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Identification of a novel prokaryotic HEAT-repeats-containing protein
which interacts with a cyanobacterial IscA homolog
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Abstract IscA homologs are known to be involved in iron—
sulfur cluster formation in various organisms. Recombinant
proteins of two IscA homologs from the cyanobacterium
Synechocystis PCC 6803, designated SLR1417 and SLR1565,
were purified. The absorption spectrum of purified SLR1565
was typical for [2Fe-2S] cluster-containing proteins, whereas
that of SLR1417 predominantly showed the presence of the iron
ion alone. In the cyanobacterial cell extracts, only SLR1565
was found to form a complex with a novel prokaryotic HEAT-
repeats-containing protein, SLR1098. Thus, the two cyanobac-
terial IscA protein homologs exist in distinct molecular states,
suggesting different cellular roles for these proteins. © 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

While a number of iron-sulfur cluster-containing proteins
have been the focus of extensive genetic, biochemical, or bio-
physical characterization [1,2], detailed information on the
complex process of iron—sulfur cluster biosynthesis is only
recently emerging. Much of what is currently known stems
from investigations on the function of two nif (nitrogen fix-
ation) gene products involved in nitrogenase assembly in Azo-
tobacter vinelandii [3,4]. NifS catalyzes the conversion of cys-
teine to alanine and sulfane to sulfur via a protein-bound
cysteine persulfide intermediate [5,6]. By comparison, NifU
serves as a scaffold for NifS-directed assembly of a transient
iron-sulfur cluster [7,8]. The non-nitrogen-fixing cyanobacte-
rium Synechocystis PCC 6803 contains only one nifU-like gene
encoding a protein that corresponds to the C-terminal one
third of A4. vinelandii NifU [9]. We previously demonstrated
that this cyanobacterial NifU-like protein can assemble a la-
bile [2Fe-2S]-type iron—sulfur cluster and possesses the ability
to deliver its [2Fe-2S] cluster to an apoferredoxin protein [10].
We proposed that the cyanobacterial NifU-like protein plays
a central role in iron—sulfur cluster biosynthesis as a scaffold
for iron—sulfur cluster assembly and delivery.

Like NifS, NifU and their homologs [11-13], IscA proteins
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are thought to be involved in iron—sulfur cluster biosynthesis
[14-18]. Recently, Escherichia coli IscA was shown to assem-
ble an air-sensitive [2Fe-2S] cluster, which served as a source
for holo-ferredoxin synthesis in vitro [19]. The NfIscA of 4.
vinelandii was proposed to function as an alternative scaffold
protein in iron-sulfur cluster biosynthesis based on its NifS-
directed assembly of a labile [4Fe-4S] cluster via a transient
[2Fe-28] cluster [20].

It is well known that several organisms, including prokary-
otes and eukaryotes, possess multiple copies of iscA4. It is not
clear if these IscA isologs perform complementary or differ-
entiated functions in the same cell. The cyanobacterium Syn-
echocystis PCC 6803 was also found to contain two genes,
slr1417 and slr1565, the translation products of which are
similar to IscA (Fig. 1A). The predicted amino acid sequences
of the two cyanobacterial IscA homologs, SLR1417 and
SLR1565, show 39% sequence identity to each other and
38% and 39% to the A. vinelandii IscA protein. To elucidate
the function of the two cyanobacterial IscA homologs, we
analyzed the molecular status of these proteins and character-
ized recombinant proteins purified from E. coli cells.

2. Materials and methods

2.1. Bacterial and cyanobacterial strains and their culture conditions
The E. coli strains TG1 and BL-21(DE3) RIL (Stratagene) were
used for plasmid propagation and over-expression of the recombinant
proteins, respectively. The cyanobacterium Synechocystis PCC 6803
was grown at 30°C under white light in BG11H (BG11 with 20 mM
HEPES-NaOH, pH 7.5) liquid or solid agar medium.

