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Abstract Iron-sulfur cluster biosynthesis depends on protein
machineries, such as the ISC and SUF systems. The reaction
is proposed to imply binding of sulfur and iron atoms and assem-
bly of the cluster within a scaffold protein followed by transfer of
the cluster to recipient apoproteins. The SufA protein from Esch-
erichia coli, used here as a model scaffold protein is competent
for binding sulfur atoms provided by the SufS—SufE cysteine des-
ulfurase system covalently as shown by mass spectrometry.
Investigation of site-directed mutants and peptide mapping
experiments performed on digested sulfurated SufA demonstrate
that binding exclusively occurs at the three conserved cysteines
(cys50, cys114, cys116). In contrast, it binds iron only weakly
(K. =5x10°M"") and not specifically to the conserved cyste-
ines as shown by Mossbauer spectroscopy. [Fe—S] clusters, char-
acterized by Mossbauer spectroscopy, can be assembled during
reaction of sulfurated SufA with ferrous iron in the presence of
a source of electrons.

© 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Iron—sulfur clusters serve in a variety of biological functions
including electron transfer, regulation, protein structure stabil-
ization, redox and non-redox catalysis [1,2]. It is now clear that
the formation of iron-sulfur clusters is not spontaneous
in vivo. Escherichia coli contains machineries involved in this
process. The first one, referred as ISC (iscS—isc U-iscA—hscB—
hscA—fdx), is essential for general biosynthesis of [Fe-S] clus-
ters in bacteria [3,4]. Homologues of these proteins have also
been identified in eukaryotes suggesting a highly conserved
mechanism [5,6]. The second machinery, SUF (sufA—sufB—
suf C—suf D—sufS—sufE), works under iron limitation and oxida-
tive stress [7,8]. They have in common the involvement of a
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cysteine desulfurase (IscS, SufS/E) for the utilization of cys-
teine as a source of sulfur [9,10]. Sulfur atoms from free cys-
teine are transferred to an essential cysteine of the cysteine
desulfurase thus generating persulfide/polysulfide intermediate
forms from which they can be mobilized either as sulfide by
reduction or by reaction with another protein containing a
nucleophilic cysteine (transpersulfuration) [11]. These systems
contain also scaffold proteins (SufA, IscA/U) which provide
an intermediate assembly site for [Fe-S] clusters [12—-15]. These
proteins may be viewed as “cluster factories” in which clusters
are assembled and from which they are subsequently trans-
ferred to apo recipient proteins. This notion has been chal-
lenged in the case of IscA since IscA was also shown to be
an Fe-binding protein and was proposed to function as an
Fe donor [16]. On the other hand the presence of a specific
[Fe-S] cluster binding site in IscA consisting of the three con-
served cysteines was demonstrated by X-ray crystallography
[17]. Finally, the SUF and ISC systems contain helper proteins
(HscA/B, Ferredoxin, SufBCD) which are endowed with ATP-
ase or electron transfer activity [4,7,18,19].

All scaffold proteins known so far are able to chelate labile
iron-sulfur clusters during treatment of the apoprotein form
with iron and sulfide under anaerobic conditions. Under these
conditions they generally assemble at conserved cysteines a
mixture of [4Fe—4S] and [2Fe-2S] clusters which are transfer-
able to apoprotein targets through a concerted pathway not
inhibited by iron chelators [12,13,20,21]. The origin and rele-
vance of this cluster heterogeneity are still not understood.
Furthermore, the molecular mechanism by which Fe and S
are assembled into the scaffold protein at the cluster binding
site is unknown.

We used the SUF system from E. coli as a model in order to
address this last issue. Two tentative mechanisms have been
previously postulated [22,23] and are illustrated in Scheme 1
in the case of [2Fe-2S] cluster assembly. In the first one (“Fe
first, S second”) (Scheme la) two iron atoms, in the ferrous
redox state, are first chelated by the cysteine ligands. A sulfur
atom is then, in a second step, transferred from the persulfide
of a cysteine desulfurase to the scaffold Fe form generating a
sulfide-bridged diferric species, during a reaction implying a
2-electron reduction of the sulfane sulfur to sulfide by the
ferrous ions. A second S atom needs to be provided by the
cysteine desulfurase and reduced by two additional electrons.
In the second mechanism (‘S first, Fe second”) (Scheme 1b),
the reaction starts with a transpersulfuration reaction during
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Scheme 1. Two mechanisms proposed for [2Fe-2S] cluster assembly
within a scaffold protein. (a) the “Fe first, S second” model. (b) the S
first, Fe second” model (R-SH = the active cysteine of a cysteine
desulfurase enzyme).

