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Abstract
Iron-sulfur (Fe-S) clusters are inorganic cofactors required for a variety of biological processes. In
vivo biogenesis of Fe-S clusters proceeds via complex pathways involving multiple protein
complexes. In the Suf Fe-S cluster biogenesis system, SufB may be a scaffold for nascent Fe-S
cluster assembly whereas SufA is proposed to act as either a scaffold or an Fe-S cluster carrier
from the scaffold to target apo-proteins. However, SufB can form multiple stable complexes with
other Suf proteins, such as SufB2C2 and SufBC2D and the specific functions of these complexes in
Fe-S cluster assembly are not clear. Here we compare the ability of the SufB2C2 and SufBC2D
complexes as well as SufA to promote in vitro maturation of the [2Fe-2S] ferredoxin (Fdx). We
found that SufB2C2 was most proficient as a scaffold for de novo assembly of holo-Fdx using
sulfide and iron as freely available building blocks while SufA was best at direct transfer of a pre-
formed Fe-S cluster to Fdx. Furthermore, cluster transfer from [4Fe-4S] SufB2C2 or SufBC2D to
Fdx will proceed through a SufA intermediate to Fdx is SufA is present. Finally, addition of ATP
repressed cluster transfer from [4Fe-4S] SufB2C2 to Fdx and from SufBC2D to [2Fe-2S] SufA or
Fdx. These studies indicate that SufB2C2 can serve as a terminal scaffold to load the SufA Fe-S
cluster carrier for in vitro maturation of [2Fe-2S] enzymes like Fdx. This work is the first to
systematically compare the cluster transfer rates of a scaffold (SufB) to the transfer rates of a
carrier (SufA) under the same conditions to the same target enzyme and is also the first to
reconstitute the full transfer pathway (from scaffold to carrier to target enzyme) in a single
reaction.

1. Introduction
Iron-sulfur (Fe-S) clusters are inorganic cofactors [1] used for fundamental biological
processes such as photosynthesis, respiration, and nitrogen fixation. In vivo formation of Fe-
S clusters requires dedicated biosynthesis pathways consisting of one or more multi-protein
complexes that carry out stepwise assembly of the cofactor. The three most well-
characterized Fe-S cluster biosynthesis pathways in bacteria are the Isc system (which is
also partially conserved in eukaryotic mitochondria) [2–4], the Nif system [5], and the Suf
system (which is partially conserved in eukaryotic chloroplasts) [6–10]. These three
pathways share some common mechanistic features. During Fe-S cluster assembly by the
three pathways, sulfur is mobilized from free cysteine via the activity of a cysteine
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desulfurase enzyme, such as IscS, NifS, or SufS. The product of the cysteine desulfurase
reaction is a persulfide species bound to an active site cysteine residue within the enzyme.
This mobilized sulfur atom is transferred to a scaffold protein (IscU, NifU, or SufB) as a
persulfide and is reduced to sulfide at some point during the assembly of the full cluster. The
scaffold protein is the site where the nascent and labile Fe-S cluster is first assembled prior
to insertion into a target metalloprotein. In vivo iron donation is not as clearly defined but
could involve a metallochaperone such as frataxin or other pathways [11, 12].

The transfer of the nascent Fe-S cluster from a scaffold protein to a target apo-protein is a
key step in Fe-S cluster biogenesis. The correct Fe-S cluster must find the correct target
metalloprotein while ignoring potential binding sites in other proteins or small metabolites
and while avoiding destruction by oxidation or chelation. Fe-S cluster scaffold proteins can
transfer intact clusters to target proteins in vitro. However, there are accessory Fe-S cluster
carrier proteins (IscA and SufA in the Isc and Suf systems) that can also carry out cluster
transfer and may be important for Fe-S cluster metabolism in vivo [13]. Presumably these
carrier proteins are not used as sites for de novo cluster assembly but instead bind and traffic
intact clusters. Fe-S cluster transfer from IscU and IscA to other proteins such as Fdx and
BioB is well-characterized [14–18]. Similarly, Fe-S cluster transfer from the NifU scaffold
to the subunits of nitrogenase has also been investigated [19]. Less is known about Fe-S
cluster transfer among the Suf proteins.

SufB is the site of nascent cluster assembly in the Suf pathway (Scheme 1) [20]. SufB
receives persulfide from the SufS cysteine desulfurase enzyme via the sulfur transfer protein
SufE [20]. In vivo iron delivery to SufB is not yet clearly delineated but requires two
accessory proteins, the SufC ATPase and SufD [21]. SufB interacts tightly with SufC and
SufD leading to the formation of a stable SufBC2D complex [7, 22]. Recently it was also
shown that SufB can form a stable SufB2C2 complex in vivo [21]. In vitro reconstituted
SufB can form a [4Fe-4S]2+ cluster when alone or as part of the SufBC2D complex [20, 23].
SufB can also accommodate a [2Fe-2S] cluster if the [4Fe-4S] cluster is exposed to oxygen
[20]. SufB purified after in vivo co-expression with SufCDSE is present as both SufB2C2
and SufBC2D and contains a mixture of linear [3Fe-4S] and [4Fe-4S] clusters [21].
Sequential cluster assembly on SufB, SufB2C2, or SufBC2D has not been as carefully
characterized as the IscU scaffold and it is not clear if these multiple cluster types formed as
intermediates during cluster assembly on SufB, are breakdown products from the [4Fe-4S]
form of SufB, or perhaps are both.

It was previously established that SufBC2D enhances Fe-S cluster assembly on SufA during
in vitro Fe-S cluster assembly using free iron and SufS, SufE, and L-cysteine as the sulfur
source, suggesting that SufB acts as an Fe-S cluster scaffold for the Suf pathway, possibly in
conjunction with SufC and SufD. Those same studies showed that SufBC2D can transfer Fe-
S clusters to SufA but SufA cannot transfer clusters to SufBC2D [24], even though SufA can
transfer clusters to downstream apo-proteins such as Fdx, AcnA, and BioB [25, 26]. It was
also recently shown that SufBC2D can transfer clusters to AcnB without any requirement for
SufA [23].

