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ABSTRACT OF DISSERTATION

IRON SULFUR CLUSTER BIOGENESIS IN CHLOROPLASTS

Iron-sulfur ([Fe-S]) clusters are essential cofactors for proteins involved in
many essential processes. The plant chloroplast is known to have its own biosynthetic
machinery for [Fe-S] clusters, but the components have long been unknown. Important
processes that depend on this machinery include photosynthesis and nitrate- and
sulfate assimilation. The goal of this thesis research was to discover some of the
mechanisms and components of this machinery. CpNifS, a NifS-like cysteine
desulfurase in chloroplasts, was the first identified component of the [Fe-S] biogenesis
machinery in plastids. As described in this thesis, CpNifS was found to be required for
chloroplast-mediated [Fe-S] assembly. The removal of CpNifS from chloroplast
stroma led to a complete loss of [Fe-S] formation (see Chapter 2). CpSufE is a newly
identified component of this machinery (Chapter 3). It activates cysteine desulfurase
activity 40-fold and stimulates [Fe-S] formation 20-fold by forming a complex with
CpNifS. CplscA is a recently identified molecular scaffold in this machinery,
modulating the formation of a [2Fe-2S] cluster and delivering it to ferredoxin (see
Chapter 4). All three proteins AtCpNifS, AtCpSufE and AtCplscA appear to be
present in a ~600 kDa complex in vivo, tentatively named the plastidic [Fe-S]

synthase complex in this thesis. These new and other published data were integrated to
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develop a working model for [Fe-S] cluster biogenesis in chloroplasts. Based on in
vivo expression analyses and preliminary results from transgenic plants (see Chapter
5), implications of the [Fe-S] cluster biogenesis machinery in plastidic homeostasis of

iron and sulfur and plant selenium metabolism are discussed.

Hong Ye

Biology Department
Colorado State University
Fort Collins, CO 80523
Fall 2005
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Chapter 1

INTRODUCTION

This work was performed to gain insight into mechanisms of iron-sulfur
cluster biosynthesis in plant chloroplasts. The topics in this Introduction chapter are
presented to provide background information for the research presented in the

following chapters.

Overview of [Fe-S] clusters

The iron-sulfur ([Fe-S]) cluster is one of several ancient prosthetic groups,
consisting of iron and sulfur atoms in different numbers. For a review of the
architecture and kinds of [Fe-S] clusters, see Beinert and coworkers (1997, 2000). As
a cofactor, the [Fe-S] cluster is usually bound to a polypeptide by covalent bonds
between iron atoms of the [Fe-S] cluster and sulfur atoms of the polypeptide cysteines.
However, in the Rieske-type [2Fe-2S] protein, iron atoms of [Fe-S] cluster are
coordinated to two histidines and two cysteines. In chloroplasts, the common cluster
types include [2Fe-2S], Rieske-type [2Fe-2S], [3Fe-4S], [4Fe-4S], and siroheme-[4Fe-
4S], in which the [4Fe-4S] is covalently bound to a siroheme.

Since the iron atom in the cluster can easily gain or lose an electron, thus
switching between the redox states Fe’* and Fe™*, the [Fe-S] cluster is capable of
transferring electrons in electron transfer chains (for photosynthesis and respiration),
and catalyzing redox reactions. Additionally, iron-sulfur clusters act as catalytic

centers, regulators of gene expression, and sensors of iron and oxygen (for a review
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see Beinert and Kiley 1999). As more and more proteins are found to be [Fe-S]
proteins, the investigations to understand the mechanism of [Fe-S] cluster biogenesis

have become an active field of research in recent years.

[Fe-S] cluster assembly systems in organisms

The identification of the NIF gene cluster (Jacobson et al. 1989) and the
characterization of NifS as a cysteine desulfurase (Zheng et al. 1993) in the nitrogen-
fixing microbe Azotobacter vinelandii, marked the beginning of our understanding of
[Fe-S] cluster biosynthesis. To date, [Fe-S] biogenesis has been extensively studied in
organisms from prokaryotes to eukaryotes, including bacteria (for reviews see Mihara
and Esaki 2002a, Johnson et al. 2005), yeast (for review see Lill and Muhlenhoff
2005), plants (for reviews see Pilon et al. 2005, Balk and Lobreaux 2005) and humans
(for review see Rouault and Tong 2005). In bacteria, three machineries have been
found to assemble [Fe-S] clusters, each of which is encoded by a gene cluster.

The first identified bacterial [Fe-S] cluster biogenesis machinery is the NIF
(Nitrogen Fixation) system, found in the nitrogen-fixing microbe Azotobacter
vinelandii (Jacobson et al. 1998). It is named so because the NIF system assembles
[Fe-S] clusters for maturation of nitrogenase in this organism, which is involved in
nitrogen fixation. The nif gene cluster contains the genes iscA"yr-nifUnifS—m'jV-cysE] .
Biochemical and genetic analysis has revealed the function of each gene product. NifS
is a cysteine desulfurase, converting cysteine into alanine and sulfide, for assembly of
sulfur into the [Fe-S] cluster (Zheng et al. 1993, Zheng and Dean 1994). NifU is a

modular homodimeric scaffold protein where a transient [2Fe-2S] cluster is assembled
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(Fu et al. 1994, Agar et al. 2000a, Yuvaniyama et al. 2000) The IscA™ is an
alternative scaffold to NifU for mediating nif-specific [Fe-S] cluster assembly (Krebs
et al. 2001). As key components of the NIF system, NifS and NifU are required for
nitrogenase maturation, but cannot be used for maturation of other [Fe-S] proteins,
such as aconitase (Johnson et al. 2005). The NifV protein in the system is a
homocitrate synthase (Zheng et al. 1997), likely providing homocitrate for the
biosynthesis of the FeMo cofactor of nitrogenase. But it is unknown what the
relationship is between the NifV and other NIF proteins in cluster assembly. The
cysEl protein in the NIF system is a serine acetyl transferase important for cysteine
synthesis (Evans et al. 1991). The likely role of the cysE-like gene product is to
increase the cysteine pool needed for iron-sulfur cluster formation (Zheng et al. 1998).
The second identified bacterial machinery involved in [Fe-S] cluster
biogenesis is the ISC (Iron Sulfur Cluster) system, found in both Azotobacter
vinelandii (Zheng et al. 1998) and Escherichia coli (Takahashi and Nakamura 1999).
It is the housekeeping machinery producing [Fe-S] clusters for maturation of general
[Fe-S] proteins. The isc gene cluster contains the genes iscRSUA-hscBA-fdx. IscS is a
cysteine desulfurase (Zheng et al. 1998, Mihara et al. 2000, Schwartz et al. 2000).
IscU is a scaffold (Agar et al. 2000b, Mansy et al. 2002). IscS binds to IscU and
directly transfers sulfur for the assembly of a [Fe-S] cluster on the scaffold (Smith et
al. 2001, Urbina et al. 2001, Kato et al. 2002). The hscA and hscB (heat shock
cognate) gene products are molecular chaperones (Hoff et al. 2000). They bind to and
form a complex with the IscU scaffold, playing a role in the assembly, stabilization, or

transfer of [Fe-S] clusters formed on IscU (Silberg et al. 2001). IscA was proposed as
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an alternative scaffold where a transient [2Fe-2S] cluster is formed and transferred to
ferredoxin (Ollagnier-de-Choudens et al. 2001) or biotin synthase (Ollagnier-de-
Choudens et al. 2004). However, more recent studies supported a role of IscA as an
iron-binding protein, which subsequently donates iron for the [Fe-S] cluster assembly
on IscU (Ding et al. 2004a, b, Ding et al. 2005). IscR is a repressor of the iscRSUA
operon, which is activated by binding a [2Fe-2S] cluster and represses the
transcription of the isc operon (Schwartz et al. 2001). Ferredoxin, the fdx gene
product, is a [2Fe-2S] protein. It is unknown what its role in the ISC machinéry is.

The third identified bacterial machinery involved in [Fe-S] cluster biogenesis
is the SUF (mobilization of Sulfur) system, found in Escherichia coli (Takahashi and
Tokumoto 2002) and Erwinia chrysanthemi (Nachin et al. 2001). It is responsible for
[Fe-S] cluster assembly under iron limitation or oxidative stress conditions (Nachin et
al. 2001, Outten et al. 2004). The SUF gene cluster contains the genes sufABCDSE.
SufS (also named CsdB) is a cysteine desulfurase (Mihara et al. 2000, 2002b). SufE is
an activator of cysteine desulfurase, forming a complex with SufS and accepting
sulfane sulfur from SufS (Loiseau et al. 2003, Outten et al. 2003, Ollagnier-de-
Choudens et al. 2003a). SufA is a scaffold (Ollagnier-de-Choudens et al. 2003b). SufC
is an ABC ATPase and forms a complex with SufB and SufD (Nachin et al. 2001,
2003, Rangachari et al. 2002, Outten et al. 2003). SufBCD contributes to the [Fe-S]
cluster assembly under oxidative stress and iron limitation, but its exact role in the
process is unknown.

More recently, a fourth bacterial [Fe-S] machinery, named CSD, was

characterized in Escherichia coli (Loiseau et al. 2005). This is a simple gene cluster
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composed of csdA-csdE (formally ygdK). CsdA is a cysteine desulfurase (Mihara et al.
2000, Loiseau et al. 2005). CsdE 1s a SufE-like protein, activator of cysteine
desulfurase. The CSD machinery in Escherichia coli constitutes a sulfur-generating
system, which also contributes to [Fe-S] cluster biogenesis in vivo. The CSD system
was proposed to supply [Fe-S] clusters for quinolinate synthetase NadA (Loiseau et al.
2005). The question remains what the scaffold molecule is, since at least one scaffold
is required in all other [Fe-S] biosynthetic systems identified so far.

In summery, cysteine desulfurase activity (a NifS-like protein) is included in
all above-described systems. It is considered the most important component of the [Fe-
S] machinery. However, the function of NifS-like proteins is not limited to [Fe-S]
cluster assembly. They also supply sulfur for the synthesis of a variety of biologically
active molecules, such as thiamine, biotin, and molybdopterin. Moreover, NifS-like
proteins also have selenocysteine lyase activity (for a review see Mihara and Esaki

2002a), providing the selenium for essential selenoproteins.

[Fe-S] proteins in chloroplasts

[Fe-S] proteins in plants have been reviewed by Imsande (1999), and Balk
and Lobreaux (2005). As a major sub-cellular sink of iron for [Fe-S] proteins in plant
cells, chloroplasts host various [Fe-S] proteins, involved in photosynthesis, nitrogen
and sulfur assimilation, and a variety of other plastidic processes (Figure 1).

In the electron transfer chain of photosynthesis, electrons generated from
H ;0 molecules by light energy at photosystem II (PSII), are transferred to the

cytochrome b6/f complex (b6f), containing a Rieske-type protein ([2Fe-2S]) (Breyton
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2000). The electrons are subsequently delivered to photosystem I (PSI). PSI contains
an interpolypeptide [4Fe-4S] cluster, F(X), that bridges the PsaA and PsaB subunits,
and two terminal [4Fe-4S] clusters, F(A) and F(B), that are bound to the PsaC subunit
(Vassiliev et al. 2001). Through PS], the electrons are passed to ferredoxin (Fd) which
is a [2Fe-2S] protein. Finally, the electrons of ferredoxin can be used for the Calvin
cycle of photosynthesis, or other reductive processes in chloroplasts. Ferredoxin-
thioredoxin reductase (FTR), which is a [4Fe-4S] protein (Droux et al. 1987), is able
to accept the electrons from ferredoxin and use them for light regulation of chloroplast
enzymes.

The assimilation of sulfate into cysteine takes place mainly in chloroplasts
(for arecent review see Pilon-Smits and Pilon 2005). Sulfate is activated by reaction
with ATP to form adenosine-5-phosphosulfate (APS). APS reductase, which is a [4Fe-
4S] protein, reduces APS to sulfite (Kopriva et al. 2001). Subsequently, sulfite
reductase (SiR), containing a [4Fe-4S] cluster, reduces sulfite to sulfide (Krueger et al.
1982). Sulfide is incorporated into cysteine, which is the source of reduced sulfur in
the cell.

In nitrogen assimilation, another central assimilatory pathway in
chloroplasts, nitrite reductase (NiR), containing a [4Fe-4S] cluster, reduces nitrite to
ammonia (Lancaster et al. 1979). Ammonia is subsequently coupled to glutamate,
producing glutamine. Glutamate synthase also named GOGAT (Glutamine:2-Oxo-
Glutarate Amido Transferase), a [3Fe-4S] protein, transfers a -NH, group from
glutamine to a-keto-glutarate resulting in two glutamate molecules (Knaff et al. 1991).

Glutamate and glutamine are the source of reduced nitrogen in the cell.
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Amidophosphoribosyltransferase (ATase), also named glutamine
phosphoribosylpyrophosphate (PRPP) amidotransferase, is a [4Fe-4S] protein (Hung
et al. 2004). It transfers a —NH,; group from glutamine to PRPP resulting in 5-
phosphoribosylamine, the first step in de novo biosynthesis of purine nucleotides.

Sirohydrochlorin ferrochelatase (SirB), which is a [2Fe-2S] protein, catalyzes
the last step of siroheme biosynthesis utilizing iron (Raux-Deery et al. 2005).
Interestingly, in plants, the siroheme is only used by sulfite reductase (SiR) and nitrite
reductase (NiR), each of which contains a [4Fe-4S] cluster. In fact, plant SiR and NiR
represent a unique family of siroheme-[4Fe-4S] enzymes, in which a [4Fe-4S] cluster
and a siroheme are covalently bound, catalyzing a six-electron reduction (Crane and
Getzoff 1996).

Pheophorbide a oxygenase (PaO, or LLS1), a Rieske-type [2Fe-2S] protein,
is an enzyme involved in chlorophyll breakdown (Pruzinska et al. 2003). The PaO is
located at the inner envelope of chloroplasts (Matile and Schellenberg 1996).
Chlorophyll a oxygenase (CAO), a Rieske-type [2Fe-2S] protein, is involved in
chlorophyll b formation from chlorophyll a (Tanaka et al. 1998). The CAO is likely
located in the chloroplast stroma (Espineda et al. 1999). Tic55, a Rieske-type [2Fe-25]
protein, is a member of the chloroplastic inner envelope protein translocon (Caliebe et
al. 1997). Choline monooxygenase (CMO) is a Rieske-type [2Fe-2S] protein,
catalyzing the first step of synthesis of the osmoprotectant glycine betaine
(Rathinasabapathi et al. 1997). Finally, dihydroxy acid dehydratase (DAD), the third
enzyme in the branched-chain amino acid biosynthetic pathway, also contains a [2Fe-

2S] cluster (Flint and Emptage 1988).
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[Fe-S] cluster biégenesis machinery in chloroplasts

It was found almost two decades ago that in vitro synthesized ferredoxin
acquires its [2Fe-2S] cofactor after it is imported into chloroplasts (Takahashi et al.
1986; Li et al. 1990), suggesting that [Fe-S] clusters can be synthesized within this
compartment independent of cytosol or other sub-cellular organelles, and thus that a
separate [Fe-S] biogenesis machinery is present in chloroplasts. Biogenesis of [Fe-S]
proteins in plants was recently reviewed by Balk and Lobreaux (2005). The
chloroplast [Fe-S] biosynthetic machinery has been investigated using Arabidopsis
thaliana as a model (Figure 2).

CpNifS (At1g08490) is a cysteine desulfurase (Leon et al. 2002; Pilon-Smits
et al. 2002), converting cysteine into alanine and elemental sulfur, and providing
sulfur for [Fe-S] assembly. Like all other NifS-like proteins, CpNifS has also
selenocysteine lyase activity. Its selenocysteine lyase activity is 300-fold higher than
its cysteine desulfurase activity. CpNifS is most similar to SufS among all three NifS-
like proteins in Escherichia coli. So, CpNifS could also be termed CpSufS. As shown
recently, CpNifS is essential for the [Fe-S] cluster formation activity of chloroplast
stroma, and appears to be present in a ~600 kDa complex (Ye et al. 2005). In
Arabidopsis, a second cysteine desulfurase is likely present in mitochondria (Kushnir
et al. 2001), where another ISC-like [Fe-S] biogenesis machinery is thought to be
active. Additionally, a third cysteine desulfurase activity is found in the cytosol

(Heidenreich et al. 2005). It is ascribed to a NifS-like domain of the ABA3 protein,
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unlikely to be relevant for [Fe-S] synthesis, but functioning in the mobilization of
sulfur for the molybdenum cofactor.

CpSufE (At4g26500) is a cysteine desulfurase activator (Chapter 3). It binds
to and forms a heterotetrameric complex with CpNifS, stimulating cysteine
desulfurase activity 40-fold and increasing substrate affinity of CpNifS toward
cysteine. In vitro reconstitution assays showed that the capacity of CpNifS to assemble
[2Fe-2S] clusters in ferredoxin was improved 20-fold by CpSufE. An essential
cysteine residue (Cys65) in the CpSufE polypeptide is likely the acceptor site for
intermediate sulfur. This cysteine residue is not required for binding to CpNifS. As a
result, excess of a cysteine65-mutated CpSufE protein displayed a dominant-negative
effect on the stimulatory activity of the wild-type protein. CpSufE also appeared to be
present in a ~600 kDa chloroplast stromal complex. CpSufE protein is composed of a
SufE domain and a BolA domain. The BolA protein was hypothesized to be a
reductase interacting with a glutaredoxin and thus involved in oxidative stress
response (Huynen et al. 2005). The role of the BolA domain in CpSufE protein
remains to be investigated.

CplscA (At1gl0500) is a scaffold protein (Abdel-Ghany et al. 2005b). In
vitro, by acquiring sulfur from CpNifS and ferrous iron from the media, CplscA is
able to assemble a [2Fe-2S] cluster within its dimeric polypeptides, resulting in holo-
CplscA. The holo-CplscA, stably holding the transient [Fe-S] cluster, can be isolated
and is able to deliver the [Fe-S] cluster to ferredoxin. Similarly, the presence of
CplscA scaffold improves the CpNifS-mediated [2Fe-2S] reconstitution in ferredoxin

by ~2-fold. Like part of CpNifS and CpSufE, CplscA is mostly present in a ~600 kDa
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chloroplast stromal complex. The likely role of the CplIscA in vivo is assembling [Fe-
S] clusters for a subset of proteins, which remains to be determined.

Nful-3 are additional scaffold proteins (Leon et al. 2003; Touraine et al.
2004; Yabe et al. 2004). Nful (At4g01940) and Nfu2 (At5g49940) were able to restore
the growth of a scaffold-mutated yeast, the Aisul Anful strain, suggesting a role of
them as a scaffold. However, the complementation by Nfu3 (At4g25910) was not
evident, likely due to its low expression in yeast (Leon et al. 2003). Recombinant Nfu2
contained a labile [2Fe-2S] cluster, and could transfer it to apo-ferredoxin resulting in
holo-ferredoxin (Leon et al. 2003; Yabe et al. 2004). In vivo mutation experiments
further revealed that Nfu2 is required for assembling [4Fe-4S] clusters of photosystem
I and [2Fe-2S] clusters of ferredoxin in chloroplasts (Touraine et al. 2004; Yabe et al.
2004). A subset but not all of chloroplast [Fe-S] proteins are affected in the Nfu2
mutant, suggesting alternative scaffolds are functional in chloroplasts. Besides Nful-3,
two more Nfu-like proteins have been reported in plants, Nfu4 and Nfu5, which are
likely mitochondrial (Leon et al. 2003).

Arabidopsis SufB (At4g04770) is an ATPase (Xu et al. 2005), which can
complement SufB deficiency in Escherichia coli during oxidative stress. SufC
(At3g10670) is an ABC/ATPase (Xu and Moller 2004), which can partially rescue
growth defects in an Escherichia coli SufC mutant during oxidative stress. SufD
(At1g32500) is a protein with homology to the bacterial SufD, the mutation of which
results in impaired embryogenesis and abnormal growth of Arabidopsis (Hjorth et al.
2005). Like their bacterial homologues, the chloroplast SufBCD form a complex (Xu

and Moller 2004; Xu et al. 2005), displaying ABC/ATPase activity and likely
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involved in [Fe-S] cluster biogenesis. However, the exact role of the SufBCD complex
in the process remains to be characterized. HCF101 (High Chlorophyll Fluorescence)
(At3g24430) is a P-loop ATPase (Lezhneva et al. 2004), which was originally
identified in a photosynthetic mutant screen (Stockel and Oelmuller 2004). It 1s
required for the biogenesis of [4Fe-4S] clusters for photosystem I (PSI) and
ferredoxin-thioredoxin reductase (FTR) in chloroplasts. However, a precise role of
HCF101 in the process remains to be elucidated. APO1 (Accumulation of
Photosystem Onel) (At1g64810) is a member of an unknown gene family only found
in vascular plants, which was originally identified in a photosystem 1 mutant screen
(Amann et al. 2004). It is involved in the assembly of [4Fe-4S] cluster-containing
complexes of chloroplasts, e.g. PSI and FTR. However, a direct connection between
APOI1 and [Fe-S] assembly needs to be shown.

In summary, chloroplasts likely have conserved a complete SUF-type
machinery, including all components of SufABCDSE, for [Fe-S] biogenesis. It is
reasonable that a SUF system, responsible for [Fe-S}] biosynthesis under oxidative
stress in bacteria, works well in the oxidative environment in chloroplasts. However,
the entire chloroplast [Fe-S] machinery is apparently more complex, involving three
more NifU-like proteins, a HCF101 that has no homologue in bacterial [Fe-S]
machineries, and likely an APO1 that is unique in vascular plants. The importance and
complexity of the chloroplast [Fe-S] machinery is illustrated by the phenotypes caused
by mutation of individual machinery components, e.g. lethality for CpNifS and
embryonic lethality for CpSufE (Abdel-Ghany et al. unpublished), dwarf and

yellowish plants for Nfu2 (Touraine et al. 2004; Yabe et al. 2004), abnormal plastid
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structure and impaired embryogenesis for SufC or SufD (Xu and Moller 2004; Hjorth
et al. 2005), and seedling lethality and high chlorophyll fluorescence for HCF101

(Lezhneva et al. 2004).

Implications of the [Fe-S] machinery for the homeostasis of iron and sulfur (and
perhaps selenium) in plastids

By supplying [Fe-S] clusters to a variety of proteins, the plastid [Fe-S]
biogenesis machinery is essential for many vital processes including photosynthesis,
nitrogen assimilation, and sulfur assimilation (Figure 1). The efficiency of the [Fe-S]
biosynthetic machinery directly affects those processes. Because of the importance of
iron and sulfur in plant productivity and nutritional value, the impact of the plastid
[Fe-S] machinery on the homeostasis of iron and sulfur is of particular interest.

Iron is an essential micronutrient to plants. Because iron is mainly present in
soil as insoluble iron-oxide with low bioavailability, iron is one of the most limiting
nutrients to plants. The uptake and transport of iron to leaf cells was reviewed by
Curie and Briat (2003). In leaf cells, more than 90% of iron is located in chloroplasts
(Terry and Abadia 1986). The molecular mechanism of iron transport into chloroplasts
is not yet identified, but the Fe** transport across the chloroplast inner envelope
membrane is measurable, and determined to be light-dependent. Fe** transport across
the inner envelope membrane is stimulated by an electrochemical proton gradient, and
reduced by negating the potential gradient, suggesting iron transport into chloroplasts
is likely an Fe**/H" symport transport mechanism (Shingles et al. 2002). Within the

chloroplast, ~20% of iron is associated with thylakoid membranes, and the remaining
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~80% of iron is in the stroma (Bughio et al. 1997). However, a recent study suggested
that ~40% of chloroplast iron is in the thylakoid (Abdel-Ghany et al. 2005a). In
thylakoid membranes, iron is predominantly used for electron transfer. Approximately
half of thylakoid iron is in photosystem I in the form of [4Fe-4S] clusters, and the
remaining half is present in cytochromes in the form of hemes and Rieske-type [2Fe-
28] clusters. In the stroma, iron is used for assembling [Fe-S] clusters, hemes, Fe-
SOD, etc. The excess of stromal iron is stored in ferritin (Petit et al. 2001). Because
iron is one of the most limiting micronutrients to plants, plants might employ a
sophisticated homeostasis mechanism to control cellular iron, particularly in plastids.
At this point, the processes controlling plastid iron homeostasis are largely unknown.
Our preliminary results show that CpNifS-CpSufE proteins, forming the cysteine
desulfurase complex of plastid [Fe-S] biogenesis, are co-upregulated in the presence
of excess iron and co-downregulated under limited iron (Chapter 5), suggesting the
[Fe-S] biogenesis machinery is regulated by the plastid iron level. In bacteria, the ISC-
type biogenesis machinery has an IscR. It is a transcription regulator controlling the
expression of the ISC machinery by sensing the cellular iron level (Schwartz et al.
2001). Plants may have a similar sensing mechanism which remains to be
investigated.

Conversely, the [Fe-S] biogenesis machinery may affect the available iron
pool in a specific compartment. For instance, in yeast and mammalian cells, impaired
mitochondrial [Fe-S] biogenesis results in iron overload in mitochondria (for a review
see: Rouault and Tong 2005). Similar results were found for Arabidopsis mitochondria

(Kushnir et al. 2001). Under particular physiological or pathological conditions when
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the activity of the plastid [Fe-S] machinery is abnormally changed, e.g. upregulated by
selenate treatment or oxidative stress, or downregulated in continuous darkness
(Chapter 5), it might affect iron homeostasis. Investigations on how the [Fe-S]
machinery is regulated by iron levels, and how a modulated machinery affects iron
homeostasis, represents a promising research area. Transgenic plants in which the
expression levels of CpNifS and/or CpSufE (WT or mutant) are modulated from high
overexpression to knockout, will be a useful tool in such studies. A collection of such
transgenics is currently being made in our lab.

