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IscA homologues are involved in iron-sulfur cluster biosynthesis. In the non-nitrogen-
fixing cyanobacterium Synechocystis PCC 6803, there are two IscA homologues,
SLR1417 and SLR1565 (designated IscA1 and IscA2), of which only IscA2 exists as a
protein complex with the HEAT-repeat-containing protein, SLR1098 (IaiH). We
observed that the absorption spectrum of the recombinant IscA2/IaiH complex resem-
bles that of IscA2 alone, although it is sharper. In the presence of dithiothreitol, the
[2Fe-2S] cluster of IscA2 alone, but not of the IscA2/IaiH complex, became reductively
labile upon the addition of sodium dithionite. This implies that the IscA2 moiety of
the [2Fe-2S] cluster is stabilized by the presence of IaiH. The [2Fe-2S] cluster of the
IscA2/IaiH complex was destabilized by sodium dithionite in the absence of dithioth-
reitol, suggesting that the in vivo stability of the iron-sulfur cluster in the IscA2/IaiH
complex is influenced by the redox state of cellular thiols. When any one of three con-
served cysteine residues in IscA2, potential ligands for the [2Fe-2S] cluster, was
replaced with serine, the amount of assembled [2Fe-2S] cluster and protein complex
was significantly reduced in E. coli cells. The cysteine mutated IscA2/IaiH complexes
that were present all contained a [2Fe-2S]-like cluster suggesting that the assembly of
a stable iron-sulfur cluster bound to IscA2 is required for efficient and stable complex
formation. Truncated IaiH proteins were analyzed using the yeast two-hybrid assay
to identify the essential domain of IaiH that interacts physically with IscA2. At least 2
of the 5 N-terminal HEAT repeats of IaiH were found to be required for interaction
with IscA2.
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IscA, together with other Isc proteins, has been identified
in a wide range of organisms, and participates in the
process of iron-sulfur cluster biosynthesis (1). Although
gene disruption studies in Escherichia coli (E. coli) (2)
and Saccharomyces cerevisiae (3–5) have demonstrated
an important, albeit nonessential, role for IscA proteins
in iron-sulfur cluster biosynthesis, the precise role of
these proteins is unclear.

IscA is about 110 amino acid residues in length and
contains three evolutionally conserved cysteine residues
thought to bind iron or iron-sulfur clusters. Ollagnier-de-
Choudens, et al. purified IscA from recombinant E. coli in
a colorless metal-free form (6). This apo-IscA protein was
shown to assemble an air-labile [2Fe-2S] cluster under
anaerobic conditions, and the resultant holo-IscA, but not
the apo-IscA, was able to form a complex with the holo-
Fdx protein, a [2Fe-2S]-containing ferredoxin encoded in
the isc operon. Krebs et al described the purification and
characterization of an IscA homologue encoded in the nif
operon of the nitrogen-fixing bacterium Azotobacter vine-
landii (7). When this homologue, termed NifIscA, was
purified from recombinant E. coli, it was also colorless
and metal-free. Further investigation revealed that
Nif

dominantly cysteinyl-ligated, coordination environment.
In addition, like the previously identified IscA, NifIscA
was able to assemble an air-labile [2Fe-2S] cluster under
anaerobic conditions. They also found that the [2Fe-2S]
cluster could be converted to a [4Fe-4S] cluster in vitro,
although the resultant [4Fe-4S] cluster was extremely
labile even under anaerobic conditions. The IscA homo-
logues of E. coli and A. vinelandii are thought to act as
alternative scaffold proteins to NifU or IscU for iron-sul-
fur cluster biosynthesis (6, 7).

Genome analyses of different organisms have revealed
the presence of IscA isologues, even in a same organism.
For example, E. coli contains at least three IscA isologues
and yeast mitochondria contain two IscA isologues, Isa1p
and Isa2p. Disruption of either Isa1p or Isa2p results in
respiratory deficiency (3). The disruption of both genes
did not produce an additive effect suggesting that these
IscA homologues are not redundant in yeast. Functional
differences, similarities or cooperation between the two
yeast IscA homologues, or among other IscA isologues,
have not been determined.

