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The assembly of iron-sulfur (Fe-S) clusters is mediated by complex machinery which, in
Escherichia coli, is encoded by the iscRSUA-hscBA-fdx-ORF3 gene cluster. Here, we dem-
onstrate the network of protein-protein interactions among the components involved in
the machinery. We have constructed (His)6-tagged versions of the components and iden-
tified their interacting partners that were co-purified from E. coli extracts with a Ni-
affinity column. Direct associations of the denned pair of proteins were further exam-
ined in yeast cells using the two-hybrid system. In accord with the previous in vitro
binding and kinetic experiments, interactions were observed for the combinations of
IscS and IscU, IscU and HscB, IscU and HscA, and HscB and HscA. In addition, we have
identified previously unreported interactions between IscS and Fdx, IscS and ORF3,
IscA and HscA, and HscA and Fdx. We also found, by site-directed mutational analysis
combined with the two-hybrid system, that two cysteine residues in IscU are essential
for binding with HscB but not with IscS. Despite the complex network of interactions in
various combinations of components, heteromultimeric complexes were not observed in
our experiments except for the putative oligomeric form of IscU-IscS-ORF3. Thus, the
sequential association and dissociation among the IscS, IscU, IscA, HscB, HscA, Fdx, and
ORF3 proteins may be a critical process in the assembly of Fe-S clusters.

Key words: cysteine desulfurase, Fe-S cluster, isc operon, molecular chaperone, protein-
protein interaction.

Iron-sulfur (Fe-S) proteins are present in almost all living have demonstrated crucial roles for IscS, IscU, IscA, HscB,
organisms and exhibit diverse functions including electron HscA, and Fdx in Fe-S cluster biosynthesis, since muta-
transfer, redox and non-redox catalysis, and sensing for tdons in the respective genes decrease the activity of many
regulatory processes (1, 2). They contain Fe-S clusters com- Fe-S proteins (7-22). Furthermore, overexpression of the isc
posed of iron and sulfur atoms, which are ligated to the operon improves the ability of E. coli to assemble Fe-S clus-
polypeptides by the thiolate side chains of cysteine resi- ters, leading to a marked increase in the yield of recombi-
dues. During the last 4 years, significant advances have nant Fe-S proteins {23, 24). In contrast to the direct par-
been made in our understanding of a complex apparatus ticipation of IscS, IscU, IscA, HscB, HscA, and Fdx in the
termed ISC (iron-sulfur cluster) machinery involved in the assembly reaction, a regulatory role has recently been dem-
assembly of Fe-S clusters, a key step in the post-transla- onstrated for IscU, which contains a [2Fe-2S] cluster and
tdonal maturation of the Fe-S proteins (3-6). The compo- functions as a transcriptional repressor of the isc operon
nents of the ISC machinery are conserved from bacteria to (25). Until now, little has been known about the ORF3
higher eukaryotes and, in Escherichia coli, are encoded by product, although it appears likely that the ORF is cotrans-
the so-called isc operon (iscRSUA-hscBA-fdx-OBF3). cribed with other genes. IscR and ORF3 are conserved in

Genetic studies in E. coli and Saccharomyces cerevisiae several bacterial species but not found in eukaryotic organ-
isms.

7zr~. r ~rr^ ,, „———7777———.... „ To understand the mechanistic details of the ISC
' T h i s work was suppor ted in pa r t by G r a n ts-in-Aid for Scientific Re- . . . , , . . ,-T-, o 1 A -J. • • _ L . L
search 13680690 (to Y.X) from the Ministry of Education, Culture, machinery in the formation of Fe-S clusters, it is important
Sports, Science and Technology of Japan, and by a grant from the to dissect the biochemical properties of each component.
Japan Foundation for Applied Enzymology. IscS is a cysteine desulfurase that catalyzes the removal of
2 To whom correspondence should be addressed. Tel: +81-6-6850- sulfur from cysteine to form alanine and IscS-bound ele-
5423, Fax: +81-6-6850-5425, E-mail: ytaka<gbio.sci.osaka-u.ac.jp mental sulfur (3 26 27) The sulfur is transferred directly
Abbreviations: GAD activation domain tfGAL4; GBD DNA bind- to a dhner o f ^ o n w h k h m unstable [2Fe-2S] or [4Fe-
ing domain of GAL4; Fe-S, iron-sulfur; IPTG, isopropyl-8-D-thioga- -ol , , . , , , /r>o „,.. T . 1 11
laLpyranoside; 0 N k j , J-nitrophenyl fj-gaiactosidef ORF, opTn ^ c l u s t ? r is constructed (28-31) IscA can also assemble
reading frame. an unstable Fe-S cluster in vitro (32, 33). It has been pro-

