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ABSTRACT

discussion of their possible molecular mechanisms.

/The Arabidopsis genome encodes numerous iron-containing proteins such as iron-sulfur (Fe-S) cluster proteins and hemoproteins. These \
proteins generally utilize iron as a cofactor, and they perform critical roles in photosynthesis, genome stability, electron transfer, and oxidation-
reduction reactions. Plants have evolved sophisticated mechanisms to maintain iron homeostasis for the assembly of functional iron-containing
proteins, thereby ensuring genome stability, cell development, and plant growth. Over the past few years, our understanding of iron-containing
proteins and their functions involved in genome stability has expanded enormously. In this review, I provide the current perspectives on iron
homeostasis in Arabidopsis, followed by a summary of iron-containing protein functions involved in genome stability maintenance and a
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Introglucgion: Irqn-antaining
Proteins in Arabidopsis

Iron is an essential micronutrient for all organisms because it
functions as a cofactor in a wide range of biological processes
including DNA replication and repair."*! Eukaryotic cells contain
numerous iron-containing proteins, which can be mainly classified
into three groups: Iron-sulfur (Fe-S) cluster proteins, hemoproteins,
and non-heme/non-Fe-S proteins.?* Fe-S proteins ate charactetized
by their different structures with variable oxidation states, ranging
from [2Fe-2§] diamonds, [3Fe-4S] intermediates, to [4Fe-4S] cluster
cubes.? Examples of Fe-S proteins include DNA polymerases,
DNA helicases, hydrogenases, nicotinamide adenine dinucleotide
(NADH)-dehydrogenases, nitrogenases, ferredoxins, and aconitases.!"”!
Hemoproteins have a heme prosthetic group that allows them to
carry out oxidative functions. Examples of hemoproteins include
cytochromes, hemoglobin, myoglobin, catalases, and peroxidases.”” Non-
heme/non-Fe-S proteins can be further subgrouped into three classes:
Mononuclear non-heme iron enzymes, diiron proteins, and proteins
involved in ferric iron transport."™" This group of iron-containing
proteins mainly includes the small subunit of ribonucleotide reductases
(RNRs), superoxide dismutases (SODs), dioxygenases, pterin-dependent

hydrolases, and lipoxygenases.!'*!
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The apo-forms of iron-containing proteins utilize iron as a cofactor
to assemble their functional holoproteins.'" The mammalian and
yeast iron-containing proteins exhibit extensive functions in electron
transfer, telomere maintenance, genome stability, and cell cycle
control.?” Similatly, the Arabidopsis genome also encodes numetous
iron-containing proteins, including 107 putative and confirmed Fe-S
proteins; 246 cytochrome P450 (CYP) members; 7 cytochrome b5
(Cb5) proteins; over 100 proteins involved in heme synthesis and heme
binding; 12 putative and confirmed iron-containing dioxygenases; 4 iron-
dependent SODs; and 3 RNR small subunits (from The Arabidopsis
Information Resource, TAIR, http://www.arabidopsis.org/). Some of
them have been directly characterized or implicated to play important
roles in genome stability, such as DNA polymerases, DNA primase large
subunits, DNA helicases, DNA glycosylases, peroxidase superfamily
proteins, Cb5 proteins, cytochrome ¢ (CYTc), SODs, and the small
subunits of RNR [Table 1]. Additionally, some iron-containing
proteins are also involved in the maintenance of genome stability
through indirect ways. For instance, the biogenesis and maturation of
cytosolic Fe-S proteins require the function of a dedicated Fe-S cluster
assembly pathway, namely, cytosolic iron-sulfur cluster assembly (CIA)
machinery.™'¥ The CIA pathway is necessary for transferring Fe-S
clusters to target proteins such as DNA polymerases, DNA primases,
DNA helicases, and RNRs in mammals and yeast."">"l Thus, the
disruption of proteins involved in the CIA pathway possibly affects
the stability of target proteins, resulting in genome instability [Table 1].

Iron Homeostasis in Arabidopsis

In Arabidopsis, iron homeostasis is achieved via strictly controlled
systems for iron uptake at the cell plasma membrane in roots and for
eliciting balanced iron distribution among cellular compartments, as
well as systemic translocation. !

Iron uptake

Plants have evolved two distinct iron uptake strategies: Strategy
I and strategy IL,”»" which ate responsible for iron acquisition in
dicotyledenous plants/non-graminaceous monocots and in grasses,
respectively.# _Arabidopsis utilizes strategy I to absotb iron, which
is tightly controlled by the root high-affinity iron uptake system.!*!
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Table 1: The putative and confirmed iron-containing proteins involved in genome stability in Arabidopsis