2.2. Expression and purification of SLR1417, SLR1565, and SLR1098
in E. coli

The plasmid used for expression of SLR1417, pET-21/slr1417, was
constructed by cloning the s/r/417 gene into pET-21d (Amp") (Nova-
gen). The plasmid used for over-expression of SLR1565, pET-9/
slr1565, was constructed by cloning the s/r1565 gene into pET-9d
(Km") (Novagen). The SLR1098 over-expression plasmid, pET-21/
slr1098, was constructed in the same manner. Expression and purifi-
cation of recombinant proteins was performed essentially according to
the methods described previously [10].

2.3. Subcellular fractionation of the cyanobacteria

Cyanobacterial cells were harvested by centrifugation. The cell pel-
let was suspended in five volumes of a buffer containing 50 mM
HEPES-NaOH (pH 8.5), 25 mM NaCl and 5 mM dithiothreitol
(DTT). Cells were ruptured by sonication. After removal of unbroken
cells, cell extracts were centrifuged for 20 min at 9000 X g to precip-
itate large cellular debris. The soluble and membrane fractions were
obtained by ultra-centrifugation at 100 000 X g for 30 min. The soluble
protein fraction was further fractionated with a buffer containing 50
mM HEPES-NaOH (pH 8.5), 150 mM NaCl and 5 mM DTT using
Superdex-75 gel filtration chromatography (Amersham Pharmacia)
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[21]. The molecular marker proteins used were bovine serum albumin
(BSA) (69 kDa), ovalbumin (43 kDa), FNR (35 kDa), myoglobin
(17.6 kDa), and ribonuclease A (13.7 kDa). The peak fractions con-
taining either SLR1565 or SLR1417 were used for chemical cross-
linking with 2.5 mM disuccinimidyl suberate (DSS) or 5 mM bis-
(sulfosuccinimidyl)-suberate (BS?). The cross-linked products were de-
tected by Western blotting.

2.4. Purification and identification of the SLRI1565-interacting 30-kDa
protein

A HiTrap® NHS-activated HP affinity column (Amersham Phar-
macia), covalently conjugated with affinity-purified anti-SLR1565
antibody, was used for affinity purification of any proteins interacting
with SLR1565 in the cyanobacterial soluble fraction. After separation
of the affinity-purified proteins by SDS-PAGE, proteins were electro-
transferred onto an Immobilon® transfer membrane (Millipore), and
the desired protein bands were subjected to proteolytic digestion with
lysyl-endopeptidase followed by peptide isolation and peptide se-
quencing according to conventional methods.

2.5. Other methods

UV/visible absorption spectra of protein solutions were recorded
using a UV-2500PC UV/visible recording spectrophotometer (Shimad-
zu). The concentration of [2Fe-2S] clusters was estimated using the
molar extinction coefficients of 9.68 mM™! cm™! at 422 nm [22]. The
protein concentration was determined using the Bio-Rad protein assay
(Bio-Rad) with BSA as a standard. Western blotting was carried out
using horseradish peroxidase-protein A (Zymed) as a secondary anti-
body and an ECL™ detection system (Amersham Pharmacia) [11].

3. Results and discussion

Two cyanobacterial IscA homologs, SLR1417 and
SLR1565, were expressed in E. coli, and each protein was
purified to homogeneity as shown in Fig. 1B. Purified
SLR1565 had a UV/visible absorption spectrum characteristic
of [2Fe-2S] cluster-containing proteins that have an absorp-
tion peak at 330 nm and lower broad peaks at around 420 nm
and 460 nm (Fig. 1C, plain line). By comparison, the UV/
visible absorption spectrum of SLR1417 had a clear peak at
330 nm and only minor absorption at around 450 nm com-
pared to SLR1565 (Fig. 1C, dotted line). In a typical [2Fe-2S]
cluster, absorption from 420 nm to 460 nm is attributed to the
vibration between iron and bridging inorganic sulfur, whereas
absorption at 330 nm is a result of vibration between the iron
and cysteinyl sulfur of the polypeptide backbone. Therefore,
SLR1565 appears to possess an [2Fe-2S] cluster, while
SLR 1417 appears to be able to bind an [2Fe-2S] cluster but
more stably bind only iron ions, probably in a cysteinyl-li-
gated coordination.