The previous results raise several questions as to the relative roles of the SufB2C2 and
SufBC2D complexes and SufA in Fe-S cluster assembly and trafficking. We recently
proposed a hypothetical model that attempts to integrate the published data for the Suf
system to provide a possible pathway for Fe-S cluster assembly (Scheme 1) [21]. As a start
to rigorously testing this proposed model, here we determined if SufB2C2, SufBC2D, or
SufA can act as a scaffold to stimulate cluster assembly in the native E. coli target Fe-S
metalloprotein ferredoxin (Fdx). We also investigated transfer of Fe-S clusters from the
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various Fe-S Suf proteins to apo-Fdx. Finally, we determined if ATP hydrolysis by SufC
affects Fe-S cluster transfer to SufA or Fdx.

2. Experimental Procedures
2.1 Strains, plasmids, and growth conditions

IscFdx (hereafter referred to as Fdx) was amplified from MG1655 chromosomal DNA using
the primers 5′-CCGTGGACGAGGTTTCATATGCCAAAG-3′ and 5′-
CCCATACTAAGCTTTGTTAATGCTCACG-3′. PCR products were digested with NdeI
and HindIII and cloned into the corresponding sites of pET21a (Novagen), generating
plasmid pET21a-Fdx. The nucleotide sequence of the plasmid insert was confirmed by DNA
sequencing. E. coli BL21(DE3) containing the pET21a-Fdx expression vector was grown in
LB at 37°C. Iso-propyl-1-thio-β-D-galactopyranoside (IPTG) was added at 500 μM final
concentration for 3 h to induce Fdx expression. The plasmid pGSO164 [22] containing the
entire suf operon under the control of an arabinose-inducible promoter was used to over-
express SufABCDSE in the Top10 strain of E. coli. The cells were grown in LB at 37°C and
L-Arabinose was added to 0.2% final concentration by weight for 3 h to induce the
expression of SufABCDSE. The plasmid pET21a-SufA was used to overexpress SufA in E.
coli BL21(DE3) strain [24]. Cells were grown at 37°C and IPTG was added at 500 μM final
concentration for 6 h to induce SufA expression. Recombinant His6-SufB2C2 was co-
expressed with SufSE using expression vector pFWO469 in E. coli strain BL21(DE3).
Cultures were grown in LB at 37°C and induced with 100 μM of IPTG when OD600 was 0.5
– 0.6 followed by overnight induction at 18°C. After induction, cells were harvested by
centrifugation and cell pellets were frozen at −80°C.

2.2 Protein purification
The SufBC2D complex was purified as described previously [20], using Phenyl FF, Q-
sepharose, and Superdex 200 gel chromatography resins in sequence. SufA was also purified
as described previously [24]. His6-SufB2C2 was purified aerobically using a Ni2+-NTA
column as described previously [21]. Fdx was purified by freeze-thaw method as follows:
the cell pellet was thawed on ice and resuspended in buffer containing 25 mM Tris-Cl, pH
7.5, 100 mM NaCl, 10 mM β-mercaptoethanol (β-ME), and 1 mM
phenylmethanesulphonylfluoride (PMSF) (Sigma). The pellet was refrozen at −80°C for 1 h.
The freeze-thaw cycle was repeated two more times. The freeze-thaw extract was
centrifuged at 20,000 × g for 25 min and the clear lysate was loaded onto a Q-sepharose
anion exchange column equilibrated with buffer containing 25 mM Tris-Cl, pH 7.5, and 10
mM β-ME. After washing, the protein was eluted with a linear gradient of 25 mM Tris-Cl,
pH 7.5, 1 M NaCl, and 10 mM β-ME. The colorless fractions containing apo-Fdx were
collected separately from the colored fractions of holo-Fdx (which were used for later
comparison to in vitro reconstituted Fdx). Apo-Fdx fractions were concentrated to 3 ml and
loaded onto HiLoad16/60 Superdex 75 gel filtration column equilibrated with 25 mM Tris-
Cl, pH 7.5, 150 mM NaCl, and 10 mM β-ME. Fractions containing Fdx were concentrated
and frozen at −80°C until further use.

2.3 De novo Fe-S assembly on Fdx in the presence of SufB2C2, SufBC2D, and SufA
The pure SufA, SufBC2D, SufB2C2 and Fdx proteins used in this study always had variable
amounts of Fe in their as-purified forms and were converted to their fully apo forms
following published procedures [27]. Briefly, the apoproteins were obtained by incubating
the proteins with EDTA and potassium ferricyanide (molar ratios 1:50:20) on ice for 5–10
min followed by desalting. In order to see the effect of scaffold proteins on cluster assembly
on Fdx, SufB2C2, SufBC2D, or SufA (200 μM) were added to the reconstitution buffer
containing Fdx (200 μM) in 25 mM Tris-Cl, pH 7.5, 100 mM NaCl, 5 mM dithiothreitol
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(DTT), with 1 mM of ferrous ammonium sulfate (FAS). The reconstitution was initiated by
the addition of 1 mM of sodium sulfide (Na2S) and the circular dichroism (CD) spectra were
recorded at different intervals of time (5 min–18 h) at 23°C in 0.2 cm path length cuvettes
using a JASCO-815 spectrometer. As a control, reconstitution on Fdx alone was also
performed under the same conditions. The amount of holo-Fdx formed during reconstitution
was calculated by comparing the change in ellipticity at 434 nm to that of holo-Fdx
containing one equivalent of [2Fe-2S]2+ cluster (as-purified from E. coli and confirmed by
iron and sulfide analysis, Fig. S2A). To separate the proteins for additional analysis, 200 μM
Fdx was incubated with 200 μM of apo-His6-SufB2C2, apo-His6-SufBC2D, or apo-His6-
SufA in the presence of 5-fold molar excess of FAS and Na2S. After 20 min de novo
assembly, the reaction mixtures were loaded onto a 1 ml HiTrap Ni2+-NTA column. Fdx
was removed from the column by washing with 3 ml of binding buffer (25 mM Tris-Cl, pH
7.4, 0.5 M NaCl, 5 mM imidazole, and 2 mM DTT). His6-SufB2C2, His6-SufBC2D, or His6-
SufA was eluted with 3 ml of elution buffer (25 mM Tris-Cl, pH 7.4, 0.5 M NaCl, 500 mM
imidazole, and 2 mM DTT). All wash and elution fractions were collected and concentrated
separately using Nanosep centrifugal devices. All steps were carried out anaerobically in an
anaerobic glove box (Coy). Equal volumes of elution fractions (concentrated to the same
final volume) were separated by SDS-PAGE. Both wash and elution fractions also were
analyzed by UV-Visible absorption and CD spectroscopy.