posed that the Fe-S clusters subsequently are delivered
© 2002 by The Japanese Biochemical Society. from IscU or IscA to other apo-Fe-S proteins, but the pre-
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rise mechanism is not yet understood. HscA and HscB, an
Hsp70-type molecular chaperon and a J-domain containing
co-chaperone, respectively, interact with IscU in a synergis-
tic manner (34-36). Fdx is an adrenodoxin-type ferredoxin
containing a stable [2Fe-2S] cluster that probably serves as
an electron donor to a hitherto unknown step in Fe-S clus-
ter assembly (37, 38).

It is also of interest to understand how these components
cooperate in the assembly of Fe-S clusters. We have previ-
ously demonstrated tightly coupled functions among the
IscS, IscU, HscB, HscA, and Fdx proteins by mutational
analyses in E. coli, in which the depletion of one component
causes the loss of function of the remaining proteins (8).
This renders it likely that these proteins work in concert
either in a linear way or together as a complex. Up to now,
in vitro complex formation has been demonstrated for com-
binations of IscS and IscU, IscU and HscB, IscU and HscA,
and IscA and Fdx (28, 30-32, 35, 36, 39), but the interac-
tions of other components or combinations are not defined.

In this paper, we describe a comprehensive analysis of
the protein-protein interactions among the components
(here called ISC proteins) encoded by the isc operon. By
using a biochemical co-purification method and a genetic
approach with the yeast two-hybrid system, we identified
at least eight interactions among ISC proteins. The net-
work of protein-protein interactions may indicate sequen-
tial reactions in the assembly of Fe-S clusters that involve
specific associations and dissociations of the ISC proteins.

MATERIALS AND METHODS

Plasmid Construction—For N-terminal fusion constructs,
genes were amplified by PCR from the second codon to the
stop codon using primer sets containing BamHI and Sail
restriction sites (Table I). The mutated iscS gene was am-
plified by PCR from the plasmid pEFC328A, a pET-21a(+)
derivative carrying the gene for IscS(C328A) (27). Similarly,
the mutated iscU genes were amplified from the plasmids
pUHCSl, pUHCS2, and pUHCS3, carrying C37S, C63S,
and C106S substitutions, respectively (39). The PCR prod-
ucts were initially cloned into the pCR2.1-TOPO vector
(Invitrogen) by a TA cloning method, and their correct

TABLE I. PCR primers used in this work. The underlined bases
indicate restriction sites.

7sc7i-5T 5'-GGATCCAGACTGACATCTAAAGGGCG-3'
7sc7?-3'R 5'-GTCGACTATTAAGCGCGTAACTTAACGTC-3'
7scS-5T 5/-GGATCCAAATTACCGATTTATCTCGACTAC-3'
7scS-3'R 5'-GTCGACTATTAATGATGAGCCCATTCGAT-y
IscU-5-F 5'-GGATCCGCTTACAGCGAAAAAGTTATCG-3'
IscUSTl 5'-GTCGACTATTA'l'l'l'l'GCTTCACGTTTGC'l'l'i'r-

ATAG-3'
7scA-5T 5'-GGATCCTCGATTACACTGAGCGACAG-3'
7scA-3'R 5'-GTCGACTATCAAACGTGGAAGCTTTCG-3'
hscB-5T S'-GGATCCGATTACTTCACCCTCrTTGGC-y
hscB-3-n 5'-GTCGACTATTAAAAATCGAGCAGTTTTTCTTC-

G-3'
T 5'-GGATCCGCCTTATTACAAATTAGTGAACC-3'
•R 5'-GTCGACTATTAAACCTCGTCCACGGAATG-3'

fdx-5T 5'-GGATCCCCAAAGATTGTTAlTri'GCCTC-3'
/Hi-3'R 5'-GTCGACCATTAATGCTCACGCGCATGGT-3'
ORF3-5T 5'-GGATCCGGACTTAAGTGGACCGATAG-3'
ORPS-SH 5'-GTCGACTATTATTCGGCCTCGTCCAGC-3'
7scC/-5TN 5'-GCCGCCATGGCTTACAGCGAAAAAGTT-3y