We reported recently that the non-nitrogen-fixing
cyanobacterium, Synechocystis PCC 6803, contains two
IscA homologues, SLR1417 and SLR1565 (designated
IscA1 and IscA2) (8, 9). The absorption spectrum of puri-
fied recombinant IscA2 is typical of [2Fe-2S]-cluster-con-
taining proteins, whereas the absorption spectrum of
IscA1 shows predominantly the presence of the iron ion
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(9). Although both IscA1 and IscA2 localize in the soluble
fraction of the cyanobacterial cell and represent about
0.01% of soluble cellular proteins, their molecular states
are remarkably different with IscA1 residing in the cell
as a homo-dimer and IscA2 existing as a complex with
another 30-kDa protein. This 30-kDa protein was identi-
fied as SLR1098 (termed IaiH for IscA-interacting Heat-
repeats-containing protein), the function of which has not
been elucidated. When IscA2 and IaiH were co-expressed
in E. coli, they formed a stable complex with 1:1 stoichi-
ometry and exhibited the UV-visible spectral characteris-
tic of [2Fe-2S] cluster-containing iron-sulfur proteins.
The stable nature of the [2Fe-2S] cluster bound to IscA2
and IscA2/IaiH complexes is in stark contrast to the
extremely labile nature of the reconstituted iron-sulfur
cluster bound to IscA from E. coli or A. vinelandii (6, 7).
In the present study, we characterized the purified IscA2/
IaiH complex and identified a HEAT-repeats domain in
IaiH required for complex formation with IscA2. We also
used amino acid substitutions to investigate the role of
the three conserved cysteine residues of IscA2 in [2Fe-
2S]-cluster binding and IaiH complex formation.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions—The E. coli
strain TG1 was used as the host for plasmid propaga-
tions. E. coli strain BL-21(DE3)RIL (Stratagene) was
used for the over-expression of recombinant proteins.
Both E. coli strains were grown using standard proce-
dures in LB-liquid or agar-solidified medium with appro-
priate antibiotics. The expression and purification of
recombinant proteins have been described (9, 10).

Spectroscopic Methods—UV-visible absorption spectra
of proteins were recorded using a UV-2500PC UV-visible
recording spectrophotometer (Shimadzu). The concentra-
tion of the [2Fe-2S] clusters bound to IscA2, the IscA2/
IaiH complex, or ferredoxin (Fd) were estimated using
the molar extinction coefficient 9.68 mM–1 cm–1 at 422 nm
as described previously (9).

Spectroscopic changes in the presence of a metal chela-
tor, ethylenediaminetetraacetic acid (EDTA), were ana-
lyzed as follows: Purified IscA2 or IscA2/IaiH complexes
were prepared in 500 �l of buffer containing 50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 5 mM dithiothreitol (DTT)
and 10 mM EDTA, to give a final protein concentration of
about 10 �M. The mixture was then divided into aliquots
and the UV-visible absorption spectra of each aliquot was
recorded at 0, 30, and 60 min. Spectroscopic changes in
the presence of the reducing agent, sodium dithionite
(Na2S2O4), were analyzed as follows: Purified ferredoxin,
IscA2 or IscA2/IaiH complex was prepared in 100 �l of
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, with or without 5 mM DTT, to give a protein con-
centration of about 10 �M. UV-visible absorption spectra
of the basic states of these proteins were recorded first.
The reduced state was analyzed following the addition of
1 �l of 100 mM sodium dithionite to the protein solution.
Oxidized states were then analyzed after exposure to air
for 20 min.

Yeast Two-Hybrid Analysis of IscA2 and Various Trun-
cated Fragments of IaiH—The iscA2 gene was PCR-
amplified from Synechocystis PCC6803 genomic DNA,

and cloned as an EcoRI/PstI fragment into pAS2-1, a bait
vector for yeast two-hybrid analysis (Clontech). The
resultant plasmid was called pAS2-1/iscA2. The prey vec-
tor for two-hybrid assay derivatives, pACT2 (Clontech),
was used to construct truncated IaiH derivatives. Intact
IaiH and several truncated IaiH fragments were ampli-
fied independently by PCR from cyanobacterial genomic
DNA. Each PCR product was cloned into pACT2. Individ-
ual pACT2 derivatives, along with pAS2-1, were co-
transformed into the yeast strain PJ69-4A. Co-trans-
formed yeast cells were transferred onto histidine-lack-
ing synthetic media supplemented with 5 mM 3-aminot-
riazole (3-AT), and grown at 30�C for 4 days for analysis
of hybrid formation. Yeast two-hybrid analyses were car-
ried out essentially as described in the Yeast Protocols
Handbook (Clontech). The two-hybrid assay was also
used to evaluate mutated iscA2 genes cloned into pAS2-1.