2.4 Fe-S cluster transfer to Fdx
Reconstitution on His6-SufB2C2, SufBC2D, or SufA (300–350 μM) was performed in an
anaerobic glove box (Coy) in reconstitution buffer (25 mM Tris-Cl, pH 7.5, 100 mM NaCl)
with 10-fold excess of L-cysteine and ferrous ammonium sulfate (FAS) and 1.2–1.4 μM of
SufS and SufE. After 1.5 – 2 h, the proteins were purified by anaerobic anion exchange
chromatography using a Hitrap QFF 1 ml column. The cluster containing fractions of His6-
SufB2C2, SufBC2D, or SufA were concentrated on Nanosep 30K or 10K centrifugal
devices. The reconstituted holo-SufBC2D had 2.1 Fe/complex and 2.2 S/complex while
SufB2C2 had 6 Fe/complex and 5.6 S/complex. This difference in cluster content arises from
the presence of one SufB in SufBC2D but two SufB subunits in SufB2C2. Each complex had
similar amounts of Fe and S per SufB subunit. Reconstituted SufA had 1.5 Fe/monomer and
1.3 S/monomer. Representative UV-visible absorption spectra of reconstituted Suf proteins
are shown in Fig. S1.

Fe-S cluster transfer was monitored anaerobically at different time intervals (10 min– 18h)
at 23°C in 0.2 cm path length cuvettes using a JASCO-815 spectrometer. All transfer
reactions were carried out in buffer containing 25 mM Tris-Cl, pH 7.5, 150 mM NaCl, and 2
mM DTT. Fe-S cluster transfer to apo-Fdx was from the holo forms of His6-SufB2C2,
SufBC2D, or SufA added in slight molar excess (300 μM) to provide 1.14–1.6 equivalents
of Fe-S cluster for apo-Fdx (200 μM). The transfer was also repeated from holo-His6-
SufB2C2 or holo-SufBC2D (300 μM) to apo-Fdx (200 μM) in the presence of apo-SufA
(200 μM). Despite slightly different levels of starting cluster content, the protein
concentration of the cluster donors was kept constant at 300 μM. Transfer from holo-
SufBC2D to Fdx was also monitored in the presence of 60 μM EDTA added after the
addition of Fdx to holo-SufBC2D. De novo reconstitution of Fdx in the presence of 60 μM
EDTA was carried out using amounts of FAS and Na2S equivalent to Fe and S content in
holo-SufBC2D. To monitor the effect of ATP on cluster transfer the reactions were repeated
under the same conditions except for the presence of 2 mM ATP in a mix with 40 mM
MgCl2 and 150 mM KCl, which was added last to the reaction mixture. For all assays, Fe
content was determined colorimetrically using the ferrozine assay [28]. Acid-labile sulfide
was determined by previously reported methods [29].
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3. Results
3.1 Circular dichroism of holoproteins

Real time monitoring of Fe-S cluster assembly or transfer in a mixture of Fe-S proteins
requires one to distinguish between the apo- and holo-forms of each protein. While UV-
visible absorption spectroscopy is a facile method for rudimentary cluster analysis, circular
dichroism (CD) spectroscopy can provide more information about certain cluster types and
their protein environments during cluster maturation. Both holo-SufA and holo-Fdx
primarily bind cysteine-ligated [2Fe-2S]2+ clusters and have distinctive CD spectra in the
visible region. As published previously [24], the CD spectrum of holo-SufA has distinct
positive peaks at 345 nm and 460 nm and a negative peak at 390 nm (Fig. 1). However, the
CD spectrum of holo-Fdx overall is more intense than holo-SufA and has a sharp peak at
434 nm as well as a smaller shoulder ~460 nm and minima at 378, 500, and 550 nm (Fig. 1)
consistent with previous reports [30]. In contrast to SufA and Fdx, the CD spectrum of
[4Fe-4S]2+ His6-SufB2C2 or SufBC2D has only low-intensity, broad features ~400–500 nm
(Fig. 1) consistent with previous reports [24]. These differences among the spectra allow us
to partially distinguish Fe-S cluster binding among the SufA, His6-SufB2C2, SufBC2D, and
Fdx proteins in real-time using CD spectroscopy.

3.2 De novo assembly of clusters on Fdx in the presence of the Suf proteins
Fe-S apo-proteins can spontaneously form Fe-S clusters in vitro when supplied with iron and
sulfide under reducing conditions in an anaerobic atmosphere. However, Fe-S scaffold
proteins enhance Fe-S cluster assembly in target apo-proteins even if sodium sulfide and
ferrous ammonium sulfate (FAS) are used as easily accessible cluster building blocks [16].
Due to its distinctive CD spectrum, Fdx was chosen as a target protein to test if His6-
SufB2C2, SufBC2D, or SufA are able to enhance cluster assembly in an apo-protein native to
E. coli.

To determine if His6-SufB2C2 enhances Fe-S cluster formation as a scaffold, apo-Fdx and
apo-His6-SufB2C2 were incubated anaerobically in a 1:1 molar ratio in the presence of 5-
fold molar excess of FAS and Na2S. For comparison, Fdx was reconstituted in the absence
of His6-SufB2C2 under similar conditions (data not shown). The assembly of a [2Fe-2S]2+

cluster on Fdx was monitored at 5 min intervals by CD spectroscopy (Fig. 2A). The CD
spectra show the appearance of features similar to holo-Fdx, indicating that cluster assembly
is occurring on Fdx (Fig. 2A). Over the time, the presence of His6-SufB2C2 significantly
enhanced the amount of [2Fe-2S]2+ Fdx formed by over 3-fold as compared to a control
assembly reaction containing only Fdx (Fig. 2D). If the de novo assembly reaction was
allowed to proceed overnight (18 h), 46% of the apo-Fdx was converted to [2Fe-2S]2+ Fdx if
His6-SufB2C2 was present but only 21% [2Fe-2S]2+ Fdx formed in the control assembly
reaction.

