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Dual Localized AtHscB Involved in Iron Sulfur Protein

Biogenesis in Arabidopsis
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Abstract

Background: Iron-sulfur clusters are ubiquitous structures which act as prosthetic groups for numerous proteins involved in
several fundamental biological processes including respiration and photosynthesis. Although simple in structure both the
assembly and insertion of clusters into apoproteins requires complex biochemical pathways involving a diverse set of
proteins. In yeast, the J-type chaperone Jac1 plays a key role in the biogenesis of iron sulfur clusters in mitochondria.

Methodology/Principal Findings: In this study we demonstrate that AtHscB from Arabidopsis can rescue the Jacl yeast
knockout mutant suggesting a role for AtHscB in iron sulfur protein biogenesis in plants. In contrast to mitochondrial Jac1,
AtHscB localizes to both mitochondria and the cytosol. AtHscB interacts with AtlscU1, an Isu-like scaffold protein involved in
iron-sulfur cluster biogenesis, and through this interaction AtlscU1 is most probably retained in the cytosol. The chaperone
AtHscA can functionally complement the yeast SsqTknockout mutant and its ATPase activity is enhanced by AtHscB and
AtlscU1. Interestingly, AtHscA is also localized in both mitochondria and the cytosol. Furthermore, AtHscB is highly
expressed in anthers and trichomes and an AtHscB T-DNA insertion mutant shows reduced seed set, a waxless phenotype
and inappropriate trichome development as well as dramatically reduced activities of the iron-sulfur enzymes aconitase and
succinate dehydrogenase.

Conclusions: Our data suggest that AtHscB together with AtHscA and AtlscU1 plays an important role in the biogenesis of

iron-sulfur proteins in both mitochondria and the cytosol.
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Introduction

Iron-sulfur clusters ([Fe—S]) are important prosthetic groups of
iron-sulfur proteins involved in numerous vital biological process-
es, such as respiration, photosynthesis and nitrogen fixation, and
inappropriate cluster formation has detrimental consequences in
both prokaryotes and eukaryotes [1]. Although simple in structure,
[Fe—S] are not formed de novo but require an intricate interplay of
highly specialized proteins and both genetic and biochemical
studies have identified several pathways for the biogenesis and
maturation of [Fe-S] in bacteria, yeast and humans [2-13,14,15].
Numerous diseases, including several neurodegenerative and
hematological disorders, have been associated with defects in
iron-sulfur protein biogenesis [13,15].

Iron-sulfur proteins were first identified in plants and several
excellent reviews have summarized both early and recent updates
in the field of plant [Ie-S] biogenesis [16-20]. Most research has
been performed on the model plant Arabidopsis thaliana where the
spatial localisation of different [Fe-S]| biogenesis pathways in
different subcellular compartments has received increased atten-
tion. Besides harbouring a bacterial SUF-like (mobilization of
sulfur) system encompassing the SufA, SufB, SufC, SufD, SufS and
SufE proteins [21-30], chloroplasts also harbour several other
components such as Nfu-like proteins [31-34], HCF101 [35],
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APO1 [36] and monothiol glutaredoxins [37]. SufA-like and Nfu-
like components and monothiol glutaredoxins are proposed to act
as scaffold proteins for [Fe-S] biosynthesis [21,30-34] whilst SufS-
and SufE-like components act as a cysteins desulfurase complex
[20,23,24,27,28,38] extracting sulfur from the amino acid cysteine.
SufB-, SufC- and SufD-like elements can form a protein complex
which may provide energy through ATP hydrolysis however, the
exact function of the SufB/SufC/SufD complex is not clear
[22,25,26]. Indeed the relationship between the SUF-like system,
the Nfu-like components, HCF101, APOl and monothiol
glutaredoxins is unknown in plants.

Compared to chloroplasts, [IFe-S] biogenesis in plant mito-
chondria has attracted much less attention. Kushir ez al pioneered
this field by identifying the Arabidopsis Stal as an Atmlp-like
ABC transporter of yeast supporting the maturation of [Fe-S]
protein in mitochondria [39]. Further efforts have now identified
several components in plant mitochondria that are evolutionarily
conserved and similar to that of the yeast ISC-like (iron sulfur
cluster) system [31,40,41]. In this context it is worth mentioning
that the SufE-like protein AtSufE is localized to both mitochon-
dria and chloroplasts where it activates both mitochondrial and
chloroplastic cysteine desulfurase [27] indicating a possible
spatial link between [Fe-S| biogenesis systems in Arabidopsis
[42].
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In the plant cytosol, [Fe-S] biogenesis is much less well
understood. However, recent work by Balk and colleagues [43]
has started to unravel cytosolic [Fe-S] biogenesis. They report that
AtNBP35, similar to the NBP35 protein which is part of the
cytosolic Cfd1-Nbp35 complex mediating Fe-S cluster assembly in
yeast [12], has retained similar Fe-S cluster binding and transfer
properties and performs an essential function [43]. However,
much work is still required in order to assemble a model of [Fe-S]
biogenesis in the plant cytosol.

In bacteria and yeast, the HscA/Ssql chaperones and the
HscB/Jacl co-chaperones are important elements of the ISC-like
system. HscA/Ssql are ATPases, stimulated by the J-type co-
chaperone HscB/Jacl and have been shown to interact with the
scaffold protein IscU/Isu, which is regulated by HscB/Jacl by
binding to IscU/Isu to assist [Fe-S] delivery to the chaperone
[12,44]. Yeast Jacl, Ssql and Isu have been confirmed to be
mitochondrial proteins [12].

Here we demonstrate that Arabidopsis contains a functional
AtHscAl/AtHscB/AtlscUl protein cluster involved in [Fe-S]
protein biogenesis. In contrast to yeast, the AtHscAl/AtHscB/
AtlscU1 protein cluster is localized to both mitochondria and the
cytosol of Arabidopsis suggesting a dual action between these two
spatially separate compartments.

Results

AtHscB can rescue yeast Jaclknockout mutant

A full-length ¢cDNA (759 nt) encoding the At5g06410 open
reading frame was cloned and its predicted amino acid sequence
compared to E. coli HscB and yeast Jacl showing 30% and 24%
identity, respectively (Figure SIA). The At5g06410 amino acid
sequence contains the HPD motif, essential for Jacl function in
yeast [45] and a predicted 59 amino acid N-terminal mitochon-
drial targeting peptide according to the CBS Prediction Server
[46,47]. As the name Jacl in Arabidopsis has been assigned to
another protein we named At5g06410 AtHscB.