Sulfur is a macronutrient, widely present in a variety of biological molecules.
Generally, it is not limiting for plants. Sulfur metabolism in plants has been recently
reviewed by Pilon-Smits and Pilon (2005). The plastid is the predominant
compartment for sulfur assimilation from sulfate to cysteine. In the process, out of
four enzymes involved, two are [Fe-S] proteins: APS reductase and sulfite reductase
(SiR) (Figure 1). Thus, sulfur assimilation is likely dependent on the plastid [Fe-S]
machinery. In particular, the step catalyzed by SiR is expected to be dependent on the
[Fe-S] machinery. The catalytic enzyme SiR employs a unique siroheme-[4Fe-4S] as
its prosthetic group, requiring not only a direct incorporation of a [4Fe-4S] cluster but
also a sirohydrochlorin ferrochelatase (SirB), which is a [2Fe-2S] protein, for
synthesizing the siroheme. Moreover, the six electron reduction catalyzed by SiR
needs ferredoxin, a [2Fe-2S] protein, for providing electrons. In the final step of sulfur
assimilation, sulfide is incorporated into cysteine, which is the source of reduced
sulfur in plastids. To supply reduced sulfur from cysteine, the CpNifS-CpSufE activity

is required, which provides sulfur not only for [Fe-S] biogenesis, but also likely for
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synthesis of various sulfur-containing biomolecules (Mihara and Esaki 2002). It is
likely that the [Fe-S] machinery is important to the sulfur assimilation via CpNifS-
CpSufE. On the other hand, the cellular sulfur level likely affects the activity of the
[Fe-S] machinery. Our preliminary results show that the scaffold protein CplscA is
downregulated under sulfur starvation (Chapter 5). The molecular mechanism of such
regulation remains to be investigated.

Selenium is a group VIa metalloid without evident essentiality for plants. It
is metabolized by plants in the same pathway as sulfur, because of their chemical
similarity. Selenium metabolism in higher plants has been reviewed by Terry and
coworkers (2000). Much of selenium metabolism takes place in chloroplasts.
Selenium is assimilated into seleno-cysteine and seleno-methionine, which can be
nonspecifically incorporated into proteins by replacing sulfur amino acids. Since
cysteine residues are important for structure and function of proteins, the substitution
of cysteine by seleno-cysteine results in loss of protein function (Brown and Shrift
1982). Plants can employ the seleno-cysteine lyase (SL) activity of NifS-like proteins
to break seleno-cysteine into alanine and selenide, thereby avoiding selenium toxicity.
In an initial approach, Arabidopsis was shown to acquire enhanced selenium tolerance
and accumulation when overexpressing a mouse SL (Pilon et al. 2003). Arabidopsis
has its own seleno-cysteine lyase, the CpNifS in chloroplasts. This is also the cysteine
desulfurase component of the plastid [Fe-S] biogenesis machinery. Recently,
transgenic Arabidopsis was obtained overexpressing the CpNifS in plastids. It too
displayed higher tolerance and accumulation of selenium (Van Hoewyk et al. 2005).

Therefore, altering levels of this [Fe-S] machinery component clearly affects selenium
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metabolism. On the other hand, the cellular selenium level affects the activity of the
[Fe-S] machinery. Selenate treatment upregulated expression of CpNifS and CpSufE
(Chapter 5). Understanding how the plastid [Fe-S] biogenesis machinery, particularly
the CpNifS-CpSufE complex, is implicated in selenium homeostasis, will be
applicable in selenium phytoremediation, using plants to cleanup areas contaminated

with selenium.

Scope of this thesis

The goal of this work was to gain insight into the mechanisms of [Fe-S]
cluster assembly in chloroplasts. To this aim we studied [Fe-S] cluster biogenesis in
chloroplasts in vitro. The biochemical role of three components, CpNifS, CpSufE and
CplscA, was investigated. The cysteine desulfurase (CysD) CpNifS was found to be
required for [Fe-S] formation in chloroplast stroma. CpSufE and CplscA are newly
identified components, and were found to be a CysD activator and a molecular
scaffold, respectively. In addition to these biochemical/in vitro studies, a start was
made with the investigation of roles of these gene products in vivo, including

expression analysis and transgenic/knockout approaches.
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Figure Legends:

Figure 1. Plastidic [Fe-S] proteins, labeled with circles, are shown in pathways they
are involved in. b6f: cytochrome b6/f complex, PSI: photosystem L, Fd: ferredoxin,
FTR: ferredoxin-thioredoxin reductase, APS reductase: adenosine-5-phosphosulfate
reductase, SiR: sulfite reductase, NiR: nitrite reductase, GOGAT: Glutamine:2-Oxo-
Glutarate Amido Transferase, ATase: Amidophosphoribosyltransferase, PaO:
Pheophorbide a oxygenase, CAO: Chlorophyll a oxygenase, Tic55: translocon at the
inner envelope membrane of chloroplasts, CMO: Choline monooxygenase, DAD:

dihydroxy acid dehydratase.

Figure 2. Plastidic [Fe-S] biogenesis machinery. In chloroplast stroma, CpNifS and
CpSufE form a putative two-component cysteine desulfurase. ﬁ breaks down cysteine
and provides elemental sulfur for [Fe-S] cluster synthesis. Iron is mobilized via an
unknown mechanism. A transient [Fe-S] cluster is synthesized in a scaffold molecule
either CpIscA or Nfu proteins, and subsequently delivered to target proteins for
maturation. CpNifS, CpSufE and CplscA are in part present in a 600 kDa plastidic
complex. SufBCD and HCF101, which have ATPase activity, and APO1 proteins are

thought to also be involved in plastidic [Fe-S] biogenesis, but their roles are unknown.
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Chapter 2

In this Chapter the role of the cysteine desulfurase (CysD) CpNifS in [Fe-S]
formation in ferredoxin was studied. It was found that the CpNifS is required for the
[Fe-S] formation activity of chloroplast stroma. Therefore it is the first characterized
player of the [Fe-S] biosynthesis machinery in chloroplasts. All experiments were
carried out by Hong Ye. Coauthors helped by teaching critical methods and making

figures.
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Abstract Plastids are known to be able to synthesize
their own iron-sulfur clusters, but the biochemical
machinery responsible for this process is not known. In
this study it is investigated whether CpNifS, the chlo-
roplastic NifS-like cysteine desulfurase of Arabidopsis
thaliana (1..) Heynh. is responsible for the release of
sulfur from cysteine for the biogenesis of iron—sulfur
(Fe-S) clusters in chloroplasts. Using an in vitro
reconstitution assay it was found that purified CpNifS
was sufficient for Fe-S cluster formation in ferredoxin in
the presence of cysteine and a ferrous iron salt. Anti-
body-depletion experiments using stromal extract
showed that CpNifS is also essential for the Fe-S cluster
formation activity of chloroplast stroma. The activity of
CpNifS in the stroma was 50- to 80-fold higher than that
of purified CpNifS on a per-protein basis, indicating that
other stromal factors cooperate in Fe-S cluster forma-
tion. When stromal extract was separated on a gel-fil-
tration column, most of the CpNifS eluted as a dimer of
86 kDa, but a minor fraction of the stromal CpNifS
eluted at a molecular weight of approx. 600 kDa, sug-
gesting the presence of a multi-protein complex. The
possible nature of the interacting proteins is discussed.
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NifS-like protein - Iron-sulfur cluster
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Introduction

In plant chloroplasts, iron-sulfur (Fe-S) clusters are
required for the function of the cytochrome b/f complex
(one 2Fe-2S cluster), photosystem I (three 4Fe-4S
clusters) and ferredoxin (fd; one 2Fe-2S cluster) and
thus are pivotal for photosynthetic electron transport
(Raven et al. 1999). In eukaryotes, an Fe-S assembly
machinery is present in the mitochondria, and evidence
obtained in yeast and plants indicates that this
machinery may even aid Fe-S cluster formation in the
cytosol (Kispal et al. 1999; Kushnir et al. 2001). Iron—
sulfur cluster assembly in ferredoxin was observed in
isolated chloroplasts with cysteine as the sulfur donor, a
reaction that further required light or ATP and NADPH
(Takahashi et al. 1986, 1990). Newly imported ferre-
doxin, which is imported from the cytosol as a precursor
in the apo-form without a cofactor (Pilon et al. 1992),
was efficiently converted to the Fe-S-containing holo-
protein (Li et al. 1990) even in the absence of cytosol
(Pilon et al. 1995). Thus, chloroplasts may have their
own Fe-S synthesis machinery.

NifS-like proteins are pyridoxal-5"-phosphate (PLP)-
dependent enzymes with both cysteine desulfurase and
selenocysteine lyase activities that can be placed into two
groups based on sequence similarity (Mihara et al.
1997). In bacteria and in yeast mitochondria, cysteine
desulfurases of group I with structural similarity to the
NifS enzyme from Azotobacter vinelandii (Zheng et al.
1993) provide sulfur for Fe-S formation (for reviews, see
Lill and Kispal 2000; Frazzon et al. 2002). Bacterial
NifS-like proteins of group I, such as IscS from Esc-
herichia coli and Azotobacter vinelandii, have been
implicated as housekeeping enzymes in Fe-S formation
and are present in operons together with scaffolding
proteins such as IscU and IscA (Lill and Kispal 2000;
Frazzon et al. 2002). The physiological role of group-II
NifS-like proteins, such as E. coli SufS/CsdB, in Fe-S
synthesis is less evident, but work with double mutants
indicates a partially overlapping function of IscS and
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SufS/CsdB in E. coli (Takahashi and Tokumoto 2002;
Outten et al. 2004). Besides their function in Fe-S for-
mation, NifS-like proteins of either group may be
involved in the biosynthesis of thiamine, biotin, molyb-
denum cofactor, and seleno-protein and Se-tRNA
synthesis (Mihara and Esaki 2002).

Since cysteine is the sulfur source for Fe-S formation
in ferredoxin, a plastidic NifS-like protein or a similar
enzyme should be involved in Fe-S formation in chlo-
roplasts (Merchant and Dreyfuss 1998) but so far no
direct evidence has been provided for this activity. Two
genes encoding NifS-like proteins have been identified in
the Arabidopsis genome. One of the encoded proteins is
present in mitochondria (Kushnir et al. 2001) and the
other one, called CpNifS, is located in plastids (Leon
et al. 2002; Pilon-Smits et al. 2002). CpNifS belongs to
group Il and is able to use both Cys and SeCys as
substrates, with a 300-fold lower cysteine desulfurase
activity compared to its selenocysteine lyase activity
(Pilon-Smits et al. 2002). In this study, we directly ad-
dress the possible role of CpNifS in Fe-S cluster for-
mation in plastids.

Materials and methods
Preparation of proteins

Arabidopsis thaliana (L) Heynh. (ecotype Columbia)
plants were grown in a growth chamber under a 14 h
light/10 h dark photoperiod at 24°C/22°C. Chloroplasts
were isolated from 4-week-old plants as described by
Rensink et al. (1998). A stromal protein fraction was
obtained from purified chloroplasts as described by Pi-
lon-Smits et al. (2002) and stromal proteins were stored
after freezing in liquid nitrogen in 0.5-ml aliquots in
50 mM Hepes—KOH (pH 8.0), 330 mM sorbitol and
12.5 mM Tris—HCI. Ultra-filtration was used to remove
low-molecular-weight compounds smaller than 10 kDa
from stromal protein fractions. The samples were cen-
trifuged for 10 min at 5,000 rpm in a 10 K filter tube
(Nanosep centrifugal devices; Pall Corp., Ann Arbor,
M1, USA) to give a 6-fold concentration. The concen-
trated stromal fractions were diluted with 25 mM Tris—
HCl (pH 7.5) and ultra-filtration was repeated, after
which proteins were diluted in 50 mM Hepes—-KOH
(pH 8.0), 330 mM sorbitol and 12.5 mM Tris—HC] to
the original volume.

Ferredoxin was extracted from fresh spinach that was
obtained at a local health food store, essentially as
described by Yocum (1982), and further purified as de-
scribed by Pilon et al. (1992). The apo-fd for reconsti-
tution assays was prepared from holo-fd by removal of
the Fe-S cluster (Kato et al. 2000). Apo-fd (at
0.5 mg ml™") was stored in 100 mM Tris—HCI (pH 8.0)
under nitrogen in small aliquots at —80°C. CpNifS was
expressed and purified as described previously (Pilon-
Smits et al. 2002).
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CpNifS-specific IgY and pre-immune IgY antibodies
were purified from the eggs of chickens before and after
immunization with CpNifS (Pilon-Smits et al. 2002).

Reconstitution of the Fe-S cluster into apo-ferredoxin

To assay the reconstitution of the Fe-S cluster in apo-fd
a modification of the method of Kato et al. (2000) was
used. Apo-fd (final concentration 200 pg ml™') was
mixed on ice with either purified CpNifS (5-100 pg ml™")
or stromal proteins in the following solution: 50 mM
Tricine-NaOH (pH 7.5), 5 mM dithiothreitol (DTT;
Roche Diagnostics, Palo Alto, CA, USA), 1| mM L-cys-
teine (Sigma, St Louis, MO, USA), 1 mM ferrous
ammonium sulfate, 20 pM PLP. The total incubation
volume was 150 pl. In some experiments mentioned in
Fig. 2, PLP was omitted or replaced by pyruvate. After
incubation at 37°C, the reaction mixture was centrifuged
at 14,000 g for 1 min, and directly applied to a 1-ml
RESOURCE Q anion-exchange column (Amersham,
Piscataway, NJ, USA) connected to a summit HPLC
system with a UVD170 detector and controlled by
Chromeleon software (Dionex, Sunnyvale, CA, USA).
The sample loop size was 100 pl. The column had been
equilibrated with 25 mM Tris—-HCI (pH 7.5). The fol-
lowing KCl gradient was applied in this buffer at a flow
rate of 1.5 ml min™': 0-4.5 min, 0 M KCl; 4.5-5 min, 0~
0.25 M KCl; 5-14 min 0.25-0.55 M KCI; ramp up to
1 M KCJ; 14.1-15.6 min, 1 M KCl; ramp down to 0 M
KCl and hold for 2 min to re-equilibrate. Holo-fd eluted
at 10.8 min. Elution was monitored by absorbance at
both 280 and 420 nm. Holo-fd was quantified by signal
integration at 420 nm, a characteristic absorption max-
imum for ferredoxin. Holo-fd (30 pg in 150 pl) was used
as a standard. Background was determined in reaction
mixtures that had been incubated for the same times but
lacked CpNifS or stroma. Background increased with
time to 4 pg holo-fd formed at 1 h and background
values obtained with the same reagents on the same day
were subtracted to get the reconstitution due to CpNifS
activity. Low background levels required freshly
prepared solutions of DTT and cysteine.

Depletion of CpNifS from stroma

In order to deplete CpNifS protein from the stroma,
affinity chromatography was used. All procedures were
done at 4°C. One-ml agarose beads coated with goat
anti-chicken antibodies (precipHen; Aves Labs, Tigard,
OR, USA) were packed into a 0.5x10 cm column and
equilibrated in 50 mM Hepes—KOH (pH 8.0), 330 mM
sorbitol and 12.5 mM Tris-HCI. To the column, 2 mg of
IgY raised against CpNifS (Pilon-Smits et al. 2002) was
applied. The flow-through was collected and re-applied
twice, after which approx. 90% of IgY was bound to the
column. The column was washed 5% with 6 ml buffer
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before 2 ml stroma (1 mg ml™") was applied. The flow-
through was collected and re-applied four times. The
final eluate was collected as stroma depleted of CpNifS.

Gel-filtration analysis

Gel filtration was done on a 1x30 cm Superdex-200
column (Pharmacia, Piscataway, NJ, USA). The column
was equilibrated in 25 mM Tricine-KOH (pH 7.9),
50 mM KCL The flow rate was 0.75 ml min~' and
fractions were collected every 0.5 min. A loop size of
100 ul was used. Elution was monitored by absorbance
at 280 nm. The void volume was determined with blue
dextran. Standards used for calibration were IgY, BSA,
ovalbumin, chymotrypsinogen and RNAse. Proteins in
collected fractions were concentrated by the addition of
deoxycholate to 0.015% (w/v) and trichloroacetic acid
to 10%, followed by centrifugation for 10 min at
12,000 g. Pellets were washed with ice-cold acetone,
dried and resuspended in SDS-PAGE sampie buffer.

General methods

Immuno-blotting procedures with CpNifS antibodies
raised in chickens (IgY) were performed as described
previously (Pilon-Smits et al. 2002). For quantitative
detection of CpNifS the ECF staining procedure
(Amersham) was used and the bands were quantified
using a Storm scanner (Amersham). CpNifS activity
towards L-selenocysteine was measured using 10 mM as
a substrate concentration (Pilon-Smits et al. 2002).
Protein was assayed according to Bradford (1976). Sta-
tistical analysis was performed with the JMP-IN soft-
ware package (SAS institute, Cary, NC, USA).

Results
Ferredoxin reconstitution by pure CpNifS

To test the activity of CpNifS in Fe~S cluster formation
in ferredoxin, an in vitro reconstitution assay was
developed. In this assay, apo-fd was reconstituted to the
holo-form by acquiring an Fe-S cluster, which was
synthesized in vitro from cysteine sulfur and a ferrous
iron salt. Holo-fd was separated from apo-fd and other
proteins and quantified by HPLC using an ion-exchange
column (see Fig. la). Purified CpNifS was active in
stimulating holo-fd formation without involvement of
any other enzyme. This reaction required the presence of
the substrate cysteine and DTT (not shown). The
amount of reconstituted ferredoxin was dependent on
the CpNifS concentration (Fig. [b). CpNifS is a homo-
dimer of 43-kDa subunits and the molecular mass of
spinach ferredoxin is approx. 11 kDa, Based on these
data and Fig. 1, it can be calculated that for the 60-min
time point at a CpNifS concentration of 10 pg ml™
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Fig. 1a, b Purified CpNifS promotes Fe-S insertion into apo-
ferredoxin. a HPLC analysis of cysteine-dependent CpNifS-
catalyzed holo-fd formation from apo-fd. Elution was monitored
by absorption at 420 nm. For holo-fd and apo-fd, 30 pg protein
was injected. For the trace-labeled apo-fd + CpNifS, 30 pg apo-fd
was injected after 30 min incubation in a complete reconstitution
assay with 7.5 pg CpNifS. b Holo-fd formation was measured as a
function of incubation time in reconstitution reactions containing
10 pg ml™' CpNifS (open squares) or 50 pg m1~' CpNifS (closed
squares). Data are the means + SE of 3 experiments

approx. 16 molecules of apo-fd were reconstituted per
CpNifS monomer. Thus CpNifS has a catalytic role in
Fe-S cluster formation in ferredoxin in vitro. Recon-
stitution reached a maximum after about 90 min at
which time up to 80% of apo-fd was converted to holo-
fd (not shown). The 30-min time point was used for all
further experiments.

To test if the activity of CpNifS in reconstitution
requires its activity as a cysteine desulfurase, reactions
without the cofactor PLP present were assayed. As a
cofactor, PLP is stably bound to CpNifS but an inhib-
itive trans-amination of the cofactor is known to occur
as a possible side reaction of both the cysteine desul-
furase and selenocysteine lyase reactions, where pyru-
vate is released instead of alanine (Mihara et al. 2000).
The enzyme activity can be restored by either adding
fresh cofactor PLP or pyruvate, and therefore these
chemicals stimulate NifS activities. Compared to the
enzyme without added cofactor both PLP and pyruvate
activated CpNifS in the reconstitution assay (Fig. 2a).

The stimulation of Fe-S formation observed with
pyruvate was statistically significant (P <0.05), while the
stimulation with PLP was not. A similar pattern of sti-
mulation was found for the selenocysteine lyase activity
of CpNifS (Fig. 2b). The combination of PLP and
pyruvate did not show additional improvement (not
shown), suggesting that these two metabolites stimulated
CpNIifS activities via a similar mechanism. We conclude
that CpNifS stimulates the reconstitution of ferredoxin
via its cysteine desulfurase activity.
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Ferredoxin reconstitution by stromal proteins

CpNifS is active in the chloroplast stroma (Leon et al.
2002; Pilon-Smits et al. 2002). We compared the activi-
ties of total stromal proteins with purified CpNifS in the
spinach ferredoxin reconstitution assay (Fig. 3). Since
ferredoxin constitutes much less than 1% of total stro-
mal protein, the endogenous Arabidopsis ferredoxin was
not detected by absorption at 420 nm in our HPLC runs
(not shown). Stromal proteins at 300 pg ml~' showed
activity comparable to 10 pg ml™! CpNifS whereas
800 pg ml™! stromal protein was slightly less active than
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Fig. 3 Fe-S reconstitution activities of purified CpNifS and
stroma. Proteins were present at the indicated concentrations.
Data are the means + SE of 3 experiments
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50 pg ml™! pure CpNifS (Fig. 3). Stromal proteins that
were treated by ultra-filtration to remove compounds
smaller than 10 kDa had a reconstitution activity com-
parable to untreated stroma (not shown). In order to
compare the reconstitution activity between pure CpN-
ifS and stroma, the amount of CpNifS in the stroma was
quantified by Western blotting (Fig. 4a,b). A standard
curve was made with pure CpNifS and the band inten-
sities were quantified and compared with the CpNifS
band present in stromal proteins. Based on this quanti-
fication we calculated that CpNifS constitutes
0.06:+0.02% of total stromal protein. Based on these
estimates and the data in Fig. 3 the apparent reconsti-
tution activity of the stroma was 50-80 times more than
that of pure CpNifS protein.

The reconstitution activity of the stroma requires
CpNifS

To investigate whether the Fe-S cluster reconstitution
activity of the stroma was dependent on CpNifS, an
affinity column with CpNifS-specific IgY bound to it
was used to deplete stroma of CpNifS, the removal of
which was confirmed by immunoblot (Fig. 4a). Both the
original stroma and the antibody-treated stroma were
examined for ferredoxin reconstitution activity (Fig. 4c).
The activity of the antibody-treated stroma was reduced
to background levels, suggesting that the reconstitution
activity of the stroma was entirely dependent on CpNifS.
To further test this assumption a second depletion
experiment was performed in which the depleted CpNifS
protein was added back. In the second experiment,
depletion was not complete as some CpNifS was still
detectable by immunoblot (not shown). Nevertheless the
Fe-S reconstitution activity was reduced by 75%
(Fig. 4d). Importantly, adding back pure CpNifS to
depleted stroma to its original concentration (180 ng
ml~! in the assay) restored the reconstitution activity
(Fig. 4d). Stroma that had been treated with pre-im-
mune IgY did not lose its Fe-S reconstitution activity
(not shown). Together these experiments strongly indi-
cate that CpNifS is required for Fe-S cluster formation
in ferredoxin.

Since the reconstitution activity of the stroma was
50-80 times higher than that of pure CpNifS protein,
other compounds in the stroma appear to activate
CpNIifS in vivo. To investigate whether CpNifS may be
complexed to other stromal proteins, a gel-filtration
experiment was performed using a high-resolution col-
umn, and the elution of CpNifS followed using immu-
noblotting. Three experiments were performed and
representative data are given in Fig. 5. Interestingly, the
CpNifS present in the stroma eluted in two peaks
(Fig. 5): approx. 90% eluted as a CpNifS dimer of
86 kDa, as was observed earlier using pure CpNifS
(Pilon-Smits et al. 2002). An additional, smaller amount
of CpNifS ecluted at a high molecular weight of approx.
600 kDa. This result indicates that CpNifS present in the
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Fig. 4a-d CpNifS is required for the Fe-S reconstitution activity of
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untreated and CpNifS-depleted stroma and depleted stroma with
CpNifS added back (addback); the final stromal protein concen-
tration was 300 pg ml™! and CpNifS was added to 180 ng mi~".
Data are the means + SE of 3 experiments

stroma interacts with other proteins in vivo and may
form a transient complex with them. In contrast, puri-
fied CpNifS eluted from the column in a single peak,
detected by both A,g0 vy and Western blotting (Fig. 5b)

with a retention time expected for the dimer, as was
found before (Pilon-Smits et al. 2002). For purified
CpNifS, no protein was detected by Western blotting at
earlier retention times, fractions 1-21 (not shown).

Discussion

Iron-sulfur (Fe-S) clusters are pivotal to photosynthe-
sis. Whereas the biogenesis of Fe-S clusters is now well
studied in microbial organisms and mitochondria, still
much is to be learned about Fe-S formation in chlo-
roplasts, Whereas it was clear that cysteine provides the
S for Fe-S biogenesis, the enzymatic activity responsible
for the release of sulfur had not been identified thus far.
In the present study it was found that the chloroplast
NifS-like protein is a required component of the Fe-S
machinery in plastids.

Purified CpNifS stimulates Fe-S cluster reconstitu-
tion in apo-fd. Since the Fe-S reconstitution activity
requires an intact cofactor and the substrate cysteine, it
depends on the catalytic action of the enzyme. This was
further confirmed by results obtained with a point mu-
tant in which the catalytic site Cys418 was replaced by
Ser (our unpublished data).

The DTT required in this assay may have had two
functions. First, the DTT may aid in the release of sul-
fane sulfur from the catalytic cysteine, making it avail-
able for incorporation in Fe-S. Second, it may help keep
the cysteines on apo-fd reduced or aid in the transient
formation of an Fe-S cluster and facilitate its incorpo-
ration into apo-fd. In vivo such roles may be fulfilled by
glutathione and possible stromal scaffold and chaperone
proteins.

Purified stroma is highly active in the reconstitution
reaction and CpNifS is a required component of the
stroma. When the specific activities of stromal CpNifS
and pure CpNifS are compared it is evident that stromal
CpNifS is more active than purified protein. Since
purified CpNifS, when added to depleted stroma, has an
activity comparable to native CpNifS in untreated
stroma, we must conclude that the stroma contains an
activity that stimulates the Fe-S cluster formation.

Arabidopsis chloroplast stroma is a highly complex
mixture, containing CpNifS (Leon et al. 2002; Pilon-
Smits et al. 2002) and various plastid proteins, as well as
metabolites. Ultra-filtration experiments indicate that
low-molecular-weight compounds are not required for
optimal Fe-S reconstitution activity of stroma. It is
therefore likely, that the increased activity of CpNifS
was due to its interaction with other stromal proteins.
Indeed, from gel-filtration analysis a fraction of the
CpNifS in the stroma appears to be present as part of a
complex of approx. 600 kDa. It is likely that this com-
plex contains additional proteins that work together
with CpNifS in Fe-S cluster formation in vivo. Based on
what is known about microbial Fe-S assembly we can
speculate about the nature of the other proteins
involved.
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Fig. 5a, b CpNifS in the stroma is part of a high-molecular-weight
complex. Proteins were separated on a Superdex S200 gel-filtration
column. Elution was monitored by the absorbance at 280 nm and
by immunoblotting of collected fractions with CpNifS-specific
antibodies. a Stromal proteins (150 pug); b purified CpNifS
(100 pg). Note: the non-specific band with a lower mobility than
CpNifS in fractions 17-21 of a is the large subunit of ribulose-1,5-
bisphosphate carboxylase/oxygenase

In bacteria, the NifS-like proteins may form com-
plexes with other factors such as NifU/IscU and NifA/
IscA/SufA-like proteins in order to facilitate sulfur
transfer and assembly of Fe-S clusters (Lill and Kispal
2000; Frazzon et al. 2002; Mihara and Esaki 2002).
Candidates for such interacting proteins are the three
Nfu proteins of chloroplasts (Leon et al. 2003; Yabe
et al. 2004), which have similarity to the C-terminal
domain of NifU from Azotobacter vinelandii, or a
chloroplast-localized IscA/SufA like protein (our
unpublished data). In addition, other factors with simi-
larity to bacterial suf operon-encoded proteins could be
involved. One protein is SufE, a small protein forming a
dimer of about 35 kDa, which was shown to stimulate
SufA cysteine desulfurase activity 50-fold (Loiseau et al.
2003; Ollagnier-de-Choudens et al. 2003).