Symbol AGI Main functions Cofactors Localization References
ACO1 At4935830 Oxidative stress and cell death [4Fe-4S] Cytosol [137]
ACO2 At4g26970 Mitochondria [137]
ACO3 At2gos710 Mitochondria
AE7 At1g68310 Intrachromosomal DNA recombina-tion [4Fe-4S] Nucleus [88]
and response to DNA damage
ALKBH2 At2g22260 DNA repair Mononucleariron(ll) Nucleus [123]
AlkB-like protein At3g14160 Oxidation-reduction process
Atigi1780
ARD1 At4g14716 Oxidation-reduction process Iron(ll) Cytosol [127]
AtLigB At4g15093 Oxidation-reduction process Iron(lll) Cytosol [128]
ATR1 At4g24520 Oxidative stress Heme Cytosol and ER* [138]
ATR2 At4g30210 Oxidation-reduction process Heme Chloroplast, and ER* [108]
ATR3 At3g02280 Oxidation-reduction process Heme Cytosol and nucleus [109]
CBs-A At1g26340 Possibly involved in checkpoint control, Heme ER* membrane [115]
CB5-B At2g32720 DNA repair ER* membrane
CBs-C At2g46650 Unknown
CB5-D At5g48810 ER* membrane
CBs-E Ats5g53560 ER* membrane
CBs5-like protein Atig60660 Mitochondria
CBR1 Atsg17770 Oxidation-reduction process Heme Endoplasmic membrane and [117]
CBR2 At5g20080 mitochondrial membrane
ChlIRa-like helicase At1g79890 DNA replication [4Fe-4S] Nucleus [138]
DEM Atsgos4560 DNA demethylation and DNA repair [4Fe-4S] Nucleus [82]
DML1 At2g36490 [781
DML2 At3g1o0010 [80]
DML3 At4g34060
DOX1 At3go1420 Oxidative stress and cell death Heme Monolayer-surrounded lipid [126]
storage body
DRE2 At5g18400 Possibly involved in DNA damage [2Fe-2S] and Cytosol [86]
[4Fe-45]
ERV1 At1g49880 Oxidation-reduction process Heme Mitochondria and nucleus [139]
FANCJ-like helicase At1g20720 DNA replication and repair [2Fe-2S5] Mitochondria [140]
At1g20750 [2Fe-25] Chloroplast and nucleus [140]
At1g79950 Oxidation reduction Chloroplast [140]
FDa1 Atigio960 Oxidative stress and electron transfer [2Fe-25] Plastids [95]
FD2 At1g60950 Oxidative stress and electron transfer [2Fe-25] Chloroplast [95]
FD3 At2g27510
FD4 At5g10000
FSD1 At4g25100 Removal of superoxide radicals and Iron Plasma membrane, [131]
response to oxidative stress mitochondrial membrane,
and chloroplast
FSD2 Atsgsi100 Oxidation-reduction process Iron Chloroplast [130]
FSD3 At5g23310 Oxidation-reduction process and Iron Chloroplast [130]
removal of superoxide radicals
FTR At2go4700 Light-dependent oxidation-reduction [4Fe-4S] Chloroplast [96]
process
Iron-containing At2g26400 Oxidation-reduction process Iron (I1) Plasma membrane [141]
dioxygenases At3949620 Cytoplasm [142]
At4go3o50 Cytoplasm [143]
At4gi4710 Cytosol and plasma membrane [144]
At4g29890 Chloroplast [145]
At5943850 Plasma membrane [144]
NAR1 At4916440 Chromosome segregation and meiotic [4Fe-4S] Cytosol and nucleus [86]
DNA double-strand break
Continve....
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Table 1: The putative and confirmed iron-containing proteins involved in genome stability in Arabidopsis

Symbol AGI Main functions Cofactors Localization References
NBP35 At5g50960 DNA replication and repair [4Fe-4S] Cytosol [86]
POLA2 At1g67630 DNA replication [4Fe-4S] Cytosol [146]
POLD2 At2g42120 DNA replication [4Fe-4S] Nucleus [60]
POLD3 At1g78650 DNA replication [4Fe-4S] Nucleus [147]
POLD4 At1gog815 DNA replication [4Fe-4S] Nucleus [147]
POL2A At1go8260 DNA replication [4Fe-4S] Apoplast and nucleus [60]
POL2B At2g27120 DNA replication [4Fe-4S] Nucleus [148]
RAD3 At1go3190 DNA repair [4Fe-4S] Nucleus [149]
RNR2A At3g23580 DNA repair Fe'' -Ye Cytosol [136]
RNR2B At5940942 Pseudogene, unknown function Fe'' -Ye Cytosol [136]
TSO2 At3g27060 DNA replication and repair Fe'' -Ye Cytoplasm [134]

“ER — Endoplasmic reticulum

This process is highly dependent on the expression of FRO2 (ferric
reduction oxidase 2, At1g01580) and IRT1 (iron-regulated transporter
1, At4¢19690).2) FRO2 functions as a root ferric-chelate reductase,
and IRT1 is required for the transport of ferrous iron across the
plasma membrane [Figure 1].7%%l Both of them specifically function
in root iron uptake under iron-deficient conditions.***l The expression
of FRO2 and IRT1 is rapidly induced in iron-deficient conditions,
whereas it is dramatically diminished in iron-sufficient conditions via
posttranslational mechanisms.?* ' The Arabidopsis genome also encodes
an IRT1 paralog, namely, IRT2 (At4g19680). Studies have indicated that
IRT2 cooperates with IRT1 and FRO2 to maintain iron homeostasis
in root epidermal cells.®!