To confirm that AtHscB is a functional homolog of the yeast
Jacl protein, we performed complementation experiments using
the lethal yeast knockout mutant Ajac! (Figure 1) [45]. We
transformed Ajacl, containing a wild type Jac cDNA on the URA
(URA3) marked plasmid pRS316, with pGADT7-AtHscB or
pGBKT7-AtHscB and positive transformants were screened on
synthetic dropout media SD/-Leu (minus L-leucine) or on SD/
-Trp (minus L-trypothan), respectively. Once scored the wild-type
Jacl ¢cDNA was removed by streaking Ajac//pGADT7-AtHscB
and Ajacl/pGBKT7-AtHscB colonies onto YPD media containing
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1 mg/ml 5-FOA (5-Fluoroorotic Acid). As URA3 encodes orotine-
5'-monophosphate dicarboxylase, which convert 5-FOA to toxic
fluorodeoxyuridine, colonies will only grow where pRS316 has
been removed and functional complementation has occurred. On
YPD media, Ajacl/pRS316-Jacl, Ajacl/pGADT7- AtHscB and
Ajacl/pGBKT7-AtHscB showed clear growth (Figure 1A). How-
ever, on media containing 5-FOA Ajacl/pRS316-Jacl showed no
growth as expected whilst Ajacl/pGADT7-AtHscB and Ajacl/
pGBKT7-AtHscB grew as well as on YPD media (Figure 1A). RT-
PCR confirmed that the two transformed mutants, Ajacl/
pGADT7-AtHscB and Ajacl/pGBKT7-AtHscB, had lost wild-
type facl expression but gained AtHscB expression whilst the non-
transformed mutant, Ajacl//pRS316-Jacl, showed Fac! expression
(Figure 1B). Combined these results demonstrate that AtHscB is a
functional Jacl-like protein.

AtHscB and AtHscA1 are localized to both mitochondria

and the cytosol

To analyze the subcellular localization of AtHscB we fused
AtHscB to the N-terminus of YFP (Yellow Fluorescence Protein) and
transiently expressed this transgene in tobacco cells (Figure 2). As
expected, based on the predicted mitochondrial targeting signal
(Figure S1A), fluorescence was observed in mitochondria
(Figure 2C). To verify that the fluorescent signal observed was
indeed mitochondrial we performed mitotracker experiments
which showed that the red fluorescence of mitotracker colocalized
with the YFP signal (Figure 2C). However, AtHscB-derived YFP
fluorescence was also observed in the cytosol (Figure 2C). To verify
that the observed AtHscB dual localization also occurs in
Arabidopsis we expressed the AtHscB-YFP fusion protein in
transgenic Arabidopsis plants with identical results (Figure S1B).
To further confirm the dual localization pattern of endogenous
AtHscB protein, we performed immunogold labeling experiments
in wild-type Arabidopsis leaves using electron microscopy and an
anti-AtHscB antibody. Figure 2E shows the presence of gold
particles in both mitochondria and the cytosol strengthening the
observed dual localization of AtHscB.

To verify the specificity of the anti-AtHscB antibody we
performed western blot analysis of total cell extract from E. coli
expressing AtHscB and from wild-type Arabidopsis showing the
presence of one protein band (Figure S1D). In addition, we
performed immunogold labeling experiments using the pre-
immune serum showing no signal (Figure S1LE).

In Arabidopsis there are two HscA/Ssql-like genes (At4g37910
and At5g09590) whose products are predicted to be mitochondrial

B

Jacl

AtHscB

S8C1

Figure 1. Functional complementation of Jac7 mutant by AtHscB. (A) Three strains, Ajac1/pRS316-Jac1, Ajac1/pGADT7-AtHscB and Ajac1/
PGBKT7-AtHscB, were grown overnight in YPD medium and adjusted to similar ODggq value. Five-fold serial dilutions were then spotted on a YPD
agar plate or on a 5-FOA plate (YPD containing 1 mg/ml 5-FOA). (B) Confirmation of three strains by RT-PCR. First row used Jac1-specific primer pair
Jac1-L/R; Second row used AtHscB-specific primer pair AtHscB-L/R; Third row used SSCT-specific primer pair Ssc1-L/R as a control. (Primer sequences
can be found on Table S1).

doi:10.1371/journal.pone.0007662.g001
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Figure 2. Subcellular localization of AtHscB and AtHscA1. (A) Transient expression in tobacco leaves of pWEN18 (355-YFP) as a control
showing universal localization (Bar for A-D: 50 um). (B) Transient expression of AtlscU1-YFP showing AtlscU1 localization in mitochondria. (C)
Transient expression of AtHscB-YFP in tobacco leaves showing AtHscB localization in both mitochondria and the cytosol. Open arrow indicates the
nucleus. The lower panel shows AtHscB-YFP (left), mitotracker dying and merged figure of a stoma from an Arabidopsis seedling transformed with
pBA002-AtHscB-YFP. (D) Transient expression of AtHscA1-YFP in tobacco leaves showing AtHscA1 localization to both mitochondria and the cytosol.
Open arrow indicates the nucleus. The lower panel shows AtHscA1-YFP (left), mitotracker dying and merged figure of a stoma from an Arabidopsis
seedling transformed with pBA002-AtHscA1-YFP. (E) Immunogold labeling and electron microscopy of endogenous AtHscB in Arabidopsis using an

AtHscB-specific antibody. Open arrows indicates the gold particles. ¢ = chloroplast; m = mitochondria. (Bar =2 pm).

doi:10.1371/journal.pone.0007662.g002

(Figure S2) and we named them AtHscAl and AtHscA2,
respectively. As for AtHscB, transient expression analysis of an
AtHscAl-YFP fusion protein in tobacco cells showed fluorescence
in both mitochondria and cytosol (Figure 2D) as did stable
expression of the same fusion protein in transgenic Arabidopsis
plants (Figure S1C). Combined this suggest that AtHscB and
AtHscAl may play important roles in both mitochondria and the
cytosol in contrast to observations made in yeast where both
proteins are exclusively mitochondrial.

AtHscB can interact with AtlscU1 in mitochondria and in
the cytosol

The scaffold protein IscU/Isu has been shown to play a key role
in [Fe-S] biogenesis [48,49]. To analyse whether AtHscB could
mteract with AtlscUl, AtlscU2, and AtlscU3 we performed Yeast
Two-Hybrid (YTH) and Bimolecular Fluorescence Complemen-
tation (BiFC) assays. YI'H demonstrated that AtHscB did not
interact with AtlscU2 or AtlscU3 but could interact with AtlscU1
and that AtlscUl could also interact with itself (Figure 3A).
Further, transient BiFC experiments in tobacco cells (Figure 3C)
and stable BiFC experiments in transgenic Arabidopsis plants
(Figure 3D, Figure S1F) demonstrated clear interaction between
AtHscB and AtlscUl not only in mitochondria but also in the
cytosol.