IscU-yKB 5'-GAAGATCTTTTTGCTTCACGTrTGCTTTTA-3y

sequences were verified. For N-terminal (His)6-fusion con-
structs, the BamHUSall fragments were excised and cloned
into the corresponding sites of pQE-30 (Qiagen). For con-
struction of the plasmids used in the two-hybrid analysis,
the genes cloned in pCR2.1-TOPO were excised by diges-
tion with EcoBI (located in the multiple cloning site of the
vector) and Sail and then ligated into EcoKUSaU sites of
pGAD424 and pGBT9 (Clonetech). The IscU-(His)6 fusion
construct was created by PCR amplification of iscU using
primers IscU-5TN and IscU-3rKB (Table I) containing Ncol
and BglR restriction site, respectively, for subsequent clon-
ing into the expression vector pQE-60 (Qiagen).

Affinity Co-Purification—The (His)6-tag constructs were
introduced into E. coli M15 cells harboring the pREP4
(Qiagen) and pRKISC (23) plasmids, carrying the lacl gene
and the isc operon, respectively. The cells were grown in
Terrific broth supplemented with 0.1 mg/ml ferric ammo-
nium citrate, and the coexpression of a (His)6-tagged pro-
tein and the ISC proteins was induced by the addition of 1
mM IPTG. Expression of the IscU-(His)6, (His)6-IscA, (His)6-
HscB, (His)6-Fdx, and (His)6-ORF3 fusion proteins was
allowed for 16 h at 37'C. For the expression of (His)6-IscR,
(His)6-IscS, and (His)6-HscA, cells were cultivated for 16 h
at 28°C to prevent the formation of inclusion bodies. The
cells were harvested by centrifugation, suspended in a solu-
tion containing 50 mM potassium phosphate, pH 8.0, 300
mM NaCl, 10 mM imidazole, and 10 mM (3-mercaptoetha-
nol, and disrupted by lysozyme treatment and sonication.
After centrifugation (15 min, 15,000 xg, 5°C), soluble pro-
teins were subjected to purification with a Ni-NTA affinity
column (Qiagen) under the conditions recommended by the
manufacturer. The column was washed extensively with a
buffer containing 50 mM potassium phosphate, pH 8.0, 300
mM NaCl, 20 mM imidazole, and 10 mM p-mercaptoetha-
nol, and the bound proteins were eluted from the column
with 250 mM imidazole in the same buffer. Aliquots of the
eluted samples were subjected to immunoblotting analysis
using antisera raised against each ISC protein. Detection
was with an ECL Plus kit (Amersham Pharmacia Biotech)
according to the manufacturer's specifications.

Yeast Two-Hybrid Assay—The chimeric plasmids of
pGAD424 and pGBT9 derivatives were introduced together
into yeast SFY526 cells carrying the p-galactosidase repor-
ter gene. Expression of p-galactosidase was measured by a
liquid culture assay as described previously (40). At least
three independently derived transformants were subjected
to assay and their p-galactosidase activity is presented in
Miller units; the release of o-nitrophenol from the substrate
ONPG was recorded at 420 run and normalized to cell den-
sity measured photometrically at 600 run. p-Galactosidase
activity was also measured using a filter assay (not shown),
and the results obtained by the two methods were fully
compatible.

RESULTS

Co-Purification of ISC Proteins from E. coli Cells—The
physical associations of the ISC proteins were first exam-
ined using an affinity co-purification method. We con-
structed a plasmid in which either IscR, IscS, IscU, IscA,
HscB, HscA, Fdx, or ORF3 was fused to (His)6-tag at the N-
terminus. As reported previously, mutant strains with inac-
tivated iscS, iscU, hscB, nscA, or fdx genes show very low
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activities of many Fe-S proteins and a slow-growth pheno-
type (7, 8). Transfbrmation~of the mutant cells with~the
respective (His)6-tag constructs resulted in complementa-
tion of the phenotypic effects except for the (His)6-IscU con-
struct (not shown). Another plasmid, in which (His)6-tag
was fused to the C-terminus of IscU, restored the growth of
AiscU cells. Thus, the IscU-(His)6 construct was preferred to
(His)6-IscU and used for subsequent analysis. Next, the
(His)6-tag construct was introduced into E. coli cells harbor-
ing the pREP4 and pRKISC plasmids, and co-overexpres-
sion of the isc operon and a (His)6-tagged protein was
induced by IPTG. Under the co-expression conditions, the
levels of non-fused ISC proteins increased 10-20-fold and
those of (His)a-tagged proteins ~500-fold. Among the (His)6-
tagged ISC proteins, only Fdx was expressed in a [2Fe-2S]
cluster-containing holo-form.