Interestingly, the expression of many iron-regulated genes is induced
by FIT (Fer-like Deficiency Induced Transcription Factor, At2g28160),
which is a transctiption factor that regulates iron uptake responses.” The
fit mutant accumulates less iron in root and shoot tissues in comparison
with wild-type plants.” Further studies indicate that FIT can regulate
ferric chelate reductase activity and iron transport into plant roots.” This
process is achieved by regulating FRO2 expression and by controlling
protein accumulation of the IRT1.2¥ Moreover, the Ib subgroup of the
basic helix-loop-helix (bHLH) gene family (AtbHLH38, AtbHLH39,
AtbHLH100, and AtbHIL.H101) in Arabidopsis also has been reported
to participate in the regulation of iron uptake. AtbHLH38 and
AtbHLH39 can interact with FIT, directly activating the expression
of FRO2 and IRT1.” Recently, AtbHLH100 and AtbHLLH101 have
also been identified to interact with FIT.?l Overexpression of FIT and
AtbHLH101 in plants results in the constitutive expression of FRO2
and IRT1 in the roots, and accumulates more iron in the shoots."
However, the expression of FRO2 and IRT1 in roots and the iron
content in shoots dramatically decrease in the triple knockout mutant
of AtbHLH39, AtbHILLH100, and AtbHLH101.”” Moreover, the
mediator subunit 16 (MED16, At4g04920) is reported to function in
the regulation of iron uptake gene expression in Arabidopsis.?" Lesion
of MED16 significantly reduces the expression of FRO2 and IRT1
in Arabidopsis roots.P! MED16 can interact with FIT and improves
the binding of the FIT/Ib bHLH complex to FRO2 and IRT1
promoters under iron-deficient conditions.”" Shk1 binding protein 1
(SKB1/AtPRMTS, At4g31120) is also reported to be involved in iron
homeostasis in Arabidopsis.*” The chromatin immunoprecipitation
(ChIP) and genome-wide ChIP-seq results show that SKB1 associates
with the chromatin of the Ib subgroup bHLH genes.” In addition,
SKB1 can catalyze the symmetric dimethylation of histone H4R3
(H4R3sme2), and the level of H4R3sme2 positively corresponds to
the iron status of plants.”? These results indicate that SKB1-mediated

Figure 1: Iron uptake and intracellular trafficking in an Arabidopsis
cell. The ferric iron (Fe*) is primarily reduced to ferrous iron (Fe?*)
by surface reductase FRO2. Iron uptake is carried out at the plasma
membrane by iron transporter IRT1. When iron enters the cytosol, it
can be delivered into the chloroplast, vacuole, and mitochondria by
iron transporters. In the chloroplast, FRO7 is the main iron transporter.
Moreover, PIC1 can mediate iron transport across the inner envelope
of chloroplasts. The import iron is mainly stored in ferritin proteins
(AtFER1-AtFERA4). In the vacuole, iron accumulation and storage are
controlled by the VIT1, AtNRAMP3, and AtNRAMP4 proteins. In the
mitochondria, FRO3 and FRO8 are proposed to be required for iron
transport. The ABC transporter protein AtABCB25 functions in iron
efflux to the cytosol

HA4R3sme?2 regulates iron homeostasis in Arabidopsis.*? Iron deficiency
may increase the disassociation of SKB1 from bHLH genes in chromatin
and decrease the level of H4R3sme2, thereby elevating the expression
B2

of bHLH genes and enhancing iron uptake.

In addition, some studies suggest that there exist additional root-derived
signals to control iron uptake.?34 Split-root experiments indicate that
Fe(IlI) reductase activity is higher in the roots supplied with iron,**"
implying that the systemic signal generated by iron-deficient shoots is
further modulated by a local, root-derived signal.®’!

Intracellular iron transport

Iron is required to be compartmentalized into different cellular
organelles, such as chloroplasts, vacuoles, and mitochondria.!
However, to date, much less is known about intracellular iron transport
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in Arabidopsis. Ferrous iron in roots is transported, it is suggested, into
xylem via Ferroportin-1 (FPN1, At2g38460), where it forms a complex
with citrate.’” The complex is loaded into the phloem and further
forms a complex with nicotianamine (NA), which is synthesized from
S-adenosyl methionine by nicotianamine synthase (NAS).PY Recent
studies indicate that transcription factors MYB10 (At3g12820) and
MYB72 (At1g56160) function in the iron-deficiency regulatory cascade
to drive NAS4 gene expression.!