@ PLoS ONE | www.plosone.org

These results were surprising as AtlscUl-GFP fusion experi-
ments have previously shown that AtlscU1 is exclusively localized
to mitochondria [40,41,50]. Indeed we also show here that an
AtlscUL-YFP fusion protein appears exclusively targeted to
mitochondria (Figure 2B). However, the dual localization of
AtlscUl, when in combination with overexpressed AtHscB in
Bil'C assays, suggest that AtlscU]1 is retained by the high levels of
AtHscB in the cytosol through direct protein-protein interactions
(Figure 3C, D). In wild-type Arabidopsis, AtHscB is only expressed
at low levels which would most probably not allow for sufficient
retention of an AtlscUI-YFP fusion protein and hence no
detection of AtlscUl-YFP-mediated fluorescence in the cytosol.
Combined our data demonstrate that AtHscB can interact with
AtlscUl in both mitochondria and in the cytosol.

AtHscA1 can complement yeast Ssq1

AtHscAl has high similarity to HscA/Ssql of bacteria/yeast
(Figure S2). To confirm that AtHscAl can functionally comple-
ment HscA/Ssql, the Ssg/ knockout mutant Assg/ [48] was
transformed with pGADT7-AtHscAl and both strains placed on
YPD medium and on YPD containing 4 mM HyO, and incubated
at 34°C for 4 days (Figure 4A). On YPD medium both Assq/ and
Assql/AtHscAI grew well as expected. By contrast, ssg/ failed to
grow on YPD containing HyOy whilst Assql/AtHscAl showed
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Figure 3. AtHscB interacts with AtlscU1. (A) Yeast two hybrid (YTH). pGADT7 (--), pGBKT7 (--) and pGADT7/pGBKT7 containing either AtHscB or
AtlscU, were transformed in different combinations into yeast HF7c cells and the transformed strains were plated on synthetic dropout medium
lacking L-Leucine (Leu) and L-Trypothan (Trp) (-LT). Positive interactions were scored on synthetic dropout medium plates lacking Leu, Trp, and His (L-
Histidine) (-LTH). Experiments were performed in triplicate. (B-D) Bimolecular Fluorescence Complementation (BiFC) assays. (B) Tobacco leaves
biolistically transformed with pWEN-AtNAP1-NY (N terminal part of YFP) and pWEN-AtHscB-CY (C terminal of YFP) as a negative control. (C) Tobacco
leaves biolistically transformed with pWEN-AtlscUT-NY and pWEN-AtHscB-CY showing a fluorescence signal in the mitochondria and the cytosol.
Open arrow indicates the nucleus. (D) Mitochondrial and cytosolic fluorescence in Arabidopsis plants transformed with pBA002-AtlscU1-NY (Basta

resistant) and pER10-AtHscB-CY (Kan resistant). (Bar=50 pum).
doi:10.1371/journal.pone.0007662.9003

obvious growth (Figure 4A) demonstrating that AtHscAl can
complement Ssql.

AtHscA1 is an ATPase stimulated by AtHscB and AtlscU1

HscA in bacteria and Ssql in yeast are both ATPases [49,51]
however, in plants the enzyme activity of AtHscAl is unknown. We
heterologously expressed AtHscAl in E. coli Rosette(DE3)pLysS by
auto-induction and affinity purified the protein to >95% purity
(Figure 4B). Using y-P*? labeled ATP as a substrate the purified
AtHscAl can clearly hydrolyze ATP (Figure 4D) giving a Km of
49.5 uM and a Vmax of 1.08 uM/min (Figure 4C).

AtHscB and AtlscUl were also heterologously expressed and
purified as for AtHscAl (Figure 4B). To test the effect of AtHscB or
AtlscUl on AtHscAl enzyme activity we added purified AtHscB or
purified AtlscUl to AtHscAl in a 1:1 stochiometric ratio and
performed ATPase assays. From these experiments it was shown
that individually AtHscB and AtlscUl can promote AtHscAl
ATPase activity approximately two-fold. In contrast, when AtHscB,
AtlscUl and AtHscAl were combined in equal stochiometric
concentrations, the ATPase activity of AtHscAl increased 22-fold
(Figure 4D). These experiments clearly demonstrate that AtHscAl
is an ATPase and that in combination AtHscB and AtlscU1 can
significantly stimulate AtHscAl-mediated ATP hydrolysis.

@ PLoS ONE | www.plosone.org

AtHscB expression patterns and AtHscB T-DNA mutant
phenotypes

A 1041 nucleotide DNA promoter fragment (1961160-
1962200 nt) directly upstream of the AtHscB start codon was
PCR-cloned into the P-glucoronidase (GUS) binary vector
pBADG and transformed into wild type Arabidopsis. GUS
staining of 12 lines showed that AtHscB is universally expressed
at low levels but with relatively high levels of expression in anthers
and trichomes (Fig. 5A).

An Arabidopsis T-DNA insertion line (SALK_085159) was
identified and analyzed by PCR with the T-DNA specific primer
LBbl and the AtHseB-specific primers LP585159 and RP585159.
Two PCR fragments were obtained and sequenced revealing the
presence of two T-DNAs inserted 0 and 5 nt downstream of the
AtHscB stop codon (Figure 5B). Although the seed set was
dramatically reduced in N585159 plants (Figure 5I) several
homozygous N585159 plants were isolated (Figure 5B) showing
severe down-regulated A¢(HscB transcript and undetectable AtHscB
protein (Figure 5C). Phenotypic analysis revealed that homozygous
mutants had stems with a shiny bright green appearance,
indicating the absence of the epicuticular wax layer (Figure 5D),
a similar phenotype to that observed in CUT/ sense suppressed
plants [52]. Indeed, scanning electron microscopy revealed that
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Figure 4. Complementation of the Assq7 mutant by AtHscA1 and biochemical analysis of AtHscA1. (A) Yeast strains of AssqT and Assq1/
PGADT7-AtHscA1 were cultured overnight in YPD medium and adjusted to similar ODgqo value. Ten-fold serial dilutions were then spotted on YPD
agar plate or on YPD media containing 4 mM H,0,. (B) Affinity purified AtHscA1, AtHscB and AtlscU1 were verified by SDS/PAGE showing >95%
purity. (C) ATPase activity of AtHscA1 showing the Vmax and Km values. (D) The effect of AtHscB and AtlscU1 on the ATPase activity of AtHscA1. Left:
An autoradiography image of the reactions; Right: Relative quantification of autoradiography (Triple repeats).