Site-Directed Mutagenesis of IscA2—Site-directed muta-
genesis of IscA2 was performed using the PCR-based
QuikChange™ site-directed mutagenesis kit (Strata-
gene). Plasmids carrying the desired amino acid substitu-
tions were confirmed by DNA sequencing with the
BigDye™ terminator cycling sequencing ready reaction
(ABI Prism) and used to transform E. coli strain BL-
21(DE3)RIL cells with or without pET/IaiH. The result-
ant transformed cells were spotted onto a nitrocellulose
membrane filter (Millipore) placed on a LB-agar solid
medium supplemented with appropriate antibiotics, 0.3
mg/ml ammonium iron citrate, and 1 mM L-cysteine.
Cells were grown at 37�C for 16 h, and then the expres-
sion of recombinant proteins was induced by transferring
the membrane onto LB-agar solid medium supplemented
with 0.4 mM IPTG. Cells were then grown for an addi-
tional 16 h at 20�C.

Other Methods—Protein concentration was determined
using the Bio-Rad Protein Assay (Bio-Rad). Western blot
analysis was carried out using HRP-Protein A (Zymed) as
a secondary antibody and the ECL™ detection system
(Amersham Pharmacia) (11, 12).

RESULTS

Effect of EDTA on the Spectroscopic Properties of IscA2
and the IscA2/IaiH Complex—As reported previously,
IscA2 and the IscA2/IaiH complex can bind [2Fe-2S] clus-
ters and have a characteristic UV-visible absorption peak
at approximately 330 nm and lower broad peaks at
around 420 nm and 460 nm. Stably assembled [2Fe-2S]
clusters, such as those bound to photosynthetic ferre-
doxin, are difficult to disrupt with the metal chelator
EDTA (data not shown). In contrast, the cyanobacterial
NifU-like protein, now termed CnfU for a protein homol-
ogous to the carboxy-terminal domain of NifU and pro-
posed as a major scaffold protein for iron-sulfur cluster
biosynthesis in cyanobacteria, carries a labile [2Fe-2S]
cluster that is sensitive to chelating agents such as
EDTA (10). To determine whether the [2Fe-2S] cluster
bound by IscA2 or the IscA2/IaiH complex is stable or
labile in the presence of a metal chelator, we analyzed
purified proteins in the presence of EDTA. When purified
IscA2 was incubated with 10 mM EDTA for 60 min at
25�C, the intensity of the visible absorption spectrum
characteristic of the [2Fe-2S] cluster decreased slightly
J. Biochem.
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(Fig. 1A). By comparison, the absorption spectrum of the
IscA2/IaiH complex was unaffected by the addition of
EDTA (Fig. 1B). Therefore, unlike the [2Fe-2S] cluster
bound to CnfU, the [2Fe-2S] cluster bound by IscA2 is sta-
ble in the presence of a metal chelator, and this stability
is greater in the presence of IaiH.

Effect of Sodium Dithionite on the Spectroscopic Prop-
erties of IscA2 and the IscA2/IaiH Complex—To analyze
whether [2Fe-2S] clusters bound to IscA2 or the IscA2/
IaiH complex are redox-active or reductively labile, spec-
troscopic changes were monitored after the addition of a
powerful reducing agent, sodium dithionite. As shown in
Fig. 2A, the absorption spectrum of ferredoxin (Fd), a
cyanobacterial photosynthetic protein typical of [2Fe-2S]
cluster-containing electron carrier proteins, disappears
at 420–460 nm in the presence of excess dithionite. This
is due to the reduction of all bound [2Fe-2S] clusters. The
original absorption spectrum, characteristic of the pres-
ence of oxidized [2Fe-2S] clusters, can be regained by air-
oxidation. The absorption change observed at around 280
nm is due to the presence of the reduced form of excess
dithionite. The absorption spectrum of IscA2 at 420–460
nm also dropped off drastically in a few seconds following
the addition of dithionite (Fig. 2B). In this case, air-oxida-
tion could not recover the original absorption spectrum.
In the absence of dithionite, the [2Fe-2S] cluster bound to
IscA2 was resistant to air-oxidation (data not shown).
These data show that the [2Fe-2S] cluster bound to IscA2
is removed or disassociated from the protein upon reduc-
tion by dithionite.