Apo-SufBC2D and apo-SufA were also tested for their ability to function as a scaffold and
enhance cluster assembly on Fdx (Fig. 2B – 2D). Fig. 2 shows that neither SufBC2D nor
SufA significantly enhance de novo cluster formation on Fdx. Over time, the presence of
SufBC2D mildly increased the amount of [2Fe-2S]2+ Fdx formed by approximately 50% as
compared to a control assembly reaction containing only Fdx (Fig. 2D). If the de novo
assembly reaction was allowed to proceed overnight (18 h), 33% of the apo-Fdx was
converted to [2Fe-2S]2+ Fdx if SufBC2D was present compared to 21% in the control
assembly reaction. The amount of cluster formed on Fdx in the presence of SufA is
quantitatively the same as that formed with just Fdx alone (Fig. 2C and 2D). If the de novo
assembly reaction was allowed to proceed overnight (18 h), 19% of the apo-Fdx was
converted to [2Fe-2S]2+ Fdx if SufA was present as compared to 21% [2Fe-2S]2+ Fdx
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formed in the control assembly reaction. Therefore SufA does not function as a scaffold for
de novo assembly of Fe-S cluster on Fdx using FAS and Na2S.

Since SufB and SufA can accommodate multiple cluster types, it is possible that novel Fe-S
cluster types on His6-SufB2C2, SufBC2D, and/or SufA during the de novo assembly
reactions lead to new CD features that resemble [2Fe-2S] Fdx. To confirm that [2Fe-2S] Fdx
is formed during the de novo assembly reaction, Fdx was separated from His6-SufB2C2,
His6-SufBC2D, or His6-SufA after 20 min of de novo assembly and analyzed independently
(Fig. S3). Fdx could be efficiently separated from His6-SufB2C2, His6-SufBC2D, or His6-
SufA using chromatography, as assessed by SDS-PAGE analysis of the elution fractions,
and no stable co-complexes between His6-SufB2C2, His6-SufBC2D, or His6-SufA and Fdx
were observed (data not shown). The UV-visible absorption and CD spectroscopy features
of holo-Fdx assembled in the presence of His6-SufB2C2, His6-SufBC2D, or His6-SufA are
essentially identical to those of holo-Fdx purified from E. coli (Figs. S2A and S3) indicating
that holo-Fdx is formed. Based on UV-visible absorption spectroscopy, His6-SufB2C2, His6-
SufBC2D, and His6-SufA also contained Fe-S clusters after the assembly reaction although
their absorption intensities were lower than Fdx. The CD spectrum of His6-SufA also did
not show any prominent features (Fig. S3F), further demonstrating that little [2Fe-2S]
cluster was on His6-SufA after the de novo assembly reaction. In conclusion, these results
show that [2Fe-2S] Fdx is formed during the de novo assembly reactions and validate the
use of CD spectroscopy to monitor this process.

Previously it was shown that the IscU scaffold from E. coli functions as a catalyst to
enhance Fe-S cluster assembly on Fdx [16]. IscU can carry out multiple turnovers of cluster
assembly and transfer to Fdx (with a kcat of 0.21 min−1) when provided with excess Na2S
and FAS. The reaction kinetics of His6-SufB2C2, SufBC2D, or SufA mediated cluster
assembly on Fdx were investigated by varying the amount of apo-Fdx from 10–200 μM
while using a constant catalytic amount of apo-His6-SufB2C2, apo-SufBC2D, or apo-SufA
(10 μM). By monitoring the change in ellipticity at 434 nm over time, the initial velocity of
the reaction was determined. In stark contrast to previous results with IscU, none of the Suf
proteins were effective catalysts when present at sub-stoichiometric amounts (Fig. S5).
Indeed there was actually a lower rate of cluster formation on Fdx in the presence of SufA as
compared to Fdx alone, especially at higher Fdx concentrations (Fig. S5C). The lack of
catalytic action by the Suf proteins (including His6-SufB2C2) is probably due to a strict
requirement for the proper iron donor and/or other associated proteins in order for the Suf
pathway to turn over effectively. Here we are essentially analyzing only a small piece of the
complex network of protein-protein interactions necessary for Suf-mediated Fe-S cluster
assembly and transfer, as will be discussed below (Scheme 1).

3.3 Direct cluster transfer from Suf proteins to apo-Fdx
Based on the results above, His6-SufB2C2 can enhance de novo cluster assembly on Fdx
while SufBC2D and SufA have little impact on Fdx formation. While these results suggest
His6-SufB2C2 is a scaffold complex, both SufB and SufA can transfer pre-assembled
clusters to target proteins. To compare the Fe-S cluster transfer abilities of His6-SufB2C2,
SufBC2D, and SufA, we investigated direct transfer of pre-assembled Fe-S clusters from
holo-Suf proteins to apo-Fdx. His6-SufB2C2, SufBC2D, or SufA were separately
reconstituted with Fe-S clusters and purified as described in Experimental Procedures. Holo-
Suf proteins were then added in a 1.5-fold molar excess to apo-Fdx. The CD spectra of the
cluster transfer mixtures were recorded at 10 min intervals for a period of 60 min. The
appearance of CD features specific for holo-Fdx was tracked to monitor cluster transfer from
the Suf proteins to Fdx.
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During the transfer of cluster from holo-His6-SufB2C2 or holo-SufBC2D to apo-Fdx, holo-
Fdx CD features were observable within the first 10 min (Fig. 3A and 3B). Cluster transfer
from holo-His6-SufB2C2 and holo-SufBC2D to Fdx was faster than de novo holo-Fdx
maturation using iron and sulfide in solution (Fig. 3D) and the final 18 h yield of holo-Fdx
formed using holo-His6-SufB2C2 or holo-SufBC2D as the cluster donor was approximately
80 – 100% whereas the 18 h yield observed for de novo reconstitution on Fdx in the absence
of SufBC2D is only ~21%. To ensure that maturation of holo-Fdx does not indirectly occur
due to degradation of the SufB cluster and subsequent rebinding of free iron and sulfide in
solution by Fdx, the same transfer was repeated in the presence of the divalent metal
chelator EDTA (Fig. S2B). While EDTA could inhibit de novo cluster reconstitution of Fdx
using free iron and sulfide, it had no appreciable effect on Fe-S cluster transfer from SufB to
Fdx (Fig. S2B). Thus cluster maturation of Fdx using holo-SufB occurs via direct cluster
transfer to Fdx.