which the nucleophilic cysteines of the scaffold protein acquire
the S atoms from the cysteine desulfurase by the attack of the
persulfides, generating persulfides on the scaffold protein. In a
second step, two ferrous ions get chelated by these persulfide
moieties. To complete the reaction a 2-electron reduction of
each of the sulfane S atoms are required.

Here, we show that SufA reacts with the sulfurated form of
the SufE component of the cysteine desulfurase. The reaction
consists in transfer of S atoms from persulfide/polysulfide spe-
cies of SufE to the three conserved cysteines of SufA (cysteines
50, 114 and 116), as shown by mass spectrometry and site-di-
rected mutagenesis. Our results favor the S first, Fe second”
mechanism.

2. Materials and methods

2.1. Materials and plasmids

All chemicals were of reagent grade and obtained from Sigma-
Aldrich chemical Co. or Fluka unless otherwise stated. Cysteine was
from Boehringer Mannheim. Plasmids pET-Shis, pET-Ehis and pET-
Ahis, encoding the His-tagged SufS, SufE and SufA proteins, respec-
tively, were obtained as previously described [11,20].

Plasmids pET-Acsgshis, pET-Ac14shis and pET-Ac6shis were ob-
tained as follows using the QuickChange technique (Stratagene). Com-
plementary mutagenic oligonucleotides (2 pM), designed such as
cysteine is changed to a serine residue (see below), were used for poly-
merase chain reaction (PCR) amplification step, in the presence of the
Pfu DNA polymerase (2.5 U), 1x Pfu Buffer, ANTP mix (0.4 mM) and
pET-Ahis (20 ng) used as a matrix. The PCR was run as follows: the
template pET-Ahis was denatured for 30 s at 94 °C, then the second
step was performed using 18 cycles (30 s at 94 °C, 1 min at 45 °C,
13 min at 68 °C), followed by a final 10 min elongation step at 68 °C.
The PCR product was digested with Dpnl (10 U) for 1 h at 37 °C. Sub-
sequently, competent DH5a were transformed with the mutant con-
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structs. The cloned gene was then sequenced to ensure that no error
was introduced during PCR reaction. The oligonucleotides are (the
bold position indicates the mutations):

C508-1: 5'~-AAGCAAACGGGCTCCGCGGGCTTTGGC-3'

C50S-2: 5'-GCCAAAGCCCGCGGAGCCCGTTTGCTT-3’
C1148-1: 5'-GCCCAGAATGAATCTGGCTGTGGCGAA-3’
C114S-2: 5'-TTCGCCACAGCCAGATTCATTCTGGGC-3'
C116S-1: 5'-AATGAATGTGGCTCTGGCGAAAGCTTT-3’
C116S-2: 5'-AAAGCTTTCGCCAGAGCCACATTCATT-3’

Plasmid pET-Agsrop encoding the SufA protein lacking the His-tag
(SufAsTop) Was also obtained using the QuickChange technique (Strat-
agene). The complementary oligonucleotides were designed such as a
STOP codon is inserted before the bases encoding the histidine-tag.
Then the conditions for the PCR amplification step are the same than
above. The oligonucleotides are
STOP-1: GGCGAAAGCTTTGGGGTATAGCTCGAGCACCAC-
CACCAC
STOP-2: GTGGTGGTGGTGCTCGAGCTATACCCCAAAGCTT-
TCGCC

2.1.1. Purification of SufS, SufE, SufA, SufAcsos, SufAciius and
SquC1165~ E. coli SufS, SufE, Squ, Squcsos, SquCll4S and Su-
fAci16s containing a his-tag at the C-terminus were isolated from
E. coli (strain BL21(DE3)) as previously described [10,13].