We performed affinity purification of the (His)6-tagged
proteins from cell extracts using Ni-NTA metal affinity
resin. The (His)6-tagged proteins were obtained at a purity
of more than 80% as judged by SDS-PAGE, but minor con-
taminants co-migrating with some of the ISC proteins were
visible on the gel (not shown). For identification, the frac-
tions were subjected to immunoblotting analysis using
antibody raised against each ISC protein. As shown in Fig.
1, three proteins, IscS, HscB, and HscA, were co-purified
with IscU-(His)6. With (His)6-Fdx, co-purification of IscS
and HscA was observed and with (His)6-ORF3, IscS, and
IscU. Significant interactions were also observed for the
combinations (His)6-IscS and IscU, (His)6-IscA and HscA,
(His)6-HscB and IscU, and (His)6-HscA and IscU. Thus,
interactions between IscS and IscU, IscU and HscB, and
IscU and HscA were detected even when the (His)6-tag
fusion partners were exchanged. In control experiments

Antt-tecR

Antl-lscS

AnH-tecU

Antt-tecA

AntH-tecB

AnH-HscA

Antt-Fdx

Antl-0RF3

iscR

ND

IscS

ND

(His), -tagged protein

IscU tecA HscB HscA Fdx

• —

ND • —»

ND

« • ND

— " ^ ND « •

ND

ORF3none

—

-

»

ND

Fig. 1. Associations among the ISC proteins inE. coli extracts.
The (His)6-tagged IscR, IscS, IscU, IscA, HscB, HscA, Fdx, and ORF3
were purified from E. coli extracts with Ni-NTA resin. The ISC pro-
teins co-purified with the (His)6-tagged protein were analyzed by
SDS-PAGE in 15% gels followed by immunoblotting using anti-ISC
antisera. An unfused (His), sequence expressed from the pQE-30
vector was used as a negative control. ND, not done.

using an unfused (His)6 sequence, hardly any ISC proteins
were"co-purified"with Ni-NTA~resin. No interactions were
seen for IscR with any ISC proteins. Taken together, these
data indicate a complex network of protein-protein interac-
tions among the ISC proteins, the only exceptional case
being IscR.

Interactions Detected by Two-Hybrid Analysis—The re-
sults of the co-purification experiments do not show conclu-
sively that two proteins bind to each other, because all of
the ISC proteins are coexpressed within the same cell and
interactions could be indirect. To investigate the interac-
tions between defined pairs of proteins, we made use of the
yeast two-hybrid system. We constructed plasmids in which
each ISC protein was fused to the GAL4 activation domain
(GAD) and the GAL4 DNA binding domain (GBD), using
cloning vectors pGAD424 and pGBT9, respectively. These
constructs were introduced into S. cerevisiae strain SFY526
carrying the lacZ reporter gene under the control of the
GAL4-dependent promoter. If the two fusion proteins inter-
act, the GAD and GBD are brought together to the correct
localization to allow the production of p-galactosidase,
which was detected by a liquid culture assay using ONPG
as a substrate. Under the culture conditions, however, it is
unknown whether the IscR, IscU, IscA, and Fdx proteins
fused to GAD or GBD can accommodate the Fe-S clusters
in yeast cells.