Other candidate proteins are putative homologs of
the bacterial SufB, C and D (Outten et al. 2003). Because
of the large estimated size of the complex detected in the
stroma it seems that multiple proteins may interact with
CpNifS. Furthermore, the observation that the Fe-S
reconstitution activity of depleted stroma was fully res-
cued by the addition of purified CpNifS argues that if
CpNifS interacts with other proteins, such interactions
are transient. The nature of these activating factors and

their interaction with CpNifS will be the topic of future
research.
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Chapter 3

In this Chapter a CpSufE was first identified and characterized. It was found that the
CpSufE activates 40-fold CysD activity of CpNifS and increases substrate affinity to cysteine
while it inhibits its selenocysteine lyase activity. It stimulates 20-fold [Fe-S] cluster synthesis.
Thus CpSufE seems to be an important activator as well as a regulator of CysD activity of
CpNifs for [Fe-S] cluster biogenesis in chloroplasts. All the cloning, protein purification and

biochemical assays were done by Hong Ye.
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Chapter 3
CpSufE Activates the Cysteine Desulfurase CpNifS
for Chloroplastic Fe-S cluster formation
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0649; E-Mail: pilon@lamar.colostate.edu

SUMMARY

Plant chloroplasts synthesize their own iron sulfur clusters. CpNifs is the
chloroplast cysteine desulfurase required to supply sulfur for iron-sulfur cluster
biogenesis in Arabidopsis chloroplasts. Here we report a novel protein, CpSufE, that
interacts with CpNifS. CpSufE contains a C-terminal BolA-like domain and thus is
distinct from bacterial SufE proteins. CpSufE is targeted to the chloroplast stroma,
indicated by GFP-localization and immunoblot experiments. Like CpNifS, CpSufE is
expressed in all major tissues, with higher expression in green parts. CpSufE
expression is light-dependent and regulated at the mRNA level. The addition of
purified recombinant CpSufE increased the Vi, for the cysteine desulfurase activity
of CpNifS over 40 fold, and decreased the Ky toward cysteine from 0.1 to 0.043 mM.

In contrast, CpSufE addition decreased the affinity of CpNifS for selenocysteine, as
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indicated by an increase in the Ky from 2.9 to 4.17 mM, and it decreased the Vax for
selenocysteine lyase activity by 30%. CpSufE formed a complex with CpNifS,
indicated by affinity chromatography and gelfiltration experiments. The iron-sulfur
cluster reconstitution activity of the CpNifS-CpSufE complex toward apo-ferredoxin
was 20-fold higher than that of CpNifS alone. A mutant of CpSufE in which the single
cysteine was changed to serine was not active in stimulating CpNifS, although it did
bind and compete with WT CpSufE. We conclude that CpNifS and CpSufE together
form a cysteine desulfurase required for iron-sulfur cluster formation in chloroplasts.
These results shed light on the formation of chloroplast iron-sulfur clusters, a process
that 1s so far little understood despite jts vital importance for photosynthesis, the

process that determines crop productivity and drives life on earth.

INTRODUCTION

Iron-sulfur (Fe-S) cluster proteins perform a variety of biological roles in
electron-transfer, catalysis, gene-regulation, and sensing of iron and oxygen (Beinert
et al., 1997). Iron-sulfur cluster proteins are particularly important for photosynthesis.
Measurements of metal ions in Arabidopsis thaliana have indicated that about 70% of
the Fe in green tissue is present in chloroplasts and 40% is found in the thylakoids
(Shikanai et al., 2003). Estimates in other plants indicate that up to 90% of the Fe in
leaves may be present in the chloroplasts (Terry and Abadia, 1986). Within the
thylakoids, the majority of the Fe is found in Fe-S cluster proteins that function in
photosynthetic electron transport (Raven et al., 1999). Next to photosynthetic carbon

fixation, other pivotal plastid functions that require Fe-S clusters include nitrogen
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assimilation, sulfur assimilation and pigment synthesis (for a review see: Balk and
Lobreaux, 2005). All plastid types contain a number of important Fe-S cluster
proteins, but the green chloroplasts particularly need to synthesize and maintain a
variety of Fe-S proteins with at least 5 different cluster types (Balk and Lobreaux,
2005).

In bacteria, three separate Fe-S formation machineries have been
characterized (for a review see: Johnson et al., 2005). All systems include a NifS-like
cysteine (Cys) desulfurase protein, which catalyzes the conversion of cysteine to
alanine and elemental sulfur or the conversion of selenocysteine (Secys) to alanine and
elemental Se. Every Fe-S machinery also has scaffold proteins thought to function in
the pre-assembly of clusters before transfer to target proteins. The first discovered Fe-
S assembly machinery was the Nif system of Azotobacter vinelandii, which is
responsible for the formation of Fe-S clusters for nitrogenase (Zheng et al., 1993). The
second machinery was the Isc system first discovered in 4. vinelandii and later in
Escherichia coli, which has a housekeeping function in the formation of other cellular
Fe-S proteins (Zheng et al., 1998). Mitochondrial Fe-S assembly systems in
eukaryotes are remarkably similar to this Isc system (Lill and Kispal, 2000; Johnson et
al., 2005). The third machinery was the suf system of . coli and Erwinia
chrysanthemi, which appears to be responsible for the formation of Fe-S clusters under
oxidative stress and iron limitation (Takahashi and Tokumoto, 2002; Nachin et al.,
2003; Outten et al., 2004). Based on sequence similarities several of the plastid Fe-S
biosynthesis components tentatively identified to date are most related to the bacterial

suf cluster genes; other components are unique however (Balk and Lobreaux, 2005).
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The presence of supersaturated amounts of oxygen in green tissues provides
a challenge for the synthesis and maintenance of plastid Fe-S cluster proteins because
of the sensitivity of these clusters to oxygen (Beinert et al., 1997). Therefore, it can be
anticipated that next to the synthesis of new clusters, chloroplasts must have
mechanisms to replace or repair oxidatively-damaged clusters. Chloroplasts have their
own Fe-S assembly system (Takahashi et al., 1986; 1990). Fe-S cluster assembly into
radiolabeled freshly imported ferredoxin precursor was demonstrated using isolated
intact chloroplasts (Li et al., 1990). The reaction proceeds in the absence of cytosol
(Pilon et al., 1995). Characterization of the chloroplastic Fe-S formation machinery
started with the identification of a Cys desulfurase CpNifS (Leon et al., 2002; Pilon-
Smits et al., 2002) and of scaffold proteins CpNfu2 (Leon et al., 2003; Touraine et al.,
2004; Yabe et al., 2004) and CplscA (Abdel-Ghany et al., 2005). CpNifS is the Cys
desulfurase that converts cysteine into alanine and elemental sulfur for Fe-S
formation. CpruZlcan hold a transient Fe-S cluster. Insertion mutants in the CpNfu?2
gene have a dwarf phenotype and are deficient in 2Fe-2S and 4Fe-4S proteins
(Touraine et al., 2004; Yabe et al., 2004). CplscA is a putative alternative scaffold that
can accept a 2Fe-2S cluster from CpNifS, which can be transferred to apo-ferredoxin
(apofd) in vitro (Abdel-Ghany et al., 2005). In addition, other Suf-type system
components (Moller et al., 2001; Xu and Méller, 2004; Xu et al., 2005) and HCF101
(Lezhneva et al., 2004) may assist the Fe-S formation in plastids. The CpSufBCD

complex is an ATPase and may be involved in providing ferrous iron, or in

transferring the Fe-S cluster from the scaffold protein to the target protein. HCF101
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(high chlorophyll fluorescence 101) encodes a NifH-related P-loop ATPase that seems
to be required for 4Fe-4S but not 2Fe-2S assembly in chloroplasts.

Since cysteine was identified as the sulfur source for Fe-S formation in
chloroplasts (Takahashi et al., 1986; 1990), the Cys desulfurase activity of CpNifS is
likely essential for Fe-S formation in chloroplasts. Indeed, the depletion of CpNifS led
to the loss of Fe-S reconstitution activity of chloroplast stroma (Ye et al., 2005). This
Cys desulfurase of chloroplasts is distinct from the Cys desulfurases NifS and IscS of
the Nif and Isc type assembly systems and is more similar in sequence to SufS (Pilon-
Smits et al., 2002). In vitro, the purified CpNifS has a much lower Cys desulfurase
activity than Secys lyase activity (Pilon-Smits et al., 2002). However, the Fe-S cluster
reconstitution activity of CpNifS in stroma is 50-80 fold higher than that of CpNifS
alone, suggesting some factors - most likely proteins - are activating the Cys
desulfurase activity of CpNifS (Ye et al., 2005). The activation mechanism has been
unclear until the characterization of CpSufE in this study. CpSufE is the latest
component of the Suf-type Fe-S formation system identified in Arabidopsis
chloroplasts. We show here that CpSufE forms a complex with CpNifS, thus
stimulating Cys desulfurase activity over 40-fold, and enhancing CpNifS-dependent

Fe-S reconstitution in vitro.

MATERIALS AND METHODS
Cloning and plasmid construction - The A. thaliana CpSufE coding sequence
was amplified by PCR using cDNA as a template. Copy-DNA was prepared from

DNase-treated total RNA prepared from two-week old seedlings as described (Pilon-
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Smits et al, 2002). Primers used for CpSufE amplification were SufE-precursor and
SufE-Bam (Table 1). The PCR product was digested with Ncol and BamHI and then
ligated into vector pET11d (Novagen, Madison, WI), digested with the same
restriction enzymes to produce plasmid pPrSufE. To subclone the mature sequence of
CpSufE in pET28a (Novagen, Madison, WI) for expression as a Hise-tagged protein,
PCR was performed with a set of nested primers, SufE-mature and SufE-Bam (Table
1). Plasmid pPrSufE was used as a template. The PCR product was digested with Ndel
and BamH] and subcloned in vector pET28a, which was digested with the same
enzymes to produce plasmid pMSufE.

To change the single cysteine in the mature sequence of CpSufE to serine,
recombinant PCR was performed. In the first round, two fragments were amplified
with primer set 77 and SufEcsss-R, and primer set T7 terminator and SufE csss-F,
respectively (Table 1). pMSufE was used as template. The two products from the first
round of PCR were together used as template for the second round of PCR, with
primers SufE-mature and SufE-Bam (Table 1). The resulting PCR product was
digested with Ndel and BamHI and subcloned in vector pET28a to produce plasmid
pMSufEcgss. For GFP localization, the transit peptide coding sequence of CpSufE was
amplified with flanking primers SufE-GFP-F and SufE-GFP- RT (Table 1), while the
full-length protein sequence was amplified with flanking primers SufE-GFP-F and
SufE-GFP-R (Table 1). The pPrSufE plasmid was used as a template. PCR products
were digested with Sall and Ncol, and inserted into the Sall/Ncol digested GFP
reporter plasmid 35Q-SGFP(S65T) (Miras et al., 2002) to create the plasmids

TP/SufE-GFP and Full length/SufE-GFP, respectively.
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For site-directed mutagenesis of cysteinesgg in mature CpNifS to serine, a
strategy was used similar to the one described above for the CpSufE mutant. In the
first round of PCR, two fragments were amplified with primers 77 and NifScssss-R,
and primers 77 terminator and NifSc;sss-F respectively (Table 1), using pMNFS-8
(Pilon-Smits et al., 2002) as a template. In the second round of PCR the two fragments
were fused together and amplified with primers NFS-mat and NFS-B2 (Table 1). The
final PCR product was digested with Ncol and BamH], and ligated into vector
pET114d, resulting in pMNFScasss. All constructs were verified by DNA sequencing.
The plasmids used for protoplast transformation were prepared using the Plasmid Midi
Kit (Qiagen, Valencia, CA).

Sequence analysis and alignments - Sequence analysis was performed using
the Mac Vector sequence analysis software (International Biotechnologies, New
Haven, CT). Searches for sequence similarity were performed using the BLAST
network service provided by the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov). Sequence alignment was performed using ClustalW at
European Bioinformatics Institute, EXPASY Proteomics tools

(http://www.ebi.ac.uk/clustalw).

Preparation of proteins - For overexpression of CpSufE, E.coli BL21 (DE3)
codon” (Stratagene, La Jolla, CA) was transformed with plasmid pMSufE or with
pMSufEcess for the mutant protein. Two liter of LB medium containing 50 pg ml!
kanamycin was inoculated with 1/100 volume of overnight culture. Cells were grown
at 37 °C to an ODggo of 0.5, and expression was induced by addition of 0.4 mM

isopropyl-B-D-thiogalactopyranoside (IPTG) followed by incubation for 3 h at 37°C.
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The culture was chilled on ice, and the cells were collected by centrifugation for 5 min
at 5,000 g at 4°C. From here on, all procedures were performed at 4 °C except where
mentioned. The bacterial pellet was washed with 150 mM NaCl and re-suspended in
50 mM Tris-HCI, pH 7.5, then passed twice through a French press (8,000 p.s.1) to
disrupt the cells. The lysate was centrifuged for 20 min at 12,500 x g and the cleared
supernatant was loaded at a flow rate of 3 ml min™ onto His-Bind iminodiacetic acid
(IDA) agarose (Novagen, Madison, WI) in a 1.6 x 20 cm column, which was saturated
with NiSQ,, washed and equilibrated in 50 mM Tris-HCI, pH 7.5. The column was
washed with four volumes of 50 mM Tris-HCI, pH 7.5; followed by 4 volumes of 1 M
NaCl, 50 mM Tris-HC1 pH 7.5; 6 volumes of 50 mM Tris-HCI, pH 7.5 again and two
volumes of 0.1 M imidazole in 50 mM Tris-HCI, pH 7.5, respectively. Hisg-tagged
CpSufE was eluted with 4 volumes of 1 M imidazole in 50 mM Tris-HCI, pH 7.5.
Fractions of 6 ml were collected. Peak fractions were pooled and dialyzed overnight
against 25 mM Tris-HCl, pH 7.5. Pure His-tagged CpSufE ran as a single band on
SDS-PAGE after staining with Coomassie Brilliant Blue. To produce cleaved CpSufE,
the pooled peak fractions were dialyzed overnight against 20 mM Tris/HCI, pH 8.4,
followed by incubation with thrombin in a 1:1000 w/w ratio (thrombin : target protein)
at 4 °C for 8 h in 20 mM Tris/HCI, pH 8.4, 150 mM NaCl, 2.5 mM CaCl, as suggested
by the manufacturer (Novagen, Madison, WI). The cleavage mixture was subsequently
applied to a 10 x 1 cm Resource-Q column, (Amersham Biosciences, Piscataway, NJ)
equilibrated in 25 mM Tris/HCI, pH 8.0, at room temperature and connected to a
Summit HPLC system (Dionex, Sunnyvale, CA). The column was eluted with a linear

gradient from O to 1 M NaCl in 25 mM Tris-HC], pH 8.0, and fractions of 2 ml were
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collected. Elution was monitored by detection of the OD at 280 nm and 220 nm. The
purified cleaved CpSufE was dialyzed overnight against 25 mM Tris/HCI, pH 7.5, and
stored frozen at -80 °C before use in activity assays. Typical yields were 5-10 mg I of
culture. The purified protein migrated as a single band on SDS-PAGE (12.5% gel) and
ran as a single peak in analytical HPLC runs on a 1 ml Resource Q column
(Amersham Biosciences, Piscataway, NJ).

The His6-tagged and cleaved CpSufEc¢ss were purified essentially as the WT
CpSufE protein. WT CpNifS protein was prepared as described before (Pilon-Smits et
al., 2002). For overexpression of CpNifScisss, F.coli BL21 (DE3) codon” (Stratagene,
La Jolla, CA) was transformed with plasmid pMNFScisgs. The recombinant
CpNifSc3ggs was prepared essentially as WT CpNifS (Pilon-Smits et al., 2002).
Purified CpNifScagss was eluted from a calibrated 1 x 30 cm Superdex-S200 gel-
filtration column (Amersham Biosciences, Piscataway, NJ) at the same retention time
as the WT protein, and a native molecular mass of 83 kDa was calculated, suggesting
that CpNifScssss is a dimer like the wild type protein. Holo- and apo-Fd were prepared
as described (Ye et al., 2005).

Enzyme assays - Cys desulfurase activity was assayed at 25°C essentially as
described (Outten et al., 2003). Briefly, 160ul reaction mixture contained 25 mM Tris-
HCl pH 7.4, 100 mM NaCl, 2.5uM enzyme (0.11 mg/ml CpNifS, 0.09 mg/ml
CpSufE), 10 pM pyridoxal 5’ phosphate (PLP, Acros Organics, Morris Plains, NJ), 1
mM DTT (Roche, Mannheim, Germany), and 500 puM cysteine (Sigma, St. Louis,

MO). The reaction was stopped by addition of 20 pl 20 mM N, N dimethyl-p-

phenylenediamine in 7.2 M HCI. Methylene blue was formed by addition of 20 ul 30
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mM FeCl; in 1.2 M HCl and was assayed by measuring the absorbance at 670 nm.
The Secys lyase activity was measured as described (Pilon-Smits et al., 2002). One
unit of enzyme activity corresponds to 1 micromole substrate converted min™. To
estimate kinetic constants for both the Cys desulfurase and Secys lyase activities of
CpNifS the reaction velocities were measured over a wide range of substrate
concentrations (0.01 — 20 mM). The data in Michaelis-Menten plots were fitted by an
iterative method to estimate Ky and V. values, using the software program Enzfitter
(Biosoft, Cambridge, UK). The Fe-S reconstitution assay was performed as described
before (Ye et al., 2005). For all statistical analyses, the JMP-IN software (SAS
institute, Cary, NC) was used.

Protein coelution experiments — 100 pg His-tagged CpSufE (WT or mutant)
and 100 pg CpNifS (WT or mutant) were mixed at room temperature, and loaded on a
0.5 ml His-Bind iminodiacetic acid (IDA) agarose column (Novagen, Madison, WI).
The column was washed with 2 ml of 50 mM Tris-HCI, pH 7.5, and subsequently with
2 ml of 1 M NaCl, 50 mM Tris-HCI pH 7.5, followed by 2 ml of 50 mM Tris-HCI, pH
7.5 again, and 1 ml of 50 mM Tris-HCl pH 7.5, 0.1 M imidazole. Finally, the column
was eluted with 2 ml of 1 M imidazole, 50 mM Tris-HCI pH 7.5, and one ml fractions
were collected. Eluted proteins were analyzed by SDS-PAGE.

Gelfiltration — Sizes of protein complexes were estimated by gelfiltration
experiments (as described before by Ye et al., 2005) using a 1x30 cm Superdex-200
column (Pharmacia, Piscataway, NJ), which was connected to a summit HPLC system

- with a UVD170 detector and controlled by Chromeleon software (Dionex, Sunnyvale,

CA). The loop size was 0.2 ml. The column was equilibrated in 25 mM Tricine-KOH,
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pH 7.9, 50 mM KCI. The flow rate was 0.75 ml min”' and fractions were collected
every 0.5 min. Elution was monitored by absorbance at both 280 and 220 nm and by
immunoblotting of collected fractions. The void volume was determined with blue
dextran. Standards used for calibration were IgY, BSA, ovalbumin, chymotrypsinogen
and RNAse.

Plant sampling — Arabidopsis thaliana (Ecotype Columbia-0) plants were
grown on soil with supplementary light on a 15h-light/9h-dark cycle for 4 weeks.
Total leaf homogenate, chloroplast stroma, and RNA from different tissues were
prepared as described (Pilon-Smits et al., 2002). For light regulation analysis of
CpSufE, Arabidopsis plants were grown on half-strength Murashige and Skoog (MS)
agar medium (Murashige and Skoog, 1962) for 2 weeks, either on a 15h-light/9h-dark
cycle or in complete darkness. Protein and RNA preparations from total leaf
homogenate were described before (Pilon-Smits et al., 2002).

Sub-cellular localization of GFP-fusion proteins - The plasmids TP/SufE-
GFP or Full length/SufE-GFP were transformed into Arabidopsis protoplasts and

expressed proteins were observed under a confocal microscope, as described (Abdel-

Ghany et al., 2005).
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Antibodies and immunoblotting - Cleaved CpSufE in 100 mM NaCl, 25 mM
sodium phosphate, pH 7.5 was used to raise polyclonal antibody in rabbits at a
commercial facility (PRF&L, Canadensis, PA). The CpNifS antibodies have been
described (Pilon-Smits et al., 2002). The Hsp70 antibody was purchased from Sigma
(St. Louis, MO). RuBisCo antibody was purchased from AgriSera (Vannas, Sweden).

Immunoblotting was performed as described (Pilon-Smits et al., 2002).

RNA blot analysis — Total RNA from different Arabidopsis tissues was
prepared, electrophoresed, and probed with a **P-labeled 900 bp CpSufE cDNA,

essentially as described before (Pilon-Smits et al., 2002).

RESULTS

Identification of CpSufE and sequence characteristics — CpNifS is a Cys
desulfurase (Leon et al., 2002; Pilon-Smits et al., 2002) required for iron sulfur cluster
formation in the chloroplast (Ye et al., 2005). However, compared to most Cys
desulfurases with a housekeeping role in Fe-S cluster formation, the Cys desulfurase
activity of purified CpNifS is very low, despite a very high selenocysteine lysase
activity (Pilon-Smits et al., 2002). When the in vitro reconstitution activity of purified
CpNifS protein was compared to the activity of CpNifS in stromal extracts it was
concluded that CpNifS in stroma is about 80 times more active (Ye et al., 2005). Thus
a stimulatory activity must be present in plastids. We considered that this stimulatory
activity could at least in part be explained if plastids contain a homologue of SufE, a

protein which stimulates the Cys desulfurase activity of the bacterial SufS proteins. A
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SufE-like sequence (At4g26500) was identified by a BLAST search within the
Arabidopsis genome database (TAIR; http:// www.arabidopsis.org), using the E.coli
SufE (Outten et al., 2003) as a query sequence. The genomic sequence of At4g26500
contains a single predicted exon. A cDNA containing the full coding sequence was
obtained by RT-PCR. Sequence analysis of the cDNA confirmed the presence of a
single uninterrupted coding sequence in the genome (not shown). The open reading
frame is predicted to encode a full-length precursor protein of 371 amino acids (see
Fig. 1A), including a putative chloroplast targeting peptide (66 amino acids) as

predicted by the TargetP program (www.expasy.org, and see Emanuelsson et al.,

2000). Because of the predicted location and similarity with SufE proteins we named
At4g26500 CpSufE, for chloroplastic SufE. The predicted mature polypeptide is 305
amino acids long, with a molecular weight of 33.6 kDa and an isoelectric point of
4.87. The mature size of the Arabidopsis CpSufE homologue is much larger than what
was reported for the bacterial SufE proteins, which are about 15 kDa in size (Loiseau
et al., 2003; Outten et al., 2003).

A sequence alignment was performed to determine the similarity of the
putative Arabidopsis CpSufE with possible SufE homologues from various organisms,
as shown in Figure 1. The predicted cleavable chloroplast targeting sequence of the
Arabidopsis protein is underlined. A similar N-terminal extension, predicted to be a
transit sequence by the TargetP program, is also found in the rice (Oryza sativa)
protein but is not found in the prokaryotic homologues, as expected. All SufE
homologues show sequence conservation in the mature protein domain, including a

highly conserved single cysteine that was shown to be critical for function in the
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bacterial proteins (Ollagnier-de-Choudens et al. 2003; Outten et al. 2003). This SufE
domain region corresponds to the N-terminal half of the predicted mature proteins in
Arabidopsis and rice. In this region the plant proteins are most related in sequence to
the cyanobacterial SufE. For example, the sequence motif GCVSQV, which includes
the conserved cys, is conserved between Arabidopsis CpSufE, rice and cyanobacterial
SufE but different in the other bacterial proteins. The two plant proteins are predicted
to have a C-terminal domain of about 150 amino acids, which is absent from the
prokaryotic homologues. The last 88 residues of this plant-specific C-terminal protein
domain show very good sequence similarity to E. coli BolA (45% identity and 61%
similarity). BolA of E. coli may function in the control of cell shape in response to
nutrition (Santos et al., 2002). BolA-like proteins are found ubiquitously but so far a
molecular function has not been identified for these proteins (Santos et al., 2002). The
rice and Arabidopsis proteins display good sequence conservation over their entire
length (42% identity), but the conservation in the BolA-like domain is even higher,
with 72% identity.

Localization of CpSufE in chloroplasts - The TargetP program predicted a
cleavable transit sequence of 66 amino acids and a chloroplast localization of CpSufE.
To examine the sub-cellular localization, we constructed fusions with the green
fluorescent protein (GFP). In the first construct, the N-terminus of GFP was fused to
the sequence encoding the CpSufE transit peptide; in a second construct the N-
terminus of GFP was fused to the C-terminus of the full-length precursor CpSufE.
GFP alone expressed from the same constitutive promoter was used as a control.

Constructs were separately introduced into Arabidopsis protoplasts and the
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localization in cells was analyzed using confocal laser microscopy. Fluorescence
corresponding to GFP expressed without a transit sequence was excluded from the
chloroplasts as expected (Fig. 2A, upper panel). In contrast, green fluorescence from
the transit sequence fusion was localized to the chloroplast stroma, as indicated by the
overlay of green fluorescence and red auto-fluorescence from chlorophyll (Fig. 2A,
middle panel). Green fluorescence from the full-length CpSufE coupled to GFP was
localized to discrete locations in the chloroplasts (Fig. 2A, lower panel).

The localization of CpSufE in chloroplast stroma was verified by
immunoblotting (Fig. 2B). CpSufE antibody detected as little as 0.5 ng purified
CpSufE. The antibody detected a protein of 37 kDa in total leaf homogenate (TH) and
this signal was quantitatively recovered in the chloroplast stroma fraction (St), (Fig
2B). The pre-immune serum at the same dilution did not recognize any bands in these
samples (data not shown). These data indicate the presence of CpSufE in stroma.
Based on the band intensities, we estimate that the amount of CpSufE present in 20 pg
of stromal protein is between 10 and 20 ng. Thus the abundance of CpSufE in stroma
1s between 0.05 and 0.1 % of total protein, similar to the abundance (0.06%) reported
for CpNifS (Ye et al., 2005). In conclusion, the immunoblotting and GFP experiments
strongly suggest a stromal localization of CpSufE.

