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The mitochondrial protein frataxin is essential for heme
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Frataxin, a conserved mitochondrial protein implicated in cellular iron
homeostasis, has been involved as the iron chaperone that delivers iron for
the Fe-S cluster and heme biosynthesis. However, its role in iron metabo-
lism remains unclear, especially in photosynthetic organisms. In previous
work, we found that frataxin deficiency in Arabidopsis results in decreased
activity of the mitochondrial Fe-S proteins aconitase and succinate dehy-
drogenase, despite the increased expression of the respective genes, indicat-
ing an important role for Arabidopsis thaliana frataxin homolog (AtFH).
In this work, we explore the hypothesis that AtFH can participate in heme
formation in plants. For this purpose, we used two Arabidopsis lines, atfh-1
and as-AtFH, with deficiency in the expression of AtFH. Both lines present
alteration in several transcripts from the heme biosynthetic route with a
decrease in total heme content and a deficiency in catalase activity that was
rescued with the addition of exogenous hemin. Our data substantiate the
hypothesis that AtFH, apart from its role in protecting bioavailable iron
within mitochondria and the biogenesis of Fe-S groups, also plays a role
in the biosynthesis of heme groups in plants.

Introduction

Frataxin, a mitochondrial protein encoded by the
nuclear genome, plays an essential role in mitochondria
biogenesis and is required for cellular iron homeostasis
regulation in different organisms [1-3]. Frataxin defi-
ciency in humans causes the cardio- and neurodegenera-
tive disease Friedreich’s ataxia, causing progressive
mitochondrial iron accumulation, severe disruption of
Fe-S cluster biosynthesis and increased oxidative stress
[4-8]. This protein is highly conserved from bacteria to
mammals and plants without major structural changes,
suggesting that frataxin could play an analogous role in
all these organisms. The frataxin (YFH ) null mutant of
Saccharomyces cerevisae displays a mitochondrial dys-

Abbreviations

function phenotype characterized by a decrease in respi-
ration rate [4,9] and an increase in mitochondrial iron
content inducing hypersensitivity to oxidative stress [10].
In addition, it has also been reported that YFH1 binds
to the central iron sulfur cluster (ISC) assembly com-
plex, suggesting an important function in early steps of
Fe-S protein biogenesis [11]. Thus, it has been postu-
lated that this protein is involved in cellular respiration,
iron homeostasis and Fe-S cluster biogenesis [5,12—14].
Previously, we cloned and characterized the Arabid-
opsis thaliana frataxin homolog (AtFH) [15-18]. The
functionality of AtFH was assessed by complementa-
tion of a yeast frataxin null mutant, suggesting that

ALA, 5-aminolevulinic acid; AtFH, Arabidopsis thaliana frataxin homolog; FC, ferrochelatase.
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AtFH was involved in plant mitochondrial respiration
and stress responses [16]. Consistent with this hypothe-
sis, AtFH-deficient plants presented a retarded growth,
increased production of reactive oxygen species and the
induction of oxidative stress markers, characteristic of
an oxidative stress state. Interestingly, we also found
an induction of aconitase and succinate dehydrogenase
subunit (SDH2-1) transcripts, coding for two mito-
chondrial Fe-S-containing proteins. The fact that the
activities of both enzymes were reduced in cell extracts
indicates that AtFH also participates in Fe-S cluster
assembly or their insertion of Fe—S moiety into apopro-
teins [15]. Consistent with the critical role of AtFH in
cell physiology is the observation that homozygous null
mutants result in a lethal phenotype [15,19].

Studies in yeast lacking frataxin showed that mito-
chondrial iron is unavailable for heme synthesis, sug-
gesting that frataxin could have a role as a
mitochondrial iron donor involved in heme metabolism
[20-22]. Indeed, it has also been reported that human
frataxin interacts with ferrochelatase (FC), the enzyme
involved in iron assembly to protoporphyrin IX [21,23].
Moreover, Yoon & Cowan [24] demonstrated that fra-
taxin serves as a potential donor to FC for insertion of
iron into the protoporphyrin ring during heme synthe-
sis. Knocking down the expression of frataxin in
human cells revealed significant defects in the activity
of several Fe-S-containing proteins, a reduction of
heme a and concomitantly the cytochrome oxidase
activity, suggesting an important role of frataxin in the
biogenesis of heme-containing proteins [25].