The effect of IaiH in the presence of dithionite on the
stability of the [2Fe-2S] cluster bound to IscA2 was then
analyzed. As shown in Fig. 2C, the absorption spectrum

of the [2Fe-2S] cluster-containing IscA2/IaiH complex at
420–460 nm was essentially unaffected by dithionite or
by subsequent air-oxidation. Although sodium dithionite
is a small inorganic compound (Mw = 174.11), it is possi-
ble that the [2Fe-2S] cluster bound to the IscA2 moiety of
the IscA2/IaiH complex is largely covered by IaiH render-

Fig. 1. Effect of EDTA on the spectroscopic properties of
IscA2 and the IscA2/IaiH complex. Samples containing either
purified IscA2 (A) or IscA2/IaiH complex (B) were prepared in
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM
DTT, and 10 mM EDTA, to give a final protein or protein complex
concentration of about 10 �M. UV-visible absorption spectra were
recorded at 0 min (plain lines), and after 30 min (dotted lines) and
60 min (dashed lines).

Fig. 2. Effect of sodium dithionite on the spectroscopic prop-
erties of IscA2 and the IscA2/IaiH complex. Samples contain-
ing either purified ferredoxin (PetF; SSL0020) (A), IscA2 (B) or
IscA2/IaiH complex (C) were prepared in 100�l of buffer containing
50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 5 mM DTT, to give a
final protein or protein complex concentration of about 10 �M. UV-
visible absorption spectra were recorded initially to generate a base
line (solid lines). Then, 1 �l of 100 mM sodium dithionite (Na2S2O4)
was added to the mixture. Immediately following gentle, but thor-
ough mixing, the absorption spectra of the reduced state were
recorded (dashed lines). Absorption spectra of the oxidized state
(dotted lines) were recorded following oxidation of the mixture,
achieved by exposing the mixture to air and mixing thoroughly.
Spectra of the IscA2/IaiH complex shown in (D) were recorded as in
(C) with DTT omitted from the buffer.
Vol. 134, No. 2, 2003
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ing the [2Fe-2S] cluster-binding pocket inaccessible.
Alternatively, IaiH may mechanically stabilize the bind-
ing of the [2Fe-2S] cluster to IscA2 thereby lowering the
redox potential of the iron sulfur cluster and the effec-
tiveness of dithionite in reducing the [2Fe-2S] cluster.

All experiments described above were carried out in
the presence of 5 mM DTT. Omitting DTT resulted in the
[2Fe-2S] cluster bound to the IscA2/IaiH complex becom-
ing reductively labile (Fig. 2D). Possible explanations for
this phenomenon will be discussed later.

Site-Directed Mutagenesis of IscA2—IscA has three
conserved cysteine residues, which are the best candi-
dates for binding the [2Fe-2S] clusters (3, 5, 7). Cyano-
bacterial IscA2 also has three conserved cysteine resi-
dues, Cys35, Cys99, and Cys101, and there are no other
cysteine residues in the sequence (Fig. 3A). To investi-
gate the role of these cysteine residues, we used site-
directed mutagenesis to convert each cysteine residue to
a serine residue as described in Experimental Proce-

dures. Resultant IscA2 mutants were called C35S, C99S,
and C101S, with the S referring to the replacement of the
serine residue at positions 35, 99, and 101, respectively.
These mutants were expressed independently in E. coli.

Analysis of the color of transformed E. coli colonies was
used as an initial assessment of the [2Fe-2S] cluster-
binding ability of each IscA2 mutant. As shown in Fig.
3B, the expression of wildtype IscA2 in E. coli resulted in
brown red colonies, even in the absence of IaiH, and colo-
nies expressing the IscA2 mutant proteins were colorless,
apart from C35S IscA2, which turned a very pale pink.
Although the expression levels of the mutant IscA2 pro-
teins were similar to that of wildtype IscA2 (Fig. 4A),
most of the mutant proteins were not recovered in a solu-
ble form (Fig. 4B).

Co-expression of IaiH resulted in colonies that
expressed the wildtype IscA2 protein being a deeper red
brown color (Fig. 3B). The presence of co-expressed IaiH
had no effect on the color of mutant IscA2 colonies (Fig.
3B), but greatly enhanced the solubility of all mutant
IscA2 proteins (Fig. 4, A and B).