doi:10.1371/journal.pone.0007662.9004

the stem surface contained much fewer wax crystals than wild type
plants (Figure 5E). Homozygous mutants are also conditional
sterile, in agreement with the observed reduced seed set, as siliques
fail to develop under normal growth conditions whilst in a humid
environment siliques develop as in wild-type (Figure 5G, Figure
S3A). These data suggests that AtHscB-deficiency results in
reduced or diminished very-long-chain fatty acids (VLCFAs)
biosynthesis. To confirm that the observed mutant phenotypes
were caused by AtHscB-deficiency, the homozygous mutant was
transformed with wild-type AtHscB followed by phenotypic
characterization. More than 95% (20 out of 21) of transformed
resistant plants showed a wild type phenotype (Figure 5D, Figure
S3B, 3C) confirming that AtHscB-deficiency is responsible for the
observed mutant phenotypes. Due to the high level of AtHscB
expression in trichomes (Figure 5A), we monitored trichome
development in homozygous N585159 mutant plants. In agree-
ment with the AtHscB gene expression patterns homozygous

@ PLoS ONE | www.plosone.org

mutants not only have fewer trichomes than wild-type (Figure 5F)
but these were also smaller in size and often distorted (Figure 5H).

To test whether AtHscB indeed has an effect on iron sulfur proteins
in Arabidopsis, we assayed both aconitase and succinate dehydro-
genase (SDH) activities in wild type plants and in homozygous
N585159 mutant plants. Figure 6 shows that in the homozygous
mutants both aconitase and SDH enzyme activities are reduced to
approximately 10% of wild-type levels. These data, combined with
other finding shown in this study, support the notion that AtHscB has
a role in iron sulfur protein biogenesis in Arabidopsis.

Discussion

In this study we provide data suggesting that the Jacl-homolog
AtHscB is involved in iron sulfur protein biogenesis in Arabidopsis.
Several points of evidence demonstrates that AtHscB is indeed a
Jacl-like protein: (i) AtHscB can rescue the yeast Ajac! mutant
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Figure 5. Expression analysis of AtHscB and phenotype of an AtHscBT-DNA insertion mutant. (A) GUS expression pattern of AtHscB showing
high level of expression in anthers and trichomes. (B) Schematic diagram of the AtHscB gene structure showing the presence of two T-DNA insertion sites
found in the N585159 AtHscB T-DNA insertion mutant. Isolation of four N585759 (AtHscB) homozygous mutants (m1-m4) by PCR analysis. F: PCR using
AtHscB-specific primers LP585159/RP585159. L: PCR using primers LP585159/LBb1. LBb1 is T-DNA-specific primer. R: PCR using primers RP585159/LBb1.
(C) RT-PCR analysis of AtHscB expression in the homozygous T-DNA insertion mutants m1-m4. HscB: primers AtHscB-L/R. Actin: primers Actin-L/R.
Western blot showing the absence of AtHscB in three homozygous mutant plants (m1-m3). (D) Stems of homozygous N585759 mutants show a waxless
phenotype and thus have a smooth bright green appearance compared to wild-type stems. C=homozygous N585159 mutant plant complemented
with a CaMV35S-AtHscB transgene. (E) SEM of wild-type (wt) and N585159 stems demonstrating much fewer crystals on N585759 (m) stems than on
those of wild-type. Magnification: 5000 x. (F) Trichome phenotype of homozygous N585159 leaves (m) showing smaller and less trichomes than wild-
type. Magnification: 10x. (G) Silique development in homozygous N585159 plants (m) is severely retarded compared to wild-type (wt). (H) SEM of
trichomes showing smaller and distorted trichome phenotypes in mutant plants (m) compared to wild-type (wt). Magnification: wt =184 x; m =244 x. (I)
Seeds from wild-type (wt) and from homozygous N585159 (m) plants showing reduced viable seed set in the mutant.
doi:10.1371/journal.pone.0007662.g005

(Figure 1), (i) AtHscB together with AtlscUl can significantly and succinate dehydrogenase, two important iron sulfur proteins

enhance the ATPase activity of the HscA/Ssql-like protein found in mitochondria (Figure 6). Aconitase in yeast seems to have
AtHscAl (Figure 4) and (i) Diminished levels of AtHscB in a dual function as it has an influence on the glyoxylate shunt in the
mutant plants severely reduces the enzyme activities of aconitase cytosol and the TCA cycle in mitochondria, corroborating our
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Figure 6. Aconitase and succinate dehydrogenase (SDH)
enzyme assays of wt and homozygous N585759 plants (Four
repeats). Two wild-type (WT1 and WT2) plants are compared to three
homozygous N585759 mutant plants (m1, m2 and m3).
doi:10.1371/journal.pone.0007662.g006

finding that aconitase activity is highly diminished in an AtHscB
mutant, lacking AtHscB in both the cytosol and mitochondria.

Because of the clear relationship between AtHscB and AtHscAl
in Arabidopsis we also demonstrated, through yeast complemen-
tation experiments, that AtHscAl is an HscA/Ssql-like protein
(Figure 4 and Figure S2). Arabidopsis contains a second HscA/
Ssql-like protein (At5g09590), AtHscA2, and it will be interesting
to examine its connection with AtHscB and its possible role in
iron-sulfur protein biogenesis (Iigure S2).

Surprisingly, both AtHscB and AtHscAl show dual localization
where they are present in both mitochondria and the cytosol as
revealed by YFP fusion protein localization studies and immuno-
gold labeling experiment (Figure 2 and Sup. Figure 1B-E). The fact
that immunogold experiments demonstrate that endogenous
AtHscB is present in both mitochondria and the cytosol eliminates
the dual localization being due to overexpression of the transgene.
Many dual localized proteins have been shown to have a low
MitoProtll score and the AtHscB mitochondrial targeting sequence
has a low MitoProtlI value (http://ihg.gsf.de/ihg/mitoprot.html).
Based on our findings it is reasonable to suggest that AtHscB,
AtHscAl and AtlscUl may function in both mitochondria, and
through retention of AtlscU1 by AtHscB (Figure 3), in the cytosol.
The dual localization of the AtHscB/AtHscAl/AtlscU protein
cluster suggests spatial coordination of [Fe-S] biogenesis in plants
between subcellular compartments which has been suggested for
sulfur acquisition within the ISC system [42]. The fact that AtHscB
possibly retains AtlscU in the cytosol implies that AtHscB may act
as a control point for the balance of AtHscB/AtHscAl/AtlscUl-
mediated [Fe-S] biogenesis in Arabidopsis. Based on the data
presented AtlscU1 is only detected in the cytosol when AtHscB
accumulates and it will be interesting to examine cytosolic retention
of AtIscU1 during plant development and during conditions that
favor cytosolic [Fe-S] biogenesis. Progress has been made on the
biogenesis of cytosolic [Fe-S] [43] where AtNBP35 plays a key role
in this process. How AtNBP35 relates to AtHscB/AtHscAl/
AtlscUl in the cytosol remains an exciting challenge.