Although the participation of frataxin in delivering
iron to heme synthesis is frequently mentioned in the lit-
erature, scarce direct evidence exists on the role of this
protein in the biogenesis of heme-containing proteins in
plants. To gain insight into this process, we decided to
study the role of frataxin using the enzyme catalase as a
model. Catalase (H,O, oxidoreductase, EC 1.11.1.6) is a
hemeprotein involved in the dismutation of H,O, to
water and oxygen. Together with superoxide dismutases
and hydroperoxidases, catalase is involved in a defense
system for the scavenging of superoxide radicals and
hydroperoxides [26]. In Arabidopsis, three genes named
CATI, CAT2 and CAT3 encoding different catalase
subunits have been described [27]. Here we present
evidence that AtFH deficiency results in alteration of
mRNAs of heme pathway genes, and a deficiency in
heme content and catalase activity.

Results

It has been proposed that frataxin could be involved
in the regulation of iron availability within cells [5,28].

Frataxin in heme synthesis in plants

As this could have consequences on the biogenesis of
cellular Fe-S clusters and the heme groups, we decided
to investigate the effect of AtFH deficiency on heme
content and the activity of hemeproteins in Arabidopsis
plants.

Construction of the antisense as-AtFH line and
phenotypic characterization

The Arabidopsis knockdown mutant (atfh-1, SALK _
021263), deficient in frataxin expression [15], and a
frataxin-deficient transgenic antisense line (as-AtFH)
constructed by transformation with pCAMBIA1302
[29] (Fig. 1A) were used. Transcription analysis of
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Fig. 1. (A) Scheme of the as-AtFH construct used to generate
transgenic plants expressing an AtFH fragment (564 bp) in anti-
sense orientation. as-AtFH is under the control of cauliflower
mosaic virus 35S (CaM\V35S) promoter from pDH51 vector subcl-
oned at the EcoRl site from pCAMBIA 1302. MCS, multiple cloning
site; t-CAMV35S, 35S terminator; NPTIl, kanamycin resistance
gene. (B) gRT-PCR analysis of AtFH expression in leaves (L) or
flowers (F) from wild-type (wt), atfh-7 and as-AtFH lines. The aster-
isk signals a statistically different result from the control value
(P < 0.05). Bars represent mean values (error + standard deviation)
of three independent experiments. Relative AtFH expression levels
are shown as fold change values with respect to f-actin mRNA lev-
els. (C) Western-blot detection of AtFH protein in wild-type (wt),
atfh-1 and as-AtFH lines in leaves (left panel) or flowers (right
panel) using serum anti-recombinant AtFH.
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mutants by qRT-PCR analysis showed that AtFH
mRNA levels were decreased in leaves and flowers of
both atfh-1 and as-AtFH lines (Fig. 1B). In addition,
AtFH protein levels determined by western blot using
specific antibodies showed a decrease of ~50-70% in
atfh-1 and as-AtFH lines, respectively (Fig. 1C).

Using the growth conditions described in the experi-
mental section, the as-ArFH line showed retarded
growth (as also described for the atfh-1 line [15]) at
different developmental stages compared with wild-
type plants (Fig. 2). Moreover, as we reported previ-
ously for the atfh-1 line, we did not observe significant
differences in the morphology of as-AtFH roots, leaves
or flowers, but a decrease of ~35% of fruit fresh
weight, alteration in silique length and a reduced num-
ber of viable seeds (28 + 6 seeds per silique) compared
with 47 £ 5 seeds per silique found in the wild-type
(Fig. 2D).

Decrease in heme content in AtFH-deficient
plants

The heme content in rosette leaves was reduced to ~34
and 41% in atfh-1 and as-AtFH plants, respectively,
whereas in flower tissues the levels fell to 25% in both
transgenic lines (Fig. 3). These results indicate that
AtFH-deficient plants have altered heme content,
agreeing with the proposed hypothesis. Thus, the fra-
taxin-deficient plants constitute a good model to study
the biogenesis of cellular hemeproteins.