Physical interactions between IaiH and the IscA2
mutants were confirmed by immunoprecipitation (Fig. 4,
C and D). Although all IscA2 mutants could form com-
plexes with IaiH, the efficiency of complex formation was

Fig. 3. Iron-sulfur cluster assembly in wildtype and cysteine-
substituted mutant IscA2 proteins in E. coli. A: Alignment of
IscA proteins from Azotobacter vinelandii (Av), E. coli (Ec), and
Synechocystis PCC6803 (IscA1 and IscA2). Arrows indicate posi-
tions of amino acid substitutions in IscA2. B: Formation of holo-
IscA2 in E. coli was analyzed as described in Experimental Proce-
dures. Vector alone (vector) or plasmid encoding either the wildtype
(WT) or cysteine-substituted IscA2 (C35S, C99S, C101S) was trans-
formed into E. coli with (+IaiH) or without (–IaiH) a co-expression
plasmid for IaiH. Transformed cells were spotted onto a nitrocellu-
lose membrane layered on solid LB-medium supplemented with
iron and cysteine. The expression of IscA2 and IaiH was induced by
transferring the membrane onto LB-media containing 0.4 mM
IPTG.

Fig. 4. Complex formation between IaiH and various IscA2
proteins as analyzed by immunoprecipitation. Various trans-
formed E. coli cells used in the experiments shown in Fig. 3 were
cultivated in liquid LB-medium supplemented with iron and
cysteine, and the expression of IaiH and IscA2 proteins was induced
by the addition of 0.4mM IPTG. After further cultivation for 16 h at
20�C, the cells were harvested, ruptured by sonication, and fraction-
ated into soluble and membrane fractions. Total cell lysates (A) and
soluble fractions (B) were analyzed by staining with Coomassie
Brilliant Blue following SDS-PAGE. Soluble fractions were used for
immunoprecipitation with purified anti-IaiH antibodies, and pre-
cipitated proteins were analyzed by Western blotting either with
anti-IaiH antibodies (C) or anti-IscA2 antibodies (D).
J. Biochem.
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low. This was confirmed by yeast two-hybrid analyses as
described below (Fig. 6B).

Protein complexes of IaiH and IscA2 mutants were
purified. Although significant levels of individual pro-
teins were present in the extracts, the recovery of mutant
complexes was low, implying that these complexes are
either unstable or inefficiently assembled in E. coli. Fig
5A shows that all purified mutant complexes displayed
absorption spectra similar to [2Fe-2S] clusters. The
absorption spectra at 420–460 nm of the C35S and C101S
IscA2/IaiH complexes were obviously affected by the
cysteine substitutions, whereas the absorption spectrum
of the C99S IscA2/IaiH complex rather resembled that of
the wildtype complex. However, by contrast with the
[2Fe-2S] cluster of wild-type complex, all [2Fe-2S]-like
clusters bound to the mutant complexes, including C99S
IscA2/IaiH, were reductively labile even in the presence
of DTT (Fig. 5B).

These results suggest that substituting serine for
cysteine either decreases the efficiency of [2Fe-2S] cluster
assembly or renders the assembled cluster unstable. For
this reason we conclude that all three conserved cysteine
residues are important for [2Fe-2S] cluster assembly, and
most likely act as ligands for iron-sulfur cluster binding.
However we could not totally exclude the possibility that
these substitutions might have an indirect effect (e.g.
improper folding of the IscA2 molecule) that causes inef-
ficient [2Fe-2S] cluster binding. In any case, without the
assembled iron-sulfur cluster, IscA2 and IaiH are unable
to form a stable complex. This result was also confirmed
by yeast two-hybrid analyses (Fig. 6, A and B).

Yeast Two-Hybrid Analysis between Mutant IscA2 Pro-
teins and IaiH—The physical interaction between IscA2
and IaiH was first identified by yeast two-hybrid analysis

in a genome-wide survey of interactions among thou-
sands of cyanobacterial proteins (Sato, S. and Tabata, S.,
unpublished results). The DNA fragment encoding IaiH
was fused in frame to the coding sequence of the GAL4
transcriptional activation domain on pACT2, and the
gene for wildtype or mutated IscA2 was fused in frame to
the coding sequence of the GAL4 DNA-binding domain
on pAS2-1 (Fig. 6A). Derivatives of pACT2 and pAS2-1
were then co-transformed into the host yeast cells. An
interaction between IaiH and IscA2 will lead to
autotrophic growth of the yeast on histidine-omitted
media. Figure 6D shows that yeast cells expressing
either IaiH or IscA2 do not display histidine-autotrophic
growth, but those expressing full-length IaiH and IscA2
do display histidine-autotrophy. This result shows that
IaiH and IscA2 interact physically. Figure 6B shows that
only wildtype IscA2 could form a complex allowing the
transcriptional activation of HIS3. Mutant IscA2 pro-
teins do not allow the [2Fe-2S] cluster to be assembled or
retained, thereby inhibiting the formation of a stable
complex with IaiH.