Based on the evolutionary conservation of AtHscB and AtHscAl it
is reasonable to assume that the interaction of AtlscU1 with AtHscAl
is regulated by AtHscB as seen in bacteria and we have shown here
that AtHscB stimulates the ATPase activity of the AtHscAl/AtlscU1
complex (Figure 4D). However, the molecular mechanism and
function of AtHscB-mediated enhancement of AtHscAl ATPase
activity is unknown but may contribute to substrate specificity.

@ PLoS ONE | www.plosone.org
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The fact that AtHscB/AtHscAl/AtlscU1 are localized to the
cytosol and mitochondria may indicate some form of crosstalk
between [Fe-S] biogenesis systems in these two spatially separated
subcellular compartments. Such crosstalk would be essential in
light of the importance of maintaining iron and sulfur homeostasis.

Iron-sulfur proteins are involved in many fundamental and diverse
biological processes dictating that the consequences of inappropriate
[Fe-S] biogenesis may have dramatic and pleotrophic effects on
plants. Indeed several reports have shown severe developmental
defects in Arabidopsis in response to inappropriate [Fe-S] biogenesis
such as embryo lethality in both AtSufE and AtSufC loss-of-function
mutants [26,27]. AtHscB mutant plants have dramatically reduced
seed set (Figure 5I) and this is in good agreement with previous
studies showing that reduced SDH activity leads to altered
gametophytic development [53]. However and somewhat surpris-
ingly, dramatically reduced levels of AtHscB also results in relatively
specific phenotypic consequences. The molecular basis for the
waxless phenotype (decreased wax crystals and conditional sterility)
of the homozygous AtHscB mutant (Figure 5E) is intriguing and links
iron-sulfur protein biogenesis to VLCFA biosynthesis in Arabidopsis.
The role of AtHscB in VLCFA biosynthesis is unclear however
VLCFA biosynthesis most probably involves [Fe-S] enzymes that are
compromised in plants lacking AtHscB. Indeed it will be interesting
to investigate VLCFA biosynthetic enzymes in terms of [Fe-S]
content. Similarly, the altered trichome structure in AtHscB mutant
plants, accompanied by the fact that A¢fscB expression occurs in
these cells (Figure 5A), suggests that [Fe-S] biogenesis is important for
this specialized process.

The intriguing phenotypic effects of AtHscB deficiency on plant
development and the unexpected dual localization of both AtHscB
and AtHscAl, highlights the complex nature of [Fe-S| biogenesis
in Arabidopsis. It further implies that although iron-sulfur protein
biogenesis represents a fundamental biological process, proteins
involved in [Fe-S] biogenesis are also highly specific in terms of
controlling defined developmental processes with seemingly
intricate regulatory circuits.

Materials and Methods

Plants and growth conditions

Wild-type Arabidopsis, transgenic Arabidopsis and the AtHscB
T-DNA insertion mutant Salk_085159 (N585159) were grown at
21°C with 16 h of light (100 pmol photons m 2 s ') per day and
60% humidity unless otherwise stated. The AtHscB T-DNA
mnsertion mutant Salk_085159 (N585159) [54] was obtained from
NASC (European Arabidopsis Stock Centre, Nottingham).

Plasmids and primers

A GFP-GUS DNA fragment was PCR amplified using primers
GFPGUS-L/GFPGUS-R (Primer sequences in this study can be
found in Table S1) and pBADG was constructed by inserting
GFP-GUS into Pacl and Sacl of pBA002a [55]. A 1041 nt
fragment, directly upstream of the AtHseB ATG was amplified
with primers P06410-AscI-L./P06410-Pacl-R, cloned into Ascl and
Pacl of pPBADG and transformed into wild-type Arabidopsis for
GUS expression analysis. AtHseB and AtlseUl were PCR amplified
using primers AtHscB-GBK-L/AtHscB-GBK-R and AtlscUl-
GBK-L/AtlscU1-GBK-R, and cloned into Ndel and BamHI of
pGBKT7 or pGADT7 (Clontech). AtHscB, AtlscUI and AtHscAl
were amplified using primers AtHscB-Xhol-L/AtHscB-Kpnl-R,
AtlscU1-Xhol-L/AtlscUl-KpnI-R ~ and  AtHscAl-Kpnl-L/
AtHscAl-Kpnl-L R, digested with Xhol/Kpnl or with Kpnl and
inserted into pWEN18, pWEN-N-YFP (YFP amino acids 1-154)
and pWEN-C-YFP (YFP amino acids 155-238). AtHscB, AtlscU1,
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and AtHscAl were PCR cloned into pET28a using primers
AtHscB-ET-L/AtHscB-ET-R AtlscU1-ET-L/AtlscUl-ET-R and
AtHscAl-ET-L/AtHscAl-ET-R. AtHscB was PCR amplified with
primers AtHscB-Xhol-L/AtHscB-Spel-R, digested with Xfol/ Spel
and cloned into pBA002 for N585159 complementation experi-
ments. Primers are shown in Table S1.

Subcellular localization and BiFC assays

pWENI18, pWEN-N-YFP (pWEN-NY) and pWEN-C-YFP
(PWEN-CY) containing AtHseB, AtlscUl and AtHscAl were
transiently expressed in tobacco cells. To test for AtHscB and
AtlscUl interactions pWEN-AtHscB-NY/pWEN-AtlscU1-CY or
pWEN-AtHscB-CY/pWEN-AtlscUI-NY were used to bombard
and transiently expressed in tobacco leaves. For stable expression
analysis, AtHseB, AtHscAl and AtlscUI tused to YFP, NY and CY,
were cloned into Ascl/ Pacl of pPBA002 and pER 10 and transformed
into Arabidopsis [56]. All fluorescence analysis was performed on a
Nikon TE-2000U inverted microscope (Nikon, Japan) and Volocity
II software (Improvision, UK). For electron microscopy/immuno-
gold analysis standard protocols were followed using a JEOL 1220
(Electron Microscopy Laboratory, University of Leicester, UK) and
17 images analyzed. Pre-immune serum was used as a control. An
AtHscB polyclonal antibody was generated following standard
protocols as instructed by Harlan Laboratories.