In addition, some proteins are probably involved in intracellular iron
homeostasis according to the predicted organelle localization. For
instance, FRO7 (At5g49740), a paralog of FROZ2, might be involved in
transporting iron into the chloroplast [Figure 1].5" The expression of
three members of the natural resistance-associated macrophage protein
(NRAMP) metal transporter family, including AANRAMP1 (At1g80830),
ANRAMP3 (A2623150), and ANRAMP4 (At567330), is regulated by
the iron status.”*! Functional analyses have demonstrated that all three
proteins are capable of transporting Fe and Mn."*"!l AINRAMP3 and
AtNRAMP4 localize in the vacuole, where they can export metal ions into
the cytosol.P** Interestingly, AANRAMP3 and AINRAMP4 function, itis
suggested, in the long-distance transport of metals due to their expressions
in the stele of roots and in the vasculature of leaves and stems.”* The
vacuolar iron transporter 1 (VIT1, At2g01770) mediates iron accumulation
in vacuoles and controls the localization of Fe in seeds.>* A plastid
protein PIC1 (permease in chloroplast 1, At2g15290) can regulate iron
transport across the inner envelope of chloroplasts.?!

Iron storage

In Avrabidopsis, iron is mainly stored in the chloroplast, vacuole, and
mitochondria, where it can be utilized by numerous iron-containing
proteins.' The majority of iron is stored in chloroplast ferritin
proteins.™ _Arabidopsis contains four ferritin members, namely,
AtFerl-AtFerd (At5¢01600, At3gl1050, At3g56090, and At2g40300,
respectively) [Figure 1].1°
to target to the chloroplast, as they contain transit peptides required
for delivering iron to the plastid.*) Importantly, the expression of

AtFerl, AtFer3, and AtFer4 is induced when plants are treated with
[45-47

I All these four ferritin proteins are predicted

excess iron.**l In addition, iron can also be stored in the vacuole,
where it is mainly controlled by AINRAMP3, AINRAMP4, and VIT1
iron transporters [Figure 1].5%2% Moreover, AtABCB25 (also named
AtSTA1, At5¢g58270), an ATP-binding cassette (ABC) transporter, has
been shown to be important in iron efflux from the mitochondria to
the cytosol [Figure 1].14

Iron translocation

Most iron acquired by the roots is ultimately delivered to above-ground
portions of the plant via the xylem.*”" During this process, iron needs to
cross several different membrane bartiers. Plants utilize a sophisticated
system to deliver iron from root epidermal cells to leaf cells.”” A
variety of transporters have been identified to be involved in the iron
translocation process in Arabidgpsis, including (ferric reductase defective
3, At3g08040) FRD3 and the yellow stripe-like (YSL) family of proteins
(YSL1-8). FRD3 facilitates citrate efflux into the xylem, and the mutation
of FRD3 results in Fe localizing to the central vascular cylinder of the
roots and failing to transport it to the aerial parts."! The YSL family
of proteins transport, it is suggested, metals complexed with NA.F? In
Arabidgpsis, YSL1 (At4g24120) and YSL3 (At553550) are important
for iron transport and also responsible for loading Fe, Cu, and Zn
from leaves into seeds.” YSL4 (At5g41000) and YSL6 (At3g27020)
are suggested to control iron release from the chloroplast,? and they
are also involved in iron transport and metal mobilization into seeds."
The transport functions of YSL1 and YSI.2 (At5g24380) are shown to

Genome Integrity

partially overlap with the function of YSL3 in vegetative structures, but
they are distinct in the reproductive organs.’” The functions of YSL7
and YSLS in iron translocation have not been characterized.

The effects of iron homeostasis on protein functions
Maintaining iron homeostasis is critical for assembling prosthetic
groups such as heme and Fe-S clusters.”” Much less is known about the
effects of iron homeostasis on protein stability in Arabidopsis, whereas
studies in mammals have elucidated that iron homeostasis is governed
in part through the regulated proteolysis of ferroportin (iron exporter),
hypoxia-inducible factor (HIF), iron-regulatory proteins (IRPs), and an
F-box/leucine-tich repeat protein (FBXL5).5% Obviously, the critical
roles played by iron in both enzymatic catalysis and protein structure
contribute to the stability of iron regulation proteins and iron-containing
proteins.

Fe-S Cluster Proteins and Genome
Stability

Numerous Fe-S cluster proteins are reported to function in genome
stability maintenance in Arabidgpsis. These proteins mainly include DNA
polymerases, DNA helicases, DNA glycosylases, the large subunit of
DNA primase, and components of the CIA system.

DNA polymerases and DNA primases

Eukaryotes mainly utilize three conserved polymerases (Polat, Pold, and
Pole) to build DNA blocks.”” Polat is associated with DNA primases to
synthesize short RNA primers, which are subsequently utilized by Pole
and Pold to synthesize the leading and lagging strands, respectively.>**!
All the three DNA polymerases and the large subunit of primase
contain a Fe-S cluster.”)_4rabidopsis has a DNA polymerase ot (POLA2,
At1g67630), three members of polymerase § (POLD2-At2g42120,
POLD3-At1g78650, and POLD4-At1g09815), two catalytic subunits of
Pole (POL2A-At1g08260 and POL2B-At2g27120), and a large subunit
of DNA primase (At1g67320). Although the functions of _Arabidopsis
DNA polymerases are less characterized, their amino acid sequences
share a high degree of similarity to their corresponding homologues
in yeast and mammals, implicating their conserved functions in DNA
replication.” In rice, the expression of DNA polymerase d catalytic
subunit (POLD1, Os11g0186400) can be detected in mature leaves and
is induced under ultraviolet (UV) irradiation treatment,"! supporting the
conclusion that POLD is required for DNA replication in plants.” In
Arabidopsis, both POL2A and POL2B contain the conserved domains
that are present in other eukaryotic homologues.*! Mutations of POL2A
result in DNA replication defects,* while pol2b mutants have no visible
phenotypic effects.* These results suggest that POL2B is not essential
for DNA replication or that POL2B functions redundantly with other
DNA polymerases.