Yeast Two-Hybrid Analysis between IscA2 and Trun-
cated IaiH—IaiH is 246 amino acid residues long (Mw =
ca. 27 k) and shows no strong sequence similarities to
proteins with known functions. As described previously,
in silico analysis of the IaiH amino acid sequence
revealed the presence of HEAT-repeats throughout the
molecule (9). Figure 6C shows 5 and a half HEAT motifs
in tandem repeat following the extra 50 residues on the
N-terminus; these are designated H0–H5. The HEAT-
repeats was initially found in a diverse family of eukary-
otic proteins that includes huntington, elongation factor
3, the PR65/A subunit of protein phosphatase 2A, the
lipid kinase TOR, and importin � (13, 14). Although

Fig. 5. UV/visible absorption spectra of purified mutant IscA2/
IaiH complexes. A: Various IscA2/IaiH proteins were purified as
described previously (9). UV/visible absorption spectra of purified
wildtype IscA2/IaiH (solid line), IscA2(C35S)/IaiH (dotted line),
IscA2(C99S)/IaiH (dashed line), and IscA2(C101S)/IaiH (thin line)

complexes were adjusted using the absorption values at 330 nm and
compared. B: Changes in the absorption spectra of various IscA2/
IaiH complexes as indicated were monitored before (solid lines) and
after (dotted lines) reduction by the addition of 1mM sodium
dithionite as described in the legend to Fig. 2.
Vol. 134, No. 2, 2003
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HEAT-repeats containing proteins are involved in a great
variety of cellular processes, the mediation of protein-
protein interactions is thought to be a common function.
For example, importin �  binds to various protein sub-
strates destined for nuclear import, and the PR65/A sub-
unit of protein phosphatase 2A interacts with various
regulatory subunits of PP2A. The crystal structures of
several proteins containing HEAT repeats have already
been determined (13, 14). Structural information has
revealed that the canonical HEAT-repeat consists of two
helices forming a helical hairpin. Between the two
antiparallel helices, one electrostatic interaction and sev-
eral hydrophobic interactions play important roles in sta-
bilizing this structural unit. Neighboring repeats stack
together into a single domain with a continuous hydro-
phobic core, forming an elongated curlicue-like or sole-
noid-like super-helix. The resultant concave surface of
the super-helix in the HEAT repeats-containing protein
is known to serve as a ligand-binding domain.

The interaction of IscA2 with IaiH may occur via some
or all of these HEAT-repeats. Yeast two-hybrid analysis
was performed to investigate this possibility. Figure 6C
shows the various truncated IaiH proteins constructed
with different N-terminal or C-terminal fragments,
including N1–59, N1–90, N1–122, N1–156, N1–195, 60–
246C, 91–246C, 123–246C, 157–246C, and 196–246C,
where numberings correspond to the amino acid residues
of IaiH. DNA fragments were constructed as described in
Fig. 6A and yeast two hybrid analysis was performed as
described above.

Among the fusion constructs containing truncated
IaiH domains, only N1–122, N1–156, N1–195, and 60–
246C fragments were found to interact with IscA2. These
fragments contain amino acid residues 60 to 122, a region

containing two HEAT-repeats designated H1 and H2. We
conclude that the two HEAT repeats H1 and H2 of IaiH
are the minimum requirement for the interaction of this
protein with IscA2.