Alteration of heme pathway transcripts in plants
with AtFH deficiency

To better understand the effect of AtFH deficiency on
heme biosynthesis, we evaluated the mRNA levels of
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several transcripts coding for enzymes playing a role in
the heme metabolic pathway (see Fig. S1).

First, we investigated the expression levels of
HEMAI (At1g58290) and HEMA2 (At1g09940), two
genes coding for glutamyl-tRNA reductase proteins
that catalyze the production of S5-aminolevulinic acid
(ALA). We found that HEMAI is downregulated in
leaves without significant changes in flowers, whereas
HEMA?2 is downregulated in both tissues (Fig. 4A).
The levels of GSAI (At5g63570) and GSA2
(At3g48730), two glutamate-1-semialdehyde aminomu-
tase genes involved in the conversion of glutamate-
I-semialdehyde into S-aminolevulinate were also
determined. GSA! and GSA2 mRNA levels were
reduced ~50% in leaves from AtFH-deficient lines,
compared with wild-type plants. By contrast, in flow-
ers, transcript levels of GSA/ and GSA2 presented an
augment of two- and three-fold compared with the
values found in wild-type plants (Fig. 4B).

We also evaluated the transcription levels of two
porphobilinogen synthase genes, HEMBI (Atlg69740)
and HEMB?2 (At1g44318). A decrease in HEMBI and
HEMB?2 transcript levels was found in leaves, whereas
no change in HEMBI transcript levels was found in
flowers (Fig. 4C). By contrast, a three- and eight-fold
induction in HEM B2 mRNA levels was found in flow-
ers of atfh-1 and as-AtFH lines, respectively (Fig. 4C).
Furthermore, coproporfirinogen oxidase (HEMF2,
At4g03205) mRNA levels in leaves showed a 50 and
70% decrease in atfh-1 and as-AtFH lines, compared
with wild-type, whereas no significant changes in their
amount were observed in flowers of these lines
(Fig. 4D).

Finally, we analyzed the expression of two FC
genes, AtFC-1 (At5g26030) and A:FC-2 (At2g30390).
AtFC-1 has been found to be expressed in all plant

as-AtFH

Fig. 2. Phenotype comparison of wild-type
(wt), atfh-1 and as-AtFH plants at different
stages of development: 14-day-old (A); 21-
day-old (B) and 40-day-old (C) growth plants.
(D) Morphology of siliques (8-10 days post
anthesis) from wild-type (wt), atfh-1 and
as-AtFH lines.
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Fig. 3. Noncovalently bound heme quantification in leaves (L, white
bars) or flowers (F, black bars) from wild-type (wt), atfh-1 and as-
AtFH lines. The asterisk signals a statistically different result from
the control value (P < 0.05). Values are the mean + standard devia-
tion of four independent replicates.

tissues and mainly in flowers and roots with an
enhanced expression under oxidative stress conditions
or tissue damage [30]. A¢FC-2 is expressed in all plant
tissues, except in roots. An induction of ~1.5-2-fold in
AtFC-1 levels was found in AtFH-deficient leaves by
QPCR analysis (Fig. 4E). By contrast, no significant
changes in ArFC-I mRNA and a slight decrease in
AtFC-2 mRNA levels were detected in flowers (Fig. 4E).
In agreement with these results, AtFC activity in leaves
showed an increase of ~15% in AtFH-deficient plants,
whereas no significant changes were observed in flowers
(not shown). These data suggest that AtFH deficiency
has a minor effect on AtFC activity.

AtFH deficiency affects catalase activity but not
their mRNA or protein levels

To assess the impact of AtFH deficiency on the activity
of heme-containing proteins, we decided to investigate
the catalase enzymes that catalyze the dismutation of
H,0, to H,O and O,. In plants, H,O, is removed essen-
tially by three enzymes: catalase, ascorbate peroxidase
and glutathione peroxidase [31]. Catalases do not con-
sume reducing power and have a very high reaction
rate, whereas ascorbate peroxidase and glutathione per-
oxidase require a source of reductant, ascorbate or glu-
tathione. Therefore, although plants contain different
H,0, metabolizing enzymes, catalases are highly active
enzymes in the absence of reductants as they primarily
catalyze a dismutase reaction [32]. H,O, consumption
was measured in the absence of other reductants and

Frataxin in heme synthesis in plants

using a protocol previously reported for the determina-
tion of catalase activity in plants (see Materials and
Methods section). Under this condition, the activity
detected can be attributed mainly to catalases.