All pairwise combinations of the two ISC proteins were
examined by the two-hybrid system. However, GBD fused
to HscB or Fdx gave high background activities of p-galac-
tosidase, which made it difficult to detect any interacting
proteins (not shown). In other fusion constructs, low back-
ground activities were confirmed by control experiments in
combination with unfused GAD or GBD (Fig. 2). Among the
pairwise combinations examined, GBD-IscU and GAD-
HscB yielded the highest expression of the reporter gene
with a 64-fold increase over background, indicating a stable
interaction between IscU and HscB. A weak but significant
interaction was also observed for combinations of IscS and
IscU, IscS and ORF3, IscA and HscA, and HscB and HscA.
Of these combinations, it is noteworthy that the interac-
tions of IscS and IscU, IscS and ORF3, and IscA and HscA
could be detected even when the fusion partners of these
proteins were exchanged. A homotypic interaction was ob-
served for the GBD-IscS and GAD-IscS pairing, which
might reflect a homodimeric structure of IscS. Two-hybrid
analysis using GAD-IscR (Fig. 2) or GBD-IscR (not shown)
gave only the background level of p-galactosidase activity
in any combination with other proteins. Thus, no interac-
tions were observed for IscR, which is consistent with the
co-purification experiments described above, and the pro-
posed role for the protein as a repressor of the isc operon
(26).

Interaction of IscS(C328A) with IscU or ORF3—IscS was
shown to have cysteine desulfurase activity, which cata-
lyzes the conversion of cysteine to alanine and elemental
sulfur via the formation of a persulfide intermediate on a
conserved cysteine residues at position 328. The essential
role of Cys-328 has been demonstrated by the specific alky-
lation of that residue and by site-directed mutagenesis ex-
periments (26, 27). In addition, recent biochemical studies
have provided evidence for the transfer of elemental sulfur
from IscS to IscU and a covalent complex between the two
proteins via disulfide linkage (30, 31, 39). We therefore as-
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sessed whether mutated IscS with Cys-328 replaced by Ala
could interact with IscU in the two-hybrid system (Fig. 3,
left). The mutation caused a marked decrease in the inter-
action with IscU as detected by (3-galactosidase expression.
However, the residual activity in the combination of GAD-
IscS(C328A) and GBD-IscU was still higher than that in
control cells expressing unfused GAD and GBD-IscU. Thus,
it appears likely that in IscS, Cys-328 is crucial but not
essential for binding with IscU. In parallel experiments
using the combination of GAD-IscS and GBD-ORF3, re-
placing C328A did not cause a major alteration in p-galac-
tosidase expression, showing rather a stimulating effect
(Fig. 3, right). The results suggest that C328A substitution
does not give rise to a major conformational change in
GAD-IscS, and that the residue is not directly involved in
the binding between IscS and ORF3.

Interactions of Mutated IscU with IscS or HscB—IscU
has been proposed to serve as a scaffold for the assembly of
intermediate Fe-S clusters prior to delivery to other apo-Fe-
S proteins (28, 29). IscU contains three conserved cysteine
residues at positions 37, 63, and 106, all of which are essen-
tial for in vivo function (14, Tokumoto U., unpublished

observations). Two of the cysteine residues appear to coor-
dinate a transient [2Fe-2S] or [4Fe-4S] cluster that is pre-
sumed to bridge two subunits of IscU. In addition, the
cysteines are likely to be involved in both binding with IscS
via disulfide linkage and accepting elemental sulfur pro-
vided by IscS (30, 31, 39), although the roles of the individ-
ual cysteines have yet to be fully characterized. Here, we
analyzed three mutant IscU proteins in which Cys-37, Cys-
63, or Cys-106 was individually substituted by Ser. In the
two-hybrid system using the combination of GAD-IscS and
GBD-IscU, however, none of the substitutions caused a
major alteration in P-galactosidase expression (Fig. 4, left).
A small decrease in activity was observed for GBD-IscU-
(C63S), although 60% activity was retained compared with
non-mutated GBD-IscU. The results indicate that the three
cysteine residues in IscU do not serve as a major determi-
nant in binding with IscS. In experiments using the combi-
nation of GAD-HscB and GBD-IscU, we also examined the
effect of mutations in IscU on binding with HscB. As shown
in Fig. 4 (right), (3-galactosidase expression was almost
completely abolished by the C37S and C63S substitutions.
In contrast, hardly any change was detected in IscU-

GBD GBD-lscS GBD-IscU

11 iiliii

Fig. 2. Interactions between
ISC proteins in yeast cells.
Plasmids carrying the genes for
the indicated fusion proteins were
co-introduced into yeast SFY526
by the lithium acetate method.
Unfused GAD and GBD were
used as negative controls. Trans-
formants containing two plas-
mids were selected on SD plates
lacking Trp and Leu and then
grown to mid-log phase in hquid
YPD medium. (3-Galactosidase
activity was monitored by the liq-
uid culture assay and is shown in
Miller units. Experiments were
carried out using at least three
independent transformants and
the values are the mean ± SD.