2.1.2. Purification of SufAsrop. E.coli BL21(DE3) cells were trans-
formed with pET-Astop and SufAgrop expression was induced by
adding 0.5 mM IPTG at ODggo = 0.5. After 3 h at 37 °C, the pellet
from a 5-L culture was resuspended in buffer A (25 mM Tris-HCI,
pH 7.5, 25mM NacCl, 2mM dithiothreitol (DTT), 1 mM PMSF).
After sonication (10 s x 12 times) and centrifugation (45000 rpm for
1.5 h at 4 °C), the soluble proteins were treated with 2% streptomycine
sulfate (30 min) and the solution centrifuged (10000 rpm at 4 °C). The
proteins (700 mg) were then precipitated with 40% ammonium sulfate.
After centrifugation (10000 rpm; 30 min) the pellet was resuspended in
buffer B (25 mM Tris—=HCI pH 7.5) and the resulting solution loaded
onto a Superdex-75 column equilibrated with buffer C (100 mM
Tris—HCI pH 7.5, 50 mM NaCl, 5mM DTT) at flow rate of 0.8 ml/
min. The SufAgtop enriched fractions were pooled, concentrated and
the pure protein (200 mg) stored at —80 °C.

2.2. Sulfur transfer assay from SufSE to SufA

All the experiments were done under anaerobic conditions inside a
glove box (<4 ppm O,, 19 °C). Two methods were used to obtain sulf-
urated form of SufA: the “stoichiometric” and the “catalytic” ones. For
the first method, the sulfur transfer reaction was carried out using prep-
arations of SufSE preloaded with S atoms, as previously described [11].
Briefly, 300 uM SufS, 300 pM SufE and 4 mM cysteine were incubated
in buffer D (50 mM Tris—HCI, pH 7.5) for 30 min. The reaction was ini-
tiated by addition of cysteine and was stopped by removing the cysteine
by desalting over a Micro Bio-spin 6 column (Biorad). The resulting
form (sulfurated SufSE) was incubated with a 2-fold excess of SufA
(wild-type or mutated proteins) for 30 min. The reaction was stopped
by freezing in liquid nitrogen and proteins analyzed by mass spectrom-
etry. The second method used catalytic amounts of SufSE: 200 uM
SufA was incubated with 6 uM SufS and 6 pM SufE in the presence
of 10 mM cysteine. After 3 h incubation at 37 °C, the solution was de-
salted over a Micro Bio-spin 6 column (Biorad) and frozen in liquid
nitrogen. In the first method, SufSE is the only S donor to SufA. In
the second method SufSE mediates S transfer from cysteine to SufA.

2.3. Digestion experiment

Sulfurated SufA (SufA-SSH) was digested by endoproteinase Lys-C
(Roche Diagnostics Gmbh) at room temperature for 18 h with a 1:10
enzyme: protein ratio.

2.4. Fe binding to SufA

SufA (500 uM) was incubated anaerobically with 3 mM DTT in a
final volume of 100 pL buffer E (100 mM Tris-HCI, pH 8, 50 mM
KCl) for 10 min. Then, different molar excess (2, 4 or 8-fold molar
excess) of Fe(NH,4),(SO,4), were added. The protein was desalted on
a NAP10 column (Amersham) using buffer E. The apparent iron asso-
ciation constant of SufA was determined using different iron (II) che-
lators (histidine and citrate) as iron competitor. Iron-loaded SufA
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(450 uM) was incubated anaerobically with (0—100 mM) chelators for
1 h before SufA was repurified using Napl0 column. The amount of
iron was determined for each concentration of chelator according to
Fish method [24].

2.5. Mossbauer experiments

The SufA->"Fe form was prepared as follows: SufA (750 uM) was
incubated with 4-fold molar excess (3 mM) of 3’Fe(II) in the presence
of 4mM DTT for 90 min. The protein was desalted on a NAP10 col-
umn (buffer E). Concentrated SufA->"Fe (660 puM) was introduced into
the 400-uL Mossbauer cup, and frozen anaerobically. For the [FeS]
cluster assembly, sulfurated wtSufA (1 mM; 1.45 S/monomer) was incu-
bated with *"Fe(I) (1.8 mM) in the presence or in the absence
of 6mM DTT. After desalting the protein was concentrated to
1.75mM and analyzed. Spectra were recorded on a spectrometer
operating in a constant acceleration mode using an Oxford cryostat that
allowed temperatures from 1.5 to 300 K and a >’Co source in rhodium.