Expression analysis of CpSufE — Expression patterns can give clues about the
function of a protein. To determine the CpSufE mRNA and protein expression
patterns in different Arabidopsis tissues we performed RNA blot and immunoblot
analyses (Fig. 3A). The RNA blot analysis revealed that CpSufE is expressed in all

tested tissues with slightly higher expression levels in green photosynthetic tissues
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(leaves and stems) than non-green tissues (roots and flowers). Immunoblots confirmed
this expression pattern at the protein level and showed that CpSufE and CpNifS have
comparable expression patterns. The presence of CpSufE in plastids and the elevated
expression in green tissues are typical for proteins involved in photosynthesis. Many
photosynthesis-related genes are regulated by light. We therefore investigated if
CpSufE expression is influenced by light. CpSufE protein was found to be expressed
at about 3-fold lower levels in plants grown in the dark, compared to light-grown
plants (Fig. 3B) and this can be ascribed to lower expression of the CpSufE mRNA in
the dark (Fig. 3C). However, even though there was less expression of CpSufE in the
dark there was still significant expression, and the effect of light on the expression of
the large subunit of RuBisCo, a known light-induced chloroplast protein involved
exclusively in photosynthesis was lérger in comparison.

CpSufE stimulates Cys desulfurase activity and changes the substrate affinity
of CpNifS — To allow us to investigate the activity of CpSufE, we purified the mature-
sized protein. The N-terminus of the protein was fused to a six-histidine tag and a
thrombin cleavage site (Fig. 4A) for efficient purification by immobilized metal ion
affinity chromatography (Fig. 4B). To remove the His6 tag, the protein was incubated
with thrombin at 4°C until the His6 tag was completely cleaved as judged by SDS-
PAGE, and CpSufE was purified from the mixture by HPLC using a Resource-Q
anion exchange column (Fig. 4B). The purified CpSufE was a colorless protein with a
My, of about 40 kDa as judged by SDS-PAGE (Fig. 4B), a slightly slower migration
than what is expected based on the theoretical Mw of 33.6 kDa. However, CpSufE is

rather acidic and this may well influence the mobility on SDS-PAGE. N-terminal
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sequence analysis yielded the sequence GSHMASS, which indicated that the protein
was correctly cleaved and purified. The cleaved CpSufE was used for all biochemical
characterizations, unless indicated otherwise.

CpSufE alone did not show any activity in either the Cys desulfurase assay
(Fig. 5A) or the Secys lyase assay (Fig. 5C), both of which are activities displayed by
CpNifS. To test if CpSufE changes the kinetic properties of CpNifS, the activities of
CpNifS alone and of CpNifS plus CpSufE in a 1:1 molar ratio were assayed over a
concentration range for both substrates (Table II). CpNifS alone displayed a barely

detectable level of Cys desulfurase activity (Vmax = 0.0013 pmol/min/mg) but

displayed high Secys lyase activity (Vmax = 2.44 pmol/min/mg), in agreement with our
previous results (Pilon-Smits et al., 2002). However when CpSufE was added to
CpNifS in a 1:1 molar ratio, we observed a 40-fold increase in the V,, for Cys
desulfurase activity compared to CpNifS alone. In contrast, the Vi, for Secys lyase
activity was reduced by 30%. The addition of CpSufE to CpNifS caused the K, for
cysteine to decrease 2.5-fold. On the other hand, the Ky for selenocysteine increased
slightly (1.4-fold). Titration experiments at saturating substrate concentration in
which the amount of CpNifS was kept constant while CpSufE was varied indicated
that the Cys desulfurase activity of CpNifS depended on the amount of CpSufE
present. The stimulation by CpSufE reached an apparent saturation point at a CpSufE:
CpNifS molar ratio of 5:1, at which point we observed a 60-fold stimulation (Fig. 5A).
CpNifS has 5 cysteines, one of which, Cysasgs, is conserved and predicted to
be required for cys desulfurase activity (Pilon-Smits et al., 2002) based on similarity

with bacterial CsdB (Mihara et al., 2000) for which a structure is published (Fujii et
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al., 2000). To investigate if this cysteine in CpNifS is required for the activity of the
protein we purified a mutant in which the cysteine was altered to serine. Purified
mutant CpNifScasgs displayed the same absorbance spectrum and elution profile from
a gelfiltration column as the WT protein. Similar to what had been found for the CsdB
Cys-mutant (Mihara et al., 2000), the mutant CpNifSc3sss protein retained about 80%
of its Secys lyase activity (Fig. 5B). This indicates that under the assay conditions the
decomposition of selenocysteine does not depend on the active site cysteine and that
the mutant CpNifSc3gss enzyme was folded and active. However, the CpNifScigss
mutant protein had no detectable Cys desulfurase activity anymore, neither alone nor
with CpSufE present. Thus the conserved cysteinesgs is essential for Cys desulfurase
activity of CpNifS, but not for Secys lyase activity.

CpSufE has a single conserved cysteine, Cysgs, in its mature sequence. To
test the requirement of the thiol group for CpSufE activity we expressed and purified a
mutant in which the cys was changed to serine. Like the wild-type CpSufE, the mutant
CpSufEcess did not show activity by itself (Fig. 5 B and C). Only WT CpSufE but not
CpSufEcess displayed stimulation of CpNifS cys desulfurase activity, indicating that
the conserved cysteinegs is essential for this function (Fig. 5C). Both CpSufE and
CpSufEcess had a similar small but noticeable negative effect on the Secys lyase
activity of CpNifS.

CpSufE forms a complex with CpNifS — The observed alterations of the
catalytic properties of CpNifS by CpSufE prompted us to investigate if CpSufE and
CpNifS form a complex. To address this question, we analyzed co-elution in metal

chelate affinity chromatography and gelfiltration experiments. For the first type of
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experiment we used the Hisg-tagged CpSufE and incubated the protein with an equal
amount of CpNifS before loading onto a Ni-IDA column. The column was treated
with a series of salt washes before elution with 1 M imidazole. Samples of the loaded
and imidazole-eluted proteins were analyzed by SDS-PAGE (Fig. 6A). Wild-type
CpNifS was found to co-elute with the His-tagged wild-type CpSufE (Fig. 6A).
Control experiments showed that CpNifS did not bind to the nickel column by itself
(data not shown). Remarkably, the same elution pattern was found for CpNifS and
His-tagged CpSufE regardless whether the proteins had the wild-type sequences or
were mutated at the cysteine residues (Fig. 6A). Thus, CpNifS and CpSufE interact
and this interaction does not require the conserved Cys residues in either protein,
which are however needed for cys desulfurase activity. Another chloroplast protein,
CplscA, which may serve as a chloroplast scaffold protein for Fe-S assembly (Abdel-
Ghany et al., 2005), did not co-elute with CpSufE or with CpSufE and CpNifS (data
not shown).

The interaction of CpSufE and CpNifS was further investigated by
gelfiltration experiments in which untagged protein was used (Fig. 6B). The native
molecular weight of recombinant CpSufE and of the CpSufEcgss mutant was
determined by comparing the elution time from a Superdex 200 gelfiltration column
with standards. In gelfiltration experiments, CpSufE eluted in a single, symmetrical,
peak at 18.5 min (Fig. 6B, trace 1). The same elution profile was seen for CpSufEcess
(not shown). The retention time of 18.5 min corresponds to an estimated M,, of ~ 70
kDa, indicating that purified recombinant CpSufE and the CpSufEcsss mutant are

homodimeric proteins. CpNifS eluted as a single peak at 17.6 min (Fig. 6B, trace 2),

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



which corresponds to a size of 86 kDa, in agreement with the mass expected for
homodimeric CpNifS (Pilon-Smits et al., 2002). When WT CpSufE and CpNifS (WT)
were mixed in a 1:1 molar ratio, and applied to the gel-filtration column, we found
most of the protein to elute in a symmetric peak with a retention time of 17.2 min (Fig.
6B, trace 3). Comparison to standards indicated an apparent M, of ~110 kDa,
indicating the formation of a complex that is bigger than the added My, of two
monomers but smaller than the added M, of two dimers. Both CpSufE and CpNifS
were found to be present in the peak as judged from SDS-PAGE electrophoresis (Fig.
6C). When the mutated CpSufEc¢ss was incubated with CpNifS and loaded onto the
gelfiltration column an asymmetric peak with a retention time of 16.5 min was
observed (Fig. 6B, trace 4). These data indicate that the mutant CpSufE retains
CpNifS-binding ability, but in this case the complex has an apparent size of ~150 kDa,
which is in good agreement with the cumulative My, of a CpSufE dimer and a CpNifS
dimer. When the cysteine mutant of CpNifS was substituted for the wild-type protein
and incubated with CpSufE, the same elution pattern was obtained that was observed
with WT CpNifS (data not shown).

To analyze the native molecular weight of CpSufE in chloroplast stroma,
stromal proteins were separated by gelfiltration. Fractions were collected, concentrated
by TCA precipitation and analyzed by immunoblotting (Fig. 6D). The majority of
CpSufE eluted in fractions corresponding in apparent size to a dimeric form of
CpSufE (fractions 28-32). However, a significant amount of CpSufE was detected in

earlier fractions indicating that at least some CpSufE was in higher molecular weight

complexes in the stroma.
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The CysgsSer mutation in CpSufE is dominant negative in vitro — As shown
above, the mutant CpSufE (CpSufEc¢ss) in which the active center cysteine is changed
to serine, was not active in stimulating the Cys desulfurase activity of CpNifS, but it
did bind to CpNifS. To test if this binding inhibits the activation of CpNifS by WT
CpSufE, the three proteins were incubated with the CpSufEcess in 5-fold excess, and
assayed for Cys desulfurase activity (Fig. 7). The presence of CpSufEc¢ss severely
inhibited the stimulatory activation of CpNifS by WT CpSufE, presumably due to
competition for binding to CpNifS. This competitive inhibition was dependent on the
molar ratio of WT and mutant CpSufE, since an equal amount of mutant CpSufEc¢ss
roughly inhibited 50% of the activity of WT CpSufE (data not shown). Therefore, the
interaction of mutant CpSufEcess with CpNifS had a dominant negative effect on the
activity of WT CpSufE in vitro. The simplest explanation for this result is the
sequestration of CpNifS into an inactive complex by the mutant CpSufE. The mutant
CpNifS (CpNifScssss) in which the active center cysteine is changed to serine was not
active as a Cys desulfurase, but it did still bind to CpSufE (Fig. 6). However, an
excess of CpNifSc3sss did not inhibit the activation of WT CpNifS by CpSufE (Fig. 7)
indicating a significant mechanistic difference in the interaction of mutant CpNifS
with WT CpSufE as compared to the interaction of the WT CpNifS and mutant
CpSufE.

CpSufE enhances the Fe-S§ reconstitution in ferredoxin 20-fold — To
quantitatively measure Fe-S cluster formation, a Fe-S reconstitution assay for
ferredoxin was used (Ye et al., 2005). The effect of CpSufE on the Fe-S cluster

formation in ferredoxin was tested in these CpNifS-dependent reconstitution assays
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(Fig. 8). CpSufE by itself did not mediate any Fe-S cluster formation, while CpNifS
only displayed a very low level of activity. However, the mixture of 5 pg CpNifS and
4 ug CpSufE (~1:1 molar ratio) reconstituted ~21 pg ferredoxin, equivalent to the

activity of 100 pg pure CpNifS. This indicated a 20-fold enhancement of CpNifS-

dependent Fe-S cluster formation by CpSufE.

DISCUSSION

The Cys desulfurase activity of CpNifS is required for Fe-S formation in
chloroplast stroma (Ye et al., 2005). However, purified CpNifS has only a very low
level of Cys desulfurase activity by itself (Pilon-Smits et al, 2002). In in vitro
experiments, the newly identified chloroplast protein CpSufE interacts with CpNifS
and stimulates the Cys desulfurase activity of CpNifS over 40-fold. Purified CpSufE
enhances the Cys desulfurase activity of CpNifS by affecting both the substrate
affinity and V. Furthermore, the CpNifS-dependent Fe-S reconstitution activity was
found to be enhanced 20-fold by CpSufE. These findings provide at least a partial
explanation for the 50 — 80-fold higher reconstitution ability of chloroplast stroma
compared to CpNifS alone (Ye et al., 2005) and directly connect a SufE-like protein
with Fe-S cluster formation. CpSufE and CpNifS should also be able to interact in vivo
because both proteins are localized in the stroma and have comparable expression
patterns and expression levels. Thus, CpSufE appears to be an important regulator for
both Cys desulfurase activity and Fe-S formation in plastids.

SufE proteins are evolutionary conserved. Homologues are found in a wide

variety of organisms including prokaryotes and eukaryotes. All these proteins have a
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conserved Cys residue that seems to function in a sulfur transfer pathway, accepting
the S atom that is bound as sulfane sulfur to an active site Cys in a type II, SufS-like
Cys desulfurase (Ollagnier-de Choudens et al., 2003; Outten et al., 2003). This
mechanism seems to be conserved in the chloroplast and the cys residue of CpSufE
was also found to be essential for efficient Cys desulfurase activity of CpNifS.
However, compared to bacterial proteins, the plant homologues have some unique
properties. The Arabidopsis and rice SufE proteins have an extra C-terminal domain in
their mature proteins that shows good sequence similarity to E. coli BolA. The
function of this BolA-like domain is at this point unclear. In E. coli, BolA is involved
in the regulation of cell division in response to nutrition (Santos et al., 2002), however
the molecular mechanism by which BolA functions is not yet resolved. One attractive
possibility is that this domain is not involved in the stimulation of Cys desulfurase
activity by itself but maybe serves a regulatory role. Perhaps this BolA-like domain
functions as an interacting partner for other regulatory proteins that could be used to
regulate CpSufE and thus Cys desulfurase activity. More recently, it is hypothesized
that BolA protein is a reductase interacting with a glutaredoxin thus likely involved in
oxidative stress response (Huynen et al. 2005). Regulation of the Cys desulfurase
activity in the chloroplast may be a requirement, because the plastids are the major site
of sulfur reduction and Cys synthesis in the plant cell. Too much Cys desulfurase
activity could deplete the Cys pool and be detrimental. On the other hand, Cys
desulfurase activity should be sufficient to allow Fe-S formation and repair as needed.
The Secys lyase activity is not much affected by CpSufE. Therefore plastids have the

ability to decompose Secys and thus prevent the unspecific and toxic incorporation of
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Se in proteins, regardless of the activity of CpSufE. Indeed, overproduction of CpNifS
(without CpSufE) affected Se-tolerance but had relatively little effect on S metabolism
in plants (Van Hoewyk et al, 2005).

We found that CpSufE and CpNifS interact, as measured by affinity
chromatography and gel-filtration experiments. However, the observations that
CpSufE is present mostly in dimeric form in the stroma and that maximum stimulation
of CpNifS requires a 5-fold excess and not just an equal amount of CpSufE both may
be taken to indicate that the interaction is transient. Remarkably, the mutation of the
conserved cysteine to serine in either protein still allows interaction of CpNifS and
CpSufE as measured by chromatography coelution, indicating that other amino acid

-residues are responsible for the binding. Interestingly, when present in excess the
mutant CpSufEc¢ss has a dominant negative effect on the activity of CpNifS,
competitively inhibiting the activation by WT CpSufE (Fig. 7). This experiment
further confirms the concept that the binding and formation of a two-component Cys
desulfurase is a prerequisite for CpNifS activation by CpSufE. In contrast to the
dominant negative effect of the CpsufE mutant, an excessive amount of mutant
CpNifScsgss did not prevent WT CpNifS from being activated by WT CpSufE,
possibly because the CpNifScigss has a lower ability to bind to CpSufE than the WT
protein. These observations may be explained by the following proposed reaction
mechanism: CpNifS binds the substrate cysteine. CpSufE then binds to CpNifS and
the binding affinity is increased after CpNifS has decomposed the substrate Cys and
has a sulfane sulfur bound to its active site - something the CpNifS mutant can not do,

and therefore it does not act dominant negative. After transfer of the S to the cysteine
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of WT CpSufE the interaction becomes again reversible and CpSufE can leave and
deliver the S to downstream targets such as scaffolding proteins in vivo. In vitro this
acceptor could be the DTT in the reaction mixture. The mutant CpSufE cannot receive
the S from CpNifS and therefore is not released as easily, resulting in the observed
inhibitory effect.

In-addition to CpSufE, homologues have been found in Arabidopsis for all of
the bacterial Suf proteins, and all are predicted to be present in plastids. Therefore, it
seems that in the course of evolution plants have retained the entire Suf machinery
including SufABCDES for chloroplast Fe-S cluster assembly (for review see Balk and
Lobreaux, 2005). CpNifS is the SufS-like protein, which is a Cys desulfurase
supplying sulfur for the Fe-S cluster formation. CpSufE is the SufE-like protein,
which is a Cys desulfurase activator as reported in this paper. CplscA is a SufA-like
scaffold protein where a transient 2Fe-2S cluster is assembled (Abdel-Ghany et al.,
2005). A similar pattern of gene expression was found for these proteins, supporting
the possibility that they may function in the same biochemical process of Fe-S
assembly (this work; Abdel-Ghany et al., 2005). Chloroplastic SufB, SufC and SufD
are homologues of bacterial SufB, SufC and SufD, respectively. They form a complex,
which displays an iron-stimulated ATPase activity (Moller et al., 2001; Xu and
Moller, 2004; Xu et al., 2005). However, a direct role of CpSufBCD in the Fe-S
formation still needs to be demonstrated.

The Suf system in bacteria is responsible for Fe-S formation under oxidative
stress and iron limitation (Outten et al., 2004). This may explain why plants contain a

Suf-like system for biosynthesis of Fe-S clusters in chloroplasts, as they are oxygen-
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producing compartments. It has been suggested that the S in SufE may be somewhat
shielded. Besides Suf-like proteins, chloroplasts also contain Nfu-like scaffolds and
the HCF 101 protein for Fe-S cluster biosynthesis (Leon et al., 2003; Lehzneva et al.,
2004), suggesting that the Fe-S cluster biogenesis machinery in chloroplasts is more
complex than any single operon in bacteria. Because of the barrier formed by the
envelope, Fe-S clusters synthesized outside plastids cannot be easily supplied to
chloroplasts, which is self-sufficient for the synthesis of its Fe-S clusters. Since plant
plastids require a variety of Fe-S cluster types and have at least 20 Fe-S proteins there
1s perhaps a requirement for multiple-protein components. For instance, Nful-3 and
CplscA may be alternative scaffolds either for assembling different types of Fe-S
clusters or for different physiological conditions.

In conclusion, the results presented here reveal a new component of the iron-
sulfur biogenesis machinery in plant chloroplasts. These results are of significance
since little is known about how chloroplast iron-sulfur clusters are made, despite their
vital importance for photosynthesis and assimilatory nitrogen and sulfur assimilation.
Photosynthesis is the process that determines plant productivity and ultimately drives
life on earth. Its importance for biology cannot be overstated. Also, plant iron status is
of importance for human health, since billions of people worldwide are suffering from
iron deficiency and most of the dietary iron in developing countries is derived from

vegetarian food sources.
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ferredoxin; Cys, cysteine; SeCys, selenocysteine; CBB, Coomassie Brilliant Blue;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; WT, wild
type; My, molecular weight; PLP, pyridoxal 5° phosphate; DTT, dithiothreitol,

RuBisCo, ribulose bisphosphate carboxylase oxygenase.
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FIGURE LEGENDS

Fig. 1. A. Sequence alignment of SufE-like proteins from various organisms. The
predicted transit sequence of Arabidopsis CpSufE is underlined. Identical residues are
shaded in gray. The conserved cysteine at position 131 in Arabidopsis precursor
CpSufE (or position 65 in mature CpSufE) 1s boxed. Species used are as follows. At:
Arabidopsis thaliana, Os: Oryza sativa, Sy: Synchocystis sp. PCC 6803, Ec:
Escherichia coli, Er: Erwinia chrysanthemi, Ag: Agrobacterium tumefaciens.

B. Schematic domain structure of CpSufE

ﬂg_Z Localization of CpSufE in chloroplasts. 4, Subcellular localization of GFP and
CpSufE-GFP fusion proteins. CpSufE-GFP fusion proteins were expressed in
Arabidopsis protoplasts, and observed using a confocal laser-scanning microscope.
Green fluorescence, red chlorophyll fluorescence and overlays of green and red
signals are shown. B, Immunoblotting analysis of total leaf homogenate (TH) and
chloroplast stroma (St). Homogenate and stroma, containing 2.5 pg chlorophyll for
each, were separated by SDS-PAGE (12.5% gel), blotted to nitrocellulose after which
CpSufE was detected with a specific antibody. Pure CpSufE protein served as a
positive control. Large subunit of RuBisCo was detected with corresponding antibody

to evaluate equal loading.

Fig. 3. Expression analysis of CpSufE. 4, Immunoblot analysis of CpSufE and CpNifS
expression in different tissues. Each fraction represents 10 pg of protein. B, RNA blot

of CpSufE in different tissues. Ten microgram of total RNA from different tissues was
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separated by electrophoresis, transferred to hybond N* membrane, and probed with a
32p_abeled 900 bp CpSufE cDNA (top). An ethidium bromide-stained agarose gel was
used to verify equal loading (bottom). C. Immunoblot of CpSufE in homogenate from
light/dark-grown Arabidopsis. Twenty microgram of leaf homogenate protein from
light- or dark-grown Arabidopsis were separated by electrophoresis, transferred to
nitrocellulose membrane, and probed with CpSufE antibody. Arabidopsis cytosolic
actin Hsp 70 was used to evaluate equal loading. The large subunit of RuBisCo was
used as a control of light-regulation. D. RNA blot of CpSufE in homogenate from
light/dark-grown Arabidopsis. Ten microgram of total leaf homogenate RNA from
light or dark-grown Arabidopsis was separated by electrophoresis, transferred to
hybond N* membranes, and probed with a **P-labeled 900 bp CpSufE cDNA (top).

Ethidium bromide-stained agarose gel was used to show loading (bottom).

Fig. 4. Purification of CpSufE. 4, Expression region of CpSufE in the pET28a vector.
Both nucleotide and amino acid sequences are used to show the express region of
CpSufE in pET28a. The His6 tag, thrombin cleavage site, and mature CpSufE in the
expressed protein are labeled. The restriction sites of Ndel and BamHI for subcloning
CpSufE are labeled in Italic font. B. SDS-PAGE of CpSufE at different purification
stages. lane 1, total cell lysate of E. coli BL21 (DE3) / codon+ expressing His-tagged
CpSufE; lane 2, eluate of 1 M imidazole from nickel column containing His-tagged
CpSufE; lane 3, eluate of ~ 0.3 M NaCl in linear salt gradient from Resource-Q
column after thrombin treatment. C, Elution profile (4280) of purified CpSufE from a

Superdex 200 gelfiltration column.
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Fig. 5. CpSufE stimulates Cys desulfurase activity 40-fold but reduces Secys lyase
activity of CpNifS. 4, Cys desulfurase activity of CpNifS (2.5 pM) mixed with
CpSufE in molar ratios ranging from 0 to 20 (CpSufE : CpNifS). B, Selenocysteine
lyase activities of proteins and protein combinations present at 2.5 uM. C, Cysteine
desulfurase activities of proteins and protein combinations present at 2.5 pM. Data are

the means = SE of 3 experiments.

Fig. 6. CpSufE forms a complex with CpNifS. 4, Ni-NTA-column coelution of His-
tagged CpSufE and CpNifS. 100 pg His-tagged CpSufE (WT or mutant) and 100 g
CpNifS (WT or mutant) were mixed and loaded on a 0.5 ml Ni-IDA agarose column,
followed by a series of washes as described in Materials and Methods. The 1 M
imidazole eluate was collected and separated on SDS-PAGE gel followed by staining
with Coomassie Brilliant Blue. Purified His-tagged CpSufE, CpNifS and mutant
proteins were run on the same gel as controls. B, Superdex-200 gelfiltration elution
profiles (Az80 nm). trace 1, 15 pg CpSufE; trace 2, 17 ug CpNifS; trace 3, mixture of
15 pg CpSufE and 17 pg CpNifS; trace 4, mixture of 15 pg CpSufEcess and 17 pg
CpNifS. C, SDS-PAGE analysis of gelfiltration fractions described in panel B.
Aliquots of the indicated fractions were collected and separated on SDS-PAGE gels
followed by staining with Coomassie Brilliant Blue. The peak fraction in each
gelfiltration run is marked by an asterisk. D, Immunoblot analysis of CpSufE in

gelfiltration fractions of chloroplast stroma. One milligram of stromal protein was
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separated by gelfiltration. Proteins in collected fractions were concentrated by TCA
precipitation, and separated by SDS-PAGE. CpSufE was detected with specific

antibody.

Fig. 7. Dominant negative effect of CpSufEc¢ss. Cysteine desulfurase activity was
assayed for the protein mixtures shown at the indicated protein concentrations. Data

are the means x SE of 3 experiments.

Fig. 8. CpSufE enhances the Fe-S reconstitution in ferredoxin 20-fold. Proteins were
incubated with 50 mM Tricine-NaOH, pH 7.5, 5 mM DTT, 1 mM L-Cys, 1 mM
ferrous ammonium sulfate, 20 uM PLP for 30 min, followed by addition of 30 pg of
apo-Fd. After 20 min, the reconstituted holo-Fd was measured by HPLC. Data are the

means & SE of 3 experiments.
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Table 1. Sequence of oligonucleotides used for cloning and plasmid constructions

Oligonucleotide 5°-3’ Sequences Restriction
site
underlined

SufE-precursor CATGCCATGGCAGCAGCGATGTCTTCTTC Nco 1

SufE-mature GGAATTCCATATGGCTTCATCATCTCCGTCGAG Ndel

SufE-Bam CGGGATCCTCAAACCTCAGCAGGAGTCT Bam HI

SufEcgss-F AATAAAGTAGAAGGATCTGTTTCTCAGGTTTGG -

SufEcgss-R CCAAACCTGAGAAACAGATCCTTCTACTTTATT -

T7 CGAAATTAATACGACTCACTATAG -

T7 terminator ~ TGCTAGTTATTGCTCAGCGGT -

SufE-GFP-F GAATGGTCGACATGGCAGCAGCGATGTCTT Sal 1

SufE-GFP-R CATGCCATGGCCTCAGCAGGAGTCTTTGC Ncol

SufE-GFP-RT  CATGCCATGGGTAGCTTCGGTGGAAGCTCT Neol

NifSc3gss-F AAGGTCAGGACACCACTCCGCACAGCCACTCCA -
NifSc3ses-R TGGAGTGGCTGTGCGGAGTGGTGTCCTGACCTT -
NFS-mat See (18)
NFS-B2 See (18)

Table 2. CpSufE changes the kinetic properties of CpNifS. Ky, values and reaction
velocities (Vimax) toward cysteine and selenocysteine were determined over the range
of 0.01 to 20 mM of substrate concentration, as described in the Materials and
Methods. The program Enzfitter (Biosoft, Cambridge, UK) was used to calculate K,
and V.« values. Data are the means and standard error of 3 experiments.