E. coli TscA and A. vinelandii NfTscA proteins have been
purified in a metal-free form [19,20]. In these studies an [2Fe—
28] cluster could only be assembled with purified IscA pro-
teins under anaerobic conditions in vitro, and the reconsti-
tuted [2Fe-2S] cluster in either the E. coli or A. vinelandii
IscA protein was fairly labile. By comparison, the [2Fe-2S]
cluster found associated with purified SLR1565 was stable, as
indicated by the persistence over several days in a closed tube
at 4°C of its brown-red color (data not shown).

Using the purified proteins as antigens, we prepared anti-
bodies to specifically identify each IscA homolog (Fig. 2A).
Western blotting analysis of total cyanobacterial cell lysates
showed that the purified antibodies detected only one specific
protein band with an electrophoretic migration consistent
with recombinant SLR1417 or SLR1565 (Fig. 2B, lanes 1).
As expected, both SLR1417 and SLR1565 were localized ex-
clusively in the soluble fraction (lanes 4). Since the intensity of
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Fig. 1. Purification and spectroscopic characterization of recombi-
nant SLR1417 and SLR1565. A: Sequence alignment of SLR1417
and SLR1565 with IscA proteins from A. vinelandii (Av) and E. coli
(Ec). Highly conserved cysteine residues are denoted by asterisks
and amino acids conserved in at least three of four IsaA proteins
are highlighted. B: Purified SLR1417 (lane 1) and SLR1565 (lane 2)
were analyzed by 17.5% SDS-PAGE. Protein molecular weight
markers are indicated on the left. C: UV/visible absorption spectra
of purified SLR1417 (dotted line) and SLR1565 (plain line) were ad-
justed by the absorption values at 330 nm.

the SLR1417 and SLR1565 protein bands detected by West-
ern blotting were similar to those of 10 ng of the correspond-
ing purified proteins, we concluded that nearly equivalent
amounts of SLR1417 and SLR1565 existed in the soluble
compartment of cyanobacterial cells (lanes 5) and that each
SLR1417 and SLR1565 represents an estimated 0.01% of the
total soluble proteins in the cyanobacterial cell.

Gel filtration of the soluble cyanobacterial protein fraction
resulted in SLR1565 and SLR1471 eluting as single homoge-
neous peaks with molecular masses estimated at 17 kDa and
69 kDa, respectively (Fig. 2C). By comparison, recombinant
SLR1417 and SLR1565 eluted as 17-kDa and 15-kDa pro-
teins, respectively (data not shown). These results suggest
that SLR1565 may be part of a complex in vivo.

Chemical cross-linking experiments were performed to fur-
ther analyze the oligomeric status of each IscA homolog in the
soluble cyanobacterial protein fraction. When the amine-reac-
tive cross-linker DSS was incubated with gel-filtration fraction
9, which contained SLR1565, two adjacent immunoreactive
bands at around 42.5 kDa were detected by Western blotting
using anti-SLR 1565 antibodies (Fig. 2D, right panel). Anoth-
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er cross-linker, BS?, resulted in a similar immunoreacted band
(Fig. 2E, right panel). Since the calculated molecular mass of
SLR1565 is 12.5 kDa, SLR1565 appears to form a complex
with a protein about 30 kDa. No other immunoreactive cross-
linked products were detected at around 25 kDa, or larger
than 47.5 kDa, suggesting that the SLR1565 complex does
not contain an SLR1565 dimer or other additional compo-
nent.