2.6. Alkylation of SufA

Alkylation experiments were performed at room temperature either
aerobically or anaerobically. The proteins (wild-type and cysteine-to-
serine proteins) were incubated in buffer D during 3 h in the dark, in
the presence of 25 molar excess of a freshly prepared solution of iodo-
acetamide. The reaction was stopped by removing the excess of iodo-
acetamide by desalting over a Micro Bio-spin 6 column and the
solutions frozen in liquid nitrogen before LC-MS analysis.

2.7. LC-MS analysis

A Q-Tof (Q-TOF Micro, Waters) coupled with a Capl LC (Waters)
was used for the LC-MS analysis. All samples were desalted on a trap
(Michrom BioResources protein cap trap) and eluted using an analyt-
ical column (Poroshell 300SB-C8 0.5 x 75 mm 5, Agilent technolo-
gies). The eluant from the analytical column was sprayed on-line.
The ion spray voltage was set to 3000 V. Sample and extraction cone
were set, respectively, at 40 V and 1 V. The mass spectra were acquired
from m/z 500 to 2000 with a 1 s scan time and data were processed with
MassLinx 4.0 (Waters). This method was used to analyze the alkylated
protein. The data are presented as deconvoluted mass spectra.

2.8. Infusion-MS analysis

A Q-TOF Micro mass spectrometer equipped with a Z-spray ion
source (Micromass, Manchester, UK), operating with a needle voltage
of 3 kV was used to analyze few samples. Sample cone and extraction
voltages were 70 and 3.5 V, respectively. Samples were infused contin-
uously at a 5 ul/min flow rate with a concentration between 400 and
900 nM in water/acetonitrile (1/1, v/v) with 0.2% formic acid. The mass
spectra were recorded in the 700-1600 range of mass-to-charge (m/z)
with a 1 s scan time. A 1 uM solution of Glu-fibrinopeptide B was used
to calibrate the instrument in the MS/MS mode and processed with
MassLinx 4.0 (Waters). This method was used to monitor sulfur trans-
fer from SufSE to SufA (wild-type and mutants). Complexity of spec-
tra did not allow deconvolution. Then the results are presented as a
diagram giving the different proportions of sulfurated forms vs apo,
calculated on the basis of three consecutive charge states.

2.9. MALDI-TOF

MALDI-TOF analyses were carried out on an Applied Biosystems
Voyager EliteXLmass spectrometer. Sample of SufA-SSH was depos-
ited on the Maldi plate according to the dry droplet mode using a semi
saturated solution of a-cyano-4-hydroxy-cinnamic acid.

2.10. Analysis

Protein concentration (by monomer) was determined by the method
of Bradford, whereas iron and sulfide contents were determined
according to Fish and Beinert methods [24-26].

3. Results

3.1. Fe binding to SufA
Anaerobic incubation of the apoprotein his-tagged form of
SufA (wtSufA) with an excess of ferrous or ferric iron (up to
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8-fold) in the presence or in the absence of DTT followed by
treatment with one equivalent of ethylenediaminetetraacetic
(EDTA) with regard to Fe and desalting resulted in a protein
essentially devoided of Fe. The same was observed with cys-
teine-to-serine mutant (mSufA) proteins. When treatment with
EDTA was omitted wtSufA could retain after desalting
approximately 1.5-2 Fe atoms/monomer. SufAstop lacking
the His-tag could bind similar amounts of iron/monomer
under the same conditions. In addition, wtSufA and SufAgrop
treated with °’Fe displayed the same Mdssbauer spectrum (see
below). This ruled out the tag as being the Fe-binding site. The
same amounts of protein-bound Fe were also obtained in the
case of mSufA proteins and of alkylated SufA, obtained by
reaction of wtSufA with iodoacetamide and complete alkyl-
ation of the three cysteines as shown by mass spectrometry
(see Supplementary material 1). These results indicate that
SufA cysteines are not or marginally involved in Fe binding.

