
Iron–sulfur (Fe-S) clusters are one of the most

ancient and ubiquitous protein prosthetic groups in

nature [1]. Throughout evolution, iron–sulfur clusters

exhibit diverse functions such as electron transport, redox

and non-redox catalysis, DNA synthesis and repair, and

the regulation of gene expression [2-4]. Iron and sulfide

are toxic for cells in concentrations for in vivo iron–sulfur

protein maturation. Therefore, cells have developed dif-

ferent mechanisms for cellular iron–sulfur cluster assem-

bly. Three distinct biosynthesis systems have been found

in bacteria: ISC, SUF, and NIF machineries. The ISC

and SUF systems are widely distributed, where is ISC

expressed in normal physiological conditions, and SUF is

expressed in iron limitation and/or oxidation stress. The

NIF system is used to assemble complex or specialized

clusters for a specific enzyme [5, 6].

Three iscSUA operon genes iscS, iscU, and iscA have

been targets of recent investigations. Biochemical studies

indicated that IscS is a pyridoxal phosphate (PLP)

dependent cysteine desulfurase, which catalyzes desulfu-

rization of L-cysteine and transfers sulfur for iron–sulfur

cluster assembly in scaffold proteins [7, 8]. IscU acts as an

iron–sulfur cluster assembly scaffold protein and trans-

fers the assembled iron–sulfur clusters to target proteins

[9, 10]. The exact role of IscA in the biogenesis of

iron–sulfur proteins remains controversial. Two hypothe-

ses concerning the biochemical function of IscA have

recently emerged. The first states that IscA is an alterna-

tive scaffold protein for iron–sulfur cluster assembly,

which could host transient iron–sulfur cluster and trans-

fer the assembled clusters to target proteins in vitro [11,

12]. The second hypothesis is that IscA acts as an iron

chaperone that binds free iron, and the iron center in

IscA could be mobilized by L-cysteine for iron–sulfur

cluster assembly in IscU [13-15]. The relative iron bind-

ing or iron–sulfur cluster binding activities of IscA needs

to be further investigated.

In our previous studies, we have revealed that puri-

fied Acidithiobacillus ferrooxidans IscA can be overex-

pressed and purified with a [4Fe-4S] cluster in E. coli, and

the apo-IscA could serve as a scaffold protein that recruits

intracellular iron and sulfur to host a [4Fe-4S] cluster in

vitro [16]. Here we report A. ferrooxidans IscA is an iron

binding protein with an apparent iron association con-

stant of 4·1020 M–1, and that the iron binding in IscA can

be promoted by oxygen through oxidizing ferrous iron to
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Abstract—IscA is a key member of the iron–sulfur cluster assembly machinery found in bacteria and eukaryotes, but the

mechanism of its function in the biogenesis of iron–sulfur cluster remains elusive. In this paper, we demonstrate that

Acidithiobacillus ferrooxidans IscA is a [4Fe-4S] cluster binding protein, and it can bind iron in the presence of DTT with an

apparent iron association constant of 4·1020 M–1. The iron binding in IscA can be promoted by oxygen through oxidizing

ferrous iron to ferric iron. Furthermore, we show that the iron bound form of IscA can be converted to iron–sulfur cluster

bound form in the presence of IscS and L-cysteine in vitro. Substitution of the invariant cysteine residues Cys35, Cys99, or

Cys101 in IscA abolishes the iron binding activity of the protein; the IscA mutants that fail to bind iron are unable to assem-

ble the iron–sulfur clusters. Further studies indicate that the iron-loaded IscA could act as an iron donor for the assembly

of iron–sulfur clusters in the scaffold protein IscU in vitro. Taken together, these findings suggest that A. ferrooxidans IscA

is not only an iron–sulfur protein, but also an iron binding protein that can act as an iron donor for biogenesis of iron–sul-

fur clusters.
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ferric iron. Furthermore, we show that the iron bound

form IscA can be converted to iron–sulfur cluster bound

form in the presence of IscS and L-cysteine in vitro.

Additional studies reveal that the iron-loaded IscA can

provide iron for the iron–sulfur cluster assembly in the

scaffold protein IscU in vitro. These results suggest that A.

ferrooxidans IscA is not only an iron–sulfur protein, but

also an iron binding protein that may act as an iron donor

for biogenesis of iron–sulfur clusters.