DISCUSSION

In this study we demonstrate that IscA2 forms a stable
protein complex with the HEAT repeats-containing pro-
tein, IaiH, which functions to stabilize the [2Fe-2S] clus-
ter bound to IscA2. Three evolutionarily conserved
cysteine residues in IscA2 are important for efficient
[2Fe-2S] cluster binding, and the stable retention of the
iron-sulfur cluster bound to IscA2 is required for the
tight interaction with IaiH. Normally, four conserved
cysteine residues are found in [2Fe-2S] cluster-containing
proteins, although histidine or aspartic acid residues can
also serve as ligands for [2Fe-2S] cluster binding. IscA2
possesses four histidine and several aspartate residues,
one of which might serve as the fourth ligand for [2Fe-2S]
cluster binding. It is also possible that an amino acid res-
idue, such as cysteine, in IaiH acts as a ligand for [2Fe-
2S] cluster binding in the IscA2/IaiH complex. However,
this possibility is unlikely because purified IscA2 alone
shows the characteristic [2Fe-2S]-type absorption spec-
trum that is essentially similar to that of the IscA2/IaiH
complex. Further investigation is necessary to define
other residues in IscA2 that act as ligands for [2Fe-2S]
cluster binding.

The physiological role of the IscA2/IaiH complex is
unknown. IscA proteins from other organisms (6, 7), such
as IscU and NifU-like proteins (10, 15–17), function as
scaffold proteins in iron-sulfur cluster assembly. The
iron-sulfur cluster bound to these proteins is extremely

Fig. 6. Yeast two-hybrid analysis of the interac-
tion between IscA2 and IaiH proteins. A: Sche-
matic representations of pAS and pACT plasmids
used for the yeast two-hybrid analysis of the interac-
tion between IscA2 and IaiH variants. B: Various
pAS derivatives, each encoding wildtype IscA2 or
one of the cysteine-substituted IscA2 mutants, as
indicated, were co-transformed with the wildtype
IaiH-encoding pACT derivative. All co-transformed
yeast cells grew on medium with added histidine
(+his). Only wildtype IscA2 was able to interact with
IaiH sufficiently to allow growth of the co-trans-
formed yeast cells on medium lacking histidine (–
his). C: Various truncated IaiH proteins were
designed so each contained an N-terminal or C-ter-
minal fragment; IaiH-1 (N1–59), IaiH-2 (N1–90),
IaiH-3 (N1–122), IaiH-4 (N1–156), IaiH-5 (N1–195),
IaiH-6 (60–246C), IaiH-7 (91–246C), IaiH-8 (123–
246C), IaiH-9 (157–246C), and IaiH-10 (196–246C).
D: All co-transformed yeast cells grew on medium
with added histidine (+his). Only the N1–122, N1–
156, N1–195, 60–246C, and wildtype (IaiH) con-
structs were able to interact with IscA2 sufficiently
to allow growth of the co-transformed yeast cells on
medium lacking histidine (–his).
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labile, suggesting that the cluster may be preformed
transiently on IscA and transferred either directly or
indirectly to an apoprotein. IscA1, another cyanobacte-
rial IscA homologue, may function in such a way. By con-
trast, the iron-sulfur cluster bound to cyanobacterial
IscA2 is stable and is further stabilized when complexed
with IaiH. Data from our previous experiments showed
that nearly all cellular IscA2 and IaiH exist in IscA2/IaiH
complexes. In the present study there was virtually no
stable complex formed between apo-IscA2 and IaiH in
vitro, suggesting that all cellular IscA2/IaiH complexes
bind an iron-sulfur cluster. The stable nature of the holo-
IscA2/IaiH complex implies that cyanobacterial IscA2
may be involved in physiological functions other than
iron-sulfur cluster delivery. It is also possible that the
[2Fe-2S] cluster bound to the IscA2/IaiH complex
becomes transferable following other protein interac-
tions. This interaction may be via the remaining HEAT-
repeats domain of IaiH, which leads to the formation of a
transient tertiary complex and transfer of the iron-sulfur
cluster. The possibility that the holo-IscA2/IaiH complex
functions as a redox electron carrier is unlikely because
we found that the iron-sulfur cluster bound to the IscA2/
IaiH complex is not reduced by dithionite in vitro.
Instead, the iron-sulfur cluster became labile when the
complex was incubated with dithionite in the absence of
DTT, a thiol reductant. It is possible that the iron-sulfur
cluster can be destabilized and transferred when the
redox state of cellular thiols is largely oxidized. Alterna-
tively, the iron-sulfur cluster bound to IscA2 could be a
molecular sensor by which the redox state of cellular thi-
ols is monitored. These questions may be answered in
further investigations that aim to identify and character-
ize proteins that interact with the IscA2/IaiH complex.
We are also currently investigating the physiological role
of the IscA2/IaiH complex by analyzing cyanobacterial
mutants in which one or both genes have been disrupted.
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