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ABSTRACT: Fe/S biosynthesis is controlled in Escher-
ichia coli by two machineries, the housekeeping ISC
machinery and the SUF system that is functional under
stress conditions. Despite many in vivo studies showing
that SUF is more adapted for Fe/S assembly under stress,
no molecular data supporting this concept have been
provided so far. This work focuses on molecular studies of
key actors in Fe/S assembly, the SufB and IscU scaffolds
under oxidative stress and iron limitation. We show that
the IscU Fe,S, cluster is less stable than the SufB Fe,S,
cluster in the presence of hydrogen peroxide, oxygen, and
an iron chelator.

Iron—Sulfur (Fe/S) clusters, Fe,S, and Fe,S, clusters, are
essential inorganic cofactors for a large set of proteins within
all organisms, participating in a wide range of physiological
processes, including respiration, photosynthesis, DNA repair,
metabolism, and regulation of gene expression.l An increased
number of cellular dysfunctions, including human pathologies,
are found to be related to mutations in genes encoding Fe/S
enzymes or systems synthesizing Fe/$ clusters.” Iron limitation
and oxidative stress constitute stresses under which Fe/S
cluster homeostasis is disrupted, either because Fe/S building is
made difficult by a decrease in iron availability or because Fe/S
stability is endangered by direct oxidation by reactive oxygen
species (ROS), the best illustration being the Fe,S, cluster of
dehydratases.” Fe/S cluster biosynthesis is achieved in vivo
through dedicated machineries.>* In Escherichia coli, it is
accomplished by two machineries whose proteins are encoded
by the isc (iscSUA-hscBA-fdx-iscX) and suf (sufABCDES)
operons. Both machineries contain similar key molecular actors
and share the same basic mechanisms for maturation of Fe/S
proteins: a first step during which an Fe/S cluster is transiently
built on a scaffold protein, IscU and SufB in the ISC and SUF
systems, respectively, and a second step during which the
assembled Fe/S cluster is transferred from the scaffold to target
apoproteins.” Genetic and physiological observations estab-
lished that the ISC system carries out Fe/S cluster assembly
under normal conditions (iron, no ROS) while the SUF
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pathway is the stress-responsive system (ROS, low iron).
Accordingly, the suf operon is under control of OxyR, Fur, and
apo-IscR transcriptional regulators that respond to hydrogen
peroxide stress and iron limitation, leading to a 10—20-fold
induction of suf genes.* In addition, E. coli suf mutants are
highly sensitive to oxidative stress and iron limitation in
comparison to isc ones, and the activities of the Fe/S enzymes
in suf mutant strains are more affected than those of the isc
ones.’® What are the intrinsic properties of the SUF system
allowing it to protect Fe/S cluster homeostasis under stress
conditions? Here, to address this issue biochemically, we
characterize the reactivity of these clusters with regard to
hydrogen peroxide, molecular oxygen, and iron chelation. Our
data clearly demonstrate that the Fe/S cluster of SufB is more
resistant to each of these stresses than that of IscU. These
results provide a molecular explanation for the in vivo data.
Because IscU and SufB cannot be purified with their Fe/S
cluster, the apoprotein preparations were reconstituted with
iron and sulfide anaerobically in vitro. The IscU dimer that
contains one Fe,S, cluster was prepared as already described.”
It contains 1.10 Fe and 1.07 S molecules per monomer and
displays an Fe,S, cluster-characteristic UV—visible spectrum
(Ayse/Azso = 022, and €456 = 7.5 mM ™' cm™), in agreement
with published data (Figure 1A).” Previous studies have
established that SufB assembles an Fe,S, cluster.'"”"" During
this work, we discovered that in fact SufB stabilizes an Fe,S,
cluster, which is extensively described below. Such an Fe,S,
SufB form was obtained by anaerobic incubation of apo-SufB
with a 3-fold molar excess of ferric iron and sulfide and
purification onto an anion exchange column. It contains 2.0 Fe
and 1.6 S atoms per SufB (A;0/Asg = 0.18, and €4, = 8.5
mM™' cm™'). Figure 1B shows its UV—visible spectrum
characteristic of an Fe,S, cluster-containing protein with
absorption bands at 420 and 320 nm. Some unspecific Fe/S
clusters contribute to some absorption at 600 nm. The
Mossbauer spectrum of SufB reconstituted with ’Fe and
sulfide under these conditions (Figure 1B inset) confirms the
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Figure 1. Characterization of reconstituted scaffold proteins. (A) Fe,S,
IscU (29 uM Fe,S,, 1.10 Fe atoms, and 1.07 S atoms per IscU), (B)
Fe,S, SufB (13 uM Fe,S,, 2.0 Fe atoms, and 1.6 sulfur atoms per
SufB). The inset shows the Mdssbauer spectrum of Fe,S, SufB (250
UM SufB, 59% of Fe,S, in blue and 16% of Fe,S, in red).