Yeast Transformation

pGBKT7 and pGADT7 containing AtHscB and AtlscUI and
control vector controls were transformed into HF7c and tested for
His auxotrophy restoration following the Matchmaker two-hybrid
system III manual (Clontech).

For Ajacl complementation, Ajacl-pRS316-Jacl was trans-
formed with pGBK'T7-AtHscB or pPGADT7-AtHscB and screened
on SD/-Trp (minus L-trypothan) or SD/-Leu (minus L-leucine).
Clolonies were streaked onto 5-FOA media (YPD media, 1.0 mg/
ml 5-Fluoroorotic Acid, 0.05 mg/ml uracil) to screen for
complementation. Isolated colonies were verified by RT-PCR
using primers Jacl-L/R and AtHscB-L/R.

For Assgl complementation, Assg/ was transformed with
pGBKT7-AtHscAl and positive transformants screened on
SD/-Trp. Overnight cultures were spotted onto YPD or HyOq
plates (YPD, 4 mM Hy0O,) and incubated at 34°C for 4 days.

Protein expression and purification

pET28a containing AtHscB, AtlscUl and AtHscAl were trans-
formed into E. coli Rosetta(DE3)pLysS (Novagen) and expression
performed for 20 h in auto-induction ZYM-5052 media [57].
Cells were disrupted in 50 mM Tris—-HCI (pH 8.0), 25% sucrose,
5 mM l\lggb, 100 mM NaCl, 1% Triton X-100 and 10 uM/ml
Benzonase Nuclease (Novagen) and the proteins purified using
TALON affinity resin (BD Biosciences). Purity was assessed by
SDS-PAGE analysis.

Enzyme assays. ATPase assays were performed as described
previously [25,26]. Each reaction mixture contained 50 mM
Tris-HCI (pH 7.4), 50 mM NaCl, 0.1 mM EDTA, 1.5 mM
dithiothreitol, 10 mM KCIL. Each assay was performed using
2 uM purified protein and 0.1 uCi/ul [y-**P] ATP (1 Ci=37
GBq) (specific activity 10 mCi/mmol). All reactions were
terminated using 1 ul of 1 M formic acid. Samples were applied
to TLC plates (Macherey and Nagel), developed in 0.5 M LiCl
and 0.5 M formic acid buffer, and visualized by autoradiography.
The hydrolyzed ATP was quantified using phosphorimager.

Aconitase and succinate dehydrogenase (SDH) assays were
performed following Stehling ez a/ [58]. Aconitase assay: A sample
cuvette containing 950 pl aconitase buffer (100 mM Trienthano-
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lamine pH 8.0, 1.5 mM MgCl,, 0.1% Triton X-100), 200 uM czs-
aconitate, 1.3 mM NADP+, 400 pU IDH (isocitrate dehydroge-
nase), and a reference cuvette lacking cis-aconitate and IDH was
prepared. To each cuvette, protein extraction (=40 pg protein)
was added and absorption increase at 340 nm in a double-beam
spectrophotometer was measured (€340,m = 6220 M™! Cmfl),
SDH assay: Two cuvettes containing 950 ul SDH buffer
(50 mM Tris-H,SO, pH 7.4, 0.1 mM EDTA, 1 mM KCN,
0.1% Triton X-100), 0.25% succinate, 70 pM dichlorophenol-
indophenol, and 60 pM decylubiquinone were prepared. 0.25%
malonate was added to the reference cuvette and the assay was
initated by adding cell suspension (=40 pg protein) to the second
cuvette. The absorption decrease was measured at 600 nm in a
double-beam spectrometer (€goonm = 21,000 M~ !em” 1).

Supporting Information

Table S1 Primers used in this study
Found at: doi1:10.1371/journal.pone.0007662.s001
DOC)

Figure S1 A. Amino acid sequence alignment of AtHscB with
HscB of E.coli and Jacl of yeast. Accession number of HscB is
NP_417022 and Jacl NP_011497. Filled arrow indicates the
possible cleavage site of the signal peptide. * underlines the
important motif conserved for all the three proteins. B. Stable
expression of AtHscB-YFP in Arabidopsis. C. Stable expression of
AtHscAl-YFP in Arabidopsis. D. Western blot showing the
specificity of the AtHscB antibody. Lane a) represents wild-type E.
coli cell extract, lane b) represents cell extract from E. coli
expressing AtHscB and lane c) represents total cell extract from
wild-type Arabidopsis. The slight size increase in lane b) is due to
the presence of a 6xHis affinity tag on the protein. E. Immunogold
labelling using pre-immune serum. F. Western blot to check the
AtHscB expression in AtHscB-CY (C terminal of EYFP)/AtlscU-
NY (N terminal of EYFP) double transformed plants. WT. wild
type plants. OX-1 and OX-2 are two double transformed plants.
The upper panel used anti-AtHscB. The lower panel is a loading
control stained with coomassie.

Found at: doi:10.1371/journal.pone.0007662.s002 (9.04 MB TTF)

(0.04 MB

Figure 82 Amino acid sequence alignment of HscA-like proteins.
Accession number: HscA of Ecoli, NP_417021; Ssql of yeast,
NP_013473; At4g37910 (AtHscAl), NP_195504; At5g09590
(AtHscA2), NP_196521.

Found at: doi:10.1371/journal.pone.0007662.s003 (4.85 MB TTF)

Figure 83 A. Conditional sterile phenotype of N585159. Mut
(humid): mutant grown under humid condition; Mut: mutant
grown under normal condition; Wild-type plant as positive
control. Inserted icon: Siliques of WT (wild-type), Mut(h) (mutant
plants grown under humid condition) and Mut (mutant plants
grown under normal condition). B. SEM of N585159 C. SEM of
N585159 complemented with AtHscB.

Found at: doi:10.1371/journal.pone.0007662.s004 (5.79 MB TTF)

Acknowledgments

We are grateful to Professor Craig from University of Wisconsin and
Professor Roland Lill from Marburg for providing yeast mutants Ajac/ and
Assql. We are also grateful to The University of Leicester for performing
electron microscopy.