Protein fused to GAD

GBD-IscU GBD-ORF3
GAD-IscS GAD-HscB

GAD GAD- GAD-IscS
IscS (C328A)

GAD GAD- GAD-IscS
IscS (C328A)

Fig. 3. Interactions of wild-type or mutant IscS with IscU or
ORF3 in the yeast two-hybrid system. A C328A substitution was
introduced into the GAD-IscS fusion construct. Interactions were ex-
amined in combination with GBD-IscU or GBD-ORF3 by the two-hy-
brid analysis as described in the legend of Fig. 2.

GBD GBD- GBD- GBD- GBD-
IscU IscU IscU IscU

(C37S)(C63S)(C106S)

GBD GBD- GBD- GBD- GBD-
IscU IscU IscU tecU

(C37S)(C63S)(C106S)

Fig. 4. Effect of site-directed mutagenesis of IscU on the inter-
action with IscS or HscB. C37S, C63S, or C106S substitution was
introduced into the GBD-IscU fusion construct. Interactions were
examined in combination with GAD-IscS or GAD-HscB by two-hy-
brid analysis as described in the legend to Fig. 2.
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(C106S), suggesting that the interaction involves the spe-
cific recognition of Cys-37 and Cys-63 in IscU.

DISCUSSION

We demonstrate that most ISC proteins associate in vari-
ous combinations in both E. coli extracts and yeast cells
(Fig. 5). The binding profiles by the two methods are consis-
tent for the following combinations: IscS and IscU, IscS and
ORF3, IscU and HscB, and IscA and HscA. In addition, an
interaction between HscB and HscA was observed in the
two-hybrid analysis. Co-purification experiments revealed
additional interactions between IscS and Fdx, IscU and
HscA, IscU and ORF3, and HscA and Fdx. The two-hybrid
system is advantageous for examining interactions be-
tween defined pairs of proteins without any influence of
other components. For instance, an interaction between
IscU and ORF3 was observed in the co-purification experi-
ments but not in the two-hybrid system, which might be an
indication of indirect binding of an IscU-IscS-ORF3 com-
plex. However, such an oligomeric complex could not ex-
plain the other discrepancies between the two methods, the
typical case being the interaction between IscS and Fdx.
The (His)6-Fdx purified from E. coli shows an absorption
spectrum characteristic of a [2Fe-2S] cluster (not shown),
whereas it is unknown whether the Fdx expressed in the
nucleus of yeast cells accommodates the cluster. The inter-
action of holo-Fdx and holo-IscA observed in the previous in
vitro binding experiment (32) was not detected in our stud-
ies. Therefore, in order to interpret the data, it may be nec-
essary to take into account some limitations of the techni-
ques. Nevertheless, the previous biochemical analyses have
demonstrated direct associations of IscS-IscU, IscU-HscB,
and IscU-HscA (28, 30, 31, 35, 36, 39). The interaction of
HscB and HscA has also been inferred from in vitro kinetic
studies (34-36). Our findings are compatible with these
observations and, basically, reliable for a comprehensive
under-standing of protein—protein interactions among ISC
proteins.

How do the interactions among ISC proteins contribute
to the assembly of Fe-S clusters? According to a current
model (30, 31, 39), the assembly process is initiated by the
binding of IscS to IscU to transfer elemental sulfur (S°). A
transient Fe-S cluster is then constructed on the scaffold
protein IscU (28, 29), although the mechanistic details re-

IscS )?=?( IscU )^3ztf HscA

Fig. 5. Interaction network for the proteins involved in the
assembly of Fe-S clusters. Thin and thick lines indicate interac-
tions detected by the co-purification experiments and the two-hybrid
analysis, respectively. Dashed lines indicate biochemical interac-
tions described in previous studies. Arrows point away from the pro-
tein used as the (HisVtagged or GBD-fused construct to the inter-
action partner.

main unclear. The S° should be reduced to S2" prior to the
assembly of the" Fe-S cluster, and Fe should be recruited by
an unknown mechanism. In this report, we have demon-
strated the physical associations of IscS with IscU, Fdx,
and ORF3. Of these, the IscS-Fdx complex appears note-
worthy since Fdx has a redox-active [2Fe-2S] cluster with a
low midpoint potential (37). In addition, we have recently
found that IscS binds to holo-Fdx but not to apo-Fdx (not
shown). Thus, the binding may facilitate the reduction of S°
to S2" by providing reducing equivalents from Fdx. Consis-
tent with this view, the recent crystallographic analysis of
Fdx demonstrates a unique cysteine residue at position 46
that is located on the molecular surface and near the [2Fe-
2S] cluster (38).