Total catalase activity was determined in leaves and
flowers from AtFH-deficient lines. In both lines, a
decrease of ~20% in catalase activity was found in
leaves (Fig. 5A), whereas a reduced activity of 15 and
40% was observed in flowers from atfh-1 and as-AtFH
lines, respectively.

In Arabidopsis, three genes coding for catalase,
CATI1 (At1g20630), CAT2 (At4g35090) and CAT3
(At1g20620), have been described. CAT2, located in
peroxisomes/glyoxisomes and cytosol, is the major
isoform in leaves, whereas CAT1 (located mainly in
cytosol and peroxisomes) and CAT3 (located in mito-
chondria) are less abundant [27]. Interestingly, the
mRNA levels of the genes encoding the three catalase
isoforms show no significant differences when com-
pared with wild-type plants (Fig. 5B). Western blot
analysis of leaf and flower extracts revealed with anti-
catalase IgG showed no significant differences between
AtFH-deficient and wild-type plants (Fig. 5C). These
results indicate that AtFH deficiency does not affect
catalase expression, but has an impact on the catalytic
activity in leaves and flowers.

Hemin rescues catalase activity in cell suspension
cultures and isolated mitochondria

To examine if the decrease in catalase activity results
from a heme deficiency, we determined the enzymatic
activity in atfh-1 and as-AtFH cell suspension cultures
using different concentrations of ALA, protoporphyrin
IX and hemin. It has been reported that hemin itself
has a catalase-like activity [33]. Therefore, we carried
out the assay of catalase activity in wild-type cells
without additions or in the presence of 1-10 pm hemin.
Under the conditions described above, the activity of
hemin does not have a significant contribution to the
total catalase activity (Fig. 6A). In agreement with the
data shown in Fig. SA, we also observed a decrease in
catalase activity in Arabidopsis cells. On the other
hand, an almost complete restoration of catalase activ-
ity was observed in both AtFH-deficient lines after
incubation with 5 and 10 um hemin (Fig. 6A), whereas
no changes were found in the presence of protopor-
phyrin IX or ALA (Fig. 6B, C). It should be noted
that no significant differences in AtFH mRNA levels
were detected after incubation with hemin, protopor-
phyrin IX or ALA (not shown).

The effect of hemin, protoporphyrin IX and ALA
treatment on catalase activity in isolated mitochondria
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from atfh-1 and as-AtFH plants was studied. A
decrease of 40 and 51% of catalase activity was found
in AtFH-deficient mitochondria. The activity was
almost completely restored after incubation of the
organelle suspension with 10 uM hemin (Fig. 6D). By
contrast, no significant changes in catalase activity
were observed in the presence of protoporphyrin IX or
ALA in atfh-1 and as-AtFH lines.

In addition, the catalase activity was not affected
when isolated mitochondria were incubated with pro-
toporphyrin IX in the presence of 1 or 5 um Fe(Il) in
citrate-buffered solutions (see Fig. S2). Moreover, the

shown as fold change values with respect
to f-actin mRNA levels.

levels of FC activity measured in isolated mitochondria
extracts were close to the background value (not
shown). These results agree with those previously
reported on the possibility that ferrous ions can be
inserted nonenzymatically into phorphyrin in the pres-
ence of reductants or fatty acids, but this reaction does
not occur in vivo [34].