To further characterize the Fe coordination the experiment
using wtSufA and alkylated SufA was repeated with ferrous
7Fe as an iron source and the samples analyzed by Mossbauer
spectroscopy at 105 K and 4.2 K. The spectra at 105 K of both
forms are shown in Fig. 1. In both cases characteristic doublets
are observed with an average isomer shift which is consistent
with high spin ferrous sites. In the alkylated form (lower pat-
tern) the spectrum is analyzed assuming two doublets A and
B with the parameters quoted in Table 1. These parameters
are consistent with high spin ferrous sites in octahedral environ-
ment comprising N or O donors. For the non-alkylated sample
(upper pattern) the spectrum is slightly more complicated and,
in addition to doublets A and B, two other species are present.
These species have been simulated assuming two additional
doublets C and D with the parameters listed in Table 1. Dou-
blet C has parameters which are consistent with tetrahedral,
high spin Fe?* with S donors accounting for less than 20% of
total iron. The absence of doublet C in the alkylated sample
suggests that this doublet is associated with the conserved cys-
teines. Finally doublet D, responsible for the weak absorption
atca. +0.7 mm s~ !, accounts for not more than 6% of iron, with
parameters consistent with high spin ferric species. These re-
sults show that binding of Fe to SufA is unspecific and only
marginally involves the conserved cysteines.

To examine iron binding by SufA further, we determined the
iron association constant in competition experiments using cit-
rate as an iron(II) chelator. Iron-loaded SufA (450 uM) was
incubated anaerobically with (0100 mM) of citrate for 1 h
and repurified using a Napl0 column. The amount of iron
was determined for each concentration of chelator. Using for
the association constant for the citrate—Fe(II) complex the value
of 10%3 M~! [27] we estimated that the apparent iron associa-
tion constant of SufA is approximately 5 x 10° M~'. A compa-
rable value (2 x 10> M~!) was determined with histidine used as
Fe(II) chelator. This indicates a weak binding of Fe(II) to SufA.

3.2. Transfer of sulfur from SufSE complex to SufA

We then analyzed the ability of SufA to bind sulfur atoms,
provided by the cysteine desulfurase SufSE complex. In the
so-called “‘catalytic” experiment, wtSufA (200 uM) was incu-
bated for 3 h at 37 °C with catalytic amounts of the SufS-SufE
(6 UM each) system in the presence of an excess of cysteine
(10 mM). After desalting, SufA was analyzed by infusion-MS
as described in the experimental section. Direct sulfur transfer
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Fig. 1. M&ssbauer spectra of the SufA->"Fe form (660 pM, 1.5 iron/
monomer) recorded at 105 K. The upper and lower patterns corre-
spond to the non-alkylated and alkylated forms, respectively. Solid
lines represent theoretical simulations assuming the doublets defined in
Table 1.

from SufSE to wtSufA, “‘stoichiometric” experiment, was also
demonstrated. In that case, wtSufA was treated with one
equivalent of the sulfurated form of SufSE, prepared as previ-
ously described [11], in the absence of cysteine for 30 min at
37 °C and then analyzed by mass spectrometry. Considering
that for all mass spectra (spectra of apo and sulfurated forms),
the charge states distribution and their relative abundances
were the same, we compared the area of the peaks correspond-
ing to apoSufA or sulfurated SufA to have an approximation
of their relative abundances. Due to the complexity of the infu-
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sion-MS spectra (see Supplementary material 2) deconvoluted
spectra could not be delivered. As a consequence, for each
peak we checked that the width at half of the peaks were sim-
ilar and then, for each sulfurated form, an average of the peak
intensity was made for three consecutive charge states. Consid-
ering that the sum of all peaks is equal to 100 we obtained
Figs. 2 and 3 which summarize the obtained results in terms
of the proportions of the different sulfurated forms obtained
in SufA (wild-type and mutants). In the “catalytic” experiment
(Fig. 2 “cat”) three sulfurated states for SufA appeared, corre-
sponding to the addition of 1, 2 and 3 sulfur atoms to the
protein whereas the peak corresponding to apoSufA greatly
decreased. Quantitation of mass spectrometry data based
on areas of individual peaks indicated a net addition corre-
sponding to 1.5 S atoms/ SufA monomer. Addition of DTT
(Fig. 2 “DTT”) or treatment with NADPH-thioredoxin
reductase-thioredoxin (data not shown) converted the
protein back to the initial apoform. In the ‘“‘stoichiometric”
experiment as well (Fig. 2 “stoichio”), in addition to the apo
form, the 3 forms corresponding to the addition of 1, 2 and
3 sulfur atoms to SufA were observed. Quantitation of mass
spectrometry data indicated a net addition corresponding to
1.5 S atoms/SufA monomer. Sulfur transfer was fast since
the same spectrum was already obtained after 5 min incuba-
tion. No addition of sulfur could be observed when SufE
was omitted from the reaction mixtures described above or
when wtSufA was simply treated with sodium sulfide as a