MATERIALS AND METHODS

Protein preparation. Recombinant A. ferrooxidans

IscA [16], IscU [17], and IscS [18] were produced as

described previously. In short, they were expressed as

fusion proteins with a His-tag and purified by affinity

chromatography using Ni-NTA agarose gel (Qiagen,

Germany). Apo-IscA was prepared by incubating purified

IscA with EDTA (10 mM) and L-cysteine (2 mM) at

37°C for 60 min, followed by passing through a HiTrap

desalting column (GE Healthcare, USA). The purity of

all the purified proteins was greater than 95% as judged by

electrophoretic analysis on a 15% (w/v) polyacrylamide

gel containing SDS followed by staining with Coomassie

Blue. The amounts of the acid-labile iron and sulfide in

the protein samples were analyzed according to Fischer’s

method [19] and Siegel’s method [20], respectively.

Iron binding analysis in IscA. Apo-IscA (100 µM) was

incubated with various concentrations of ferrous iron or

ferric iron in the presence of 2 mM DTT in open-to-air

microtubes at room temperature (25°C) for 30 min. The

protein samples then passed through a HiTrap desalting

column to remove unbound iron and DTT. For anaerobic

conditions, all reaction solutions were purged with pure

argon gas before use. The relative iron binding in IscA was

measured by the absorption amplitude at 315 nm [21].

Reconstitution of iron–sulfur cluster in IscA. Iron-

loaded IscA (100 µM) was incubated with 1 µM IscS and

2 mM DTT in buffer containing 500 mM NaCl and

20 mM Tris-HCl (pH 8.0). The reaction mixtures were

purged with pure argon gas and preincubated at 37°C for

5 min before 1 mM L-cysteine was added to initiate the

iron–sulfur cluster assembly reaction under anaerobic

conditions. IscA was re-purified from the incubation

solutions and subjected to UV-visible absorption meas-

urements. The amount of the iron–sulfur clusters assem-

bled in IscA was monitored at 315 and 415 nm.

Iron–sulfur cluster assembly of IscU in vitro. Purified

IscU (50 µM) was incubated anaerobically with 1 µM

IscS, 2 mM DTT, and 1 mM L-cysteine in buffer con-

taining 500 mM NaCl and 20 mM Tris-HCl (pH 8.0).

Either Fe(NH4)2(SO4)2 or iron-loaded IscA was added as

iron source for the assembly of iron–sulfur cluster in

IscU. The amount of iron–sulfur clusters assembled in

IscU was monitored at 456 nm [22].

UV-visible scanning and EPR spectra. UV-visible

spectra were scanned at 25°C in a Beckman DU-640 UV-

visible spectrometer equipped with a temperature con-

troller. EPR spectra were recorded at 100 K on a JEOL

JES-FEIXG spectrometer. The routine EPR conditions

were: microwave frequency, 9.154 GHz; microwave

power, 4 mW; modulation frequency, 100 kHz; modula-

tion amplitude, 0.63 mT; sample temperature, 4.0 K; and

receive gain, 1×105.

RESULTS

IscA acts as an iron-binding protein. The purified

IscA was brown in color, with a clear absorption peak at

315 nm and a shoulder at 415 nm (Fig. 1, spectrum 1),

indicating iron–sulfur cluster binding in the protein.

Analysis of total iron and sulfide contents in purified

IscA showed that there were 3.56 ± 0.10 Fe and 3.78 ±

0.12 S atoms per IscA monomer. This result suggested

that IscA contained a single [4Fe-4S] cluster per

monomer. When purified IscA was incubated with L-cys-

teine and the iron chelator EDTA, the bright color dis-

appeared quickly. Analysis of the prepared apo-IscA

showed that the protein had little absorption at 315 and

415 nm (Fig. 1, spectrum 2) and containing less than

0.2 Fe and S atoms per apo-IscA monomer. However,

when the apo-IscA was re-incubated with ferrous iron in

the presence of DTT, the absorption peak at 315 nm was

Fig. 1. UV-visible spectra of IscA: 1) the wild-type IscA (100 µM)

was purified from E. coli cells grown in LB medium; 2) the apo-

IscA (100 µM) was prepared by incubating purified IscA with

EDTA (10 mM) and L-cysteine (2 mM) at 37°C for 30 min; 3) the

iron-loaded IscA (100 µM) was prepared by incubating apo-IscA

with 10-fold molar excess of ferrous ammonium sulfate and 2 mM

DTT. The protein was re-purified by passing through a HiTrap

desalting column and subjected to UV-visible absorption meas-

urements.
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Fig. 2. Iron binding in apo-IscA. a) UV-visible absorption spectra of apo-IscA after reconstitution. Apo-IscA (50 µM) was incubated with