Discussion

The understanding of the role of frataxin in iron
homeostasis in plants becomes highly relevant because
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Fig. 5. (A) Enzymatic activity of catalase from wild-type (wt), atfh-1
and as-AtFH lines analyzed in rosette leaves (L) or flower extracts
(F, stage 12). (B) qRT-PCR analysis of catalase genes in leaves (L)
and flowers (F) from wild-type, atfh-1 and as-AtFH lines (CATIT,
At1g20630; CAT2, At4g35090 and CAT3, At1g20620): wild-type
(white bars), atfh-1 (grey bars), as-AtFH (black bars). Columns rep-
resent mean values (error bars + standard deviation) of three inde-
pendent experiments. Relative expression levels are shown as fold
change values with respect to f-actin mRNA levels. (C) Western
blot analysis of catalase protein from leaves (L) or flower (F)
extracts from wild-type (wt), atfh-1 and as-AtFH lines using specific
anti-catalase IgG.

of its association with Fe-S clusters and heme groups,
the two main iron-containing prosthetic groups that
participate in the catalysis of numerous biochemical
reactions. However, the connection between both path-
ways, as well as the role of frataxin in iron metabo-
lism, remain unclear, especially in photosynthetic
organisms. Iron as a cofactor is involved in many cel-
lular processes: (a) biogenesis of Fe-S proteins accom-
plished by the Fe-S cluster machinery located in the
mitochondrial matrix [35] and (b) biogenesis of heme
groups and hemeproteins. The respiratory complexes

Frataxin in heme synthesis in plants
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Fig. 6. (A) Determination of total catalase activity in homogenates
obtained from cell culture extracts from wild-type (wt), atfh-1 and
as-AtFH lines in the absence (white bars) or in the presence of dif-
ferent concentrations of hemin: 0.5 um (light grey bars); 5 um (dark
grey bars) or 10 pm (black bars). (B, C) Determination of catalase
activity in homogenates obtained from cell culture extracts from
wild-type (wt), atfh-1 and as-AtFH lines in the absence (white bars)
or in the presence of different concentrations of protoporphyrin IX
(B) or ALA (C): 0.5 um (light grey bars); 5 um (dark grey bars) or
10 um (black bars). (D) Total catalase activity determined in mito-
chondrial suspensions from wild-type (wt), atfh-1 and as-AtFH lines
without additions (white bars) or in the presence of 10 um protopor-
phyrin IX (light grey bars), ALA (dark grey bars) or 10 um hemin
(black bars). The asterisk indicates values statistically different from
the control (P < 0.05). Columns represent mean values (error
bars + standard deviation) of three independent experiments.

of the mitochondrial inner membrane involved in ener-
getic metabolism, aconitase and many other proteins
with different subcellular locations require Fe-S clus-
ters for activity [2,36]. On the other hand, cytochromes
and catalases require the presence of heme as a cofac-
tor for function [37,38].

Yeast cells lacking frataxin, YFH, are deficient in iron
use by FC and show low cytochrome content, suggest-
ing that the iron used in heme synthesis is under the
control of YFH [21]. Furthermore, yeast mutants with
deficiencies in the mitochondrial Fe-S cluster assembly
machinery display reduced levels of heme-containing
proteins such as cytochromes and cytochrome ¢ oxidase,
suggesting a deficiency in the heme pathway [39].
In addition, Zhang et al. [40,41] reported that YFH and
two mitochondrial carrier proteins, MRS3 and MRS4
implicated in iron homeostasis, have a cooperative
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function in providing iron for heme and Fe-S synthesis
in yeasts. Thus, it was proposed that frataxin could
have a role in the modulation of iron availability
within mitochondria for Fe-S and heme group synthe-
sis and frataxin deficiency might have an impact in
Fe-S and heme-containing protein biogenesis.

On the other hand, it has been reported that frataxin
interacts with FC and mediates iron delivery in the final
step of heme synthesis in human mitochondria [24].
However, there is no strong evidence for the presence
of FC in plant mitochondria. Cornah ez al. [30] and
Masuda et al. [42] reported that most FC activity was
associated with plastids. Lister et al. [43] found that
either of the two FC isoforms from A. thaliana were
imported into chloroplasts in vitro. Masuda et al. [42]
found that GFP-fusion proteins with either of two iso-
forms of FC from cucumber were targeted to plastids,
but not to mitochondria. Indeed, the specific antibodies
against either of the two isoforms of FC detected sig-
nals only in plastids [42]. In Chlamydomonas rein-
hardtii, where a single gene encodes for FC, the protein
is targeted into the plastids, indicating that the FC
activity is not required to be present inside mitochon-
dria [44]. Thus, it has been suggested that in plants the
synthesis of heme takes place almost exclusively in
plastids and exported to cytosol and mitochondria [44—
46]. Consistent with these results, we found less than
0.3% FC total activity in isolated mitochondria, cor-
roborating the data reported by Cornah et al. [30].