Substrate CpNifS CpNifS + CpSufE
Km (mM) Vinax (unit/mg) Ky (mM) Vimax (unit/mg)
Cysteine 0.100.02 0.0013+0.0002 0.043%£0.011  0.05540.002

Selenocysteine  2.904-0.36 244 +0.07 417 £0.24 1.76 +0.11
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Chapter 4

In this Chapter a CplscA was identified and characterized. It was found that
the CplscA acquires an [Fe-S] cluster incubated with CpNifS in the presence of Fe and
cysteine. The cluster can be transferred to apoferredoxin. Thus the CplscA is a
molecular scaffold of the [Fe-S] biogenesis machinery in chloroplasts. All the

biochemical assays (in Fig. 4 panel C, and Fig. 6-8) were done by Hong Ye.
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Iron-Sulfur Cluster Biogenesis in Chloroplasts.
Involvement of the Scaffold Protein CplscA’

Salah E. Abdel-Ghany, Hong Ye, Gulnara F. Garifullina, Lihong Zhang, Elizabeth A.H. Pilon-Smits,
and Marinus Pilon*

Biology Department, Colorado State University, Fort Collins, Colorado 80523

The chloroplast contains many iron (Fe)-sulfur (S) proteins for the processes of photosynthesis and nitrogen and S assimilation.
Although isolated chloroplasts are known to be able to synthesize their own Fe-5 clusters, the machinery involved is largely
unknown. Recently, a cysteine desulfurase was reported in Arabidopsis (Arabidopsis thaliana; AtCpNifS) that likely provides the
S for Fe-S clusters. Here, we describe an additional putative component of the plastid Fe-S cluster assembly machinery in
Arabidopsis: CplscA, which has homology to bacterial IscA and SufA proteins that have a scaffold function during Fe-S cluster
formation. CplscA mRNA was shown to be expressed in all tissues tested, with higher expression level in green, photo-
synthetic tissues. The plastid localization of CplscA was confirmed by green fluorescent protein fusions, in vitro import, and
immunoblotting experiments. CpIscA was cloned and purified after expression in Escherichia coli. Addition of CplscA
significantly enhanced CpNifS-mediated in vitro reconstitution of the 2Fe-2S cluster in apo-ferredoxin. During incubation with
CpNifS in a reconstitution mix, CpIscA was shown to acquire a transient Fe-S cluster. The Fe-S cluster could subsequently be

transferred by CplscA to apo-ferredoxin. We propose that the CplscA protein serves as a scaffold in chloroplast Fe-S cluster

assembly.

Iron (Fe)-sulfur (S) clusters are cofactors of proteins
that perform a number of biological roles, including
electron transfer; redox and nonredox catalysis; regu-
lation of gene expression; and as sensors for Fe and
oxygen within all living organisms, prokaryotes, and
eukaryotes (Beinert, 2000). Although Fe-S clusters can
be assembled in proteins in vitro with ferrous Fe and
sulfide, it is now clear that the process is not sponta-
neous in vivo, and proteins have been shown to be
required for the biological formation of these clusters
(for review, see Lill and Kispal, 2000; Frazzon et al,,
2002). Genetic and biochemical studies in microorgan-
isms initially led to identification of two types of Fe-S
cluster machinery, termed NIF (nitrogen fixation)
and ISC (iron-sulfur cluster; Zheng et al., 1993, 1998).
A third machinery (SUF) with homologs in a wide
range of organisms was characterized more recently
(Takahashi and Tokumoto, 2002).

The proposed mechanism of cluster formation is as
follows: (1) S is mobilized from Cys by the action of
a Cys desulfurase enzyme (Zheng et al., 1993, 1998); (2)

the S atoms are transferred to a scaffold protein

(Urbina et al., 2001), Fe atoms are supplied to the scaf-
fold protein, and the transient Fe-5 cluster is assem-
bled; and (3) the Fe-S cluster is inserted into various

! This work was supported by the National Research Initiative of
the U.S. Department of Agriculture Cooperative State Research,
Education and Extension Service (grant no. 2003-35318-13758 to
E.AHPS and MP).

* Corresponding author; e-mail pilon@lamar.colostate.edu; fax
970-491-0649.

Article, publication date, and citation information can be found at
www.plantphysiol.org/cgi/doi/10.1104/pp.104.058602.

apo-proteins to form the Fe-S proteins (Yuvaniyama
et al., 2000; Agar et al., 2000a; Krebs et al., 2001; Wu
et al., 2002; Tong et al., 2003). In addition to Cys
desulfurase and scaffold proteins, other factors such as
Hsp70- and Hsp40-type chaperones as well as ferre-
doxin (Fd)/Fd reductase systems may be involved
(Lill and Kispal, 2000; Frazzon et al., 2002). There are
indications that molecular chaperone proteins interact
with the scaffold protein and keep the scaffold protein
in a conformation that facilitates the Fe-S cluster as-
sembly and the transfer to an apo-Fe-S protein (Hoff
et al., 2000; Silberg et al., 2001; Muhlenhoff et al., 2003).
In the nitrogen-fixing bacterium Azotobacter vinelan-
dii, NifU was shown to provide a scaffold for Fe-S
cluster formation (Zheng et al., 1993, 1994; Agar et al.,
2000a; Yuvaniyama et al., 2000). In non-nitrogen-fixing
bacteria and eukaryotic mitochondria, an IscU scaffold
protein is essential and the main protein for Fe-S
cluster biosynthesis; this protein shows a high se-
quence identity with the N-terminal domain of A.
vinelandii NifU (Agar et al., 2000a, 2000b). IscU pro-
teins accept S from a NifS-like Cys desulfurase and are
also the binding site for Fe to build an Fe-S cluster
(Agar et al., 2000b). By contrast, plastids and most non-
nitrogen-fixing cyanobacteria whose genome sequence
is known do not possess any homolog of IscU. Instead,
proteins, termed NFUs, with sequence similarity to the
C-terminal domain of A. vinelandii NifU were found to
be scaffolds for Fe-S cluster assembly (Leon et al., 2003;
Yabe et al., 2004). SyNifU, the NifU of cyanobacterium
Synechocystis, serves as a scaffold for Fe-S cluster
assembly and delivery (Nishio and Nakai, 2000).
IscA is another protein that may function as a scaf-
fold protein for Fe-S cluster synthesis in Escherichia coli

Plant Physiology, May 2005, Vol. 138, pp. 161-172, www.plantphysiol.org © 2005 American Society of Plant Biologists 161
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(Takahashi and Nakamura, 1999; Tokumoto and
Takahashi, 2001), yeast (Saccharomyces cerevisiae; Jensen
and Culotta, 2000; Kaut et al., 2000), and cyanobacteria
(Morimoto et al., 2002; Wollenberg et al., 2003). It is
proposed that the IscA family of proteins provide
alternative scaffolds to the NifU and IscU proteins for
mediating Nif-specific and general Fe-S cluster as-
sembly (Krebs et al., 2001). In addition to a scaffold
function in cluster formation in E. coli, it was proposed
that IscA can provide Fe for the assembly of the
transient Fe-S cluster in IscU in the presence of IscS
and Cys in vitro (Ding and Clark, 2004). In Synecho-
cystis PCC 6803, IscAl, the product of SLR1417, pre-
dominantly binds the Fe ion alone, whereas IscA2, the
product of SLR1565, binds a 2Fe-2S cluster (Morimoto
et al., 2002). IscA2 forms a complex with a HEAT-
repeat-containing protein, IaiH, which stabilizes the
Fe-S cluster in IscA2 (Morimoto et al., 2002).

In addition, the SUF gene clusters of E. coli and
Erwinia chrysanthemi have genes that encode compo-
nents similar to IscS and IscA, named SufS and SufA,
respectively (Takahashi and Tokumoto, 2002). These
proteins are thought to be involved in Fe-S cluster
formation under Fe limitation and oxidative stress
conditions (Ollagnier-de-Choudens et al., 2001; Qutten
et al., 2003, 2004).

In plant cells, mitochondria and chloroplasts are
believed to originate from endosymbiotic bacteria and
therefore are predicted to have their own Fe-5 cluster
biosynthesis machinery. The structural and physiolog-
ical differences between mitochondria and chloro-
plasts suggest the existence of two distinct Fe-S
assembly machineries. Mitochondria are a site of
oxygen consumption, whereas chloroplasts produce
oxygen through the photosynthetic process. Based on
sequence homology of putative components, the mi-
tochondrial Fe-S machinery may be most similar to the
bacterial ISC machinery, where IscU is regarded as the
major and essential scaffold protein for the cluster
assembly. In chloroplasts, the components of the Fe-5
machinery are starting to be identified. A NifS-like
protein (AtCpNifS) with Cys desulfurase activity was
localized in the chloroplast (Leon et al., 2002; Pilon-
Smits et al., 2002). This protein is similar in sequence to
a cyanobacterial L-Cys/L-cystine C-S lyase (C-DES;
Lang and Kessler, 1999; Kessler, 2004). Other putative
components include three NFU proteins (NFU1-3),
similar to cyanobacterial NFU-like scaffold proteins
and to the C terminus of A. vinelandii NifU (Leon et al.,
2003; Yabe et al, 2004). Nfu2 purified from E. coli
contained a transient Fe-S cluster (Leon et al., 2003)
that could be passed on to apo-Fd in vitro (Yabe et al,,
2004). Nfu2 insertion mutants have a dwarf phenotype
and are deficient in some but not all plastid Fe-S
proteins (Touraine et al., 2004; Yabe et al., 2004). Other
potential Fe-S candidate proteins in plastids are the
Arabidopsis homologs of SufBCD and E and the high
chlorophyll fluorescence 101 protein (HCF101). The
putative SufC homolog AtNAP?7 is confirmed to be in
the chloroplast, and mutants have phenotypes that
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indicate a role in plastidic Fe-S cluster maintenance
and repair during Arabidopsis embryogenesis (Xu
and Moller, 2004). HCF101 encodes a NifH-related
P-loop ATPase that seems required for 4Fe-4S but not
2Fe-2S clusters in chloroplasts (Lezhneva et al., 2004).
So far, a link of either NFUs or CpSufBCDE with
CpNifS has not been made. Here, we report the
cloning, purification, and characterization of a chloro-
plast-localized IscA-like protein (AtCplscA) from Ara-
bidopsis. CplscA is shown to act as a molecular
scaffold in Fe-S cluster biosynthesis in vitro and to
be able to transfer the cluster to apo-Fd producing
active holo-Fd.

RESULTS
Cloning of CplscA and Sequence Analysis

In earlier studies, the NifS-like protein AtCpNifS
from Arabidopsis was shown to have Cys desulfurase
activity and to be located in the chloroplast (Leon et al.,
2002; Pilon-Smits et al, 2002). To identify another
Arabidopsis protein(s) that might be involved in Fe-5
cluster formation in plastids, a database search was
performed to identify homologs of the cyanobacterial
Synechocystis PCC 6803 IscA proteins. BLAST searches
in the Munich Information Center for Protein Se-
quences (http://mips.gsf.de/proj/thal/db/) and The
Arabidopsis Information Resource (TAIR; http://
www.arabidopsis.org) databases revealed the presence
of one IscA-like protein (Atlg10500). TargetP predic-
tions suggest that this protein is a chloroplast protein
with a 55-amino-acid-long chloroplast transit sequence.
The corresponding gene was named AtCplscA, and its
c¢DNA was cloned using reverse transcription-PCR.
Alignment of the AtCplscA primary sequence with
IscA- and SufA-like proteins from cyanobacteria and E.
coli reveals the presence of three conserved Cys resi-
dues (residues 104, 170, and 172), including the char-
acteristic motif CXC and a conserved Asp (residue 149)
in the C-terminal region (Fig. 1A). These residues are
conserved among all IscA-type proteins from prokary-
otic and eukaryotic organisms. In addition to the three
Cys conserved in all IscA-type proteins, AtCplscA
contains two other Cys, at residues 94 and 135, which
are also present in cyanobacterial IscAl from Synecho-
cystis PCC 6803. AtCplscA exhibits higher sequence
similarity to IscAl (Slr1417) from Synechocystis PCC
6803 (58% identity) and IscA from E. coli (47% identity)
compared to the mitochondrial IscA-like protein
from Arabidopsis (At2g16710; 24%) and SufA from
E. coli (25%). Consequently, in a phylogenetic analysis,
AtCplscA was grouped with cyanobacterial IscAl and
E. coli IscA, separate from E. coli SufA and the Arabi-
dopsis mitochondrial NifA-like protein (Fig. 1B).

Expression Analysis of CplIscA

The AtCplscA gene expression pattern in different
tissues was analyzed using RNA-blot analysis (Fig. 2).
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Figure 1. Sequence alignment and phylogenetic tree of IscA-like proteins from various organisms. A, Sequence alignment. The
predicted chloroplast targeting sequence is underlined. Conserved amino acids are marked by asterisks, and the conserved Cys
residues are boxed. The conserved Asp residue is shown in gray. Sequences are: AtCplscA, At1g10500 (this article); At2g16710,
encoding the putative Arabidopsis mitochondrial IscA-like protein; E. coli SufA (NC_004431); E. coli IscA (NC_002655.2);
cyano-iscAl1, Synechocystis IscA SIr1417; and cyano-lscA2, Synechocystis IscA Sir1565. B, Phylogenetic tree of IscA-like

proteins used in the sequence alignment.

Ten micrograms of total RNA extracted from roots,
stems, leaves, and flowers was electrophoresed, and
ethidium bromide staining was used to verify equal
loading. Northern-blot analysis reveals that AtCplscA
is expressed in all tested tissues, with higher expression
level in green photosynthetic tissues (leaves and stems)
than non-green tissues (roots and flowers; Fig. 2).

Intracellular Localization of CpIscA

The TargetP program (Emanuelsson et al., 2000)
predicted a chloroplast localization of AtCplscA and
a cleavable transit sequence of 55 amino acids. To
examine the subcellular localization, we constructed
fusions with the green fluorescent protein (GFP). GFP
was fused to the coding region for the predicted
chloroplast transit sequence of CplscA (TP-IscA-
GFP) and to the full-length IscA including its transit
sequence (Full length-IscA-GFP). GFP alone expressed
from the same constitutive promoter was used as
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a control. The localization in cells was analyzed using
confocal laser microscopy. Fluorescence correspond-
ing to GFP expressed without a transit sequence was
excluded from the chloroplasts as expected (Fig. 3,
top). By contrast, green fluorescence from TP-IscA-
GFP was localized to the chloroplast stroma, as in-
dicated by the overlay of green fluorescence and red
autofluorescence (Fig. 3, middle). Because chloroplast
transit sequences effectively mediate translocation of
a passenger protein across the envelope (Keegstra and
Froehlich, 1999), this is the expected location for a
transit sequence fusion. Interestingly, green fluores-
cence from the full-length CplscA coupled to GFP
(Full length-IscA-GFP) was localized to discrete loca-
tions in the chloroplast stroma, which may be indica-
tive of the inclusion in discretely localized complexes
(Fig. 3, bottom).

To investigate the chloroplast localization of CpIscA
by an alternative method and to determine the size of
the mature CplscA protein in plastids, we performed
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Figure 2. Expression analysis of CplscA in different tissues. Total RNA
from roots, leaves, stems, and flowers of 4-week-old Arabidopsis plants
was isolated. Ten micrograms of total RNA was separated by electro-
phoresis, transferred to a Hybond-N membrane, and probed with
Bp_labeled CplscA cDNA (top). Ethidium bromide-stained agarose
gel was used to show loading (bottom). 285 and 185 are ribosomal RNA
subunits.

an in vitro chloroplast uptake experiment (Fig. 4A).
Radiolabeled precursor protein was produced by in
vitro transcription of the cloned ¢DNA and subse-
quent translation of the synthetic mRNA in the pres-
ence of *°S-Met. The translation reaction (Fig. 4A, right,
PR) resulted in a radiolabeled protein band with a size
expected for the precursor. In addition to the pre-
cursor, two translation products with a size smaller
than the expected mature protein were present that

Figure 3. Subcellular localization of AtCplscA.
Arabidopsis protoplasts were transformed with
plasmids that express the indicated gene con-
structs under control of the constitutive 35S
cauliflower mosaic virus promoter. The nonfused
GFP protein-coding sequence was used as a con-
trol. TP/lscA-GFP encodes the fusion of the

CplscA TP (1-55) to the N terminus of GFP, and GEP

full-length lscA GFP contains the full coding
sequence of the IscA precursor fused to GFP.
After 16 h of expression, cells were observed
using a confocal laser-scanning microscope.
Green fluorescence signals, chlorophyll red
autofluorescence, and an overlay of green and
red signals are shown.

TP/lscA-GFP

{1-55 aa)

Full length
IscA-GFP
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may result from initiation at either of the two down-
stream AUG codons corresponding to residues 65 and
85. The translation mixture including the precursor
was incubated with purified intact chloroplasts in the
light and in the presence of ATP. After import and
treatment with protease, the chloroplasts were recov-
ered and proteins were analyzed by SDS-PAGE (Fig.
4A). The E. coli-expressed recombinant mature CplscA
was electrophoresed in the same gel to allow a direct
comparison of the molecular mass with the imported
protein. Chloroplasts incubated with the precursor
encoded by CplscA and treated with protease accu-
mulated a protein of about 14 kD in size that has the
same electrophoretic mobility as the purified recombi-
nant mature protein. Quantitation of the precursor and
the mature bands indicated that 32% of the added
CplscA precursor was imported in this assay, which
was comparable to the plastocyanin control (data not
shown). We conclude that the CplscA precursor con-
tains plastid-targeting information and that the pro-
tein is active in the chloroplast. The recombinant
protein purified from E. coli corresponds in size to
the imported mature CplscA.

To analyze localization and expression levels in
Arabidopsis plants, we raised an antibody (see “Mate-
rials and Methods”) that was used in immunoblots to
analyze the presence of CplscA in total leaf homogenate
and chloroplast stroma fractions. The antibody recog-
nized a band corresponding to the size of mature
CplscA in total homogenate and isolated stroma, con-
firming the stromal localization of AtCplscA (Fig. 4B).
The mobility of the detected CplscA protein band in

Green Red
fluorescence fluorescence
(GFP)

Red and green
fluorescence

(Chlorophyll) (overlay)
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Figure 4. Chloroplast targeting of AtCpiscA and gel filtration analysis. A, In vitro import of radiolabeled CplscA precursor.
55.Met-labeled Precursor CplscA protein (PR) was obtained by in vitro translation and incubated with isolated pea chloro-
plasts. Chloroplasts were reisolated, and proteins in the intact chloroplasts were analyzed either directly (Cl) or after treatment of
intact chloroplast with protease (CP). Proteins were separated by 15% SDS-PAGE. The gel was stained with Coomassie Brilliant
Blue (left), and the radiolabeled protein bands were visualized using a Phosphorimager {right). B, Immunoblot analysis of 20 ug
of total leaf homogenate protein (TH) and 20 ug of chloroplast stroma (S). Purified CplscA (5 ng and 20 ng) was applied for
comparison in the two right lanes of Figure 4B. AtCpNifS antibody (bottom) was used as a control for stromal protein. C, Gel
filtration analysis of AtCplscA in the stroma. One milligram of stromal protein was separated on a Superdex-5200 gel filtration
column, Elution was monitored by the A,y (data not shown) and by immunoblotting of collected fractions with CplscA-specific
antibodies. The void volume of this column corresponds to fraction 11.

plant fractions is the same as that of purified recombi-
nant CplscA. Control experiments showed that these
bands were not detected with preimmune serum (data
not shown). Based on comparisons of the CplscA stain-
ing intensities in stromal fractions and purified protein,
we estimate the abundance of CplscA in stroma to be
approximately 0.01% to 0.02% of protein, which is
slightly lower than the measured abundance of CpNifS
(Ye et al., 2005). To investigate the oligomeric state of
CplscA in the stroma, a gel filtration experiment was
performed using a high-resolution column and detec-
tion of AtCplscA using immunoblotting (Fig. 4C).
Approximately 90% of the stromal IscA was eluted in
a single peak at high molecular mass (approximately
600 kD, fractions 17-20). In addition, a smaller amount
of IscA was eluted as a dimer. This result indicates that
CplscA present in stroma interacts with other proteins
in vivo and may form a transient complex with them.
Interestingly, a fraction of CpNifS was also detected in
a complex of approximately 600 kD (Ye et al., 2005), and
coelution of CplscA and CpNifS was confirmed by gel
filtration (data not shown).

Expression and Purification of AtCpIscA

The coding sequence for mature CplscA (without
transit sequence) was cloned into the expression
vector pET11d, and the mature-sized protein was
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expressed in BL21 codon® E. coli cells. Three hours
after induction with isopropyl-g8-b-thiogalactopyrano-
side (0.4 mM), a protein with a molecular mass of about
14 kD accumulated to about 5% to 10% of the soluble
protein, as shown by Coomassie Brilliant Blue staining
(Fig. 5, lane 1). This molecular mass is in agreement
with the molecular mass calculated from the DNA
sequence (13,971 D). Soluble IscA was purified using
cation exchange chromatography and a gel filtration
step (Fig. 5, lanes 2 and 3). The protein was eluted from
the calibrated S200 gel filtration column with an
apparent molecular mass of 54 kD, suggesting that
the protein is purified as a tetramer (data not shown).
N-terminal sequencing (Macromolecular Resources,
Colorado State University) by Edmann degradation
yielded the sequence RNRLSV, corresponding to the
predicted N-terminal sequence of mature CplscA. The
pure CplscA protein was colorless, indicating it did
not contain an Fe-S cluster while in E. coli.

CplscA with CpNifS Stimulates Fe-S Cluster
Formation in Fd

To study the role of CplscA in Fe-S cluster forma-
tion, an in vitro reconstitution assay was developed. In
this assay, apo-Fd was reconstituted to the holo-form
by acquiring an Fe-S cluster, which was synthesized in
vitro from Cys S and a ferrous Fe salt. Holo-Fd was
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M 1
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Figure 5. SDS-PAGE of IscA at different stages of its purification. Lane
1, Molecular mass marker; lane 2, total lysate from E. coli BL21 (DE3Y/
codon® expressing IscA; lane 3, IscA after cation exchange column;
lane 4, IscA after HPLC gel filtration column.

separated from apo-Fd and other proteins and quan-
tified by HPLC using an ion-exchange column. The
activity of CpNifS proved to be sufficient and required
for the Fe-S cluster formation in Fd (Ye et al., 2005).
However, other proteins may promote the efficiency of
CpNifS-mediated holo-Fd formation in a plant cell. In
the presence of all necessary substrates for Fe-S cluster
formation, except CpNifS, CplscA alone did not show
any reconstitution activity. However, preincubation
of CplscA with CpNifS significantly increased sub-
sequent Fd reconstitution activity compared to that
shown by CpNifS alone (P < 0.05; Fig. 6). The ob-
served modest increase in reconstitution activity was
a first indication of a possible role of CplscA in Fe-S
cluster formation.

Incorporation of an Fe-S Cluster into CplscA

The stimulation of CpNifS-dependent Fd reconsti-
tution activity by CplscA suggested possible interac-
tions between CplscA and CpNifS in the Fe-S cluster
formation where CplscA may be a scaffold for clus-
ter assembly and an intermediate in Fe-S insertion.
To investigate this possibility in more detail, CplscA
(300 pug) was incubated with CpNifS (75 pg) in recon-
stitution buffer (5 mm dithiothreitol [DTT], 1 mm1-Cys,
1 mM ferrous ammonium sulfate, 20 uM pyridoxal 5
phosphate [PLP]) for 30 min and then applied to a
gel filtration column (Fig. 7A, line 3). As controls,
apo-CplscA (300 ug) incubated in gel filtration buffer or
in reconstitution buffer, as well as CpNifS alone (75 ug),
were incubated and run through the same column
(Fig. 7A, lines 1, 2, and 4, respectively). Proteins were
detected by A,g, (Fig. 7) and 420 nm (data not shown).
Purified untreated apo-CplscA eluted from the col-
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umn in a peak with a retention time expected for the
tetramer but a shoulder was present, suggesting the
existence of lower-molecular mass IscA species (Fig. 7A,
line 1). Incubation of ApolscA with DTT-containing
buffer resulted in mainly the dimeric form of the pro-
tein (line 2). No absorbance was detected at 420 nm,
indicating the absence of Fe-5 clusters in the apo-IscA
fractions (data not shown). As shown in Figure 7A
(line 3), incubation of CplscA with CpNifS resulted
in two major peaks corresponding to CpNifS and a
CplscA dimer, according to its calculated molecular
mass. SDS-PAGE (Fig. 7B) indicated that the peak of
CpNIifS eluted at 17.5 min (fraction 28) and the dimeric
CplscA at 20.5 min (fraction 34). Interestingly, the peak
corresponding to reconstituted dimeric CplscA could
also be detected by A, (data not shown), suggesting
the presence of an Fe-S cluster. Apo-CplscA (line 2)
and reconstituted dimeric CplscA (line 3) were col-
lected from gel filtration runs, and their absorption
spectra were measured (Fig. 7C). Unreconstituted
CplscA showed only one peak at 280 nm, character-
istic for aromatic residues in proteins. Reconstituted
CplscA (fraction 34), however, showed extra maxima
at 330 nm, 420 nm (with a shoulder at 470), and
580 nm, indicative of a 2Fe-25 cluster (Fig. 7C). In a typi-
cal 2Fe-2S cluster, absorption from 420 nm to 460 nm
is attributed to the vibration between Fe and bridg-
ing inorganic S (Morimoto et al., 2002).