Fig. 2. SufA is able to bind sulfur atoms provided by SufSE. Pattern
representing the relative abundance for the apo and sulfurated forms
of wtSufA (200 uM) before (“WT”’) and after incubation with either a
catalytic amount of SufSE (6 uM) and 10 mM cysteine (“Cat”) or a
stoichiometric amount of sulfurated SufSE (100 uM) in the absence of
cysteine (“stoichio”). (“DTT”): experiment (‘“‘cat”) incubated with
SmM DTT for 10 min and desalted.

Table 1
Mossbauer parameters for the SufA-Fe samples
Sample Site Assignment 5 (mms ) AEq (mms™") Area (%)
Alkylated SufA-Fe A Fe?*(S = 2)-octahedral N/O 1.15(3) 3.07(6) 58(3)

B Fe?"(S = 2)-octahedral N/O 1.18(3) 2.30(6) 42(3)
Non-alkylated SufA-Fe A Fe?"(S = 2)-octahedral N/O 1.15 3.07 59(5)

B Fe?"(S = 2)-octahedral N/O 1.18 2.30 16(5)

C Fe®*(S = 2)-tetrahedral S 0.71(4) 3.20(6) 19(5)

D Unknown ferric species 0.49(5) 0.46(10) 6(3)
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Fig. 3. Relative abundance for the sulfurated forms of wild-type and
cysteine-to-serine mutant SufA proteins. Proteins (100 uM) were
analyzed by infusion-MS after incubation with stoichiometric amounts
of sulfurated SufSE for 30 min.

chemical sulfur donor. This clearly established the ability of
wtSufA to extract sulfur from SufSE, probably through a tran-
spersulfuration reaction.

The same experiment (“‘stoichiometric’” experiment) was re-
peated with mSufA proteins and analyzed by infusion-MS as
well. The results are summarized in Fig. 3. SufAcsos behaved
as the wtSufA and could incorporate up to 3 S atoms on a
monomer. This result thus indicated that more than one S
atom could bind to a single cysteine and that, in all probabil-
ity, polysulfide species rather than persulfide were generated
under the reaction conditions. In contrast, in the case of
SufAciss and SufAciies proteins the major peak was that
corresponding to the apo form and very little sulfur could be
incorporated. Quantitation of mass spectrometry data indi-
cated an addition corresponding to 0.2 S atoms/SufA mono-
mer. These results suggested that Cys114 and Cysl16 were
the sites of multiple S binding and that almost no S could be
transferred directly to Cys50.

To further confirm the localization of the sulfur binding
sites, the sulfurated form of wtSufA was digested with endo-
proteinase-Lys C and the resulting peptides analyzed by MAL-
DI-MS (data not shown), following a protocol used to map
sulfur binding sites in Thil [28]. Spectra of the peptides con-
taining either Cys50 or the C-terminal cysteines, Cys114 and
Cysl16, showed the presence of peaks corresponding to sulfu-
rated forms of the peptides. All these experiments can be inter-
preted as follows: (i) the three conserved cysteines of SufA are
the exclusive sulfur acceptors during sulfur transfer from
SufSE, (i) when Cys50 is substituted for serine, polysulfide
species can be generated on Cys114 or Cys116, and (iii) sulfu-
ration of Cys50 is very likely generated via an internal sulfur
transfer from Cys114 or Cysl116.