It has been suggested that frataxin deficiency causes
defects late in the heme pathway. The transcriptome
analysis of human lymphoblasts derived from Frie-
dreich’s ataxia patients and frataxin-deficient mice
showed a decrease in the mRNA levels of copro-
porphyrinogen oxidase and delta-aminolevulinate syn-
thase 1, two enzymes involved in the heme biosynthetic
pathway, and also Isul and FC. These observations
support the idea that frataxin deficiency affects the
expression of many nuclear-encoded mitochondrial
genes [47]. This situation is associated with increased
levels of protoporphyrin IX, consistent with a defect
downstream of this metabolite in the heme pathway
[47]. In addition, reduced mitochondrial heme a and
heme ¢ levels and a decreased activity of cytochrome
oxidase strongly suggest that frataxin is involved in late
stages of the heme biosynthetic pathway, i.e., the incor-
poration of iron into protoporphyrin IX to produce
heme [21,47,48]. It has been reported that the key con-
trol point of heme and chlorophyll synthesis in plants
is the formation of ALA from glutamate catalyzed by
glutamyl-tRNA reductase enzymes encoded by HEM A
genes [49]. HEM A1 has been associated with the provi-
sion of tetrapyrroles for chlorophyll and heme produc-

M. V. Maliandi et al.

tion in photosynthetic tissues, whereas the role of
HEMA_? is to provide a background activity of glutam-
yl-tRNA reductase for heme production, mainly in
nonphotosynthetic tissues [50,51]. Thus, the downregu-
lation of both HEMAI and HEM A2 transcripts is in
agreement with the observed heme deficiency in AtFH-
deficient plants.

Arabidopsis AtFH-deficient lines also showed a mod-
ification of the mRNA levels of other enzymes
involved in heme biosynthesis, such as GSAl and 2,
HEMBI, and 2, HEMF2 and FC1 and FC2, indicat-
ing that an analogous situation occurs in plants. How-
ever, a different response was found when compared in
different organs. In flowers, GSA/ and GSA2 tran-
script levels were increased compared with leaves,
where the respective transcripts were downregulated or
remain unchanged. It should be noted that a differen-
tial response for some isoforms was observed in flow-
ers but not in leaves. The HEM B2 transcript level was
increased several fold, whereas HEMBI mRNA levels
remained unchanged in flowers. Also, a decrease in
mRNA levels for AtFC2 contrast with the unmodified
expression pattern of A7FCI. The different expression
pattern of these genes in leaves and flowers could be
explained by a differential regulation, probably reflect-
ing the gene expression network specific to each organ.
These observations should be interpreted with caution,
as it is difficult to know whether the observed effect is
directly linked to AtFH deficiency or is the result of a
secondary event. Previously, we found that AtFH-defi-
cient plants present increased reactive oxygen species
formation [15,16]. The reactive oxygen species have
been implicated in complex gene expression responses,
particularly the induction of nuclear-encoded mito-
chondrial genes [52].

Catalase activity was reduced in AtFH-deficient
plants without significant reduction of catalase
mRNAs or protein levels. The fact that the decrease in
catalase activity correlates with the deficiency in heme
content, and the observation that the normal enzy-
matic activity is recovered after addition of hemin, but
not the iron-lacking tetrapyrrole protoporphyrin IX or
ALA, substantiate the hypothesis that AtFH would
have a major role in heme production required for the
formation of the active catalase holoenzyme. This
effect is particularly evident for the catalase activity
associated with the mitochondria fraction where CAT3
is the main isoform. These results are in accordance
with hemin rescue experiments performed in frataxin-
deficient neuronal cells, which showed increased activ-
ity of some Fe-S protein and cytochrome oxidase
restoring the normal phenotype [25], and with data
showing that recombinant erythropoietin, which
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stimulates the synthesis of heme, can rescue the pheno-
type observed in frataxin-deficient cells [53].