Fe(NH4)2(SO4)2 (0-500 µM) in the presence of DTT (2 mM) in open-to-air microtubes at room temperature (25°C) for 30 min. The protein

was re-purified by passing through a HiTrap desalting column. b) Iron binding curve of apo-IscA. Amplitudes of the absorption peak at 315 nm

of apo-IscA were obtained from the spectra in (a) and plotted as a function of the ferrous iron concentration in the incubation solution.
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Fig. 3. Iron-binding activity of IscA in vitro under aerobic (a, c) and anaerobic (b, d) conditions. a) Apo-IscA (50 µM) was incubated with 10-

fold molar excess of Fe(NH4)2(SO4)2 and DTT (2 mM) under aerobic conditions at 25°C for 30 min, and IscA was re-purified from the incu-

bation solutions and subjected to UV-visible absorption measurements; b) same as in (a) with the exception that the protein was incubated

under anaerobic conditions; c) same as in (a) with the exception that FeCl3 was used instead of Fe(NH4)2(SO4)2; d) same as in (a), except that

FeCl3 was used instead of Fe(NH4)2(SO4)2, and the protein was incubated under anaerobic conditions.
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restored (Fig. 1, spectrum 3). To check the iron binding

activity of IscA, the apo-IscA was incubated with various

concentrations of ferrous iron in the presence of DTT,

followed by re-purification of IscA. Figure 2 shows the

iron-binding curve of apo-IscA. As the iron concentra-

tion in the incubation solution was increased, the absorp-

tion peak at 315 nm of IscA was proportionally increased

and apparently saturated when the iron concentration

was about 4 times of the IscA concentration. Analysis of

total iron and sulfide contents in iron-loaded IscA

showed that there were 3.81 ± 0.13 Fe and less that 0.2 S

atoms per iron-loaded IscA monomer. These results sug-

gested that iron, not iron–sulfur cluster, was binding in

IscA after incubation apo-IscA with ferrous iron and

DTT. Using sodium citrate as a competing iron chelator,

we found that IscA had an apparent iron association con-

stant of 4.0·1020 M–1, which is higher than that of E. coli

IscA (3.0·1019 M–1) [22, 23] and human IscA

(2.0·1019 M–1) [14].

Oxygen promotes iron binding of IscA by oxidizing

ferrous iron to ferric iron. To obtain deeper insight into

the physiological iron binding activity of IscA, 50 µM

apo-IscA was incubated anaerobically with 10-fold molar

excess of Fe(NH4)2(SO4)2 in the presence of DTT; the

reaction solutions were purged with pure argon gas sepa-

rately and mixed together. The reaction solutions were

incubated at room temperature (25°C) for 30 min fol-

lowed by re-purification of IscA. Figure 3 shows that

compared with aerobic conditions (Fig. 3a), there was a

small absorption peak at 315 nm under anaerobic condi-

tions (Fig. 3b), indicating that ferrous iron binding of

IscA was greatly inhibited under anaerobic conditions.

The data suggests that oxygen plays a crucial role in iron

binding of IscA. To test our hypothesis, we incubated

50 µM apo-IscA with 10-fold molar excess of FeCl3 in the

presence of DTT as described previously, and we found

that after incubation the apo-IscA was converted to iron-

loaded IscA both under aerobic (Fig. 3c) and anaerobic

Fig. 4. The iron bound form of IscA could convert to iron–sulfur cluster bound form in vitro. Iron-loaded IscA (100 µM) was incubated

anaerobically with 1 µM IscS, 1 mM L-cysteine, 2 mM DTT in buffer containing 500 mM NaCl and 20 mM Tris-HCl (pH 8.0). The ampli-

tudes of the absorption peaks at 315 and 415 nm were used to monitor the formation of iron–sulfur cluster in IscA. a) UV-visible spectrum of

iron-loaded IscA; b) UV-visible spectrum of reconstituted IscA; c) EPR spectrum of iron-loaded IscA; d) EPR spectrum of reconstituted IscA.

300

a

400 500

Iron-loaded IscA

700

Wavelength, nm

0.6

315 nm

300

b

400 500 600 700

415 nm

315 nm

415 nm

c d

0.4

0.5

0.3

0.2

0

0.1

O
.D

.

600

g = 2.04

Reconstituted IscA

3000 3100 3200 3400

Magnetic field, G

3500 3600 3000 3100 32003300 3400 3500 36003300



248 LIN QIAN et al.

BIOCHEMISTRY  (Moscow)   Vol.  78   No.  3   2013

conditions (Fig. 3d). Therefore, we propose that oxygen

could promote the iron binding of IscA by oxidizing fer-

rous iron to ferric iron in the iron-binding site of IscA

[21].