The presence of Fe in CplscA was determined
chemically (see “Materials and Methods”) using spin-
ach (Spinacia oleracea) holo-Fd as control, which con-
tains one 2Fe-2S cluster per protein. We measured
2.0 = 0.2 Fe/protein for spinach holo-Fd. Reconsti-
tuted CplscA contained 1.4 = 0.2 Fe/dimer, while no
Fe was detected in the apo-form. Because the reconsti-

10
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holofd (pg)
[,]
i

25 4

0.0 §

CplscA  CpNifS

CplscA +
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Figure 6. Purified CplscA enhances the Fd reconstitution activity of
CpNifS. Purified CpNifS (7.5 ug), CplscA (30 ug), or a combination of
both CpNifS (7.5 ng) and CplscA (30 ug) were incubated with 50 mm
Tricine-NaOH, pH 7.5, 5 mm DTT, 1 mm t-Cys, 1 mm ferrous
ammonium sulfate, 20 um PLP for 30 min, followed by addition of
30 ug of apo-Fd. After 20 min, the reconstituted holo-Fd was assayed
by HPLC. Data represent the average and st of three replicates,
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Figure 7. Purified CplscA can acquire an Fe-S cluster. A, Gel filtration
analysis. CplscA (300 pg) was incubated with CpNifS (75 ug) in
reconstitution buffer (50 mm Tricine-NaCH, pH 7.5, 5 mm DTT, 1 mm
1-Cys, 1 mm ferrous ammonium sulfate, 20 um PLP; line 3) for 30 min.
CplscA (300 pg) in gel filtration buffer 25 mm Tricine/KOH, pH 7.9,
50 mm KCl; line 1) or in reconstitution buffer (reaction 2) and CpNifS
(75 pg) in reconstitution buffer (reaction 4) were used as controls. After
incubation at 37°C, proteins were separated on a Superdex S200 gel
filtration column equilibrated in 25 mm Tricine/KOH, pH 7.9, 50 mm
KCl, and elution was monitored by the A, NifS eluted at 17.5 min
(fraction 28), apo-IscA (tetramer) at 19 min (fraction 31), and holo-lscA
(dimer) at 20.5 min (fraction 34). B, SDS-PAGE of gel filtration fractions
of treatments shown in line 3. C, Absorption spectrum of apo-CpiscA
and holo-CplscA. The protein concentration was 300 pg in 25 mm
Tricine/KOH, pH 7.9.

tuted fraction obtained after incubation with CpNifS
(tine 3) still may contain some inactive apo-CplscA,
a number slightly lower than two is expected for the
number of Fe atoms/dimer. These data indicate that
the isolated and reduced CplscA is a clusterless apo-
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protein, while the reconstituted dimer may contain
a 2Fe-2S cluster. The Fe-S cluster formed in IscA is
stable since treatment with Fe chelator (1 mm EDTA) or
overnight incubation at 4°C did not induce destruction
of the Fe-5 cluster, as indicated by the reconstitution
efficiency (data not shown).

Fe-S Cluster Transfer from CplscA to Apo-Fd

As CplscA appeared to have an Fe-S cluster, the
potential transfer of the Fe-S cluster to apo-Fd was
investigated. Both apo- and holo-CplscA (150 ug)
were collected from the gel filtration column and in-
cubated with 30 ug of apo-Fd in the presence of 5 mm
DTT at 37°C for 30 min. As controls, holo-Fd (30 ng)
alone and holo-IscA (150 ug) alone were incubated.
Incubation mixtures were used for holo-Fd analysis by
HPLC. As shown in Figure 8A, the apo-CplscA frac-
tion did not lead to any formation of holo-Fd, while
50% (15 ug) of apo-Fd was reconstituted to holo-Fd
by acquiring an Fe-S cluster from the dimeric holo-
CplscA. To test if the amount of holo-Fd formation
depends on the amount of holo-IscA, various amounts
of holo-IscA were incubated with apo-Fd (30 ug) for
30 min and the amount of holo-Fd was assayed (Fig.
8B). The amount of holo-Fd formed increased with
increasing the amount of holo-IscA. Importantly, in the
same condition when holo-IscA (60 ug) was incubated
with apo-Fd (30 ug) in the presence of 1 mm EDTA,
reconstitution was still observed with 70% activity of
the reaction without EDTA indicating direct transfer
from IscA to Apo-Fd (data not shown). Thus, it is pro-
posed that holo-CplscA can be formed from Apo-
CplscA by acquisition of a transient Fe-S cluster, which
it can subsequently deliver to apo-Fd. This suggests
a role for CplscA as a scaffold during Fe-S cluster
formation in plastids and in transfer of the formed
cluster to apo-Fe-5 proteins.

DISCUSSION

Recently, it was demonstrated that AtCpNifS, a chlo-
roplastic NifS-like Cys desulfurase of Arabidopsis, is
responsible for the release of S from Cys for the
biogenesis of Fe-S clusters in vitro (Ye et al.,, 2005). In
this study, we report that Arabidopsis chloroplasts
contain an IscA-like protein, CplscA, which enhances
the CpNifS-dependent Fe-S cluster formation in vitro.
In addition, we provide evidence that recombinant
apo-CplscA, upon incubation with AtCpNifS and
appropriate substrates, can acquire an Fe-S cluster,
which in turn can be donated to apo-Fd in vitro. From
these observations, we hypothesize that CplscA func-
tions as a scaffold protein for the assembly of transient
Fe-S clusters from Fe and elemental S, which can be
donated to Fe-S apo-proteins in the plastids. These
results are of significance since Fe-S cluster proteins
play crucial roles in essential plant processes, such as
photosynthesis, which determine plant productivity

167

g4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abdel-Ghany et al.

Figure 8. Fe-S cluster transfer from CplscA to Fd A o
apo-protein. A, Fe-S cluster transfer from holo- ’
IscA to apo-Fd. Apo-Fd (30 ug) was incubated 0.0

with 150 ug of holo-CplscA {(collected from gel
filtration column, reaction 3, Fig. 7) or 150 ug of
apo-CplscA purified by gel filtration column.
After 30 min, the Fd was assayed by HPLC
and quantified. Holo-Fd (30 pg) and holo-lscA
(150 pg) were used as controls. B, The amount of
holo-Fd formed depends on the amount of holo-
IscA. Thirty micrograms of apo-Fd was incubated
with various amounts of holo-IscA for 30 min, and
the amounts of holo-IscA were assayed by HPLC
and quantified as before.
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and nutritional value. Although plastids are known to be
able to synthesize their own Fe-S clusters (Takahashi
et al, 1986), the machinery involved in Fe-S cluster
formation in plastids remains largely to be elucidated.
The results presented here contribute to the under-
standing of this important process.

CplscA has three conserved Cys residues and a
conserved Asp residue (Fig. 1) with the sequence
arrangement C-X,, 4,-D-X,;-C-G-C. These residues
are conserved among all IscA-type proteins from
prokaryotic and eukaryotic organisms, including nif-
specific IscA proteins (Krebs et al., 2001). This se-
quence motif of IscA scaffold proteins is different from
the primary sequence arrangement of Cys in NifU/
IscU scaffold proteins (C-G-D-X,554-C-X45-C; Krebs
et al,, 2001). Individual amino acid substitutions for
each of the three conserved Cys residues of the yeast
Isalp and Isa2p proteins (IscA homologs) yield the
same phenotype as the gene knockout (Jensen and
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Culotta, 2000). When any one of three conserved Cys
residues in Synechocystis IscA2 was replaced with Ser,
the amount of assembled 2Fe-25 was significantly
reduced (Morimoto et al., 2003). It has been suggested
that two of the three conserved Cys residues are
involved in cluster binding, whereas the third one
provides an electron during cluster assembly for the
reduction of the Cys persulfide at NifS/IscS (Krebs
et al., 2001). Further studies are required to investigate
the role of these Cys residues in CplscA.

Two scaffold proteins for Fe-S cluster formation in
nitrogenase, called NifU and mfIscA, were discovered
in the Nif operon of A. vinelandii. NifU consists of three
domains: an N-terminal region that can accept a tran-
sient cluster, a central region with stable cluster, and
a C-terminal thioredoxin-like domain known as the
Nfu region (Agar et al., 2000a; Yuvaniyama et al.,
2000). Homologs of the N-terminal domain of NifU as
well as of NifA seem to function in the general Fe-S
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cluster machinery found in mitochondria (Lill and
Kispal, 2000) and are also encoded by the Isc-gene
cluster of bacteria such as E. coli (Frazzon et al., 2002).
This Isc-type machinery was reported to be sensitive to
oxygen in E. coli, A. vinelandii, and Schizosaccharomyces
pombe (Krebs et al., 2001; Ollagnier-de-Choudens et al.,
2001; Wu et al., 2002). In E. coli, a second Fe-5 assembly
machinery is encoded by the SUF operon and the gene
cluster includes SufA, a homolog of IscA/NifA. The
Suf operon may function in Fe-S assembly under con-
ditions of oxidative stress and Fe limitation (Outten
et al., 2004).

The CplscA-mediated formation of the [2Fe-25]
cluster in apo-Fd proceeds under normal atmospheric
(oxygenic) conditions in the presence of a thiol re-
ductant (DTT) in the assembly cocktail. By compari-
son, the reconstituted Fe-S cluster in either E. coli or A.
vinelandii IscA proteins was fairly labile (Ollagnier-
de-Choudens et al., 2001; Krebs et al., 2001), and the
cluster formed in CplscA was stable and insensitive to
oxygen, as indicated by the persistence over several
days at 4°C. Since photosynthetic activity produces
oxygen, this reaction condition may be appropriate for
a chloroplast enzyme. By contrast, the mitochondrial
Isc-type Fe-S protein maturation machinery requires
the exclusion of oxygen in vitro (Muhlenhoff et al,
2002). Chloroplasts are proposed to be derived from an
ancestral cyanobacterium-like endosymbiont (Martin
et al., 1998). No IscU-type scaffold proteins have been
identified in the nine completely sequenced genomes
of cyanobacteria (http:/ /www.ncbi.nlm.nih.gov/blast/
Blast/ cgi). However, IscA scaffold proteins were
identified in Synechocystis PCC 6803 (Wollenberg
etal., 2003). Genes encoding IscU homologs with puta-
tive chloroplast-targeting sequences were not found
in the Arabidopsis genome (TAIR; www.arabidopsis.
org). This suggests that the Arabidopsis chloroplast,
like cyanobacteria, does not express an IscU scaffold
homolog. Therefore, the CplscA protein may provide
an alternative scaffold to the IscU proteins for Fe-S
cluster formation and delivery in chloroplasts.

In addition to CplscA, three chloroplast-localized
CpNfu proteins were identified that may function as
molecular scaffolds for Fe-S cluster biosynthesis (Leon
et al., 2003; Touraine et al., 2004; Yabe et al., 2004). An
interesting question that remains to be answered is
whether the CplscA and CpNfu scaffold proteins
function complementary, overlapping, or parallel to
each other in chloroplasts. Some plausible reasons for
the need of alternative scaffolds are that each scaffold
protein is optimized for assembly of either [2Fe-25] or
[4Fe-4S] clusters in vivo, that they preferentially trans-
fer clusters to different acceptor proteins, or that each
functions optimally under different physiological con-
ditions, e.g. conditions that are more reducing or
oxidizing. Complementary or partially overlapping
roles in the delivery of Fe-S clusters to various sub-
strate apo-proteins in different plastids and/or under
different growth conditions were postulated for
AtCpNfus (Touraine et al., 2004; Yabe et al., 2004). A

Plant Physiol. Vol. 138, 2005

Iron-Sulfur Cluster Assembly in Chloroplasts

scaffold role for CplscA in plastid Fe-S cluster forma-
tion is similar to the finding that IscA from E. coli
(Ollagnier-de-Choudens et al., 2001) and cyanobacte-
rium Synechocystis PCC 6803 (Wollenberg et al., 2003)
can serve as a scaffold for formation of a [2Fe-2S]
cluster, which can be donated to the Fe-S apo-protein
Fd. The homolog from A. vinelandii MiscA can also
serve as a scaffold for 4Fe-4S clusters (Krebs et al.,
2001). Once a suitable in vitro plant system for re-
constitution of a 4Fe-4S apo-protein has been estab-
lished, it will be interesting to investigate whether
CplscA serves as a scaffold for both types of Fe-S
cluster.

MATERIALS AND METHODS
Cloning and Plasmid Construction

The Arabidopsis (Arabidopsis thalitna) CplscA coding sequence was
amplified by PCR using ¢DNA as a template. cDNA was prepared from
DNase-treated total RNA prepared from 2-week-old seedlings as described
(Pilon-Smits et al., 2002). Primers used for IscA amplification were 5'-GCT-
CTAGACAGAAGATTATGGCTTTCGC-3’ (forward primer) and 5'-TCCCC-
CGGGTGTGAAACTGGTTCACATCT-3' (reverse primer). Underlined bases
indicate Xbal and Smal sites, respectively. The PCR product was digested with
Xbal and Smal and then ligated into a pBS (KS*) vector (Stratagene, La Jolla,
CA), digested with the same restriction enzymes to produce plasmid pPrlscA.
To subclone the mature sequence of IscA in pET11d for expression, PCR was
performed with another set of nested primers, 5'-CATGCCATGGCTGTTC-
GATCCGCTTCGGTTIC-3' (forward primer) and 5'-CGGGATCCTCACAT-
CTCGGCAGCAAAAGA-3’ (reverse primer). Underlined bases indicate Ncol
and BamHI sites, respectively. The PCR product was digested with Neol and
BamH]I and subcloned in pET11d to produce plasmid pMlscA.

Construction of the plasmid for expression of the transit peptide (TP;
amino acids 1-55) of IscA fused to GFP was performed as follows. The
sequence encoding the predicted TP of IscA was amplified by PCR using
flanking primers Sall-N (5'-GAATGGTCGACATGGGCTTTCGCTACTGGA-
ATCACG-3') and Neol-C-TP (5'-CATGCCATGGACATCTCGGCAGCAAA-
AGACTTCC-3'). To make a fusion of GFP with the full-length protein, the
entire coding sequence of IscA was amplified by PCR using flanking primers
Sall'N and Neol-C-F1 (5’-CATGCCATGGCTGATCTCATCTTACTCAGAT-
GCTTAA-3'). pPriscA plasmid was used as a template for PCR. PCR products
were digested and inserted into the Sall/Ncol-digested GFP reporter plasmid,
350-SGFP(S65T), to create the TP/IscA-GFP and Full length-IscA-GFP, re-
spectively. The inserts in all plasmids were sequenced by the dideoxy dye
termination method to ensure that no error was introduced during PCR
reactions. The plasmids used for protoplast transformation were prepared
using the Plasmid Midi kit (QIAGEN, Valencia, CA).

Sequence Analysis and Alignments

Sequence analysis was performed using the Mac Vector sequence analysis
software (International Biotechnologies, New Haven, CT). Searches for
sequence similarity were performed using the BLAST network service pro-
vided by the National Center for Biotechnology Information (http://
www.ncbinim.nih.gov). Sequence alignment was performed using ClustalW
at European Bioinformatics Institute, ExPASY Proteomics tools (http://
www.ebi.ac.uk/clustalw). Phylogenetic analysis was performed using the
PAUP (Sinauer Associates, Sunderland, MA; version 4.0b10) heuristic search
method with tree bisection-reconnection branch swapping (Swofford, 1993).
Bootstrap analysis with 1,000 random replicates was performed using the
heuristic method.

In Vitro Chloroplast Import Assay
The pPriscA plasmid was linearized with Kpnl and transcribed in vitro

using T7 polymerase (Epicenter Technologies, Madison, W1} according to the
manufacturer’s instructions. Radiolabeled precursors were synthesized in

169

b

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.ncbi.nlm.nih.gov/blast/
http://www.ncbi.nlm.nih.gov
http://www.ebi.ac.uk/clustalw

Abdel-Ghany et al.

a wheat germ lysate system in the presence of *S-Met (25 pCi/50 pL reaction;
Amersham/Pharmacia, Piscataway, NJ) according to suggested protocols
(Promega, Madison, WI). Chloroplasts for import experiments were isolated
from 10-d-old pea (Pisum sativum) seedlings (cv Little Marvel) and incubated
with radiolabeled precursor as described (Pilon et al., 1992). The postimport
thermolysin treatment and reisolation of intact chloroplasts were performed
as described (Smeekens et al., 1986). Proteins from import experiments
equivalent to 10 ug of chlorophyli were separated by 15% SDS-PAGE, stained
with Coomassie Brilliant Blue, fixed in 7% (v/v) acetic acid, 25% (v/v)
methanol, dried, and the radiolabeled proteins visualized and quantified
using a STORM Phosphorlmager (Molecular Dynamics, Sunnyvale, CA).

Immunoblotting, Gel Filtration, and
Antibody Production

Total homogenate and intact chloroplasts were isolated from rosette leaves
of Arabidopsis plants as described by Rensink et al. (1989). A stromal protein
fraction was obtained from chloroplasts as described by Smeekens et al.
(1986). Gel filtration analysis was performed as described (Ye et al., 2005).
Protein samples were separated by SDS-PAGE, transferred to cellulose
membrane, and probed with CplscA-specific antibody as described by
Pilon-Smits et al. (2002). Polyclonal antibodies against bacterially expressed
CplscA were raised in rabbits at a commercial facility (Pocono Rabbit Farm
and Laboratory, Canadensis, PA). Two rabbits were immunized after collec-
tion of preimmune sera. Preimmune serum at dilutions between 1/500 and 1/
2,000 in phosphate-buffered saline did not recognize either purified CplscA or
CplscA in plant homogenates. Antiserum from both rabbits detected CplscA,
and the optimal antiserum dilutions in phosphate-buffered saline were found
to be 1/2,000 for immunoblots. The antibody for CpNifS has been described
(Pilon-Smits et al., 2002).

RNA-Blot Analysis

Total RNA from different tissues (roots, leaves, stems, and flowers) was
isolated by the TRIzol method (Invitrogen, Carlsbad, CA). Ten micrograms
of total RNA was electrophoresed on a 1% (w/v) agarose gel containing 4%
(w/v) formaldehyde, transferred to a nylon membrane, and probed with a
3p_labeled AtCplscA cDNA synthesized with a random primer labeling kit
from Amersham. Prehybridization, hybridization, washing, and detection
were done as described previously (Pilon-Smits et al., 2002).

Subcellular Localization of GFP-Fusion Proteins

GFP fusions were expressed in Arabidopsis protoplast-derived cells from
the 355 promoter of cauliflower mosaic virus in the GFP reporter plasmid 350-
SGFP(S65T). For protoplast preparation, Arabidopsis plants (ecotype Colum-
bia) were grown on Murashige and Skoog medium (Murashige and Skoog,
1962) for 3 weeks. Two grams fresh weight of leaf tissue was placed in 30 mL
of a buffer containing 1% (w/v) cellulase Onozuka R-10, 0.25% Macerozyme
R-10 (Karlan Research Products, Santa Rosa, CA), 8 mm CaCl,, 0.5 M mannitol,
5 mm MES, pH 5.5, vacuum infiltrated for 1 min, and incubated for 3 h at room
temperature with gentle shaking. The clear digest was filtered through a 37- to
70-um nylon mesh (Carolina Biological Supply, Burlington, NC), and the
protoplasts were harvested by centrifugation for 5 min at 1,000 rpm and
washed twice in 10 mL of cold W5 wash solution (154 mm NaCl, 125 mm
CaCl,, 5 mm KCl, 5 mm Gle, 0.5 M mannito), adjusted to pH 5.8 with KOH). The
pellet was suspended in about 2 ml. of mannitol/magnesium solution (15 mm
MgCl,, 0.4 M mannitol, 0.1% MES, pH 5.6). Protoplasts were counted using
a hemocytometer, and their concentration was adjusted to 3 X 10° cells mL™!
with mannitol/magnesium solution. Fifty micrograms of plasmid DNA,
100 pg of salmon sperm DNA, and 300 uL of polyethylene glycol (PEG) solu-
tion [40% PEG 6000/0.4 M mannitol/0.1 M Ca(NO,),, adjusted to pH 8.0 with
KOH] were added to 300 uL of the protoplast solution, very gently mixed,
and left for 30 min at room temperature. The solution was very slowly diluted
with 10 mL of W5 solution and then pelleted by centrifugation for 5 min at
1,000 rpm. Protoplasts were further resuspended in 5 mL of protoplast cul-
ture medium composed of Murashige and Skoog medium supplemented with
0.4 M Gle, 0.4 M mannitol, 1 mg/L 2,4-dichlorophenoxyacetic acid, 0.15 mg/L
kinetin, pH adjusted to 5.8 with KOH, and left at 23°C for 16 h under
continuous light. Confocal images were obtained using an Olympus Fluoview
300 inverted confocal laser-scanning microscope (1X70) equipped with an
argon ion laser system and a 1.4 numerical aperture 60 X objective lens
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(Olympus America, Melville, NY). The fluorescence signals were detected at
530 nm for GFP and 660 nm for chlorophyll. Sections of 1-um thickness were
scanned, and images were captured by the Fluoview software as Tiff files.

Preparation of Proteins

Fd was extracted from fresh spinach (Spinacia oleracea) that was obtained at
a local health-food store, essentially as described (Yocum, 1982), and further
purified as described (Pilon et al,, 1992). The apo-Fd for reconstitution assays
was prepared from holo-Fd by removal of the Fe-S cluster as described (Kato
et al,, 2000). Apo-Fd (at 0.5 mg/mL) was stored in 100 mum Tris-HCl, pH 8.0,
under nitrogen in small aliquots at —80°C. CpNifS was expressed and purified
as described (Pilon-Smits et al, 2002). For overexpression of AtCplscA,
Escherichia coli BL21 (DE3) codon” (Stratagene) was transformed with pMiscA
vector, and 2 L of LB medium containing 50 pg mL™' ampicillin was
inoculated with 1/100 volume of overnight culture. Cells were grown at
37°C to an ODygy of 0.5, and expression was induced with 0.4 mm isopropyl-
B-p-thiogalactopyranoside for 3 h at 37°C. The bacterial pellet was washed
with 150 mM NaCl and resuspended in buffer A (25 mm potassium phosphate
buffer, pH 7.5, 1 mm EDTA) and passed twice through a French press (8,000
psi) at 4°C to disrupt the cells. All further manipulations were at 4°C unless
indicated otherwise. The lysate was centrifuged for 20 min at 12,500g, and the
cleared supernatant was loaded onto a cation-exchange SP Sepharose 1.6- X
20-cm column (Amersham Pharmacia Biotech, Piscataway, NJ) equilibrated in
25 mm potassium phosphate, pH 7.5, 1 mm EDTA at a flow rate of 5mL min™",
The column was washed with three volumes of the same buffer and eluted
with a 500-mL linear gradient of 0 to 0.5 M KCl in the same buffer, and 6-mL
fractions were collected. Peak fractions were concentrated by adding ammo-
nium sulfate to 70%, and the precipitated protein was collected by centrifu-
gation for 20 min at 12,500g, dissolved in 5 mL of buffer A, and dialyzed
overnight in 3 L of the same buffer. The dialyzed protein was filtered through
a 0.2-um filter and applied to a Sephacryl-5200 Hiprep 16/60 column
(Amersham Bioscience, Piscataway, NJ) equilibrated in 25 mm potassium
phosphate, pH 7.5, 100 mm KCl, 1 mm EDTA at room temperature and
connected to a Summit HPLC system (Dionex, Sunnyvale, CA). The column
was eluted, and fractions of 1 mL were collected. Elution was monitored by
detection of the OD at 280 nm. The purified protein was concentrated as before
and dissolved in the same buffer, without EDTA, dialyzed, aliquoted, and
stored at —80°C with 15% (w/v) glycerol. Typical yields were 5to 10 mg L™ of
culture. The N-terminal sequence was determined by Edmann degradation at
the Colorado State University Macromolecular Resources facility.

Enhancement of Fe-S Cluster Assembly in Fd by IscA

The role of IscA in Fe-S cluster assembly was assayed by incubating IscA
(30 pg) with NifS (7.5 pug) for 30 min in reconstitution buffer containing 50 mm
Tricine-NaOH, pH 7.5, 5 mm DTT (Roche Diagnostics, Palo Alto, CA), 1 mm
L-Cys (Sigma, St. Louis), 1 mM ferrous ammonium sulfate, and 20 um PLP.
Apo-Fd (30 pug) was added and incubated for 20 min at 37°C. After incubation,
the reaction mixture was centrifuged at 14,000 for 1 min and directly applied
to a 1-mL RESOURCE Q anion-exchange column (Amersham) connected to a
summit HPLC system with a UVD170 detector and controlled by Chromeleon
software (Dionex). The sample loop size was 100 pL. The column had been
equilibrated with 25 mum Tris-HCl, pH 7.5. The following KCl gradient was
applied in this buffer at a flow rate of 1.5 mL min": 0 to 45 min, 0MKCL; 45 to
5 min, 0 to 0.25 M KCI; 5 to 14 min, 0.25 to 0.55 M KCI; ramp up to 1 M KC]; 14.1
to 15.6 min, 1 M KCl; ramp down to 0 M KCl; and hold for 2 min to
reequilibrate. Holo-Fd eluted at 10.8 min. Elution was monitored by absor-
bance at both 280 and 420 nm. Holo-Fd was quantified by signal integration at
420 nm, a characteristic absorption maximum for Fd. Spinach holo-Fd (30 g
in 150 uL) was used as a standard. The activity of the holo-Fd recovered from
CpNifS/CplscA reconstitution was assayed by examining NADP reduction
(Smillie and Entsch, 1971). The A ;o was 0.27 mg ™' Fd min ", and this activity
was light dependent. The absorption spectrum change was the same for both
reconstituted Fd and spinach holo-Fd.

Incorporation of a Transient Fe-S Cluster into CplscA,
Gel Filtration Analysis, and Cluster Transfer

Incorporation of the Fe-5 cluster into CplscA was achieved by incubating
IscA (300 pg) with 75 ug of NifS in reconstitution buffer (reaction 3; Fig. 7).
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Separate incubations of CplscA (300 ug) in gel filtration buffer (25 mm Tricine/
KOH, pH 7.9, 50 mm KCI; reaction 1; Fig. 7), IscA (300 ug) in reconstitution
buffer (reaction 2), and CpNifS (75 ug) in reconstitution buffer (reaction 4; Fig.
7) were used as controls. After incubation at 37°C for 30 min, the mixtures
were centrifuged at 14,000g for 1 min and directly applied to a Superdex-200
gel filtration column (1 X 30 cm; Pharmacia) connected to a summit HPLC
system with a UVD170 detector and controlled by Chromeleon software
(Dionex). The column was equilibrated in 25 mm Tricine/KOH, pH 7.9, 50 mm
KCL The flow rate was 0.75 mL min ", and fractions were collected every
0.5 min. A loop size of 500 L was used. Elution was monitored by Ay, and
420 nm. The void volume was determined with blue dextran. Standards used
for calibration were IgY, bovine serum albumin, ovalbumin, chymotrypsino-
gen, and RNase.

Apo-Fd (30 pg) was incubated with holo-IscA, which was collected from
a gel filtration column (reaction 3), for 30 min at 37°C in gel filtration buffer
with 5 mm DTT. The resulting holo-Fd was assayed by HPLC as described (Ye
et al., 2005). Gel filtration analysis of CplscA in stromal fractions utilized the
same column, buffer, and elution conditions as described above.