Cluster transfer from holo-SufA to apo-Fdx was also monitored over time by CD
spectroscopy (Fig. 3C). Since both holo-SufA and holo-Fdx exhibit partially overlapping
CD features, the resulting transfer CD spectra look slightly different than those obtained
using holo-SufBC2D for cluster transfer. However, Fdx has a distinct high intensity peak at
434 nm whereas SufA has a 460 nm peak with much lower intensity (see Fig. 1). Initially
the peak at 460 nm from holo-SufA is observed with no distinct peak at 434 nm. Over time
the maximum positive intensity shifts from the 460 nm peak towards a 434 nm peak,
indicating the formation of holo-Fdx (Fig. 3C). Fe-S cluster transfer from holo-SufA to apo-
Fdx appears to occur more rapidly than transfer from holo-His6-SufB2C2 or holo-SufBC2D
(Fig. 3D). The final 18 h yield of holo-Fdx formed after cluster transfer from holo-SufA was
~77%, slightly lower but still comparable to the yield using holo-His6-SufB2C2 or holo-
SufBC2D and greater than that obtained from de novo reconstitution on Fdx alone (~21%).

To confirm that the final spectra observed for the transfer reaction only arises from [2Fe-2S]
Fdx and does not include an altered form of holo-SufA, Fdx was separated from the donor at
an intermediate time point (20 min) of the transfer reaction and analyzed independently (Fig.
S6). Fdx separated from His6-SufA after 20 min of the transfer reaction and isolated holo-
Fdx showed nearly identical UV-visible absorption and CD features (Fig. S6 compared to
Figs. S2A and S3). Nearly 100% of the total iron initially present in holo-His6-SufA was
recovered in either His6-SufA or Fdx after the separation. Only 20% of the total iron was
still in His6-SufA following the separation; the remaining 80% of total iron was bound to
Fdx. The intensity of the CD spectrum for separated Fdx was in good agreement with the
measured iron content of the Fdx sample.

Levels of holo-Fdx formation during cluster transfer show that while holo-His6-SufB2C2 or
holo-SufBC2D can carry out the cluster transfer step in vitro, SufA is more efficient at the
Fe-S cluster transfer step than either SufB complex (Fig 3D). These results suggest that
SufA is more proficient than SufB as an Fe-S cluster carrier protein for downstream
maturation of target [2Fe-2S] metalloproteins.

3.4 SufA is an intermediate for cluster transfer from SufB to apo-Fdx
Previous studies showed that SufA interacts with SufB, efficiently receives Fe-S cluster
from holo-SufBC2D, and that the presence of SufB (as part of SufBC2D) enhances de novo
cluster maturation in SufA [24]. SufA also can transfer pre-assembled clusters to Fe-S target
proteins such as Fdx or AcnA [25]. Since results from this study also show that holo-His6-
SufB2C2 or holo-SufBC2D can transfer cluster to Fdx, we tested if the addition of apo-SufA
would affect the cluster transfer from holo-His6-SufB2C2 or holo-SufBC2D to apo-Fdx.
Apo-SufA was included in equimolar amounts to apo-Fdx in the transfer reaction mixture
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containing holo-His6-SufB2C2 or holo-SufBC2D. The CD spectra of the reaction mixture
were recorded at 10 min time intervals (Fig. 4).

During Fe-S cluster transfer from holo-His6-SufB2C2 or holo-SufBC2D to apo-Fdx in the
presence of apo-SufA there is an early appearance of a 460 nm peak with no distinct 434 nm
peak (Fig. 4A and 4C). Over time, the peak at 460 nm becomes overshadowed by the
appearance of an intense 434 nm peak as seen previously for cluster transfer directly from
holo-His6-SufB2C2, holo-SufBC2D, or holo-SufA to apo-Fdx (Fig. 3). When the spectra
measured at the first time point (10 min) of the cluster transfer reactions are overlaid, it is
clear that cluster transfer from holo-His6-SufB2C2 or holo-SufBC2D to holo-SufA occurs
prior to appreciable holo-Fdx formation (Fig. 4B and 4D). If apo-SufA is present, the CD
spectrum at 10 min looks nearly identical to the CD spectrum of [2Fe-2S] SufA alone (Fig.
4B and 4D) [24]. In particular, the two pronounced peaks of similar intensity at 345 nm and
460 nm are indicative of holo-SufA. In contrast, at 10 min there is little to no peak at 434
nm, showing that holo-Fdx has not yet begun to mature to a significant level (Fig. 4B and
4D). As the transfer reaction progresses beyond 10 min, there is an increase in holo-Fdx
specific CD features, such as the intense peak at 434 nm (Fig. 4A and 4C). If apo-SufA is
not present during the transfer, by 10 min holo-His6-SufB2C2 or holo-SufBC2D generate
only holo-Fdx with a strong 434 nm peak (Fig. 4B and 4D). Maturation of Fdx during the
first 20 min of cluster transfer from holo-His6-SufB2C2 or holo-SufBC2D is slightly slower
in the presence of apo-SufA than if SufA is omitted but the amount of holo-Fdx formed
catches up after approximately 30 min (Fig. 4A and 4C, insets). Though the presence of
SufA slows the early maturation of holo-Fdx, SufA does not limit overall cluster acquisition
by apo-Fdx since the final 18 h yield of holo-Fdx formed by transfer from holo-His6-
SufB2C2 or holo-SufBC2D in the presence of SufA was 90 – 96%. The holo-Fdx yield is
comparable to the yields observed in the earlier one-step cluster transfer reactions from
holo-His6-SufB2C2 or holo-SufBC2D. Since the early appearance of holo-SufA does not
restrict the final yield of holo-Fdx, this argues that SufA acts as a Fe-S cluster transfer
intermediate from holo-SufBC2D to Fdx and is not simply competing with Fdx for cluster
acquisition from holo-SufBC2D.