Author Contributions

Conceived and designed the experiments: XMX SGM. Performed the
experiments: XMX HL ML. Analyzed the data: XMX HL ML SGM.
Wrote the paper: XMX SGM.

October 2009 | Volume 4 | Issue 10 | 7662



References

1.

2.

26.

27.

28.

29.

30.

31.

32.

Beinert H, Holm RH, Munck E (1997) Iron-sulfur clusters: nature’s modular,
multipurpose structures. Science 277: 653-659.

Ayala-Castro C, Saini A, Outten FW (2008) Fe-S cluster assembly pathways in
bacteria. Microbiol Mol Biol Rev 72: 110125, table of contents.

. Bandyopadhyay S, Chandramouli K, Johnson MK (2008) Iron-sulfur cluster

biosynthesis. Biochem Soc Trans 36: 1112-1119.

. Barras F, Loiseau L, Py B (2005) How Escherichia coli and Saccharomyces

cerevisiae build Fe/S proteins. Adv Microb Physiol 50: 41-101.

. Craig EA, Marszalek J (2002) A specialized mitochondrial molecular chaperone

system: a role in formation of Fe/S centers. Cell Mol Life Sci 59: 1658-1665.

. Fontecave M, Choudens SO, Py B, Barras I (2005) Mechanisms of iron-sulfur

cluster assembly: the SUF machinery. J Biol Inorg Chem 10: 713-721.

. Fontecave M, Ollagnier-de-Choudens S (2008) Iron-sulfur cluster biosynthesis in

bacteria: Mechanisms of cluster assembly and transfer. Arch Biochem Biophys
474: 226-237.

. Frazzon J, Dean DR (2003) Formation of iron-sulfur clusters in bacteria: an

emerging field in bioinorganic chemistry. Curr Opin Chem Biol 7: 166-173.

. Frazzon J, Fick JR, Dean DR (2002) Biosynthesis of iron-sulphur clusters is a

complex and highly conserved process. Biochem Soc Trans 30: 680-685.

. Johnson DC, Dean DR, Smith AD, Johnson MK (2005) Structure, function, and

formation of biological iron-sulfur clusters. Annu Rev Biochem 74: 247-281.

. Lill R, Muhlenhoft U (2005) Iron-sulfur-protein biogenesis in eukaryotes. Trends

Biochem Sci 30: 133-141.

. Lill R, Muhlenhoff U (2006) Iron-sulfur protein biogenesis in cukaryotes:

components and mechanisms. Annu Rev Cell Dev Biol 22: 457-486.

. Lill R, Muhlenhoff U (2008) Maturation of iron-sulfur proteins in eukaryotes:

mechanisms, connected processes, and diseases. Annu Rev Biochem 77: 669-700.

. Rouault TA, Tong WH (2005) Iron-sulphur cluster biogenesis and mitochon-

drial iron homeostasis. Nat Rev Mol Cell Biol 6: 345-351.

. Rouault TA, Tong WH (2008) Iron-sulfur cluster biogenesis and human disease.

Trends Genet 24: 398—407.

. Balk J, Lobreaux S (2005) Biogenesis of iron-sulfur proteins in plants. Trends

Plant Sci 10: 324-331.

. Merchant S, Dreyfuss BW (1998) Posttranslational Assembly of Photosynthetic

Metalloproteins. Annu Rev Plant Physiol Plant Mol Biol 49: 25-51.

. Kessler D, Papenbrock J (2005) Iron-sulfur cluster biosynthesis in photosynthetic

organisms. Photosynth Res 86: 391-407.

. Pilon M, Abdel-Ghany SE, Van Hoewyk D, Ye H, Pilon-Smits EA (2006) Biogenesis

of iron-sulfur cluster proteins in plastids. Genet Eng (N'Y) 27: 101-117.

. Ye H, Pilon M, Pilon-Smits EA (2006) CpNifS-dependent iron-sulfur cluster

biogenesis in chloroplasts. New Phytol 171: 285-292.

. Abdel-Ghany SE, Ye H, Garifullina GF, Zhang L, Pilon-Smits EA, et al. (2005)

Iron-sulfur cluster biogenesis in chloroplasts. Involvement of the scaffold protein
CplscA. Plant Physiol 138: 161-172.

. Hjorth E, Hadfi K, Zauner S, Maier UG (2005) Unique genetic compartmen-

talization of the SUF system in cryptophytes and characterization of a SufD
mutant in Arabidopsis thaliana. FEBS Lett 579: 1129-1135.

. Leon S, Touraine B, Briat JF, Lobreaux S (2002) The AtNFS2 gene from

Arabidopsis thaliana encodes a NifS-like plastidial cysteine desulphurase.
Biochem J 366: 557-564.

. Pilon-Smits EA, Garifullina GF, Abdel-Ghany S, Kato S, Mihara H, et al. (2002)

Characterization of a NifS-like chloroplast protein from Arabidopsis. Implica-
tions for its role in sulfur and selenium metabolism. Plant Physiol 130:
1309-1318.

. Xu XM, Adams S, Chua NH, Moller SG (2005) AtNAPI represents an atypical

SufB protein in Arabidopsis plastids. J Biol Chem 280: 6648-6654.

Xu XM, Moller SG (2004) A(NAP7 is a plastidic SufC-like ATP-binding
cassette/ATPase essential for Arabidopsis embryogenesis. Proc Natl Acad
Sci U S A 101: 9143-9148.

Xu XM, Moller SG (2006) AtSufE is an essential activator of plastidic and
mitochondrial desulfurases in Arabidopsis. EMBO J 25: 900-909.

Ye H, Abdel-Ghany SE, Anderson TD, Pilon-Smits EA, Pilon M (2006) CpSufE
activates the cysteine desulfurase CpNifS for chloroplastic Fe-S cluster
formation. J Biol Chem 281: 8958-8969.

Ye H, Garifullina GF, Abdel-Ghany SE, Zhang L, Pilon-Smits EA, et al. (2005)
The chloroplast NifS-like protein of Arabidopsis thaliana is required for iron-
sulfur cluster formation in ferredoxin. Planta 220: 602-608.

Yabe T, Nakai M (2006) Arabidopsis AtlscA-I is affected by deficiency of Fe-S cluster
biosynthetic scaffold AtCnfU-V. Biochem Biophys Res Commun 340: 1047-1052.
Leon S, Touraine B, Ribot C, Briat JF, Lobreaux S (2003) Iron-sulphur cluster
assembly in plants: distinct NFU proteins in mitochondria and plastids from
Arabidopsis thaliana. Biochem J 371: 823-830.