DNA helicases

DNA helicases are highly conserved enzymes that function to unwind
DNA in order to provide a single-stranded DNA for replication, RNA
transcription, DNA repait, and recombination.>*! Defects of helicases
are generally associated with genomic instability in yeast and mammals.*”
The Arabidopsis genome encodes numerous proteins exhibiting helicase
activities, and these proteins include AtFANCM (Atl1g35530),
AtINO80 (At5g57300), AtMER3 (or AtRCK, At3g27730), AtRAD54
(At3g19210), AtRAD5A (At5g22750), AtRECQ2 (Atlg31360),
AtRECQA4A (Atl1g10930), AtSRS2 (At4g25120), AtSWR1 (At5g37055),
RAD3 (UVHO0) (At1g03190), three homologues of human Fanconi
anemia group | protein (FANCJ) helicase (At1g20720, At1g20750, and
At1g79950), and a homologue of human ChIR1 helicase (At1g79890)
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(according to TAIR). Among the proteins listed above, only RAD3, the
homologues of FANC]J helicase, and the homologue of ChIR1 helicase
contain a Fe-S cluster. The Arabidopsis RAD3 (also known as UVHO)
is a homologue of the human XPD and yeast RAD3. Both XPD and
yeast RAD3 are essential helicases, with roles in the repair of damaged
DNA through the nucleotide excision repair (NER) mechanism." ) The
Fe-S cluster in yeast RAD3 is essential for the coupling of adenosine
triphosphate (ATP) hydrolysis to DNA translocation and for targeting
the helicase to the DNA junction.”” The uvh6-1 mutant is hypersensitive
to both UV-C and UV-B irradiation, implicating its important role in
DNA repair.” The human FANC]J helicase has been identified to
catalyze the unwinding of duplex DNA and G-quadruplex structures
in an ATP hydrolysis-dependent manner to ensutre genomic stability.™
The Arabidopsis genome encodes three FANCJ-like proteins, but their
functions are still not characterized. ChlR1 belongs to the FANC]J-like
DNA helicase family and it contains a DEAH/DEAD box,"! which is
required for unwinding nucleic acids and is involved in various aspects
of RNA metabolism.I" The deletion of ChIR1 in mammalian cells can
lead to DNA damage accumulation, suggesting its important role in
efficient DNA repair duting DNA replication.” However, the function
of Arabidopsis ChlR1-like helicase remains unclear.

DNA glycosylases

DNA glycosylases can recognize and excise mismatched or altered
bases through the base excision repair (BER) mechanism.™ Generally,
all glycosylases function in a similar way; they cleave the N-glycosylic
bond between the target base and the sugar-phosphate backbone of
the DNA," theteby teleasing a free base and leaving an apurinic/
apyrimidinic (AP) site.” _Arabidopsis has 26 DNA glycosylases that
extensively function in the DNA repair process;"*” of them, only
the DEM (DNA glycosylase DEMETER, At5g04560), DMLI
(DEMETER-LIKE 1, also known as AtROS1, At2¢g36490), DML2
(At3g10010), and DML3 (At4g340060) proteins contain a Fe-S cluster.
These iron-containing DNA glycosylases extensively function in DNA
methylation."** The DME gene is mainly expressed in the central cells
before fertilization and is required for the DNA demethylation of the
maternal allele in the endosperm that establishes gene imprinting. -
DME also functions, it has been suggested, in a protein complex,
providing promoter specificity for base excision and DNA nicking
of the maternal genome.® Interestingly, AtROS1 possesses both
DNA glycosylase and lyase activities against methylated DNA, but not
unmethylated DNA." The atros1 knockout mutant is hypersensitive
to genotoxic stresses such as methyl methanesulfonate (MMS) and
hydrogen peroxide (H,0,), suggesting that ROS1 is involved in the DNA
repair process by repressing homology-dependent transcriptional gene
silencing via the demethylation of target promoter DNA.¥ Moreover,
the Arabidopsis genome encodes two additional paralogs of AtROST,
namely, DML2 and DML3.¥" Hypermethylation of cytosine residues
has been observed in dml2 and dml3 mutants relative to wild-type
plants.® These results indicate the important roles of DML2 and DML3
in removing DNA methylation from impropetly-methylated cytosines.