3.5 Effect of ATP on cluster transfer to apo-Fdx
SufC has ATPase activity that is enhanced by interaction with SufB and SufD [31]. Recent
studies suggest that SufC ATPase activity might be required for in vivo Fe acquisition [21].
However, in vitro studies of the A. vinelandii Isc system show that the ATPase activity of
the HscA-HscB chaperone system mediates cluster transfer from [2Fe-2S] IscU to apo-Fdx
[18]. It is possible that SufC ATPase activity could be utilized for cluster transfer from holo-
His6-SufB2C2 or holo-SufBC2D as well as for in vivo iron acquisition by apo-SufBC2D. We
tested the effect of ATP on cluster transfer from holo-His6-SufB2C2 or holo-SufBC2D to
apo-SufA or apo-Fdx. Cluster transfer from holo-His6-SufB2C2 to SufA was somewhat
slowed by the addition of ATP although SufA maturation by 60 minutes was nearly the
same in both conditions (Fig. 5A, inset). In contrast, cluster transfer from holo-His6-
SufB2C2 to Fdx was significantly reduced by Mg-ATP addition (Fig. 5B). These results
show that addition of ATP inhibits [2Fe-2S] cluster transfer from holo-His6-SufB2C2 to Fdx
but only slightly slows transfer from holo-His6-SufB2C2 to SufA. Fe-S cluster transfer from
holo-SufBC2D to SufA was inhibited approximately 10-fold in the presence of Mg-ATP
(Fig. 6A). Fe-S cluster transfer from holo-SufBC2D to Fdx also was slowed upon addition of
Mg-ATP but only by approximately 50% compared to without ATP (Fig. 6B). In summary,
SufB-mediated Fe-S cluster transfer to the [2Fe-2S] proteins SufA and Fdx is partially or
fully inhibited by the addition of Mg-ATP, although the holo-His6-SufB2C2 to SufA transfer
is least affected by ATP.
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4. Discussion
Recent studies demonstrated that SufBC2D can transfer Fe-S clusters to [4Fe-4S] targets
(AcnB) or [2Fe-2S] targets (SufA) in vitro [23, 24]. While a detailed time-course of
sequential cluster assembly on SufB2C2 and SufBC2D has not been published, SufB
primarily reconstitutes with a [4Fe-4S]2+ cluster but can accommodate a [2Fe-2S] cluster
and may also bind a linear [3Fe-4S] cluster [20, 21, 23]. Thus it appears that SufB has the
ability to exist in multiple cluster-bound states. Similarly, it has been shown that SufA can
form both [2Fe-2S]2+ and [4Fe-4S]2+ clusters in vitro (although the [2Fe-2S]2+ form appears
to predominate in vivo) and that holo-SufA can transfer Fe-S clusters to target proteins such
as AcnA or Fdx [25, 26]. Furthermore, it seems likely that several multi-protein complexes
form during the Suf Fe-S cluster assembly, including SufB2C2 and SufBC2D, and that
transient interactions also occur between the Suf proteins, potential iron donors, Fe-S
carriers, and target metalloenzymes (Scheme 1).

Stoichiometric SufB2C2 enhanced de novo assembly of [2Fe-2S] Fdx but was unable to
carry out multiple turnovers under these in vitro conditions (Fig. 2). In contrast to the IscU
scaffold, sub-stoichiometric SufB2C2 cannot efficiently catalyze multiple cycles of de novo
cluster assembly and cluster transfer to Fdx when using FAS and Na2S as building blocks
(Fig. S5). In vivo, SufS and SufE are necessary to mobilize sulfur from free cysteine and
then transfer the resulting persulfide to SufB [8, 20, 22, 32]. We also conducted the de novo
cluster assembly reactions using SufS, SufE, and cysteine for sulfur delivery (Fig. S4). SufS-
SufE and L-cysteine were able to “donate” sulfur to Fdx alone leading to a low level of Fdx
maturation, although this was likely due to the non-specific release of sulfide via DTT-
mediated reduction of the SufS and/or SufE persulfide intermediates rather than true sulfur
transfer. Using SufS-SufE with L-cysteine as the sulfur donor actually slowed the overall
rate of [2Fe-2S] Fdx formation in the presence of SufB complexes as compared to using free
Na2S. The slower cluster maturation may be due to the additional time required to release
sulfur from the L-cysteine substrate and transfer persulfide from SufS to SufE to SufB for de
novo cluster assembly. The presence of SufS-SufE also did not promote multiple turnovers
of cluster assembly on SufB, indicating that our in vitro assay still lacks one or more critical
component to drive Suf catalysis. Despite the slower rates of cluster maturation in all
samples using SufS-SufE as sulfur donors, addition of His6-SufB2C2 still enhanced [2Fe-2S]
Fdx maturation compared to SufBC2D, SufA, or the control (Fig. S4), providing further
support for its role as the terminal scaffold. It is likely that both the in vivo sulfur donor
(SufS-SufE) and an unknown iron donor must be present for SufB2C2 and/or SufBC2D to
turn over. Without the in vivo iron donor it may be difficult to fully reconstitute the entire
Suf cluster assembly system in vitro. However, these results highlight important differences
between IscU and SufB. In particular, SufB cluster assembly appears to be more tightly
regulated than IscU cluster assembly. Presumably this regulation is necessary to protect iron,
persulfide, and the nascent Fe-S cluster during stress conditions when the E. coli Suf
pathway is induced.

4.1 SufA is a Fe-S carrier for target [2Fe-2S] metalloproteins
In contrast to SufB2C2, SufA did not function as a scaffold to enhance de novo assembly of
[2Fe-2S] Fdx (Fig. 2). However, cluster transfer from pre-assembled [2Fe-2S] SufA to Fdx
was more efficient than cluster transfer from [4Fe-4S] SufB2C2 and SufBC2D to Fdx (Fig.
3). The differential activity of SufA in the de novo assembly reaction compared to the
transfer reaction indicates that the rate-limiting step in de novo cluster maturation using
SufA is the de novo assembly of intact cluster on SufA itself. SufA cluster assembly seems
to be slower than de novo assembly on Fdx such that assembly on SufA does not enhance
Fdx maturation. It has also been shown that apo-SufA has significant iron-binding ability in
vitro which may complicate the de novo assembly reaction [33]. Why is SufA better at
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cluster transfer to Fdx than the SufB-containing complexes? Since SufA is primarily a
[2Fe-2S]2+ protein as purified or as reconstituted, it would not need to undergo a cluster
conversion step prior to transfer to Fdx, which could explain its relative transfer efficiency
as compared to [4Fe-4S] SufB2C2 and SufBC2D in the cluster transfer reaction [25].
Alternatively, the structure of SufA may promote more rapid release of the [2Fe-2S] cluster
as compared to SufB2C2 and SufBC2D. Further studies are necessary to fully explain the
differences in transfer efficiency.

