on a PerkinElmer NexION 300X
with a glass nebulizer and glass cyclonic spray chamber. The Nex-
ION was operated in Kinetic Energy Discrimination (KED) mode,
which uses a collision cell to diminish the prevalence of poly-
atomic interferences. Fe was measured in two different KED cell
gas flow groups: 2.5 and 4.5 ml He min�1. The NexION was cali-
brated using a series of multielement standards prepared from a
commercial High Purity Standards stock solution. Internal stan-
dards Sc, Y, In, and Tl were added to instrument blanks and all lin-
earity standards. Instrument limits of detection were calculated as
three times the standard deviation of the concentration measured
in 10 analyses of zero-point standard (blank 3% HNO3 solution
with internal standards). Sample limits of detection were the
instrument limit of detection multiplied by the exact gravimetric
dilution factor for each sample. Three different biological repeats
of each line (H89C #4-3, #11-7, #23-10 and NEET #5-4, NEET #10-
10, NEET #11-9; Figure 1) were analyzed and the average of the
three NEET lines and the three H89C lines was calculated.

Transmission electron microscopy

Seedlings were fixed in 2% paraformaldehyde and 2% glutaralde-
hyde in 100 mM sodium cacodylate buffer, pH 7.35. For Pearl’s
staining, fixed tissues were rinsed with 100 mM sodium cacodylate
buffer, pH 7.35, containing 130 mM sucrose and immersed in
0.25% Pearl’s staining solution for 1 h at 4°C, followed by three
cacodylate buffer rinses. Secondary fixation was performed using
1% osmium tetroxide (Ted Pella, Inc., https://www.tedpella.com)
in cacodylate buffer using a Pelco Biowave (Ted Pella, Inc.) oper-
ated at 100 W for 1 min. Seedlings were next incubated at 4°C for
1 h, then rinsed with cacodylate buffer and further with distilled
water. En bloc staining was performed using 1% aqueous uranyl
acetate, incubated at 4°C overnight and then rinsed with distilled
water. A graded dehydration series was performed using ethanol,
transitioned into acetone, and dehydrated tissues were then infil-
trated with a 1v/1v of Epon and Spurr resin for 24 h at room

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2020), 101, 1152–1169

1166 Sara I. Zandalinas et al.

https://www.thermofisher.com
https://www.hamiltoncompany.com
http://proteomics.missouri.edu
://panoramaweb.org/Mittler-FeS-prots.url
://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD015447
://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD015447
https://imagej.nih.gov
https://www.perkinelmer.com/category/inductively-coupled-plasma-icp-oes
https://www.perkinelmer.com/category/inductively-coupled-plasma-icp-oes
https://inventbiotech.com
https://www.tedpella.com


temperature and polymerized at 60°C overnight. Sections were cut
to a thickness of 80 nm using an ultramicrotome (Ultracut UCT;
Leica Microsystems; https://www.leica-microsystems.com) and a
diamond knife (Diatome, https://www.diatomeknives.com). Images
were acquired with a JEOL JEM 1400 transmission electron micro-
scope (JEOL, https://www.jeol.co.jp) at 80 kV on a Gatan Ultrascan
1000 CCD (Gatan, Inc., http://www.gatan.com).

Protein expression, purification and 2Fe–2S cluster

transfer assays

AtNEET and H89C proteins were expressed and purified as
described by Nechushtai et al. (2012). Briefly, BL-21 competent
Escherichia coli cells were transformed with a pET28-a (+) vector
containing the cDNA of the soluble form of AtNEET/H89C and
grown in LB supplemented with 30 lg ml�1 kanamycin at 37°C. At
an OD600nm of 0.6, 0.75 mM FeCl3 was added and cell growth pro-
ceeded for an additional 12 h. After pelleting and lysis, AtNEET/
H89C proteins were purified using an Ni-NTA column followed by
size-exclusion chromatography, as described by Nechushtai et al.
(2012). The cDNA of the His-Tag-DRE2 (At5g18400) protein, was
cloned into pET28-a (+) vector (Novagen, now Merck, http://www.
merckmillipore.com) and transformed in E. coli (BL-21). Trans-
formed cells were grown in LB media, supplemented with
30 lg ml�1 kanamycin at 37°C. At an OD600nm of 0.6, 0.75 mM