Touraine B, Boutin JP, Marion-Poll A, Briat JF, Peltier G, et al. (2004) Nfu2: a
scaffold protein required for [4Fe-4S] and ferredoxin iron-sulphur cluster
assembly in Arabidopsis chloroplasts. Plant J 40: 101-111.

@ PLoS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

56.

57.

58.

Iron Sulfur Biogenesis

. Yabe T, Morimoto K, Kikuchi S, Nishio K, Terashima I, et al. (2004) The

Arabidopsis chloroplastic NifU-like protein CnfU, which can act as an iron-
sulfur cluster scaffold protein, is required for biogenesis of ferredoxin and
photosystem I. Plant Cell 16: 993-1007.

. Yabe T, Yamashita E, Kikuchi A, Morimoto K, Nakagawa A, et al. (2008)

Structural analysis of Arabidopsis CnfU protein: an iron-sulfur cluster
biosynthetic scaffold in chloroplasts. J Mol Biol 381: 160-173.

. Lezhneva L, Amann K, Meurer J (2004) The universally conserved HCF101

protein is involved in assembly of [4Fe-4S]-cluster-containing complexes in
Arabidopsis thaliana chloroplasts. Plant J 37: 174-185.

Amann K, Lezhneva L, Wanner G, Herrmann RG, Meurer J (2004)
ACCUMULATION OF PHOTOSYSTEM ONEI, a member of a novel gene
family, is required for accumulation of [4Fe-48] cluster-containing chloroplast
complexes and antenna proteins. Plant Cell 16: 3084-3097.

Bandyopadhyay S, Gama F, Molina-Navarro MM, Gualberto JM, Claxton R, et
al. (2008) Chloroplast monothiol glutaredoxins as scaffold proteins for the
assembly and delivery of [2Fe-2S] clusters. Embo J 27: 1122-1133.

M NM, Ollagnier-de-Choudens S, Sanakis Y, Abdel-Ghany SE, Rousset C, et
al. (2007) Characterization of Arabidopsis thaliana SufE2 and SufE3: functions
in chloroplast iron-sulfur cluster assembly and Nad synthesis. J Biol Chem 282:
18254-18264.

Kushnir S, Babiychuk E, Storozhenko S, Davey MW, Papenbrock J, et al. (2001)
A mutation of the mitochondrial ABC transporter Stal leads to dwarfism and
chlorosis in the Arabidopsis mutant starik. Plant Cell 13: 89-100.

Frazzon AP, Ramirez MV, Warek U, Balk J, Frazzon J, et al. (2007) Functional
analysis of Arabidopsis genes involved in mitochondrial iron-sulfur cluster
assembly. Plant Mol Biol 64: 225-240.

Leon S, Touraine B, Briat JF, Lobreaux S (2005) Mitochondrial localization of
Arabidopsis thaliana Isu Fe-S scaffold proteins. FEBS Lett 579: 1930-1934.
Xu XM, Moller SG (2008) Iron-sulfur cluster biogenesis systems and their
crosstalk. Chembiochem 9: 2355-2362.

Bych K, Netz DJ, Vigani G, Bill E, Lill R, et al. (2008) The essential cytosolic
iron-sulfur protein Nbp35 acts without Cfd1l partner in the green lineage. J Biol
Chem 283: 35797-35804.

Vickery LE, Cupp-Vickery JR (2007) Molecular chaperones HscA/Ssql and
HscB/Jacl and their roles in iron-sulfur protein maturation. Crit Rev Biochem
Mol Biol 42: 95-111.

. Voisine C, Cheng YC, Ohlson M, Schilke B, Hoff K, et al. (2001) Jacl, a

mitochondrial J-type chaperone, is involved in the biogenesis of Fe/S clusters in
Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 98: 1483-1488.
Emanuelsson O, Nielsen H, Brunak S, von Heijne G (2000) Predicting
subcellular localization of proteins based on their N-terminal amino acid
sequence. J] Mol Biol 300: 1005-1016.

Nielsen H, Engelbrecht J, Brunak S, von Heijne G (1997) A neural network
method for identification of prokaryotic and eukaryotic signal peptides and
prediction of their cleavage sites. Int J Neural Syst 8: 581-599.

Mubhlenhoff U, Gerber J, Richhardt N, Lill R (2003) Components involved in
assembly and dislocation of iron-sulfur clusters on the scaffold protein Isulp.
EMBO J 22: 4815-4825.

Silberg JJ, Vickery LE (2000) Kinetic characterization of the ATPase cycle of the
molecular chaperone Hsc66 from Escherichia coli. J Biol Chem 275:
7779-7786.

. Tsugama D, Liu S, Takano T (2009) Stage- and tissue-specific expression of rice

Oslsul gene encoding a scaffold protein for mitochondrial iron-sulfur-cluster
biogenesis. Biotechnol Lett.

. Dutkiewicz R, Schilke B, Knieszner H, Walter W, Craig EA, et al. (2003) Ssql, a

mitochondrial Hsp70 involved in iron-sulfur (Fe/S) center biogenesis. Similar-
ities to and differences from its bacterial counterpart. J Biol Chem 278:
29719-29727.

. Millar AA, Clemens S, Zachgo S, Giblin EM, Taylor DC, et al. (1999) CUT1, an

Arabidopsis gene required for cuticular wax biosynthesis and pollen fertility,
encodes a very-long-chain fatty acid condensing enzyme. Plant Cell 11: 825-838.

. Leon G, Holuigue L, Jordana X (2007) Mitochondrial complex II is essential for

gamytophyte development in Arabidopsis. Plant Phys 143: 1534-1546.

. Alonso JM, Stepanova AN, Leisse T], Kim CJ, Chen H, et al. (2003) Genome-

wide insertional mutagenesis of Arabidopsis thaliana. Science 301: 653-657.

. Kost B, Spielhofer P, Chua NH (1998) A GFP-mouse talin fusion protein labels

plant actin filaments in vivo and visualizes the actin cytoskeleton in growing
pollen tubes. Plant J 16: 393-401.

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J 16: 735-743.

Studier FW (2005) Protein production by auto-induction in high density shaking
cultures. Protein Expr Purif 41: 207-234.

Stehling O, Smith PM, Biederbick A, Balk J, Lill R, et al. (2007) Investigation of
iron-sulfur protein maturation in eukaryotes. Methods Mol Biol 372: 325-342.

October 2009 | Volume 4 | Issue 10 | 7662