The iron bound form IscA could convert to iron–sul-

fur cluster bound form in vitro. When iron-loaded IscA

was incubated with 1 mM L-cysteine and 1 µM IscS in

buffer containing 2 mM DTT anaerobically at 37°C, the

solution slowly turned from red to brownish. After 30 min

incubation, the final UV-visible spectrum is similar to

that of the wild type IscA containing a [4Fe-4S] cluster

with one major absorption peak at 415 nm (Figs. 4a and

4b). Additionally, the iron-loaded IscA exhibited no EPR

activity (Fig. 4c), while the reconstituted IscA gave a typ-

ical EPR signal at S = 1/2, with the g value around 2.04

(Fig. 4d), indicating the presences of the [4Fe-4S] cluster

[15]. Furthermore, analysis of the reconstituted IscA

showed that there were 3.73 ± 0.09 Fe and 3.82 ± 0.12 S

atoms per IscA monomer, these results being in good

agreement with those of wild type IscA. These results

strongly suggested that the iron bound form of IscA was

successfully converted to the iron–sulfur cluster bound

form in vitro.

IscA is highly conserved from bacteria to humans

with three invariant cysteine residues (Cys35, Cys99, and

Cys101). To determine whether the iron bound form IscA

converting to iron–sulfur cluster form is specific, we used

the IscA mutant in which the Cys35, Cys99, and Cys101

were replaced with alanine. Figure 5 shows the UV-visi-

ble absorption spectra of the apo-IscA variants before (a)

and after (b) incubation with 10-fold molar excess of

Fe(NH4)2(SO4)2 in the presence of DTT. Whereas replac-

ing Cys35 with alanine significantly decreased the iron

binding activity of IscA, replacing Cys99 or Cys101 com-

pletely abolished the iron binding in the protein.

Consequently, the IscA variants, which could not bind

iron, also lost the iron–sulfur cluster binding activity

(Fig. 5c). These results lead us to speculate that during

the biogenesis of iron–sulfur cluster assembly in IscA,

apo-IscA recruits intracellular free iron and forms an

iron-loaded IscA, and the iron-loaded IscA is an inter-

mediate state and can be converted to [4Fe-4S] cluster-

loaded IscA.

The iron-loaded IscA is able to provide iron for

iron–sulfur cluster assembly in IscU in vitro. The finding

that IscA is able to bind iron in a stable form prompted us

to speculate that the iron-loaded IscA can behave as an

iron donor for the assembly of iron–sulfur clusters. For

that purpose, the scaffold protein IscU was chosen as a

target. When 50 µM IscU was incubated anaerobically

with 1 µM IscS, 2 mM DTT, and 200 µM Fe(NH4)2(SO4)2

in buffer containing 20 mM Tris-HCl (pH 8.0) and

Fig. 5. The conserved cysteine residues in IscA are essential for its specific iron and iron–sulfur cluster binding activity. a) The UV-visible

absorption spectra of apo-IscA and the apo-IscA variants (C35A, C99A, and C101A); b) apo-IscA and the variants (50 µM) incubated with

500 µM Fe(NH4)2(SO4)2 in the presence of 2 mM DTT; c) apo-IscA and the variants (50 µM) were incubated with 500 µM Fe(NH4)2(SO4)2,

1 µM IscS, 1 mM L-cysteine, and 2 mM DTT at 37°C for 30 min. The protein was re-purified by passing through a Hi-Trap desalting column

and subjected to UV-visible absorption measurements.
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500 mM NaCl at 37°C, an absorption peak at 456 nm that

was attributed to the IscU [2Fe-2S] cluster gradually

appeared and reached its maximum after 20-min incuba-

tion (Fig. 6a). Under the same anaerobic conditions,

when iron-loaded IscA instead of ferrous iron was added

to the reaction solution, the same absorption peak at

456 nm was apparent (Fig. 6b), indicating that the iron-

loaded IscA had similar activity in providing iron for the

iron–sulfur cluster in IscU.

Under aerobic conditions, the ferrous iron was fully

oxidized to ferric iron with the production of ferric

hydroxide precipitate after exposure to air for 3 h. No

Fig. 6. Iron-loaded IscA promotes the iron–sulfur cluster assembly in IscU in vitro. Purified IscU (50 µM) was incubated anaerobically with

1 µM IscS, 2 mM DTT, and different iron sources in buffer containing 20 mM Tris-HCl (pH 8.0) and 500 mM NaCl at 37°C for 5 min.