FeCl3 with isopropyl b-D-1-thiogalactopyranoside (IPTG)
(0.2 mg ml�1) was added and cell growth proceeded for an addi-
tional 4 h. Cells were then harvested and homogenized in 25 mM

Tri-HCl, pH 8.0, and 250 mM NaCl with 5 mM imidazole. Following
lysis and centrifugation the supernatant was bound to a nickel-
NTA column, eluted and purified by size-exclusion chromatogra-
phy, as described by Nechushtai et al. (2012). The holo form of
DRE2 was then concentrated using a 10-kD centricon (Amicon�;
Sigma-Aldrich, https://www.sigmaaldrich.com/technical-docume
nts/articles/biology/amicon-ultra-centrifugal-filters.html), diluted
into 500 mM dithiothreitol (DTT), 200 mM Na2-ethylenediaminete-
traacetic acid (EDTA), pH 8.0 (to a final concentration of
4 mg ml�1) and heated for 8 min at 52°C until the protein
becomes colorless. Apo-DRE2 was then dialyzed against a buffer
containing 25 mM Tris-HCl, pH 8.0, 250 mM NaCl and 2.5 mM DTT.
2Fe–2S cluster transfer assays were performed as follows: Apo-
DRE2 (250 µM) was pre-reduced in the presence of 5 mM Na-
dithionite and 5 mM Na2-EDTA, pH 8.0, for 60 min. Apo-DRE2 was
then incubated with AtNEET (WT or the H89C mutant; 250 µM),
and 2Fe–2S cluster transfer was analyzed by absorption spec-
troscopy and native-PAGE, as described by Nechushtai et al.
(2012) and Lipper et al. (2015). The native-gel conditions were as
follows. Staking gel: 4% acrylamide, 250 mM amino caproic acid,
25 mM BIS-TRIS, pH 7.0. Separating gel: 10% acrylamide, 8% glyc-
erol, 250 mM amino caproic acid, 25 mM BIS-TRIS, pH 7.0. The
cathode buffer was composed of 50 mM Tricine, 9 mM BIS-TRIS,
pH 7.0, and the anode buffer contained 50 mM of BIS-TRIS at
pH 7.0.

Statistical analysis

Statistical analyses were performed by two-tailed Student’s t-
test. Results are presented as means � SDs (asterisks denote
statistical significance at P < 0.05 with respect to WT, Col). Dif-
ferentially expressed transcripts or proteins were defined as
those that had a fold change with an adjusted P < 0.05 (analysis
of variance, ANOVA, and/or negative binomial Wald test fol-
lowed by a Benjamini–Hochberg correction). Venn diagram
overlaps were subjected to hypergeometric testing using PHYPER

(R package).
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gov/geo/) under accession number GSE127300, and in Proteome
Xchange (http://proteomecentral.proteomexchange.org/cgi/GetDa
taset) under PX ID PXD015447.
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to apo-DRE2 protein.
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Table S2. Transcripts significantly downregulated in NEET-overex-
pressing plants compared with WT plants.

Table S3. Transcripts significantly upregulated in H89C-overex-
pressing plants compared with WT plants.

Table S4. Transcripts significantly downregulated in H89C-overex-
pressing plants compared with WT plants.

Table S5. Proteins significantly upregulated in NEET-overexpress-
ing plants compared with WT plants.
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Table S7. Proteins significantly upregulated in H89C-overexpress-
ing plants compared with WT plants.

Table S8. Proteins significantly downregulated in H89C-overex-
pressing plants compared with WT plants.
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