cluster nuclearity with a major species whose parameters are
characteristic of an Fe,S, cluster (Table S1 of the Supporting
Information). The Fe,S, cluster of SufB is stable under
anaerobic conditions for several days and can stand many
freeze—thaw cycles (data not shown). The functionality of this
Fe,S, SufB form is demonstrated by its ability to achieve full
maturation of apo-ferredoxin into Fe,S, ferredoxin within 15
min (Figure S1 of the Supporting Information). The SufB
Fe,S, cluster can be converted to an Fe,S, cluster through
reduction as already observed for the IscU cluster.'>
Spectroscopic, biochemical, and functional properties of the
Fe,S, SufB form are presented in Figures S1A,D and S2 of the
Supporting Information. In this study, we investigate the cluster
stability of SufB and IscU in their Fe,S, form toward stresses
such as oxygen, hydrogen peroxide, and iron deprivation.
Reaction of IscU and SufB clusters with hydrogen peroxide
was monitored by the absorbance variation at 420 nm as a
function of time because cluster degradation is characterized by
a bleaching of the solution (Figure S3 of the Supporting
Information). To achieve complete cluster degradation within a
given reaction time, more equivalents of H,0O, in the case of
SufB (35, 70, 93, and 232 equiv) are required with regard to
IscU (15, 21, and 61 equiv) (Figure 2). At each concentration
of H,0, in both cases, Fe/S degradation kinetics could be fit to
a single exponential. Pseudo-first-order rate constants (kyp,)
were plotted as a function of H,O, concentration (inset of
Figure 2). The second-order rate constant for IscU (4.6 M™!
s™') was 4-fold higher than that for SufB (1.1 M~' s™") (Table
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Figure 2. Kinetics of degradation of the IscU and SufB scaffold Fe,S,
clusters with H,0,. The kinetics of degradation of (A) the IscU Fe,S,
cluster (20 M) in the presence of 15 (A), 21 (@), and 61 (@) equiv
of H,0, and (B) the SufB Fe,S, cluster (22 M) in the presence of 35
(A), 70 (@), 103 (M), and 232 (@) equiv of H,0,. Insets show
pseudo-first-order rate constants plotted as a function of H,O,
concentration. Kinetic constants (k) were determined by fitting
the data to a linear fit.
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1). Altogether, these results show that the SufB Fe,S, cluster is
more resistant to hydrogen peroxide than the IscU Fe,S,
cluster.

Table 1. Second-Order Rate Constants [k (M™' s7')] for
IscU and SufB

IscU SufB IscU, HscA, and HscB SufBC,D
H,0, 46 1.1 2.5 05
0, 48 0.7 4.1 a

“Not determined because of the stability of the SufBC,D cluster and
O, concentration limitation in saturated buffer. HscA and HscB were
added in stoichiometric amounts vs IscU. No ATP and KCl were

added.

The kinetics of Fe/S degradation in the presence of air was
also studied by UV—visible absorption spectroscopy (Figure S4
of the Supporting Information). A k, value of 8.8 X 107* s™*
and a half-life of 13 min could be extracted for IscU, whereas a
k. value of 1.16 X 10™* s™' and a halfife of 99 min were
obtained for SufB, showing that the SufB Fe,S, cluster is much
more stable to air than the IscU cluster (Figure S4 of the
Supporting Information). To obtain second-order rate
constants for Fe/S cluster degradation by oxygen, controlled
amounts of O, (9, 12, and 15 equiv) were added to a known
concentration of clusters assuming that the oxygen concen-
tration in solution equilibrated with air is 284 M (20 °C, 760
mmHg). In the case of IscU, pseudo-first-order rate constants
(kgps) were plotted as a function of O, concentration (Figure S5
of the Supporting Information), which resulted in a linear
function. A second-order rate constant of 4.8 M’ s! was
calculated (Figure SS of the Supporting Information and Table
1). In contrast to the IscU cluster, the SufB cluster was shown
to be remarkably resistant to similar oxygen concentrations as
no changes in the 300—700 nm region could be observed on
the same time scale (2 h). For example, with 15 equiv of O,,
complete destruction of the cluster took 10 h (Figure S6 of the
Supporting Information) with a half-life of 106 min. Under the
same conditions (15 equiv of O,), the IscU cluster had a half-
life of 16.5 min. To be able to determine a pseudo-first-order
rate constant for SufB Fe,S, cluster disruption, we used 15 and
23 equiv of oxygen. A second-order rate constant of 0.7 & 0.05
M~ s™! (Figure S6 of the Supporting Information and Table 1)
was calculated, a value that is 7-fold lower than that for IscU,
further illustrating that indeed the SufB Fe,S, cluster is much
more stable than the IscU Fe,S, cluster in the presence of
oxygen.