We have also studied the sulfur transfer reaction from the
sulfurated form of SufSE (‘“‘stoichiometric” conditions) to
the iron-loaded form of SufA. After reaction the mass spec-
trum of SufA was identical to that of apoSufA treated simi-
larly (Fig. 2), showing that iron does not prevent the cysteine
residues from binding sulfur atoms derived from SufSE and
thus supporting the conclusion that cysteines preferentially
bind sulfur.
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3.3. Reactivity of sulfurated SufA: [Fe-S] cluster assembly
When sulfurated wtSufA (1.45 S/monomer), obtained after
treatment of wtSufA with catalytic amount of SufSE and cys-
teine in excess and a desalting step, was anaerobically treated
with ferrous *'Fe in slight excess (1.8 Fe/monomer) and ana-
lyzed by Mossbauer spectroscopy after desalting, no evidence
for the formation of [Fe-S] clusters was observed (not shown).
In contrast, when DTT or the NADPH-thioredoxin reduc-
tase-thioredoxin system was introduced in the reaction mix-
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Fig. 4. (A) Mossbauer spectra recorded at 4.2 and 78 K of sulfurated
SufA after a 5 min reaction with 1.8-fold excess of ferrous *’Fe in the
presence of 6 mM DTT and desalting. The final protein (1.75 mM)
contains 1.5 iron/monomer. Solid lines represent theoretical simula-
tions assuming the doublets as described in the text. (B) UV-visible
spectrum of [Fe-S]-containing SufA Mossbauer sample (25 pM).
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Table 2
Quantitation of [Fe-S] clusters (percentage of total iron) generated
from sulfurated SufA or from apoSufA as starting material

[4Fe-4S] [2Fe-2S] Fe** (octa
Area (%) Area (%) and tetra)
Area (%)
Sulfurated SufA + Fe** +e~ 35 15 50
SufA + Fe + S*~ +¢~ 58 <2 40

ture efficient utilization of the SufA-bound sulfur atoms for
fast formation of clusters was observed as shown by the
appearance of an absorption band at 420 nm in UV-vis spec-
trum (Fig. 4B). In Fig. 4A we show Mossbauer spectra of the
protein after 5 min reaction recorded at 4.2 K and 78 K. These
spectra did not change upon further incubation. The fact that
the two spectra were similar strongly suggested that the protein
only contained diamagnetic (S = 0) species. The spectrum con-
tains two doublets labelled I and II whose isomer shift and
quadrupole splitting parameters are consistent with a [4Fe—
4S1** cluster (6 = 0.45 mm/s and AEg = 1.2 mm/s, accounting
for 35(3) % of total Fe) for doublet I and a [2Fe-2S]**
(6 =0.3mm/s and AEq = 0.6 mm/s, accounting for 15(3) %
of total Fe) for doublet II (Table 2). These parameters are
comparable to those obtained previously for SufA [13]. The
rest of the Fe (doublets C and E) corresponds to unreacted fer-
rous iron in excess, unspecifically bound to SufA in the form of
tetrahedral FeZ* (6=0.71mm/s, AEqg=3.2mm/s, 3-5% of
total iron) and octahedral Fe?* (doublet E) with N/O coordi-
nation (6 =1.19 mm/s, AEq=2.69 mm/s, 45-47% of total
iron). This result shows that the sulfur atoms present in sulfu-
rated SufA can be mobilized and react with Fe to assemble
[4Fe-4S] and [2Fe-2S] clusters. In comparison, the standard
reconstitution reaction of wtSufA (1.2mM) with >’Fe**
(2.1 mM), sulfide (2.1 mM) and DTT (5 mM) (after 5 min
incubation and desalting) resulted in significantly different pro-
portions of clusters (Table 2).

4. Discussion

Here, we address the question of the mechanism of iron-sul-
fur cluster assembly within scaffold proteins. This class of pro-
teins belongs to the complex cellular assembly machineries
involved in the maturation of [Fe-S] enzymes. Their specific
function resides in the mobilization of Fe and sulfur atoms
from corresponding sources, the assembly of defined clusters
from these precursors and finally transfer of the newly formed
clusters to apotargets [23]. Using SufA, the scaffold protein
from the SUF system, as a model we have clearly established
the following fact.