Components of CIA machinery
The assembly of Fe-S cluster is carried out via ISC (iron-sulfur cluster,
in mitochondria), CIA, and SUF (sulfur mobilization, in plastid)

machineries in plants.®

I Eukaryotes share conserved mechanisms for
the synthesis of Fe-S clusters and their insertions into apoproteins.®!
The biogenesis of Fe-S proteins contains two major steps:

1. A Fe-S cluster is assembled on a scaffold complex, and

2. The Fe-S cluster is dislocated from the scaffold and

transferred to specific apoproteins.[®)

Some of the CIA components have been found to function in DNA
replication and repair processes in different organisms. However, little
is known about the roles of ISC and SUF members in genome stability.

The CIA machinery members in_Arabidopsisinclude NAR1 (At4g16440),
CIAT (At2g26060), NBP35 (At5g50960), AE7 (At1g68310), MET18
(also named MMS19, At5g48120), DRE2 (At5g18400), TAH18
(also named ATR3, At3g02280), ATM3 (At5g58270), and ERV1
(At1g49880). The yeast CIA pathway proteins NAR1, CIA1, CIA2,
and MET18, and their corresponding human homologues IOP1,
CIAOT1, MIP18, and MMS19, it is proposed, transfer Fe-S clusters
to the target proteins."'“#1 More importantly, both the human and
yeast MMS19 proteins interact with numerous Fe-S proteins, including
Pold, DNA primase, Dna2, XPD, RTEL1, and FANCJ.!"Y Similarly, the
Arabidopsis AET-CIAT-NAR1-MET18 complex has been indicated to
facilitate the transfer of Fe-S clusters to the target apoproteins such as
ACO (aconitase) and ROST. In addition, the Arabidopsis CIA pathway
has also been suggested in the maintenance of nuclear genome integrity
through Fe-S proteins involved in DNA metabolism.® Mutations of
CIA members including AE7 and ATM3 lead to the accumulation of
DNA damage and the increase of homologous recombination (HR)
rates.®™ Therefore, it is highly possible that genomic integrity defects in
ae7 and atm3 mutants result from inefficient assembly of the Fe-S cluster
proteins involved in DNA replication and repait.® Taken together, the
CIA pathway plays a critical role in maintaining genome integrity, due
to the importance of the Fe-S proteins in DNA replication and repair.

Other Fe-S proteins

In addition, some Fe-S proteins are also involved in genome stability. For
instance, the aconitase family proteins, including ACO1 (At4g35830),
ACO2 (At4g26970), and ACO3 (At2g05710), play roles in catalyzing
the conversion of citrate to isocitrate.*”! The yeast ACO1 can bind to
mitochondrial DNA (mtDNA) and mediate its maintenance; as a result,
the disruption of ACO1 causes mtDNA instability.® In Arabidopsis,
ACOL1 can specifically bind to the 5" untranslated region (5-UTR) of
CSD2 (At2g28190, a SOD) in vitro,”! whereas ACO2 affects CSD2
gene expression and may function in response to oxidative stresses.
ACO3 is required for controlling seed abscisic acid (ABA) sensitivity and
seedling establishment.” Furthermore, ferredoxin (Fd) family proteins,
including FD1 (At1g10960), FD2 (At1g60950), FD3 (At2627510), and
FD4 (At5g10000) also contain a [2Fe-2S] cluster. The FD family proteins
have been demonstrated to extensively involve oxidative stresses,” !
suggesting their critical roles in maintaining genome stability. The
Arabidopsis ferredoxin/thioredoxin reductase (FTR, At2g04700)
contains a [4Fe-4S] cluster and plays a key role in the light-dependent
redox regulatory system.”® The ftr knockout mutant exhibits significant

sensitivity to oxidative stresses.”

Hemoproteins and DNA Stability

Heme is a diverse cofactor and it participates in a wide range of
chemical reactions, such as electron transfer, oxygen activation, and gene
regulation.” Heme-containing proteins, also termed hemoproteins, ate
essential for the physiology and viability of living organisms, and contribute
to diverse functions including respiration, oxygen carriage, cellular signaling,
and apoptosis.”¥ Mutations of hemoproteins are always associated with
the induction of reactive oxygen species (ROS),®*! which can damage
lipids, proteins, and DNA. The Arabidopsis hemoproteins involved in
genome stability mainly include CYP reductase (CPR), Cb5, and CYTc.

CPRs

The CYP superfamily proteins utilize heme as a cofactor and function in

the oxidation/reduction of endogenous or exogenous compounds.!™
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CYPs require a CPR to transfer electrons from reduced nicotinamide
adenine dinucleotide phosphate (NADPH) to their substrates.'"!! The
NADPH-dependent CPR generally localizes in the endoplasmic reticulum
(ER) membrane and serves as the electron donor of CYPs.""! CPR
contains multidomains such as three cofactor-binding domains (flavin
mononucleotide [FMN], flavin adenine dinucleotide [FAD], and NADPH)
and a linker domain situated between the FMN and FAD/NADPH
domains.!"™