UV-Visible Spectroscopy

UV-visible absorption spectra (250-750 nm) were recorded with a Beckman
DU 530 spectrophotometer {(Beckman Instruments, Fullerton, CA) in a 100-uL
quartz cuvette containing 20 to 30 ug of IscA protein in assay buffer (25 mm
Tricine/KOH, pH 7.9, 50 mm KCl) in 1.0-nm scan steps.

General Methods

Protein was assayed according to Bradford using bovine serum albumin as
a standard (Bradford, 1976). For CplscA, the protein assay by Bradford was
calibrated by measuring the protein absorption at 280 nm in 6 M guanidine
HCland calculation of absolute amounts using the molar extinction coefficient
predicted by the primary sequence (Gill and von Hippel, 1989). Fe content of
proteins was determined according to Fish (1988). Spinach holo-Fd was used
as a control. Statistical analysis was performed with the JMP-IN software (SAS
Institute, Cary, NC).

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession number AY971959.
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Chapter 5

In this Chapter the expression of [Fe-S] biogenesis proteins was studied, and
transgenic/knockout plants were constructed/screened. It was found that these bio-
genesis proteins are regulated by various conditions in vivo. All expression analysis
was done by Hong Ye, as well as the construction of two plant transformation cons-
tructs (CpNifS mutant and CpSufE WT) and creation of corresponding trans-genics,

and all PCR screening for knockout lines.
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Chapter 5
Investigations of the plastidic [Fe-S] biogenesis machinery: Expression analysis
and preliminary studies on T-DNA insertion and over-expression lines
Hong Ye, Salah E. Abdel-Ghany, Douglas van Hoewyk, Elizabeth A.H. Pilon-Smits,

and Marinus Pilon

Summary

CpNifS and CpSufE proteins are part of the plastidic [Fe-S] biogenesis
machinery, probably forming a complex (see Chapter 4). This machinery supplies [Fe-
S] clusters for photosynthesis. [Fe-S] clusters are also essential for nitrogen and sulfur
assimilation, and may be involved in the homeostasis of iron and sulfur. To obtain
more information about the role of the CpNifS-CpSufE proteins in these processes we
studied expression patterns of both proteins. Preliminary data we obtained so far are
shown in this chapter. It was found that both proteins are upregulated ~2-fold in the
presence of excess iron and downregulated 2-fold under iron limitation, suggesting the
complex is regulated by iron. The CpNifS-CpSufE expression remained the same
when sulfur supply was varied up to 100-fold. However, the scaffold protein CplscA,
which is thought to function with CpNifS-CpSufE proteins, was downregulated 3-fold
upon sulfur starvation. Selenium is assimilated by plants via the same pathway as
sulfur, because of its similar chemical properties. The CpNifS-CpSufE proteins were
upregulated 3-fold by selenate. CpNifS overexpression in plastids was found earlier to
enhance selenium accumulation and tolerance in Arabidopsis. While selenium is not

essential for higher plants, these results may suggest a role for the CpNifS-CpSufE
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proteins in selenium tolerance. A collection of transgenic Arabidopsis plants is
currently being created, with enhanced or reduced CpNifS or CpSufE level. This
collection should offer us more insight into the implications of the plastidic machinery

in iron and sulfur homeostasis and selenium tolerance.

Introduction

The plastidic [Fe-S] biogenesis machinery supplies [Fe-S] clusters for a
variety of proteins in chloroplasts, as schematically depicted in Figure 1 of Chapter 1.
Several essential plant processes involve multiple [Fe-S] proteins, and thus are

- dependent on the [Fe-S] biosynthesis machinery, e.g. photosynthetic electron

transport, sulfur assimilation, and nitrogen assimilation. Indeed, reduced
photosynthesis caused by the impaired machinery has been shown in knockout
mutants that lack the proposed [Fe-S] scaffold Nfu2 (Leon et al. 2003, Yabe et al.
2004), or the protein HCF101, which has an as yet unknown function (Lezhneva et al.
2004). Similar results were found for a CpNifS knockdown mutant (Abdel-Ghany et
al. unpublished data). In this study, the focus is on expression of the [Fe-S]
biosynthesis machinery regulated by iron, sulfur and selenium levels. It is feasible that
this machinery plays a role in iron and sulfur homeostasis since it consumes iron and
sulfur for cluster assembly, thus directly affecting iron and sulfur pools. Iron and
sulfur homeostasis are important areas of study since the two elements are important
for the productivity and the nutritional value of agricultural crops.

Iron is an essential micronutrient for plants. Because it is mainly present in

soil as insoluble iron-oxide with low bioavailability, iron is one of the most limiting
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nutrients to plants. For a review concerning the uptake and transport of iron to leaf
cells, see Curie and Briat (2003). In leaf cells, more than 90% of iron is located in
chloroplasts (Terry and Abadia 1986). The chloroplast, where an [Fe-S] biogenesis
machinery is present, is the major subcellular location affecting iron metabolism and
homeostasis. The mechanism of iron import into chloroplasts is not clear so far,
although electrochemical measurements support the hypothesis of a Fe*'/H" symport
mechanism (Shingles et al. 2002). Within the chloroplast, ~20% of iron is associated
with thylakoid membranes, and the remaining ~80% is in the stroma (Bughio et al.
1997). In thylakoid membranes, iron in the form of [Fe-S] clusters and hemes is
predominantly used for electron transfer. In stroma, iron is used for assembling [Fe-S]
clusters, hemes, and Fe-SOD. The excess of stromal iron is stored in ferritin proteins
(Petit et al. 2001). Because iron is one of the most limiting micronutrients, plants
likely employ a homeostasis mechanism to control the iron level in plastids. However,
the factors/processes controlling plastidic iron homeostasis are largely unknown.

Iron transporters like IRT1 are thought to be necessary for cellular iron
homeostasis of Arabidopsis (Varotto et al. 2002, Henriques et al. 2002). Also, within
the chloroplast, a series of degradation and remodeling reactions of the photosynthetic
apparatus is regulated in response to iron status (Moseley et al. 2002). So far it is
unknown whether the [Fe-S] biogenesis machinery is regulated by iron levels in the
chloroplast. The ISC-type machinery of bacteria includes IscR protein. IscR is a
transcription regulator controlling the expression of the ISC machinery by sensing the
cellular iron level (Schwartz et al. 2001). Conversely, some [Fe-S] biogenesis

machineries can affect iron homeostasis in specific compartments. For instance, in
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mitochondria of yeast and mammalian cells, impaired [Fe-S] biogenesis results in iron
overload in this compartment (for a review see Rouault and Tong 2005). The same
result was observed in Arabidopsis (Kushnir et al. 2001). The mitochondrial ABC
transporter Stal is a member of the mitochondrial [Fe-S] biogenesis machinery,
mutation of which leads to accumulation of nonheme, nonprotein iron. At this point, it
is unknown whether impairment of the plastidic [Fe-S] machinery affects iron
homeostasis in plastids.

Sulfur is a macronutrient. Generally, it is not limiting for plants. For a recent
review on sulfur metabolism in plastids see Pilon-Smits and Pilon (2005). The plastid
is the predominant compartment for sulfur assimilation from sulfate to cysteine.
Sulfate is activated to form adenosine-5-phosphosulfate (APS), which is subsequently
reduced into sulfite and sulfide. The sulfide is finally incorporated into cysteine, which
is the source of reduced sulfur in plastids. In the process of sulfate assimilation into
cysteine, out of four involved enzymes, two are [Fe-S}] proteins: APS reductase and
sulfite reductase (SiR) (Krueger et al. 1982, Kopriva et al. 2001). Particularly SiR
depends on [Fe-S] clusters. It employs a unique siroheme-[4Fe-4S] as its prosthetic
group, requiring not only a direct incorporation of an [Fe-S] cluster, but also a
sirohydrochlorin ferrochelatase (SirB) that is a [2Fe-2S] protein for synthesizing the
siroheme (Raux-Deery et al. 2005). In addition, the SiR-catalyzed six-electron
reduction requires ferredoxin, a [2Fe-2S] protein, to provide electrons. Thus, sulfur
assimilation is likely highly dependent on the plastidic [Fe-S] biosynthesis machinery.

To supply reduced sulfur from cysteine, the cysteine desulfurase activity of

CpNifS-CpSufE is required, which provides sulfur not only for [Fe-S] biogenesis, but
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also likely for the synthesis of various sulfur-containing biomolecules (for a review
see Mihara and Esaki 2002). The machinery is essential for sulfur metabolism and
possibly sulfur homeostasis in plastids, but it is an uncharted research area so far, as is
the possible regulation of the machinery by sulfur levels.

Selenium is a group VIa metalloid without evident essentiality for higher
plants. It is metabolized by plants via the same pathways as sulfur, because they have
similar chemical properties (for a review see Terry et al. 2000). Much of selenium
assimilation from selenate to seleno-cysteine takes place in chloroplasts. As described
above for sulfur, selenium metabolism is likely affected by the plastidic [Fe-S]
biogenesis machinery. This may affect selenium toxicity, since seleno-cysteine and
seleno-methionine can be nonspecifically incorporated into proteins by replacing
sulfur-containing amino acids, which results in loss of protein function (Brown and
Shrift 1982). Plants thus may employ the seleno-cysteine lyase (SL) activity of NifS-
like proteins to break seleno-cysteine into alanine and selenide, and avoid selenium
toxicity. The plastidic [Fe-S] biosynthesis machinery, particularly CpNifS, therefore
likely affects selenium accumulation and tolerance. Indeed, transgenic Arabidopsis
overexpressing a mouse selenocysteine lyase (SL) displayed enhanced selenium
accumulation and tolerance (Pilon et al. 2003). Arabidopsis has its own seleno-
cysteine lyase activity, e.g. the CpNifS, a component of the plastidic [Fe-S] biogenesis
machinery. Recently, transgenic Arabidopsis was obtained that overexpresses CpNifS

| in plastids. It also displayed higher selenium tolerance and accumulation (van Hoewyk
et al. 2005). The transgenics showed reduced incorporation of selenium into protein,

likely causing the enhanced tolerance. How the higher CpNifS level affects selenium
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uptake will require further studies. In conclusion, altering the [Fe-S] biosynthesis
machinery can affect selenium metabolism. If and how the plastidic selenium level
affects the [Fe-S] biosynthesis machinery is unknown.

To study whether the [Fe-S] biogenesis machinery is regulated by Fe and S
nutrient status, we examined expression patterns of machinery proteins in response to
varied levels of iron, sulfur and selenium. Also, to investigate the in vivo role of the
[Fe-S] biogenesis machinery, we started the construction of a collection of transgenic
plants with altered levels of theée components. Together these studies should offer us
more insight into the implications of the [Fe-S] biosynthesis machinery in plastid iron,

sulfur and selenium metabolism.

Materials and Methods

Plant growth and treatment for expression analysis - Seeds of wild-type
(WT) Arabidopsis thaliana (Columbia) were surface-sterilized, cold-treated at 4°C for
two days, and sown on % strength Murashige and Skoog (MS) media (M5519, Sigma,
St. Louis, MO) supplemented with 1% of sucrose (Fisher, Fair Lawn, New Jersey).
Fifty seeds were sown per plate (Petri Dish, 150 x 15 mm). Plants were grown for 2
weeks at 24°C, in a 12h photoperiod at a light intensity of 40 pmol m™s™.

For excess iron, ferrous ammonium sulfate (Sigma, St. Louis, MO) was
added to a final concentration of 0.25 mM (5-fold excess), under which seedlings
showed slightly shorter shoots and less biomass. A 50- and 500-fold excess of iron
proved to be lethal: the seeds did not germinate but turned black. For iron starvation,

the iron chelator ferrozine (Sigma, St. Louis, MO) was added to 0.1 mM (stock
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solution is 1 M), under which seedlings grew as well as the WT, or 1 mM under which
seedlings showed severely smaller shoots and shorter roots. 10 mM ferrozine proved

to be lethal.

For excess sulfur, sodium sulfate (Mallinckrodt, Paris, Kentucky) was added
to 3.7 mM (10-fold excess), under which seedlings grew like WT, or 37 mM (100-fold
excess) under which seedlings showed slightly less shoots/less biomass. For sulfur
starvation treatment, the %2 Hoagland’s medium in agar was used, in which the regular
sulfur concentration is 960 pM. The magnesium sulfate (Fisher, Fair Lawn, New
Jersey) concentration was modulated to 50 pM (20-fold less), 25 pM (40-fold less)
and 10 pM (100-fold less) under which seedlings all showed slightly smaller shoots.
The magnesium concentration was maintained at a constant level by supplementation
with magnesium chloride (Fisher, Fair Lawn, New Jersey).

For selenium stress, sodium selenate (Sigma, St. Louis, MO) was added to
30 uM, under which seedlings showed slightly smaller shoots and less biomass. The
300 puM selenate treatment proved to be lethal. For oxidative stress, water-dissolved
paraquat (methyl viologen) (Sigma, St. Louis, MO) was added to 0.02 uM under
which seedlings grew like WT, or to 0.2 uM under which seedlings showed severely
smaller shoots and no roots. The 2 uM paraquat level proved to be lethal. For dark
treatment, seedlings were grown from seed in the dark, under which seedlings showed
severely thin yellowish stems and no leaves (etiolation).

Protein sampling and immunoblot analysis — Protein samples from total leaf

homogenate were prepared and used for immunoblot analysis as described before
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(Pilon-Smits et al. 2002). All samples were taken between 1-4 pm. The software
Image] (NIH, Bethesda, MD) was used to quantify bands.

Plant growth for transgenic lines and knockout lines — Wild-type
Arabidopsis thaliana (Columbia) seeds were cold-treated at 4°C for two days and
sown on soil (200 seeds per pot). Plants were grown at room temperature and a 10h
photoperiod for § weeks. Then they were moved to grow in a photoperiod of 16h for 1
week until abundant flowers were available, and a floral dip was done to create
transgenic plants, as described by Pilon et al. (2003) and below. After the floral dip,
the plants were grown at a 16h photoperiod until they were harvested for seeds.

All knockout seeds for both CpNifS and CpSufE were originally sown on
soil, but we could not find any homozygous lines. Therefore we switched to sucrose
agar medium. To screen for homozygous CpSufE knockout lines, Arabidopsis seeds of
Salk 011580 line (ABRC, Columbus, OH) were surfaced-sterilized and cold-treated at
4°C for four days, followed by being sown on full-strength Murashige and Skoog
(MS) media (Sigma, St. Louis, MO) supplemented with 3% of sucrose (Fisher, Fair
Lawn, New Jersey). Four seeds were sown per Magenta box. Plants were grown at 24
°C and a 12h photoperiod for 4 weeks. DNA samples were extracted by shorty DNA
isolation and checked by PCR. The primers used were LBb1 (5’-GCGTGGACCG
CTTG CTGCAA CT-3’) and SufE-RP (5’-GCTCCTTCTCCAATTTCTCTCT-3’) for
the T-DNA insert, and SufE-mature-Nco (5’-CATGCCATGGCGGCTT CATCAT
CTCCG TCG-3’) and SufE-RP for the wildtype gene. A PCR program with a 55°C
annealing temperature (45 seconds) and a 72°C extension temperature (1 min) for 30

rounds was used. The WT PCR product was 680 bp, while the T-DNA product was
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450 bp. For the CpNifS knockout lines, Arabidopsis seeds of Salk 023084 and
Salk_021630 lines (ABRC, Columbus, OH) were used. The plants were grown as
described above and screened for homozygous lines using PCR. Primers used for
Salk_021630 are NifS30-RP (5’-TGTCTTCCCTGCCTGATGTGC-3") and NifS30-
LP (5’-AAACCAGCCGAGAGAT CCAGC-3’) for the wildtype gene, LBb1 and
NifS30-RP or LP for the T-DNA insert. Primers used for Salk_023084 are NifS84-LP
(5’-TCTGCAAAGCGTCCAATACAGC-3’) and NifS84-RP (5°-
GACACAAGATGAA CAAGAA GGCGA-3’) for the wildtype gene, and LBb1 and
NifS84-LP or RP for the T-DNA insert. The PCR program used had 30 rounds of
55°C annealing temperature 45 seconds and 72°C extension temperatrure 1 min.

Plasmid construction for overexpressing full-length CpNifS and CpSufE of
both WT and point mutants — The plasmid construction for overexpressing CpNifS
was described by Van Hoewyk et al. (2005). The vector pFGC5941 (Chromdb
database) was used for overexpression in this study. It contains the omega leader of
the TMV between the promoter sequence and the gene of interest. This sequence is
thought to increase translation efficiency. This vector also contains a poly-adenylation
signal sequence at the end of the insert.

For overexpression of the full-length CpNifScsgss mutant, a site-directed
mutagenesis with two rounds of PCR was performed. In the first round of PCR, two
fragments were amplified with primers T7 (5’-CGAAATTAATACG ACTCACTA
TAG-3") and NifScigss-R (5’-TGGAGTGGCTGTGCGGAGTG GTGTCC TGAC
CTT-3), and primers T7 terminator (5’-TGCTAGTTATTGCTCAGCGGT-3’) and

NifScasss-F (5°-AAGGTCAGGACACCACTCCGCA CAGCCACTCCA-3’), using
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the plasmid pPNFS-8 containing the full-length CpNifS sequence (Pilon-Smits et al.
2002) as a template. In the second round of PCR, the two fragments were used
together as template and amplified with primers NifS-precursor (5’-CATGCCATGG
AAGGTGT GGCTAT GAAACTC-3’ with a Ncol site underlined) and NFS-B2 (5’-
TCGCCGGATCCACTT ATTTGAAAGAGTTGAA -3’ with a BamHI site
underlined). The final PCR product (1.6 kb) was digested with Ncol and BamH]I, and
ligated into vector pFGC5941 (Chromdb Database), leading to pFGC-PNFSc3sss.
For overexpression of the full-length CpSufE, the precursor sequence was
amplified with primers SufE-precursor (5’-CATGCCATGGCAGCAGCGATGT
CTTCTTC-3’ with a Ncol site underlined) and SufE-Bam (5’-CGGGATCCTCAA
ACCTCAGCAGGAGTCT-3’ with a BamHI site underlined), using the plasmid
pPrSufE (see Chapter 4) as a template. The amplified fragment (1.1 kb) was digested
with Ncol and BamHI, and ligated into vector pFGC5941, leading to pFGC-PSUFE.
For overexpression of the full-length CpSufEcess mutant, a site-directed
mutagenesis with two rounds of PCR was performed. In the first round of PCR, two
fragments were amplified with primers T7 and SufEcgss-R (5’-CCAAACCTGAGAA
ACAGATCCTTCTACT TTATT-3"), and primers T7 terminator and SufEcgss-F (5°-
AATAAAGTAGAAGGATCTGTTTCTCAGGTTTG G-3’), using the plasmid
pPrSufE as a template. In the second round of PCR, the two fragments were used
together as template and amplified with primers SufE-precursor and SufE-Bam. The
final PCR product (1.1 kb) was digested with Neol and BamH], and ligated into vector
pFGC5941, leading to pPFGC-PSUEcgss. Constructs were transformed into E. coli

strain DHS5a.. All constructs were verified by DNA sequencing. Constructs were

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



finally transformed into Agrobacterium strain C58C1 (selection for kanamycin
resistance on LB medium). The plasmids used for transformation were prepared using
the Plasmid Mini Kit (Qiagen, Valencia, CA).

Transformation of Arabidopsis thaliana — The wild-type Arabidopsis
thaliana (Columbia) was transformed with Agrobacterium tumefaciens strain C58C1
carrying pFGC5941 constructs, by the floral dip method (Clough and Bent 1998).
Transgenic lines can be selected for Basta (glufosinate) resistance, followed by

examination by PCR and immunoblot.

Results

CpSufE is upregulated in the CpNifS overexpressor — The transgenic
Arabidopsis plants that overexpress wild-type CpNifS in their chloroplasts, named
CpNifS P-lines, were obtained as described by Van Hoewyk et al. (2005). As
described in Chapter 4, CpSufE was found to form a complex with CpNifS and
activate its cysteine desulfurase (cysD) activity, likely constituting a novel two-
component cysD. In order to check if the CpSufE protein expression level is
upregulated in the CpNifS P-lines, homogenate protein sample from P-line #55 was
applied in an immunoblot (Figure 1). A homogenate protein sample from wild-type
(WT) plants was used as a control. Actin, a highly conserved and constitively
expressed cytosolic protein, was used as loading control. The similar stain of actin
bands indeed indicated equal loading of all samples. CpNifS was estimated to be
upregulated 7-fold in the CpNifS#55 plants compared to WT, as quantified with the

Image] software. Intriguingly, CpSufE was upregulated 2.5-fold in line CpNifS#55
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compared to WT. These results suggest that CpSufE is also upregulated in the CpNifS
overexpressor. Note: This experiment was performed once. More repeats are required
using multiple CpNifS overexpressor lines.

The chloroplastic [Fe-S] biogenesis machinery is upregulated by oxidative
stress and light — The SUF-type [Fe-S] biogenesis system in bacteria is responsible for
[Fe-S] cluster biosynthesis under oxidative stress and iron limitation (Nachin et al.
2001, Outten et al. 2004). Its expression can be induced by oxidative stress. The
chloroplastic [Fe-S] biogenesis machinery is similar to the bacterial SUF system (see
Chapter 1), but an oxidative stress-induced expression has never been shown for the
chloroplastic SUF-like machinery. In addition, the machinery supplies clusters for the
photosynthetic electron transport chain. A light-regulated expression of the machinery
is likely, but remains to be investigated. To obtain this information about regulation of
expression, the chloroplastic [Fe-S] machinery components were subjected to
expression analysis in response to oxidative stress and light induction. Preliminary
results are shown in Figure 2. Paraquat was used to introduce oxidative stress within
plant cells. The similar stain of actin bands indicated equal loading. Both CpNifS and
CpSufE were upregulated (~ 2-fold by oxidative stress at the protein level. In the light-
dark experiment, the CpNifS level in dark-grown plants was 3-fold less than that in the
control grown under the regular photoperiod, and the CpSufE level was 4-fold lower
in dark-grown plants. This indicates the CpNifS-CpSufE complex is induced by light.
This latter result was confirmed by at least two other trials. Note: The paraquat

experiment was performed once, so more repeats are required.
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CpNifS and CpSufE are downregulated under iron limitation and
upregulated in the presence of excess iron — To test the influence of iron supply on
CpNifS/CpSufE expreésion, plants were grown at different iron concentrations. The
iron chelator ferrozine was added to the media to induce iron starvation, and excess Fe
was provided in the form of ferrous ammonium sulfate. The similar intensity of the
actin bands indicated equal loading (Figure 3). Under iron limitation, expression of
CpNifS and CpSufE was reduced 2-fold. The addition of more ferrozine, reducing
bioavailable iron, resulted in less expression. Similarly, lower CpNifS expression was
found in seedlings grown on Hoagland’s agar media under iron limitation (Appendix
1), which is 2.4 uM ferrous salt (10-fold less than the regular concentration). In the
presence of excess iron, which is 0.25 mM ferrous salt in MS media (5-fold more than
the regular concentration), the expression of CpNifS and CpSufE appeared to be
upregulated ~ 2-fold (data not shown, the blot was not clean). Taken together, these
preliminary results suggest that the CpNifS-CpSufE proteins are regulated by iron
level. The CplscA immunoblot did not work for unknown reason.

CplscA is downregulated under sulfur starvation — To test the effect of
sulfur, the [Fe-S] machinery components CpNifS, CpSufE and CplscA were subjected
to an expression analysis in response to sulfur supply. An excess of sulfur in the form
of sulfate did not alter the expression of CpNifS, CpSufE and CplscA (data not
shown). Under sulfur starvation, expression of CpNifS and CpSufE also did not
change. However, when the sulfate concentration was lowered to 25 pM (40-fold less
than the regular concentration) or even 10 pM (100-fold less), CpIscA expression was

downregulated 3-fold (Figure 4). These results suggest that this molecular scaffold of
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the [Fe-S] biogenesis machinery is regulated by sulfur supply, while the cysteine
desulfurase complex is not evidently affected within this range of sulfur supply. Note:
More repeats are required to verify this finding, as these experiments were performed
once.

CpNifS and CpSufE are upregulated in response to selenate — To test the
effect of selenium, we examined expression of CpNifS, CpSufE and CplscA in
response to selenium feeding. The expression of CplscA did not show a clear
difference with or without selenate (Figure 5). However, the expression of CpNifS and
CpSufE was upregulated ~ 3-fold in response to selenate, indicating the machinery is
induced by selenium. The similar stain of actin bands verified equal loading. An
upregulation of CpNifS in the presence of 30uM selenate was also observed in
seedlings grown on Hoagland’s media (Appendix 1). Once again, more repeats are
required.

Transgenic Arabidopsis overexpressing CpNifS or CpSufE in chloroplasts —
In a different approach to investigate whether an altered chloroplastic [Fe-S]
machinery affects selenium metabolism, the above-mentioned CpNifS overexpressing
P-lines were tested for selenium accumulation and tolerance. It was found that CpNifS
overexpression resulted in selenium accumulation and tolerance in plants (Van
Hoewyk et al. 2005).

In order to investigate whether iron/sulfur/selenate metabolism is affected in
other transgenic plants, WT or mutant inactive CpNifS or CpSufE proteins were
overexpressed in Arabidopsis chloroplasts. A binary vector pFGC5941 (Chromdb

Database) was used to subclone these genes (Figure 6). CpNifS protein has five

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cysteine residues, each of which has been mutated to a serine and expressed in E.coli.
(data not shown). The fifth cysteine (cys388 in the mature sequence) is essential for its
cysteine desulfurase acitivity but not for selenocysteine lyase activity or the ability of
binding CpSufE (Chapter 3). The full-length CpNifS sequence with a mutation at the
cys388 was overexpressed in Arabidopsis chloroplasts, resulting in putative CpNifS
dominant negative lines as described in the Materials and Methods. The full-length
CpSufE sequence was overexpressed in Arabidopsis chloroplasts, resulting in the
CpSufE P-lines. CpSufE has only one cysteine residue (cys65 in the mature sequence),
which is essential for its activity to stimulate the cysteine desulfurase of CpNifS but
not for the ability to bind CpNifS (Chapter 3). The full-length CpSufE sequence with a
mutation at the cys65 was also overexpressed in Arabidopsis chloroplasts, resulting in
CpSufE dominant-negative lines. All constructs were sequenced and transformed into
plants. The resulting seeds will be selected for Basta resistance.