Fe/S cluster reactivity toward oxygen and hydrogen peroxide
was also studied in the presence of their molecular chaperones,
namely, HscA/HscB and SufC/SufD for IscU and SufB,
respectively. Both chaperone systems form a complex with its
corresponding scaffold and through their ATPase activity
facilitate Fe/S cluster formation or transfer.'”>'* In the
presence of hydrogen peroxide, both IscU/HscAB and
SufBC,D clusters were degraded. The k,, values calculated
for IscU/HscAB and SufBC,D were plotted as a function of
H,0, concentration and demonstrated a linear function. A
second-order rate of 2.5 M™' s7' was calculated for IscU/
HscAB versus 0.5 M™' s™! for SufBC,D (Figure S7 of the
Supporting Information and Table 1). These results show that
chaperones of each Fe/S assembly system measurably increase
the stability of the Fe/S cluster of their respective scaffold in the
presence of H,O,, by 2.2-fold in the case of the SUF system
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versus 1.8-fold with HscA/HscB proteins. Associated with the
chaperones, the difference in stability between SufB and IscU
clusters is slightly greater. In the presence of O,, a second-order
rate constant of 4.1 M s7! was calculated for IscU/HscAB
(Table 1 and Figure S7 of the Supporting Information),
showing no significant effect of HscAB on IscU Fe/S cluster
stability under these conditions. For SufBC,D, it was not
possible to calculate a second-order rate constant as the cluster
is perfectly stable at any used oxygen concentration.

Finally, we studied the sensitivity of Fe,S, clusters with
regard to ethylenediaminetetraacetic acid (EDTA), an iron
chelator, with a K, for ferric iron of 10* M~.,'® a situation that
would mimic iron deprivation. When IscU was incubated
anaerobically with 64 equiv of EDTA, the solution became
colorless quickly, with a concomitant decrease in light
absorption in the 300—500 nm range (Figure S8 of the
Supporting Information). An exponential decay was observed
allowing us to calculate a kg, value of (7.0 +2.2) X 107*s7!
(Table 2). In contrast, the SufB Fe,S, cluster proved to be

Table 2. k., (s™') Values Determined with EDTA for IscU
and SufB Clusters

equiv Kops (s71)
with EDTA IscU 64 (7.0 £22) x 107*
IscU, HscA, and HscB 65 (6.7 +17)x 107"
SufB 68 6x107°
SufB 975 23 x107*
SufBC,D S1 a
SufBC,D 1200 a
without EDTA  SufBC,D 0 a
IscU, HscA, and HscB 0 (Bx1)x10™*

“Cannot be calculated because of the extreme stability of the Fe/S
cluster. HscA and HscB were added in stoichiometric amounts vs IscU.
No ATP and KCI were added.

much less sensitive to the same concentration of EDTA with a
ks value of ~6 X 107° s™" for 68 equiv of EDTA. We need to
use close to 1000 equiv of EDTA to obtain a kg, value on the
same order of magnitude (107*) as that of IscU (Table 2),
suggesting that the SufB cluster is more resistant to iron
deprivation than the IscU cluster. The presence of chaperones
had no influence on IscU cluster degradation by EDTA [k, of
(6.7 + 1.7) X 107* with chaperones vs (7.0 &+ 2.2) X 107*s7!
without], in contrast to the case for the SufB cluster that was
further protected by SufC and SufD (Table 2). Indeed, even
with 1200 equiv of EDTA, the SufBC,D cluster did not show
any degradation after incubation for 2 h.

In conclusion, we measured for the first time kinetic
parameters for degradation of scaffold Fe/S clusters that reflect
their relative reactivity with regard to oxygen, hydrogen
peroxide, and iron chelators. Our data show unambiguously
that the SufB Fe,S, cluster is much more resistant to O,, H,0,,
and the iron chelator than the IscU Fe,S, cluster (5—7-fold
more resistant), which fits with the presumed function of SufB
as a machinery for Fe/S cluster assembly under stress
conditions and iron limitation. The molecular origin of that
specificity is unclear. One possibility is that the SufB cluster is
less accessible than the IscU cluster, and this behavior is further
enhanced in the presence of SufC and SufD, which lead to an
extremely stable SufB cluster. Structural data on each scaffold
protein with their Fe/S cluster, still unavailable, could confirm
this hypothesis. Additionally, we demonstrate here that SufB

7869

assembles a stable Fe,S, cluster, raising the possibility that the
Fe/S cluster of both SufB and IscU is an Fe,S, cluster in their
resting state, able to aid the maturation of Fe,S, targets. When
required, they convert to Fe,S,-containing protein, under
reducing conditions, to aid the maturation of Fe,S, proteins.
These Fe,S, clusters are extremely sensitive to oxidants, but
whereas the IscU cluster fully degrades leading to apo-IscU, the
SufB cluster better stabilizes an Fe,S, cluster.
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