When gel-filtration fraction 12, which contained mostly
SLR1417, was incubated with DSS, the migration pattern of
SLR1417 on SDS-PAGE was not affected and showed good
agreement with its calculated monomeric molecular mass of
13 kDa (Fig. 2D, left panel). However, when another cross-
linker, BS?, was used, a band at 30 kDa was detected by
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Fig. 2. Western analyses of SLR1417 and SLR1565 in the cyano-
bacterial cell extracts. A: 10 ng of purified SLR1417 (lanes 1 and 3)
and SLRI1565 proteins (lanes 2 and 4) were analyzed by 17.5%
SDS-PAGE, followed by Western blotting using the affinity-purified
anti-SLR1417 antibody (left panel) and anti-SLR1417 antibody
(right panel). B: The cyanobacterial cell extracts (lanes 1) were frac-
tionated into cell debris (lanes 2), membranes (lanes 3) and the solu-
ble fraction (100 pg, lanes 4). These fractions were subjected to
Western blotting with the anti-SLR1417 antibody (upper panel) and
anti-SLR 1565 antibody (lower panel). 10 ng of purified SLR1417
(upper panel, lanes 5) and purified SLR1565 (lower panel, lane 5)
were also analyzed. C: The cyanobacterial soluble proteins were
fractionated by gel filtration and fractions 7-16 were subjected to
Western blotting with the affinity-purified anti-SLR1417 antibody
(upper panel) and with anti-SLR1565 antibody (lower panel). Mo-
lecular weight marker proteins are BSA (69 kDa), ovalbumin (43
kDa), FNR (35 kDa), myoglobin (17.6 kDa), and ribonuclease A
(13.7 kDa). D: Fractions 9 (right panel) and 12 (left panel) were
used for chemical cross-linking experiments and analyzed by West-
ern blotting with anti-SLR1565 antibody (right panel) and anti-
SLR1417 antibody (left panel), respectively. Samples incubated with
the cross-linker DSS were loaded to lanes denoted by +. Asterisks
denote cross-linked products. E: Same as in D except for the use of
BS? instead of DSS.

«—

Western blotting using anti-SLR1417 antibodies (Fig. 2E,
left panel). Since the recombinant SLR1417 was eluted in
the same fractions as the endogenous SLR1417 by gel filtra-
tion as described above and since reported IscA protein family
members are known to form a dimer, SLR1417 appeared to
exist as a dimer in the cyanobacterial cells. In the case of
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Fig. 3. Purification and identification of the SLR1565-interacting 30-
kDa protein. A: The cyanobacterial soluble fraction was applied to
anti-SLR 1565 antibody-conjugated affinity column, and eluate was
analyzed by SDS-PAGE. B: The deduced amino acid sequence of
SLR1098. Asterisks correspond to regions whose amino acid se-
quences were identified by peptide sequencing. C: Alignment of
HEAT-repeats found in SLR1098 (H1-H5) with a typical HEAT-re-
peat (named repeat-10) found in importin B (PDB 1QGK) [24].
h denotes the helix-forming sequences in the repeat-10.
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purified recombinant SLR1565, we could observe a cross-
linked band corresponding to the dimeric form of SLR1565
(data not shown), although such a cross-linked dimeric form
of SLR1565 was hardly observed in the cyanobacterial lysates
as shown in Fig. 2D. Thus, the solely expressed SLR1565
might form a dimer like SLR1417.

To identify the 30-kDa protein interacting with SLR1565,
the cyanobacterial soluble fraction was applied to an anti-
SLR1565 antibody-conjugated affinity column. In addition
to SLR1565, two proteins with molecular masses of 30 kDa
and 35 kDa were purified (Fig. 3A). The partial amino acid
sequence of proteolytic fragments of these two candidate pro-
teins was determined. The 35-kDa protein was found to be
SLL0617, which is a cyanobacterial homolog of the chloro-
plast membrane-associated 30-kDa protein [23]. However, we
concluded that this protein was not a true SLR1565-interact-
ing protein for the following reasons: (1) SSL0617 could not
form a protein complex with SLR1565 when the two proteins
were co-expressed in E. coli, and (2) recombinant SSL0617
could bind to the anti-SLR1565 antibody even in the absence
of SLR1565 (data not shown).

The affinity-purified 30-kDa protein contained the peptide
sequences MRNQDDL and MAAVR, and was found to be
SLR1098, a protein with no known function. SLR1098 is 246
amino acids long and has a calculated molecular weight of
26968 Da (Fig. 3B). The amino acid sequence of SLR1098 is
not homologous to any proteins with a known function,
although HEAT-repeat motifs appear several times through-
out the sequence (Fig. 3C). The HEAT motif was found ini-
tially in a rather diverse family of eukaryotic proteins includ-
ing huntingtin, elongation factor 3, the PR65/A subunit of
protein phosphatase 2A, and importin  [24]. Although
HEAT-repeat proteins are involved in many different cellular
processes, a common function is thought to be mediation of
protein—protein interactions. The canonical HEAT-repeat
consists of two helices, which form a helical hairpin, and
several hydrophobic and electrostatic interactions between
the helices to stabilize the structural unit. Neighboring repeats
stack together into a single domain with a continuous hydro-
phobic core. It would be interesting to determine if the
HEAT-repeats in SLR1098 form a binding site for SLR1565
and/or for other protein substrate(s).