Knockout mutants of CpNifS and CpSufE — In other studies, impaired
mitochondrial [Fe-S] biogenesis resulted in iron overload in mitochondria (Kushnir et
al. 2001). Knockout mutants may also be a useful tool to investigate implications of
the plastidic [Fe-S] machinery in the homeostasis of iron and sulfur. Arabidopsis lines
of available CpNifS and CpSufE knockouts (T-DNA insertion sites are illustrated in
Figure 7A) were grown on soil and screened for any viable homozygous knockout
line. However, when PCR was used to identify the T-DNA insertion within the
CpNifS genomic sequence, no plants carrying the T-DNA fragment (either line) could
be identified. All samples only showed the presence of the WT CpNifS fragment,

indicating that they were all homozygous WT Arabidopsis lines. The failure to
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identify a homozygous CpNifS knockout line or even a heterozygous line is likely
because the homozygous knockout is lethal and the heterozygous plants got lost
during the repeated selfing of the knockout lines, which is known to lead to
homozygosity at >95% of all loci after the 6" generation. Therefore, in an alternative
approach to reduce CpNifS expression, CpNifS knockdown lines were obtained using
constitutive or inducible RNAi constructs, which are currently being characterized
(Abdel-Ghany et al. unpublished data).

In the CpSufE knockout screen, heterozygous lines were found. Seeds were
collected and sown on soil for the next generation. Fifty-two seeds were sown on soil.
Only twenty-eight seeds germinated and grew into mature plants, none of which
displayed any phenotype. In PCR, the T-DNA was identified in 19 samples out of the
28 plants, which all also had the WT fragment, indicating they were heterozygous.
The other 9 plants had only the WT fragment, and therefore were WT plants. Judged
from a chi-square test, these resuits correspond with a 2:1 ratio of heterozygotes to
wildtype. Normally a 1:2:1 segregation would be expected for the offspring from a
single insert T-DNA heterozygote, but no homozygotes were observed likely because
homozygosity was lethal on soil. In a different attempt to get viable homozygous
CpSufE knockout plants, seeds from a heterozygous knockout plant were sown on full
MS media supplemented with sucrose. A few homozygous CpSufE knockout lines,
much less than the expected number, were identified using PCR. They showed a
severe phenotype even in the presence of sucrose (Figure 8B, top), and died shortly
after germination. Their heterozygous siblings did not show any phenotype (Figure

7B, bottom). Taken together, it is likely that the homozygous CpSufE knockout
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displays embryonic lethality on soil. As an alternative strategy to study the phenotype
of plants with reduced CpSufE levels, a knockdown RNAI strategy may be used,

which proved to be successful for CpNifS (Abdel-Ghany et al. unpublished data).

Discussion

Since these expression analysis data are preliminary (most experiments were
performed once), only tentative conclusions can be drawn and discussed in this part.
CpNifS and CpSufE appeared to be upregulated in the presence of excess iron, and
downregulated under iron limitation. The CplscA protein was downregulated under
sulfur starvation, while CpNifS and CpSufE expression was not affected by sulfur
supply. CpNifS and CpSufE were upregulated in response to selenium. These results
suggest that components of the [Fe-S] cluster biogenesis machinery are regulated in
response to Fe, S, and the related element Se. Conversely, they may affect homeostasis
of these elements. More information on the effects of altering levels of these [Fe-S]
biosynthesis proteins on iron, sulfur and selenium metabolism can be expected with
the transgenic lines and knockout mutants that are currently being investigated.

CpSufE was upregulated in the transgenic plants overexpressing CpNifS.
Perhaps CpSufE is stabilized by binding to CpNifS. This would be in agreement with
the finding that the two proteins form a cysteine desulfurase complex in a 1:1 ratio in
vitro (see Chapter 3). A NifS-like cysteine desulfurase is conserved in all [Fe-S]
cluster biogenesis systems identified so far. The CpNifS in the chloroplast stroma is
required for the [Fe-S] formation in this compartment (Ye et al. 2005), highlighting

the importance of this protein. CpSufE was found to 20-fold stimulate CpNifS-

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mediated [Fe-S] formation. The CpNifS-CpSufE complex is therefore a key
component of the plastidic [Fe-S] biogenesis machinery. The complex was found to be
oxidative stress-induced, suggesting a role of the plastidic [Fe-S] biogenesis
machinery in repair of [Fe-S] clusters impaired by oxidative stress. It was also light-
induced, consistent with a role in photosynthesis.

Iron is a limiting micronutrient for plants, requiring a controlled homeostasis
in vivo. The concentration range allowing normal plant growth is relatively narrow.
Indeed, in this study the treatment of 5-fold excessive iron was harmful but allowed
plants to grow normally, displaying a mild inhibition (see Materials and Methods).
The treatment with 1 mM ferrozine (or 10-fold less iron) inhibited plant growth more
severely. Interestingly, a more excessive or more limited iron supply resulted in a
similar response, namely no seed germination and black coloration of the seeds. In the
examination of the [Fe-S] machinery in response to varied iron levels, the CpNifS-
CpSufE complex was observed to be upregulated by excess iron and downregulated
by iron limitation, while CplscA was not affected. These results may be indicative of
an involvement of the CpNifS-CpSufE complex in plastidic iron homeostasis.
However, the nature of this role remains to be characterized. The various
CpNifS/CpSufE transgenic plants should be useful for a further iron homeostasis
study.

Sulfur is a macronutrient that is rarely limiting. Indeed, in this study a 100-
fold excess or 100-fold limitation of sulfur supply only resulted in a slight phenotype
(see Materials and Methods). The [Fe-S] machinery not only directly utilizes sulfur for

[Fe-S] cluster assembly, but also supplies [Fe-S] clusters for enzymes in sulfur

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



assimilation. A relationship between the machinery and sulfur homeostasis therefore
may be expected. However, the CpNifS-CpSufE complex was found not to change
over a wide range of sulfur concentrations. Perhaps these sulfur treatments were not
stressful enough, as judged from the slight phenotype, to force plants to change the
activity of CpNifS-CpSufE, which is probably constitutive under normal physiological
conditions. Interestingly, the scaffold molecule CplscA was found to be reduced 3-
fold under sulfur starvation, suggesting a more tight connection between this scaffold
and sulfur homeostasis. However, more experiments are needed to better understand
the regulatory mechanisms involved, and their functions.

Selenium is a non-essential but highly toxic element. Plants take up selenium
inadvertently because of its similarity to sulfur. Because of its toxicity, a tightly
controlled selenium detoxification mechanism is expected to be present in plants.
Indeed in this study, only 30 uM selenate treatment led to a similar level of phenotype
caused by ~ 300 uM iron. Selenium at 300 uM was already lethal. Selenium is though
to be assimilated by the same pathway as sulfur, which heavily depends on [Fe-S]
cluster supply for activities. Presumably, an enhanced [Fe-S] biosynthesis machinery
can increase in plants the ability to reduce selenate, which may play a role in its
detoxification. Indeed, the transgenic Arabidopsis overexpressing CpNifS in plastids
displayed higher selenium accumulation and tolerance (Van Hoewyk et al. 2005). This
likely was mainly due to the direct activity of the CpNifS selenocysteine lyase
activity, which breaks down selenocysteine into elemental selenium and alanine, thus
preventing incorporation into proteins. Indeed, the CpNifS-CpSufE complex was

found to be upregulated ~3-fold by selenium, suggesting the selenocysteine lyase

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



activity of the complex contributes to plastidic selenium detoxification. To date, this is
the only direct evidence to support a role for (part of) the [Fe-S] biogenesis machinery

in plastidic selenium metabolism.
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Figure legends

Figure 1. CpSufE is co-upregulated in the CpNifS over-expressor. Arabidopsis
(Columbia) of either wild type (WT) or CpNifS over-expressor #55 (Van Hoewyk et
al. 2005) was grown on soil, at 25 °C, in 8 hours light/16 hours dark, for 4 weeks.
Shoot protein samples were prepared. Protein concentrations were determined using
the Bradford assay. 20 ug of total protein for each sample was separated on a 12.5%
SDS-PAGE gel, blotted onto a 0.2 pm nitrocellulose membrane, and stained with

specific antibodies. Actin was used as a control to verify equal loading.

Figure 2. A. CpNifS and CpSufE are upregulated under oxidative stress. Wild type
Arabidopsis (Columbia) was grown on %2 MS media, supplied with O pM, 0.02 uM or
0.2 pM paraquat at 24 °C, in a light period of 12 hours light/12 hours darkness for 2
weeks. Shoot protein samples were prepared. Protein concentrations were determined
using the Bradford assay. Samples (20 pg) were separated on a 12.5% SDS-PAGE gel,
blotted onto a 0.2 um nitrocellulose membrane, and stained with specific antibodies.
Actin was used as a control to verify equal loading. B. CpNifS and CpSufE are
expressed at a lower level in the darkness. Wild type Arabidopsis (Columbia) was
grown on ¥ MS media at 24 °C, for 2 weeks. Dark: continuous darkness. Light: 12
hour photoperiod. Shoot protein samples (20 pg) were prepared, separated and

analyzed by Western blotting as described for Figure 2 and in Materials and Methods.

Figure 3. CpNifS and CpSufE are downregulated under iron limitation. Wild type

Arabidopsis (Columbia) was grown on %> MS media, to which 0 mM, 0.1 mM or 1
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mM ferrozine was added, at 24 °C, in a light period of 12 hours light/12 hours
darkness, for 2 weeks. Shoot proteins were prepared and analyzed by Western blotting

as described for Figure 2 and in Materials and Methods.

Figure 4. CplscA is downregulated under sulfur starvation. Wild type Arabidopsis
(Columbia) was grown on Hoagland’s media (in agar) in which the sulfate
concentration was modulated, at 24 °C, in a light period of 12 hours light/12 hours
darkness, for 2 weeks. Control corresponds with a sulfate concentration of 960 uM.
Shoot proteins were prepared and analyzed by Western blotting as described for

Figure 2 and in Materials and Methods.

F_igy_[gé. CpNifS and CpSufE are upregulated in response to selenate treatment. Wild
type Arabidopsis (Columbia) was grown on % MS media in which the selenate
concentration was either 0 or 30 pM, at 24 °C, in a light period of 12 hours light/12
hours darkness, for 2 weeks. Shoot proteins were prepared and analyzed by Western

blotting as described for Figure 2 and in Materials and Methods.

Figure 6. Vector map of pFGC5941 (Chromdb Database). Km: kanamycin resistance.
LB and RB: Left Border and Right Border. The LB and RB-flanking fragment
mediates insertion into the plant genome. BAR: Basta Resistance. CaMV 358
promoter: Cauliflower mosaic virus 35S promoter. The digestion sites of Ncol and

BamH] were used to subclone genes (all are full-length precursors) in this study.
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Figure 7. A. Maps of genomic sequences of CpSufE (top) and CpNifS (bottom)
showing the predicted T-DNA insertions. In the CpSufE genomic sequence, the box
labeled with Salk-011580 indicates the T-DNA insert. The box labeled with number 1
is the exon, which is 1100 bp long. Lines labeled with letters are non-transcribed
regions. a: 70 bp, b: 250 bp. In the CpNifS genomic sequence, boxes labeled with
Salk-023084 and Salk-021630 represent two different T-DNA inserts, respectively.
Boxes in numbers are exons. Length for each from 1 to 9 is: 200, 300, 180, 140, 70,
60, 100, 160, and 170 bp. Lines in letters are introns. Length for each from a to j is:
40, 100, 80, 110, 100, 120, 80, 100, 520, and 320 bp. B. Photo of CpSufE knockout
plants. Plants were grown on full MS media supplemented with sucrose. A

homozygous CpSufE knockout plant (top) and a heterozygous CpSufE knockout plant

(bottom) are shown.
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Appendix 2. DNA gels of Ncol/BamHI digestion to CpNifS/CpSufE
overexpression constructs

after

after
before ladder digestion

ladder digestion digestion

bp
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| @—CpNifSc38ss 1650 Precursor
(1.6 kb) 1000 CpSufE
(1.1 kb)
- Precursor CpSufE in pFGC
Precursor CpNifSc388s in pFGC (similar results were obtained

for CpSufEc65s.)
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Appendix 3. DNA gels for CpSufE knockout screen
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DNA DNA DNA
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ladder #1 #2 ladder #1

bp
850 wI
& fragment
650
bp (630 bp)
500 T-DNA
fragment
400 (450 bp)
PCR for T-DNA PCR for WT DNA

(Primer pairs and PCR program used, refer to Materials and Methods in text)



Chapter 6

Summarizing discussion

Iron-sulfur ([Fe-S]) clusters are required as prosthetic groups for a variety of
chloroplast proteins, involved in photosynthetic electron transfer, nitrogen
assimilation, sulfur assimilation, chlorophyll transformation and chloroplast protein
import (see Chapter 1). Because it supplies [Fe-S] clusters for these essential
processes, the plastidic [Fe-S] biogenesis machinery must be essential for normal
chloroplast function. Also, as this machinery directly consumes iron and sulfur for
cluster synthesis, it likely affects the homeostasis of iron and sulfur in plastids. This is
significant, considering that iron is a limiting micronutrient for plant growth and that
the [Fe-S] cluster represents a major fate of plastidic iron. Since sulfur (and selenium)
assimilation largely depends on [Fe-S] proteins, this machinery likely also affects
sulfur homeostasis and plant selenium metabolism.

The [Fe-S] biosynthesis machinery remained unknown until the
identification of AtCpNifS, a NifS-like protein in chloroplasts (Pilon-Smits et al.
2002, Leon et al. 2002). CpNifS is a dimeric PLP-containing protein and a cysteine
desulfurase (cysD) as well as a selenocysteine lyase (SL), most similar to SufS of all
E.coli NifS-like proteins. Despite cysD activity of CpNifS being 300-fold lower than
SL activity, we hypothesized that CpNifS is the cysD that provides sulfur for [Fe-S]

cluster synthesis.
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This hypothesis was examined in Chapter 2. We developed an in-vitro
reconstitution assay to measure [Fe-S] cluster formation by purified CpNifS or
chloroplast stroma. In this assay, purified CpNifS was sufficient to catalyze the [Fe-S]
cluster assembly in ferredoxin. Its reconstitution activity could be further stimulated
by PLP and pyruvate, typical features described for cysteine desulfurases (Mihara et
al. 2000). The chloroplast stroma also showed activity on [Fe-S] cluster reconstitution
in apo-ferredoxin. The CpNifS in stroma could be removed by an affinity column
containing anti-CpNifS antibodies. The resulting CpNifS-depleted stroma totally lost
reconstitution ability, but the addition of an equivalent amount of purified CpNifS to
the depleted stroma was able to fully restore its reconstitution activity. These results
revealed that CpNifS is required for [Fe-S] formation in chloroplast stroma. The
concentration of the CpNifS in chloroplast stroma was determined to be 0.06% of total
proteins. Based on the same CpNifS content, the reconstitution activity of stroma is
50-80-fold more than purified protein, indicating that factors, particularly other
proteins, are activating the CpNifS-mediated [Fe-S] cluster assembly in chloroplasts.

One activating factor could be a homologue of SufE. A chloroplastic version
of SufE protein is described in Chapter 3. The CpSufE-encoding gene (At4g26500)
has only one exon and two flanking non-transcribed-regions (NTR). The encoded
CpSufE polypeptide is composed of a chloroplast targeting sequence, a N-terminal
SufE domain and a C-terminal Bol-A domain. The SufE domain is found among all
SufE-like proteins. It contains a highly conserved cysteine residue, which is required
for activity. The function of the Bol-A domain is unknown, and only found in

chloroplastic SufE proteins of higher plants. It is likely that the Bol-A domain confers
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a specific function to SufE proteins in chloroplasts, and/or that chloroplastic SufE
proteins of higher plants are closely related in evolution. The chloroplastic location of
AtCpSufE was confirmed by GFP localization and chloroplast immunoblot
experiments. CpSufE is expressed in all tissues but at higher levels in green parts.
Immunoblotting showed that CpSufE is downregulated in dark-grown plants,
indicating the CpSufE expression is light-induced and it likely plays a role in
photosynthesis. The recombinant CpSufE was purified from E.coli. and used for
biochemical assays. It can form a complex with CpNifS and activate cysD activity of
CpNifS 40-fold, while slightly inhibiting its SL activity. CpSufE also changed the
substrate affinity of CpNifS further favoring cysteine over selenocysteine. As a
consequence, CpSufE stimulated the [Fe-S] cluster formation for apo-ferredoxin 20-
fold, compared to CpNifS alone. Site-directed mutagenesis experiments proved that
the CpNifS cysteine388 residue is required for its cysD activity and that the CpSufE
cysteine65 residue is essential for its activating function. These cysteine residues in
both proteins likely constitute a sulfur transfer pathway during desulfuration.
However, the cysteine65 is not required for binding ability of CpSufE. Asa
consequence, the mutant CpSufEcysssser displayed a dominant-negative effect on the
stimulatory activity of WT CpSufE. Despite the observation that the cysteine388 is
seemingly not required for CpNifS binding, the mutant CpNifScys3ssser did not show a
dominant-negative effect on WT CpNifS in vitro, probably because the mutation

reduces the binding ability of CpNifS for CpSufE.
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At least one scaffold molecule has been found in each [Fe-S] biogenesis
system identified so far. Indeed, an IscA-like scaffold was identified in the plastidic
[Fe-S] biogenesis machinery, and reported in Chapter 4. The CplscA is expressed in
all tissues but at a higher level in green parts where chloroplasts are abundant. Its
chloroplast localization was thoroughly examined by immunoblots, in-vitro import
experiments, and GFP localization experiments. In reconstitution experiments, the
CplscA was able to improve CpNifS-mediated [Fe-S] assembly ~ 2-fold. The CplscA
is homologous to IscA™, IscA and SufA, a group of alternative scaffolds in bacterial
[Fe-S] biogenesis systems. Its scaffold function was revealed in spectrophotometric
and [Fe-S] cluster delivery experiments. When purified from E.coli, CplscA did not
have an [Fe-S] cluster, but when incubated with a ferrous salt and cysteine in the
presence of CpNifS, the CplscA protein acquired a cluster. This CplscA was isolated
and subjected to an iron content measurement. It was found that this CpIscA contained
one [2Fe-2S] cluster per dimeric polypeptide, and therefore named the dimeric holo-
CplscA. The holo-CplscA was stable and able to deliver its [2Fe-2S] cluster to apo-
ferredoxin, resulting in maturation to holo-ferredoxin. This process could take place in
the presence of EDTA, a strong iron chelator, indicating that the [Fe-S] cluster
delivery likely involves a direct protein-protein interaction. However, the in vivo role
of CplscA remains to be investigated.

In the mean time, three NifU-like proteins (Nful-3) were found and proposed
to be scaffold molecules (Leon et al. 2003; Touraine et al. 2004; Yabe et al. 2004). The
Nfu2 was able to modulate formation of an [Fe-S] cluster in vitro. Knockout

experiments supported that it is required for biosynthesis of [4Fe-4S] clusters in PSI
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and [2Fe-28S] clusters in ferredoxin. The presence of various scaffold proteins may
indicate that they are responsible for [Fe-S] cluster assembly in different
developmental stages, tissues, or for different target proteins (Abdel-Ghany et al.
2005). Also, plant SufBCD proteins were reported to form a complex and have
ATPase activity (Xu and Moller 2004; Xu et al. 2005), maybe fueling formation of
[Fe-S] clusters, or mobilizing iron. A direct involvement of the SufBCD in [Fe-S]
cluster assembly still remains to be demonstrated. A mutation of the SufC resulted in
accumulation of protoporphyrin IX, a precursor of chlorophyll, probably because the
chlorophyll biosynthesis pathway needs [Fe-S] proteins (Moller et al. 2001).
Currently, it is known that an [Fe-S] protein is involved in chlorophyll breakdown and
another is involved in transformation of chlorophyll a to chlorophyll b (see Chapter 1
and Figure 1 therein). However, it has not been shown that any [Fe-S] protein(s) is/are
involved in de novo synthesis of chlorophyll. It could be interesting to examine
whether protoporphyrin IX accumulates after mutation of other [Fe-S] biosynthetic
components, e.g. CpNifS and/or CpSufE. In addition, a HCF101 (Lezhneva et al.
2004) and an APO1 (Amann et al. 2004) are likely part of the [Fe-S] biogenesis
machinery in chloroplasts. A working model for plastidic [Fe-S] biogenesis was
proposed, as shown in Figure 2 of Chapter 1. Several members of this machinery,
CpNifS, CpSufE and CplscA, were found to be, at least in part, present in a ~600 kDa
stromal complex, tentatively named the plastidic [Fe-S] synthase complex in this
thesis. The other components Nful-3 and SufBCD might be present in the same

complex. A strategy that can be used to identify individual components from the
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complex is tandem affinity purification (Rubio et al. 2005), followed by a protein
composition analysis using mass spectrometry (MS).

As mentioned above, CpSufE (At4g26500) is the cysD activator of CpNifS.
To date, it is the only SufE identified and characterized in chloroplasts. However, a
SufE-like domain was recently identified in a putative chloroplast protein encoded by
gene At5g50210 (Loiseau et al. 2005, TAIR). The protein is named AtCpNadA in this
thesis. It is composed of a N-terminal SufE domain and a C-terminal quinolinate
synthetase A (NadA) domain. Judged from alignment analysis, its SufE domain
contains almost all amino acids that are conserved in chloroplastic and bacterial SufE
proteins, particularly the essential cysteine and surrounding regions (data not shown),
suggesting a SufE activity. According to BLASTp searches, its NadA domain belongs
to a super-family of 211 members that are exclusively NadA proteins involved in
NAD biosynthesis. Interestingly the AtCpNadA is the only NadA-like protein in
Arabidopsis. Moreover, the bacterial NadA absolutely requires a [4Fe-4S] cluster for
activity (Gardner and Fridovich 1991, Cicchillo et al. 2005, Ollagnier-de-Choudens et
al. 2005). Therefore, a hypothesis can be postulated as follows. NAD biosynthesis in
Arabidopsis, at least in part, takes place in chloroplasts. The process includes
AtCpNadA (At5g50210) protein, whiéh requires a [4Fe-4S] cluster for activity. The
AtCpNadA contains its own SufE activity, stimulating CpNifS to assemble a [4Fe-4S]
cluster for itself.

In fact, another putative chloroplastic SufE homologue, encoded by gene
Atlg67810 has been identified by BLASTp searching. According to an alignment, it

also contains almost all amino acids that are conserved in chloroplastic and bacterial
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SufE proteins, particularly the essential cysteine and surrounding regions (data not
shown), again likely suggesting a SufE activity. If that is true, is its function in [Fe-S]
cluster biogenesis or in synthesis of other sulfur-containing molecules? Based on the
embryo-lethal phenotype of CpSufE knockout, other SufE homologues, presumably
present in the same compartment, cannot complement the role of CpSufE in [Fe-S]
biogenesis. Therefore, it is hypothesized that At1g67810 is involved in mobilizing
sulfur for synthesis of thiamine and other sulfur-molecules. Thiamine synthesis, at
least in part, is thought to take place in plastids (Belanger et al. 1995).

Taken together, the working model of chloroplastic [Fe-S] biogenesis could
be modified as follows. CpNifS is the central and multiple-function protein,
mobilizing sulfur or metabolizing selenium, supplying sulfur for either [Fe-S] cluster
biogenesis or synthesis of other sulfur-molecules. To channel the activity of CpNifS
toward one of its potential functions, a SufE-mediated regulation mechanism has
evolved. CpSufE can bind to CpNifS and dramatically change its catalytic and kinetic
properties (see Chapter 4). This CpSufE (At4g26500) appears to be the major isoform
of SufE, delivering sulfur to CplscA and/or other scaffolds, and assembling [Fe-S]
clusters for various uses. The putative CpNadA (At5g50210) likely carries a minor
SufE activity in its N-terminal domain, and interacts with CpNifS transiently to
assemble its own [Fe-S] cluster for NAD synthesis. The At1g67810-encoded protein is
putatively a second AtCpSufE, and may interact with CpNifS transiently to mobilize
sulfur for the synthesis of thiamine and other sulfur-molecules. Together these three
SufE-like proteins direct the production of elemental sulfur for general [Fe-S] clusters,

the NadA [Fe-S] cluster, or thiamine. In the absence of any SufE activity, the CpNifS
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is simply a seleno-cysteine lyase. Whether it has a role as such in the plant remains to
be discovered. The Bol-A domain of the CpSufE (At4g26500) may enable it to be
present in the ~600 kDa complex, potentially because it offers ability to interact with
other proteins in the complex. Alternatively, the Bol-A domain may regulate CpNifS
activity by sequestering the SufE domain of CpSufE.

It is known that several [Fe-S] biogenesis machineries play a role in iron
homeostasis. For instance, in yeast and mammalian cells, impaired mitochondrial [Fe-
S] biogenesis resulted in iron overload in mitochondria (for a review see Rouault and
Tong 2005). Also, the Stal protein is an ABC transporter of the mitochondrial [Fe-S]
biosynthesis machinery in Arabidopsis, the mutation of which led to iron
accumulation in mitochondria (Kushnir et al. 2001). Despite these reports, a similar
iron accumulation has not been found with mutations in the plastidic machinery so far.
The potential involvement of the plastidic [Fe-S] biogenesis machinery in iron
homeostasis as well as in sulfur homeostasis is explored in Chapter 5. The expression
analysis data showed that CpNifS and CpSufE are co-regulated in vivo. They were
upregulated in the presence of excess iron and downregulated under iron limitation,
suggesting a role of the plastidic machinery in iron homeostasis. Another putative
member of the plastidic [Fe-S] biosynthesis machinery, SufB, may also be involved in
iron homeostasis because its ATPase activity was stimulated by iron and its
transcription was downregulated under iron starvation (Xu et al. 2005). The CplscA
was downregulated under sulfur starvation, potentially suggesting an involvement of
the machinery via scaffold molecules in sulfur homeostasis. However, a precise role

remains to be characterized until transgenic plants with altered expression of key
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components of the plastidic [Fe-S] machinery are subjected to homeostasis analysis, as
was done for selenium metabolism (Van Hoewyk et al. 2005). The CpNifS and
CpSufE proteins were upregulated in the presence of selenium. Conversely, CpNifS
overexpression resulted in enhanced selenium accumulation and tolerance. Together
these results may suggest an involvement of the [Fe-S] biogenesis machinery,
particularly CpNifS, in plastidic selenium metabolism. The investigation of the role of
[Fe-S] biosynthesis machinery in homeostasis of iron and sulfur is an intriguing
research area. Its results can be applied in agricultural biotechnology to improve crop
productivity and nutritional quality, and in phytoremediation to use engineered plants

to clean up selenium from polluted sites.
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