CPR is the most imperative redox partner of CYPs.'") Human CPR
and NADPH-dependent CPR can act as sources of endogenous
oxidative DNA damage and ate required for genome stability."" The
Arabidopsis genome encodes 246 P450 genes, which can be grouped
into 72 families."" Their biological functions range from the synthesis
of macromolecules, hormones, and signaling molecules, and to the
metabolism of xenobiotics.!'”! However, the functions of numerous
P450 genes remain unclear. The Arabidopsis genome encodes two
authentic and one putative CPR genes, namely, ATR1 (At4g24520),
ATR2 (At4g30210), and ATR3 (At3g02280), respectively. ATR1 is
required for electron transfer from NADP to CYPs in microsomes.!'””
In particulat, it can provide electrons to heme oxygenase and Cb5.177
ATR2 contributes to the first oxidative step of the phenylpropanoid
general pathway.'"™ ATR3 serves as a diflavin reductase and is essential
for Arabidopsis embryo development.'” Interestingly, ATR3 exhibits
CYTc reductase activity, but not P450 reductase activity.'” The yeast
two-hybrid screening has identified that ATR3 can interact with two Fe-S
proteins, the human CIAPIN1 and the yeast Dre2 protein.'” These
results suggest that ATR3 may function in genome stability either by
ways similar to CY'Tc or by interacting with Fe-S proteins.

Cb5

Cb5s are ubiquitous hemoproteins and typically associate with the ER
and outer mitochondtial membranes.""” In higher cukaryotes, Cb5
functions as an electron donor for the desaturation of acyl-CoA fatty
acids (FAs), sphingolipid long-chain base hydroxylation and desaturation,
FA hydroxylation, sterol desaturation, and cytochrome P450-mediated
reactions.l""" In plants, Cb5 plays a primary role in providing electrons
for the synthesis of the polyunsaturated FAs linoleic acid (18:2) and
a-linolenic acid (18:3),"""! which contributes to the integrity of cellular
membranes.'"? Interestingly, previous studies have demonstrated
that some Cb5-like proteins play critical roles in genome stability
maintenance. For instance, a Cb5-like protein Dapl is required for
resistance to DNA damage agent methyl MMS in yeast.""”l Moreover,
Irc21 protein also contains a Cb5-like domain and has been revealed to
function in checkpoint control, DNA repair, and genome stability.!""

The Arabidopsis genome encodes five Cb5 members (CB5A-E, referring
to Atlg26340, A2g32720, At2e46650, At5¢48810, and At5¢53560),
respectively) and one Cb5-like protein (At1g60660).'"% Four of them
including, CB5A, -B, -D, and -E are predicted to localize in the ER
membrane."!"% However, little is known about the specific functions
of individual Cb5 proteins. These proteins share a high degree of
amino acid sequence similarities, suggesting the high possibility that they
function redundantly. Two Cb5 reductases, namely, CBR1 (At5g17770)
and CBR2 (At5g20080) are present in the endoplasmic membrane and
the inner mitochondrial membrane, respectively.'"”? CBR1 is essential
for a functional male gametophyte.!"” Although both CBR1 and CBR2
are also predicated to function as FAD/NAD-binding oxidoreductases,
further studies are still needed to uncover their biological roles.

CYTc

CYTc is a small hydrophilic hemoprotein that is extensively present
in the mitochondrial inner membrane."® CYTc participates in many
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biological processes, such as respiration, apoptosis, cell death, oxidative
stress, DNA damage, energetic metabolism, protein folding, and
translational regulation."""*" In Arabidopsis, CY'Tc is encoded by CY'TC-
1 (At1g22840) and CYTC-2 (Atdg10040). The knocking-out of both
genes causes lethality in plants, whereas the individual mutants have no
visible phenotype.!'* These tesults suggest that CYTC-1 and CYTC-2
function redundantly. Moreover, plants with decreased CYTc exhibit
developmental delay, the alteration of stress-responsive gene expression,
and the reduction of ROS levels,""® implying that CYTc in Arabidopsis
also functions as conservatively as other eukaryotes.

Other Iron-Containing Proteins
and DNA Stability

Besides Fe-S proteins and hemoproteins, Arabidopsis also contains many
other iron-containing proteins involved in genome stability, such as
dioxygenases, SODs, and RNRs.

Dioxygenases

Some dioxygenases can utilize iron to incorporate into active sites for the
assembly of holoproteins.''? These iron-containing dioxygenases have
been identified to be involved in the DNA repair process. For instance,
the Fe(Il)/2-oxoglutarate-dependent dioxygenase alpha-ketoglutarate-
dependent dioxygenase (AlkB) is extensively present in Escherichia coli
and in mammals.'?! The AlkB protein performs a conserving function
in the oxidative removal of damaged DNA via alkylation."* Failure to
remove damaged DNA generally leads to cytotoxicity or mutagenesis
during DNA replication.'® The Arabidopsis genome encodes several
AlkB homologues, including ALKBH2 (At2¢22260), At3g14160, and
Atlg11780. In them, the ALKBH2 protein can protect Arabidopsis
against DNA methylation damage.!! The alkbh2 knockout mutants
are hypersensitive to the MMS.'”l However, functions of the other two
genes have not been characterized. Additionally, another nine genes are
also annotated as iron-containing dioxygenases, and these are At2g26400,
At3g01420, At3g49620, At4g03050, At4g14710, Atdg14716, Atdg15093,
At4¢29890, and At5g43850. Of them, At3g01420, also termed DOXT,
encodes a O-dioxygenase that protects plants against oxidative stress and
cell death.™ Recently, it has been shown to be an important component
that positively regulates programmed cell death (PCD)."* The At4g14716
gene encodes an acireductone dioxygenase 1 (ARD1) and functions as
an effector of the  subunit of heterotrimeric G protein, which may
participate in the synthesis of ethylene. The At4g15093 gene, or
AtLigB, is annotated as an extradiol ring-cleavage enzyme, and contributes
to arabidopyrone (AP) biosynthesis.'” The functions of the other six
putative iron-containing dioxygenases have not been characterized.