In summary, AtFH-deficient plants present alter-
ation in several transcripts from the heme biosynthetic
route with a decrease in total heme content and a
deficiency of catalase activity that can be rescued by
exogenous hemin, indicating that AtFH, apart from its
role in protecting bioavailable iron within mitochon-
dria and the synthesis of Fe-S groups, also plays a role
in the production of heme groups and the activity of
hemeproteins in plants.

Materials and Methods

Plant material and growth conditions

Arabidopsis thaliana (var. Columbia Col-0) was used as the
wild-type reference plant. Two frataxin-deficient lines were
also used in these experiments: a T-DNA knockdown
mutant (atfh-1, SALK_021263) and an antisense line,
as-atfh. Mutant plants were selected in MS agar medium
containing 30 gmL™' kanamycin. Transgenic as-AtFH
plants were selected in MS medium containing 20 pgrmL™
hygromycin. After 2 weeks, plants were transferred to soil
and grown in a greenhouse, at 25 °C under fluorescent
lamps (Grolux, Sylvania, Danvers, MA, USA and Cool
White, Philips, Amsterdam, The Netherlands) with an
intensity of 150 pmol'm™s™' using a 16 h light/8 h dark
photoperiod. Arabidopsis cell suspension cultures were
grown in the dark (22 °C) in an orbital shaker (130 r.p.m.).

Isolation of RNA and qRT-PCR analysis

Total RNA was extracted from rosette leaves and flowers
(stage 12) using the RNA plant mini kit (Qiagen, Valencia,
CA, USA). Complementary DNA was synthesized using
random hexamers and the M-MLV reverse transcriptase
protocol (USB Corp., Cleveland, OH, USA). qRT-PCR
was carried out in a MiniOPTICON2 apparatus (BioRad,
Hercules, CA, USA), using the intercalation dye SYBR-
Green I (Invitrogen, Carlsbad, CA, USA) as a fluorescent
reporter and Go Taq polymerase (Promega, Madison, WI,
USA). Primers suitable for amplification of 150-250 bp
products for each gene under study were designed using the
PRIMER3 software (see Table S1). Amplification of cDNA
was carried out under the following conditions: 2 min dena-
turation at 94 °C; 4045 cycles at 94 °C for 15s, 57 °C for
20 s, and 72 °C for 20 s, followed by 10 min extension at
72 °C. Three replicates were performed for each sample.
Melting curves for each PCR were determined by measur-
ing the decrease in fluorescence with increasing temperature
(from 65 to 98 °C). PCR products were run on a 2% (w/v)
agarose gel to confirm the size of the amplification products
and to verify the presence of a unique PCR product.
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Relative transcript levels were calculated as a ratio of the
transcript abundance of the studied gene to the transcript
abundance of f-actin (At3g18780).

Production of as-atfh transgenic plants

To prepare the antisense construct of frataxin, a BamHI/
Smal fragment containing the AtFH coding sequence
(564 bp) was obtained by PCR (see primers used in
Table S1) and then cloned downstream from the cauliflower
mosaic virus 35S promoter into the pDHS51 vector [54] previ-
ously digested with BamHI and Smal. After verifying the
correct orientation of the insert, the resulting 35S:as-AtFH
expression cassette was excised as FEcoRI restriction
fragments and subcloned into pCAMBIA 1320 [29]. The
recombinant plasmids were introduced into Agrobacte-
rium tumefaciens GV3101 strain by the freeze—thaw method
[55]. Arabidopsis was transformed using the floral dip method
[56]. The expression of the antisense version of AtFH was
verified by RT-PCR.

Determination of heme content

The content of noncovalently bound heme was determined
using 6 week rosette leaves or flowers (stage 12) from wild-
type, atfh-1 and as-AtFH, as previously described [57].
Extracted heme was spectrophotometrically quantified with
a Perkin—Elmer lambda 35 UV/Vis spectrometer by mea-
suring the absorbance at 398 nm (Perkin—Elmer, Boston,
MA, USA). Standard solutions of hemin (Sigma-Aldrich,
St Louis, MO, USA) were prepared by dissolving the solid
reagent in 50 mM sodium phosphate buffer, pH 7.4.