Spectra were obtained every 2 min for 20 min after addition of 1 mM L-cysteine to initiate the iron–sulfur cluster assembly reaction. The

amplitudes of the absorption peak at 456 nm were used to monitor the formation of iron–sulfur cluster in IscU. a) Fe(NH4)2(SO4)2 (200 µM)

was used for the iron–sulfur cluster assembly in IscU under anaerobic conditions; b) same as in (a) except that 50 µM iron-loaded IscA was

used instead of 200 µM Fe(NH4)2(SO4)2; c) 200 µM (NH4)2(SO4)2 was preincubated at 37°C for 3 h under aerobic conditions before being

used for the iron–sulfur cluster assembly in IscU; d) same as in (c) except that 50 µM iron-loaded IscA was used instead of 200 µM

Fe(NH4)2(SO4)2.
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absorption peak at 456 nm appeared (Fig. 6c), suggesting

that there was no iron–sulfur cluster assembly in IscU.

However, the same IscU [2Fe-2S] cluster absorption peak

at 456 nm was apparent, indicating that the iron-loaded

IscA could still provide iron for iron–sulfur cluster

assembly in IscU after the same preincubation under aer-

obic conditions (Fig. 6d). The results suggest that the iron

center in iron-loaded IscA is very stable and resistant to

oxygen, which can prevent the formation of the biologi-

cally inaccessible ferric hydroxide and provide iron for

iron–sulfur cluster assembly under aerobic conditions

[21].

DISCUSSION

It has been shown that formation of intracellular

iron–sulfur cluster is not a spontaneous process; it

requires complex biosynthetic machinery [24]. Previous

studies have shown that sulfur in iron–sulfur clusters is

provided by IscS [25], whereas the iron donor of

iron–sulfur cluster assembly is not really known. Iron

toxicity implies that within cells iron must be stored and

transported by specific proteins from which it can be

delivered to the assembly machinery [26]. The fact that

iron–sulfur clusters can be assembled with free iron in

vitro without accessory proteins strongly suggested that

the iron donor protein in the biosynthesis process is more

in relation with its ability to solubilize, transport, and

sequester iron than with an essential catalytic function for

the reaction [27]. So far, these proteins are still unknown.

IscA is a putative iron donor of iron–sulfur cluster

assembly [13-15]. In our previous studies, we have

revealed that A. ferrooxidans IscA is an iron–sulfur pro-

tein, and the apo-IscA can serve as a scaffold to host a

[4Fe-4S] cluster in vitro [16]. Here we show that the A.

ferrooxidans IscA is indeed found to bind iron and to be

able to provide it to IscU for iron–sulfur cluster synthesis

in the presence of IscS and L-cysteine in vitro. At this

time, it is worth pointing out that the recombinant IscAs

from E. coli [26], Azotobacter vinelandii [11], and

Synechocystis PCC 6803 [12] were purified as apoprotein

without the iron–sulfur cluster, but the [2Fe-2S] or [4Fe-

4S] could be reconstituted in vitro using sulfide and fer-

rous iron.

The crystal structure of E. coli IscA revealed that

IscA can exist in a tetrameric form, and that the three

conserved cysteine residues from each IscA monomer are

predicted to form a “cysteine pocket” in a channel

formed by association of the monomers [28]. Site-direct-

ed mutagenesis of A. ferrooxidans IscA showed that

Cys35, Cys99, and Cys101 are crucial residues for its iron

and iron–sulfur cluster binding, as removal of the

sulfhydryl group of the cysteines abolished the iron bind-

ing activity and resulted in [4Fe-4S] cluster loss. These

results are consistent with the crystal structure of IscA in

which the conserved “cysteine pocket” can accommo-

date an iron center or an iron–sulfur cluster without sig-

nificant re-arrangements of the protein structure [22].

The work described here also shows that different

forms of IscA represent different stages in the process of

iron–sulfur cluster assembly in A. ferrooxidans IscA. These

forms include apo-IscA, iron-loaded IscA, and [4Fe-4S]

cluster-loaded IscA. First, apo-IscA recruits free iron and

forms the iron-loaded IscA. The iron binding in IscA is an

intermediate state during assembly of iron–sulfur clusters

in IscA. It can convert to [4Fe-4S] cluster-loaded IscA in

the presence of IscS and L-cysteine (Fig. 7). Additionally,

iron-loaded IscA can act as iron donor for biogenesis of

iron–sulfur cluster. The iron center in IscA can be mobi-

lized by L-cysteine and transferred for the iron–sulfur

cluster assembly in IscU. The interactions of IscA with

IscS and IscU and how iron–sulfur cluster is transferred is

currently under investigation.
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