SO0Ds

Numerous environmental stresses can result in the abnormal induction
of superoxide within plant tissues.'*” Plants commonly utilize SOD
to detoxify the excess ROS."?! The Arabidopsis genome encodes one
manganese SOD (MSD1, At3g10920), three copper/zinc SODs
(CSD1-At1g08830, CSD2-At2¢28190, and CSD3-At5g18100), and
three iron SODs (FSD1-At4¢25100, FSD2-At5¢51100, and FSD3-
At5¢23310). The iron-dependent FSD1 is abundantly present in the
plasma membrane, mitochondrial membrane, and different fractions of
chloroplast such as stroma, envelope, and the petipheral thylakoid.!"™"
The stromal localization implies its important role in photosynthesis due
to the ability to scavenge ROS in the watet-water cycle."l Notably, the
expression of FSD1 is dramatically induced in low Cu levels.!'*? FSD2
and FSD3 play essential roles in eatly chloroplast development.!"™ The
fsd2-1fsd3-1 double mutant plants exhibit a severe albino phenotype and
are hypersensitive to oxidative stress.!'" In vivo and in vitro studies have
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confirmed that FSD2 and FSD3 proteins can form a heteromeric protein
complex in the chloroplast, suggesting that the FSD2-FSD3 complex
functions in the scavenging of ROS to facilitate the maintenance of
early chloroplast development by protecting it against ROS.!"*I

RNRs

RNRs are critical enzymes that catalyze a rate-limiting step in the
synthesis of deoxyribonucleotides (dNTPs), thereby generating the
precursors needed for DNA replication and repair.***! Eukaryotic
RNRs comprise the large subunits (00 or R1) and small subunits (8 or
R2), of which only R2 subunits utilize iron to sustain a diferric tyrosyl
radical (Fe™ -Y*) cofactor.”! Previous studies in yeast and mammals
have revealed that the defects of RNRs result in imbalanced dNTP
pools in vivo, which generally leads to increased DNA mutations, DNA
breaks, cell death, and p53-dependent apoptosis.*!* The Arabidopsis
genome encodes three R2-like proteins, including TSO2 (At3g27060),
RNR2A (At3g23580), and RNR2B (At5g40942). Interestingly, the
individual genes contribute to unique aspects of the cellular response to
DNA damage. For instance, the expression of RNR2A and RNR2B is
specifically activated by the replication-blocking agent hydroxyurea (HU)
but not by DNA double-strand break inducer bleomycin (BLM)."* On
the other hand, the transcription of TSO2 is only induced in response to
BLM.I" The tso2 single and tso2rnr2a double mutants show extreme
sensitivity to UV-C light."* Importantly, these mutants exhibit increased
DNA damage and PCD relative to the wild-type."* These results further
indicate that the R2 subunits of RNRs function critically in genome
stability maintenance.

Summary

The Arabidopsis iron-containing proteins involved in genome stability
share a high degree of functional conservation with mammals and
yeast. Interestingly, some proteins, such as DNA polymerase d and €,
FANC] helicase homologues, iron SODs, and small subunits of RNR,
evolve several copies in Arabidopsis relative to mammals and yeast. As a
result, some of them may function redundantly. Therefore, their single
mutants have no visible phenotype in DNA damage stresses, resulting in
difficulties to characterize their functions. Moreover, plants also evolve
numerous CYP proteins that function in the oxidation/reduction of
endogenous or exogenous compounds. However, the functions of
individual genes in this superfamily are poorly understood, especially
in genome stability maintenance.

Although studies have extensively demonstrated that iron-containing
proteins are required for genome stability, limited information is available
regarding their functional mechanisms. Several iron-containing proteins
such as DNA helicase RAD3 and small subunits of RNR directly
participate in DNA replication and repair. Some iron-containing DNA
glycosylases are involved in genome stability due to their participation in
DNA methylation. Some CIA components of Fe-S proteins are involved
in genome stability possibly because they can transfer Fe-S clusters to
target proteins such as Pold, DNA primase, Dna2, XPD, RTEL1, and
FANC]J. Importantly, numerous hemoproteins in Arabidopsis function in
electron transport; as such, defects in them generally cause the induction
of ROS, which can damage DNA, proteins, and lipids. Taken together,
although considerable progress has been made in the past years, further
studies are still needed to uncover the functions of these iron-containing
proteins, especially in genome stability maintenance.
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