Enzyme assays

Homogenates from cell cultures were prepared as follows:
1-2 g of cells were centrifuged for 10 min at 3000g and the
pellet was ground to a powder with liquid nitrogen. The
powdered material was homogenized with extraction buffer
containing 450 mMm sucrose, 15 mM Mops-KOH, 1.5 mm
EGTA and 6 g'L™! polyvinylpyrrolidone, pH 7.4. The sus-
pension was incubated with 2 g¢L™' BSA, 0.2 mM phen-
ylmethanesulfonyl fluoride and 500 U cellulase (ICN
Biomedicals, Aurora, OH, USA) at 4 °C for 60 min. Cells
were disrupted using an ultrasonicator (VCX130, Sonics &
Materials, Newtown, CT, USA) and centrifuged at 10 000g
for 20 min at 4 °C and the supernatant collected. The
homogenate from Arabidopsis tissues (leaves and flowers)
was prepared as follows: ~200 mg tissue was frozen under
liquid nitrogen and ground to a powder. The powdered
material was homogenized in extraction buffer (50 mMm
KH,PO, pH 7.8, 0.5% v/v Triton X-100, 0.5 mm EDTA
and 1 mM phenylmethanesulfonyl fluoride). The homoge-
nate was centrifuged at 9500 g for 20 min at 4 °C and the
supernatant collected. Catalase activity was determined at
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25 °C as described previously [58] with minor modifications
[59] by following the decrease in absorbance (A) at 240 nm
at 25 °C. The catalase assay medium contained 470 pL of
50 mm KH,PO4 pH 7.0 and 10 mm H,0, as a substrate.
Homogenates used to determine FC activity were prepared
as previously described [60] and enzymatic activity was
measured according to previous methods [61].

Porphyrin and ALA treatments

Hemin, protoporphyrin IX or ALA (0-10 um) were added
to 100 mL of Arabidopsis cell cultures and incubated at
24 °C for 18 h with orbital shaking. Catalase activity was
determined as described in the previous section. Mitochon-
dria suspensions (~10 mgmL™" protein) were incubated in
a buffer containing 250 mM mannitol, 50 mm KCI, 2 mm
MgCl,, 20 mm Hepes pH 7.4, 1 mm K,HPO,, 1 mMm dith-
iothreitol, 10 mm ATP, 20 um ADP, 10 mM sodium succi-
nate and 10 uM hemin, protoporphyrin IX or ALA for 2 h
with constant shaking. After incubation, mitochondria were
recovered by centrifugation and resuspended in 10 mm
KH,PO, pH 7. After lysis using an ultrasonicator
(VCX130, Sonics & Materials) followed by centrifugation
at 12 000g for 10 min, the catalase activity was determined
in the supernatant using the assay described above.

Additional methods

Isolation of highly purified mitochondria from Arabidopis
leaves and flowers was carried out as described by Werhahn
et al. [62,63] with modifications. Under these conditions, the
mitochondrial fraction is essentially deprived of cytoplasmic
and plastid contamination. The mitochondrial pellet was
recovered with buffer containing 300 mM mannitol and
10 mm K,HPO, (pH 7.4) as previously described [15]. Pro-
teins were separated by electrophoresis on 12% SDS/PAGE
[64] and revealed by Coomassie Blue staining or electroblot-
ted on to nitrocellulose membranes (BioRad). Electroblotted
membranes were incubated with anti-recombinant AtFH or
anti-catalase (kindly provided by M. Nishimura, National
Institute for Basic Biology, Okazaki, Japan) polyclonal IgG.
The antigen—antibody complex was visualized with alkaline
phosphatase-linked anti-mouse IgG or anti-rabbit IgG, fol-
lowed by staining with 5-bromo-4-chloroindol-2-yl phos-
phate and Nitro Blue tetrazolium as described previously
[65]. Total protein was determined as described by Bradford
[66]. The relative protein levels in western blots were deter-
mined by densitometric analysis using the GEL PRO ANA-
LYZER program (Media Cybernetics, Bethesda, MD, USA).

Statistical analyses

The significance of differences was determined using Stu-
dent’s z-test. Values statistically different from the control
(P < 0.05) are denoted with an asterisk in Figs 1, 3-6.
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Fig. S1. AraCyc heme biosynthetic pathway.
Fig. S2. Determination of catalase activity in isolated
mitochondria in the presence of protoporphyrin and
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