When SLR1565 and SLR1098 are co-expressed in E. coli,
SLR1098 forms a stable complex with SLR1565 that can be
purified to homogeneity (Fig. 4A). The protein band densities
of SLR1565 and SLR1098 from the SDS-PAGE gel indicate
that the complex forms with 1:1 stoichiometry. The UV/visi-
ble absorption spectrum of the purified SLR1565/SLR1098
complex closely resembles but is sharper than that of
SLR1565 alone, suggesting the presence of a more stabilized
[2Fe-2S] cluster (Fig. 4B). Upon gel filtration of the cyano-
bacterial soluble fraction, SLR1565 and SLR1098 co-eluted
(Fig. 4C) with an estimated 1:1 stoichiometry (data not
shown). There was no detectable SLR1565 or SLR1098 alone
suggesting that all available protein goes to form the
SLR1565/SLR1098 complex. The binding of SLR1098 to
SLR1565 is specific because no such complex was formed
when SLR1098 was co-expressed with SLR1417 in E. coli
(data not shown).

In summary, the two cyanobacterial IscA homologs,
SLR1417 and SLR1565, are molecularly distinct; SLR1417
binds predominantly the iron ion alone whereas SLR1565
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Fig. 4. Purification and characterization of the SLR1565/SLR1098
complex. A: SLR1098 and SLR1565 were co-expressed in the same
E. coli cell and the recombinant protein complex was purified and
analyzed by SDS-PAGE. B: UV/visible absorption spectrum of pu-
rified SLR1565/SLR1098 complex (plain line). That of SLR1565 is
also shown (dotted line). C: Fractions 7-15 obtained from the simi-
lar gel filtration as shown in Fig. 2C were analyzed by Western
blotting with the affinity-purified anti-SLR1098 antibody (lower
panel) and with the anti-SLR1565 antibody (upper panel).

binds a [2Fe-2S] cluster and can also form a stable protein
complex with the HEAT-repeats-containing protein SLR1098.
These results suggest that the two IscA homologs have differ-
ent physiological roles in the cyanobacterial cell. Although the
degree of homology between SLR1417 and SLR1565 is sim-
ilar to the homology between other bacterial IscA proteins
encoded in the isc operons, only SLR1417 contains conserved
short stretches of the sequence, GCSG and CGCG, in which
the cysteine residues are thought to play an important func-
tional role (Fig. 1A) [16,17,20]. This suggests that SLR1417 is
more closely related to the IscA proteins encoded in the bac-
terial isc operon than SLR1565, and thus we speculate that
SLR1565 may have evolved in the ancestral cyanobacteria to
play a specialized role with SLR1098.

Based on the UV/visible spectra of purified SLR1565 and
the SLR1565/SLR1098 complex, it was estimated that one
[2Fe-2S] cluster was present per SLR1565 monomer or per
complex, using the molar extinction coefficients at 422 nm
derived from a typical [2Fe-2S] cluster containing ferredoxin.
Since the two spectra were essentially similar, it appears that
the [2Fe-2S] cluster binds to the SLR1565 moiety in the
SLR1565/SLR1098 complex. While four conserved cysteinyl
ligations are commonly found in [2Fe-2S] cluster-containing
proteins, some variations are known, including the presence of
histidine and aspartic acid which can serve as ligands for iron
atoms [1,2]. In addition to three cysteine residues that are
highly conserved among IscA homologs, SLR1565 possesses
four histidine and several aspartate residues, one of which
might serve as the fourth ligand for the [2Fe-2S] cluster
(Fig. 1A).

A more detailed biochemical characterization of the two
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IscA homologs and their possible involvement in iron—sulfur
cluster biosynthesis in the cyanobacterial cell is now under
investigation.
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