Previous studies on the Isc system showed specific Fe-S cluster transfer from IscU to IscA
without appreciable cluster transfer from IscA to IscU [14]. Similarly, in the Suf system,
cluster transfer proceeds from SufB to SufA but not in the reverse direction [24]. These
results suggest a unidirectional pathway of cluster transfer from scaffold proteins (IscU,
SufB) to carrier proteins (IscA, SufA). However, it was not clear from these earlier studies if
the presence of a target apoprotein would alter this linear cluster transfer pathway from SufB
to SufA. Here we have found that Fe-S cluster transfer from SufB2C2 and SufBC2D to apo-
Fdx will proceed through a holo-SufA intermediate if apo-SufA is present during transfer
(Fig. 4). Formation of the [2Fe-2S] SufA intermediate slightly decreases the overall rate of
cluster transfer but does not alter the final yield of [2Fe-2S] Fdx. Although the presence of
SufA does not enhance the rate of cluster transfer from SufB to the target proteins in our in
vitro conditions, it is possible this carrier protein provides other mechanistic advantages for
cluster transfer to specific target proteins under physiological conditions. For example, Fe-S
carriers may provide additional downstream specificity for different target proteins in vivo
[13]. Fe-S carriers may also provide additional protection for the cluster that would not
occur during direct transfer from scaffolds to target proteins [34, 39, 41] but without
necessarily enhancing the speed of transfer.

Genetic and biochemical studies also have suggested that the IscU and SufB scaffolds likely
interact with multiple Fe-S carriers in E. coli, including NfuA and the monothiol
glutaredoxin GrxD, as well as the A-type carrier proteins like SufA, IscA, and ErpA [13,
34–40]. Together these carrier proteins likely constitute a labile pool of intact Fe-S clusters
that can then be rapidly distributed to multiple Fe-S metalloproteins as required by cellular
metabolism and environmental conditions. In this scenario the main function of scaffold
proteins would be to maintain the labile pool of Fe-S clusters on carrier proteins (as opposed
to directly loading target proteins). Nascent Fe-S clusters on scaffold proteins like IscU and
SufB are notoriously labile, probably due to the various conformations the scaffold protein
must utilize for iron and sulfur acquisition as well as inter-cluster conversion. Rapid transfer
of the Fe-S cluster to a pool of Fe-S carrier proteins may be required in vivo to limit cluster
degradation on the more exposed scaffold proteins after de novo cluster assembly.

4.2 ATP represses cluster transfer from [4Fe-4S] SufBC2D to [2Fe-2S] target
metalloproteins

In the Isc system, ATP hydrolysis by the HscA chaperone plays a crucial role in transferring
the cluster from holo-IscU to apo-proteins [42]. ATP hydrolysis by HscA/B enhances cluster
transfer up to 20-fold from [2Fe-2S] IscU to Fdx [18, 43] but does not enhance cluster
transfer from [4Fe-4S] IscU to AcnA [17]. We found that ATP actually diminishes cluster
transfer from [4Fe-4S] His6-SufB2C2 to [2Fe-2S] Fdx and from [4Fe-4S] SufBC2D to
[2Fe-2S] SufA or [2Fe-2S] Fdx (Figs. 5 and 6). Since ATP is typically present at 3 – 4 mM
in E. coli, ATP inhibition of cluster transfer from [4Fe-4S] SufBC2D to SufA (as well as
Fdx) likely occurs in vivo. Previous results suggested a role for both SufD and SufC ATP
hydrolysis in the iron acquisition step of cluster assembly in vivo (Scheme 1) [21]. If so,
ATP hydrolysis could be coupled to insertion of iron into intermediate cluster forms on
SufBC2D during stepwise assembly. In that case, it is logical that ATP binding or hydrolysis
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by SufBC2D would additionally inhibit cluster transfer to limit premature release of a
partially formed cluster from SufBC2D during stepwise assembly.

Since a number of studies have shown that multiple complexes containing SufC can occur,
including SufBC2D, SufB2C2, and SufC2D2 (Scheme 1) [21, 44], it is possible that the role
of the SufC ATPase varies depending on the specific complex with which it is associated. In
fact we observed that Fe-S cluster transfer from SufB2C2 to SufA was only weakly affected
by the presence of Mg-ATP whereas cluster transfer from SufB2C2 to Fdx was much more
inhibited (Fig. 5B). This result suggests that ATP binding to SufC in SufB2C2 effects cluster
transfer differently than ATP binding to SufC in SufBC2D, at least when SufA is the cluster
acceptor. Since ATP is likely present throughout the cluster assembly and transfer process,
ATP binding to SufB2C2 may limit cluster transfer to downstream target apoproteins but
allow transfer to SufA or other A-type carriers in vivo. Another important caveat is that
SufB can bind multiple cluster types including [2Fe-2S] (formed upon oxygen exposure),
linear [3Fe-4S], and cuboidal [4Fe-4S] clusters [20, 21, 23]. ATP hydrolysis by SufC did not
enhance cluster transfer from [4Fe-4S] SufB to [2Fe-2S] target proteins but ATP hydrolysis
may have different effects if [2Fe-2S] SufB is used as the donor for cluster transfer to Fdx or
if a [4Fe-4S] target protein is used. Studies are underway to test the effect of ATP on these
other cluster transfer combinations.