Binding of S atoms provided by the cysteine desulfurase
SufS-SufE system specifically occurs at the three conserved
cysteines (cysS0, cys114, cys116) involved in cluster chelation.
The finding that a scaffold protein, here SufA, mobilizes S
atoms from persulfide-polysulfide species bound to cysteine
desulfurases, here the SufS—-SufE system, to generate persul-
fide—polysulfides on the three conserved cysteines, as shown
by mass spectrometry, has a precedent. Indeed it has been re-
cently shown, also by mass spectrometry, that S atom transfer
occurs from the cysteine desulfurase IscS to the scaffold pro-
tein IscU [29]. However, we found at least one difference
between the two systems. Indeed, whereas all cysteines of IscU
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can be sulfurated independently, it seems that only the C-ter-
minal cysteines of the conserved CGC sequence of SufA,
Cysl14 and Cysl116, can directly take S atoms from SufE, as
shown by site-directed mutagenesis and that Cys50 takes sul-
phur atoms indirectly via Cys114 or Cys116. Interestingly, this
differentiation with regard to cysteines in SufA (Cys114/116
and Cys50) is structurally relevant. Indeed, the recently
reported crystal structure of apoSufA clearly shows that
Cysl14 and Cysll6, close to each other, set apart from
Cys50 [30]. These observations likely suggest that Cysl14
and Cys116 are the sulfur atom recipients while Cys50 is too
far away and more likely gets sulfurated by subsequent intra-
molecular sulfur transfer. The significance of this is not under-
stood yet. Furthermore, our results are consistent with a single
cysteine of SufA being able to bind several S atoms. Thus,
polysulfide species have to be considered. This is not new
either. Polysulfides have been observed in the sulfurated form
of IscU [29]. This is also true in the case of SufE and CsdE
which contain a single conserved cysteine and can bind up to
5 and 2 S atoms during reaction with SufS and CsdA, respec-
tively [11,31]. The question is whether these polysulfide species
are physiologically relevant or instead are due to the in vitro
conditions which do not allow a tight control of S transfer
reactions.

In contrast, SufA binds Fe only weakly and unspecifically.
Indeed, we determined a binding constant of 5Xx 10°M ™1,
which is much less than that for IscA whose K, was determined
to be 3x 10" M~! [16]. In addition, Méssbauer experiments
performed on SufA indicate that Fe is coordinated mainly
by N/O atoms in agreement with the weak K, value whereas
in IscA iron is coordinated by thiolate from conserved cyste-
ines as suggested by site-directed mutagenesis experiments
[32]. Clearly, SufA and IscA proteins have different iron bind-
ing properties (affinity and ligands). Considering the homology
between the two proteins, this difference is intriguing. How-
ever, it should be mentioned that IscA displays specific Fe
binding properties only in the presence of reducing agents
[16,32,33], and that no Mdssbauer spectroscopic characteriza-
tion of the IscA-Fe form has been carried out so far.

The properties of Fe-SufA mentioned above lead us to pro-
pose that the cysteines of SufA are S atom acceptors rather
than Fe ligands. As a consequence we favour the ““S first, Fe
second” mechanism (Scheme 1b) for the assembly of [Fe-S]
clusters in SufA active site. We are nevertheless cautious that
the Fe binding properties of SufA might be significantly chan-
ged under more complex conditions, reflecting the physiologi-
cal conditions more precisely. Preliminary experiments using a
physiological iron donor such as CyaY, the frataxin homolog
[34], or a mixture of proteins likely to be associated with SufA,
such as the SufBCD complex, do not show changes in the Fe
binding properties of SufA (not shown).

In this context, it is interesting to observe that the reaction of
the SufA-bound S atoms with ferrous iron, in the presence of a
reducing agent, results in [4Fe—4S] and [2Fe-2S] clusters in
SufA. This is the first example of the assembly of defined clus-
ters within a scaffold protein during reaction of a sulfurated
form of the protein with ferrous iron. This reaction requires
an additional source of electrons since ferrous Fe seems to
be not competent for reduction of the intermediate persul-
fide-polysulfide species. No cluster was formed either when
sulfurated IscU was reacted with ferrous iron [29]. The
reaction reported here results in a mixture of [4Fe-4S] and
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[2Fe-2S] clusters in SufA. The fact that a different proportion
of clusters is produced when apoSufA was treated with ferrous
iron, sulfide and electrons suggests that the reaction does not
proceed just through redox-dependent liberation of sulfide in
solution (Table 2). The detailed mechanisms of cluster forma-
tion should be further investigated.

Acknowledgement: We thank Guy Serratrice for help and advices for
the determination of iron binding constant of SufA.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2007.
02.058.
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