Similar biochemical properties have been observed for
IscA and IscU, that is, an oxygen-labile [2Fe-2S] or [4Fe-4S]
cluster bridging the two homologous subunits (28, 29, 32,
33). Based on these findings, IscA has been proposed to pro-
vide an alternative scaffold to IscU for the assembly of
intermediate Fe-S clusters. In our analyses, however, no
interaction was observed for the combination of IscS and
IscA, in marked contrast with the IscS-IscU complex.
Therefore, a direct sulfur-transfer from IscS to IscA ap-
pears less likely. Instead, both IscU and IscA associate with
HscA, an Hsp-70 type molecular chaperone that is dedi-
cated to the biogenesis of Fe-S clusters. To date, a synergis-
tic interaction among IscU, HscB and HscA has been
demonstrated by in vitro binding and kinetic analyses
using the purified proteins (34-36). Our results are compat-
ible with the previous reports and provide further informa-
tion about the chaperone activity. First, the interaction
between IscA and HscA, which was detected in both the co-
purification and two-hybrid experiments, supports stable
binding between the two proteins and suggests a role for
IscA as a substrate for the chaperone as in the case of IscU.
Second, the chaperone interacts with apo-IscU and apo-
IscA since the purified IscU-(His)6 and (His)6-IscA proteins
from E. coli extracts display no spectroscopic evidence of an
Fe-S cluster (not shown). Third, HscB specifically recog-
nizes two essential cysteines in IscU for binding (discussed
below). It appears from these findings that the chaperone
system may assist both IscU and IscA in forming transient
Fe-S clusters by stabilizing an apo-state conformation suit-
able for cluster assembly. Whether the chaperone can inter-
act with other Fe-S proteins including apo- or holo-Fdx re-
mains to be clarified.

The two-hybrid system for ISC proteins will be useful in
further genetic studies to identify residues involved in pro-
tein-protein interactions. As a first step, we analyzed mu-
tant IscS and IscU proteins with essential cysteine residues
replaced with other amino acids. The substitution of Cys-
328 to Ala in IscS resulted in a marked decrease of its
interaction with IscU, whereas none of the three cysteines
in IscU was found to be essential for binding (Figs. 3 and
4). This finding is not surprising because previous results
showed a non-covalent IscS-IscU complex as well as a cova-
lent one with a disulfide linkage (28, 30, 31, 39). On the
other hand, we have unexpectedly identified two cysteines
in IscU at positions 37 and 63 that are crucial for the inter-
action with HscB (Fig. 4). A recent crystallographic analy-
sis of HscB revealed a three-helix bundle structure of the
C-terminal domain that is proposed to bind with target pro-
teins (41). The surface of the domain is mainly acidic but
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also contains some hydrophobic side chains. At present, it
is unclear which residues are involved in binding with IscU
and how the two cysteines are recognized by HscB.

In conclusion, the present findings demonstrate a net-
work of protein-protein interactions among ISC proteins.
From interactions in various combinations, one might ex-
pect a large, multimeric protein complex involving several
components. However, no indications of such a complex
were observed in the present study other than the putative
oligomeric form of IscU-IscS-ORF3. Attempts to identify
high-molecular-mass complexes by gel nitration have also
been unsuccessful (not shown). We therefore speculate that
ISC proteins work in concert during the sequential associa-
tion and dissociation to assemble transient Fe-S clusters
and transfer them to other apo-Fe-S proteins. The identifi-
cation of the new interactions will provide important infor-
mation for detailed investigations of the molecular
mechanism of Fe-S cluster biosynthesis. Further, both the
co-purification and two-hybrid techniques have the poten-
tial to be used not only to investigate interactions between
known proteins, but also to look for unknown binding part-
ners. We are currently using these methods to try to iden-
tify novel proteins that interact with each of the ISC
components.

We thank H. Ohmori, K. Mizutani, and K Nishina for technical
assistance and Dr. K. Fukuyama for valuable suggestions and crit-
ical reading of the manuscript.
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