These studies suggest that SufA is an Fe-S cluster carrier protein and does not function as a
Fe-S cluster scaffold for target proteins. In contrast, SufB2C2 is able to stimulate de novo
assembly of Fe-S clusters in Fdx by building Fe-S clusters from iron and sulfide. [4Fe-4S]
SufB is not as efficient as [2Fe-2S] SufA at cluster transfer to [2Fe-2S] Fdx and SufB will
interact with SufA first to preferentially transfer cluster to SufA if multiple [2Fe-2S]
acceptor proteins are present, providing further evidence that SufB is a Fe-S cluster scaffold
complex that distributes clusters to carrier proteins like SufA. The results also demonstrate
that SufB2C2 is better than SufBC2D at enhancing de novo cluster assembly in the target
protein Fdx, consistent with its proposed function as the terminal scaffold in the Suf
pathway (Scheme 1).
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Highlights

SufB2C2 acts as a scaffold to enhance Fdx cluster formation

SufA acts as an intermediate during Fe-S cluster transfer

ATP suppresses cluster transfer from SufBC2D to SufA

SufA does not function as a de novo cluster scaffold
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Fig. 1. Circular dichroism spectra of holo-SufB2C2, holo-SufBC2D, holo-SufA, and holo-Fdx
CD spectra of 300 μM holo-SufB2C2 (green line), holo-SufBC2D (red dotted line), or holo-
SufA (blue dashed line), and 200 μM of as-purified holo-Fdx (black line).
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Fig. 2. De novo Fe-S cluster assembly on Fdx in the presence of SufB2C2, SufBC2D, or SufA
A, 1 mM FAS and Na2S were added to a solution containing 200 μM apo-Fdx with 200 μM
(A) apo-SufB2C2, (B) apo-SufBC2D, or (C) apo-SufA and CD spectra were recorded at 5
min intervals for 2 h with a final scan at 18 h. For clarity only spectra obtained at 5, 10, 20,
60, and 120 min are shown. D, Comparison of cluster formation on Fdx in the presence of
apo-SufB2C2 (squares), apo-SufBC2D (diamonds), apo-SufA (circles), or just Na2S and
FAS (filled triangles). Holo-Fdx formation was calculated by comparing the changes in
ellipticity at 434 nm with the 434 nm ellipticity of 100% [2Fe-2S] Fdx prepared separately.
Error bars for multiple experiments are shown (but may be obscured by some sybmols).
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Fig. 3. Fe-S cluster transfer from holo-SufB2C2, holo-SufBC2D, or holo-SufA to apo-Fdx
A, CD spectra of a mixtures containing 300 μM (A) holo-SufB2C2, (B) holo-SufBC2D, or
(C) holo-SufA and 200 μM of apo-Fdx recorded at 10, 20, 40 and 60 min time intervals. The
dashed lines show the CD spectrum of holo-Suf proteins at 0 min time point. D, Comparison
of holo-Fdx formed over time during transfer from holo-SufB2C2 (squares), holo-SufBC2D
(diamonds), or holo-SufA (circles) to de novo reconstitution on Fdx with an equivalent
amount of Na2S and FAS in the absence of Suf proteins (filled triangles). Error bars for
multiple experiments are shown (but may be obscured by some sybmols).
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Fig. 4. Fe-S cluster transfer from holo-SufB2C2 or holo-SufBC2D to apo-Fdx in the presence of
apo-SufA
A, CD spectra of 300 μM of holo-SufB2C2 with 200 μM each of apo-Fdx and apo-SufA
were recorded over time. Inset, Comparison of holo-Fdx formed during transfer from holo-
SufB2C2 alone (diamonds) or from holo-SufB2C2 with apo-SufA (squares). B, 10 min time
point CD spectra of cluster transfer to apo-Fdx from holo-SufB2C2 alone (black line) or
from holo-SufB2C2 with apo-SufA (green line). 300 μM Holo-SufA alone (red dashed line)
is shown for comparison. C, CD spectra of 300 μM of holo-SufBC2D with 200 μM each of
apo-Fdx and apo-SufA were recorded over time. Inset, Comparison of holo-Fdx formed
during transfer from holo-SufBC2D alone (diamonds) or from holo-SufBC2D with apo-SufA
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(squares). D, 10 min time point CD spectra of cluster transfer to apo-Fdx from holo-
SufBC2D alone (black line) or from holo-SufBC2D with apo-SufA (blue line). 300 μM
holo-SufA alone (red dashed line) is shown for comparison.
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Fig. 5. Fe-S cluster transfer from holo-SufB2C2 in the presence of Mg-ATP
CD spectra of cluster transfer from holo-SufB2C2 to (A) SufA or (B) Fdx at 10 min intervals
with 2 mM Mg-ATP (red traces) or without Mg-ATP (black traces). Insets, Comparison of
Fe-S SufA (A inset) or Fdx (B inset) formed over time during cluster transfer from SufB2C2
with added Mg-ATP (red symbols) or without Mg-ATP (open symbols). % holo-proteins
were calculated from intensity of CD features at 460 nm (SufA) or 434 nm (Fdx). Transfer
reactions were conducted as described in Experimental Procedures.
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Fig. 6. Fe-S cluster transfer from holo-SufBC2D in the presence of Mg-ATP
CD spectra of cluster transfer from holo-SufBC2D to (A) SufA or (B) Fdx at 10 min
intervals with 2 mM Mg-ATP (red traces) or without Mg-ATP (black traces). Insets,
Comparison of Fe-S SufA (A inset) or Fdx (B inset) formed over time during cluster transfer
from SufBC2D with added Mg-ATP (red symbols) or without Mg-ATP (open symbols). %
holo-proteins were calculated from intensity of CD features at 460 nm (SufA) or 434 nm
(Fdx). Transfer reactions were conducted as described in Experimental Procedures.
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Scheme 1. Putative model of Suf-mediated Fe-S cluster assembly
SufS releases sulfur from L-cysteine as a persulfide intermediate that is passed on to SufE
and then SufB as part of the SufB2C2 complex [20]. The SufC2D2 complex may interact
with an unidentified iron donor/iron source (grey octagon). SufB2C2 and SufC2D2
complexes interact to form two SufBC2D complexes where ATP hydrolysis by SufC is used
to release iron from a donor or otherwise mobilize iron for cluster assembly (black dashed
arrows) [21]. The complexes then dissociate to perform another round of sulfur and iron
acquisition. SufD and SufC ATPase activity are required for in vivo iron acquisition
although they may also play other roles in cluster assembly. Once a maximum of 2 ×
[4Fe-4S] clusters have formed, the terminal SufB2C2 scaffold may exit the cycle and, via an
ATP-independent step, transfer clusters to Fe-S carrier proteins like SufA for further cluster
trafficking to target enzymes like Fdx (red dashed arrows). All multi-protein complexes
shown in Scheme 1 are known to form in vivo and/or in vitro (except for the putative
interaction with the as yet unidentified iron donor) [6, 7, 22, 31, 45, 46].
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