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Abstract

Iron—sulfur (Fe-S) clusters are essential protein cofactors for most life forms. In human
mitochondria, the core Fe—S biosynthetic enzymatic complex (called SDUF) consists of NFS1,
ISD11, ISCU2, and frataxin (FXN) protein components. Few mechanistic details about how this
complex synthesizes Fe-S clusters and how these clusters are delivered to targets are known. Here
circular dichroism and Mdssbauer spectroscopies were used to reveal details of the Fe-S cluster
assembly reaction on the SDUF complex. SDUF reactions generated [2Fe-2S] cluster
intermediates that readily converted to stable [2Fe-2S] clusters bound to uncomplexed ISCU2.
Similar reactions that included the apo Fe-S acceptor protein human ferredoxin (FDX1) resulted
in formation of [2Fe-2S]-1SCU2 rather than [2Fe-2S]-FDX1. Subsequent addition of dithiothreitol
(DTT) induced transfer of the cluster from ISCU2 to FDX1, suggesting that [2Fe-2S]-ISCU2 is an
intermediate. Reactions that initially included DTT rapidly generated [2Fe-2S]-FDX1 and
bypassed formation of [2Fe-2S]-ISCU2. In the absence of apo-FDX1, incubation of [2Fe-2S]-
ISCU2 with DTT generated [4Fe-4S]-1SCU2 species. Together, these results conflict with a recent
report of stable [4Fe-4S] cluster formation on the SDUF complex. Rather, they support a model in
which SDUF builds transient [2Fe-2S] cluster intermediates that generate clusters on sulfur-
containing molecules, including uncomplexed ISCU2. Additional small molecule or protein
factors are required for the transfer of these clusters to Fe-S acceptor proteins or the synthesis of
[4Fe-4S] clusters.
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Iron—sulfur (Fe-S) clusters are essential protein cofactors that have functions such as
electron transfer, substrate binding and activation, and regulation of gene expression or
enzyme activity.l Common Fe-S clusters, including [2Fe-2S] ([Fe,S,]) and [4Fe-4S]
([Fe4S4]) structures, can be synthesized in nonenzymatic self-assembly reactions from iron,
sulfide, and appropriate sulfur-containing ligands.2-3 Similar reaction conditions are
frequently used to chemically reconstitute recombinant proteins with biological Fe-S
clusters. In contrast, the in vivo synthesis of Fe—S clusters does not use this self-assembly
chemistry but rather highly conserved assembly pathways that regulate the biosynthesis of
Fe-S clusters and control the inherent reactivity and toxicity of cluster intermediates.*9 In
humans, such clusters are synthesized on an assembly complex composed of NFS1, ISD11,
ISCU2, and frataxin (FXN) components.1911 Many details of the mechanism for cluster
synthesis, the types of clusters synthesized by the core assembly complex, and additional
protein factors that provide regulation and/or target specificity are being actively
investigated.

In eukaryotes, the primary Fe—S biosynthetic pathway is located in the mitochondria. This
pathway not only builds [2Fe-2S] and [4Fe-4S] clusters but also delivers them to target
proteins. This pathway is analogous to the bacterial ISC system.12 In humans, NFS1
(analogous to bacterial IscS) along with the accessory protein ISD11 generates the
functional cysteine desulfurase complex (named SD) that catalyzes the conversion of .-
cysteine to c-alanine.13-16 Sulfur is transferred to the Fe-S catalytic subunit ISCU2
(analogous to bacterial I1scU) where it combines with iron and electrons to generate Fe-S
clusters.17.18 Human FXN stimulates cysteine desulfurase and iron-sulfur assembly
activities and may function as an allosteric activator to regulate the Fe-S assembly complex
(DOI: 10.1021/bi5014497).10 DTT is often used as a surrogate electron donor for in vitro
assays to replace the function of the ferredoxin/ferredoxin reductase/NADPH system in
providing electrons for in vivo Fe-S cluster formation and/or transfer.1%:20 Chaperone and
Fe-S carrier proteins are thought to interact with uncomplexed [2Fe-2S]-IscU and facilitate
the transfer of intact Fe-S clusters to target proteins.21-32

No intermediates in the biosynthesis or self-assembly of [2Fe-2S] clusters have been
established, but some details of the conversion of [2Fe-2S] clusters to [4Fe-4S] clusters are
known. Inorganic biomimetic chemistry reveals that [4Fe-4S] clusters can be formed by
reductively coupling two [2Fe-2S] clusters.23 In a remarkable study, the Huynh, Dean, and
Johnson groups demonstrated reductive coupling chemistry on an IscU dimeric species with
the sequential formation of a single [2Fe-2S] cluster followed by a second [2Fe-2S] cluster,
and then conversion of these [2Fe-2S] clusters to form one [4Fe-4S] cluster per IscU
dimer.33 This reductive coupling chemistry occurs at an IscU dimeric interface with each
monomer contributing one [2Fe-2S] cluster. The O, sensor protein FNR employs a different
[2Fe-2S]-to-[4Fe-4S] cluster conversion process in which persulfide-ligated [2Fe-2S]
clusters convert to cysteine-ligated [4Fe-4S] clusters upon addition of iron.34

A crystal structure of a bacterial IscS—IscU complex reveals a [2Fe-2S] cluster bound by
cysteine ligands that originated from both IscS and IscU subunits.3 The cluster is buried in
the IscS—IscU protein interface, suggesting a reductive coupling mechanism in which two
[2Fe-2S] species come together to form a [4Fe-4S] cluster on the 1scS—IscU assembly
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complex that would require a different conformation. Recent Mdssbauer studies of the
murine Fe-S assembly system led to the proposal that FXN facilitates [4Fe-4S] cluster
formation on the SDUF complex.36 It is unclear whether the [4Fe-4S] species is synthesized
on the murine SDUF assembly complex or generated through reactions with uncomplexed
[2Fe-2S]-IscU, similar to the bacterial systems.33

The initial objectives of this study were to link the protein assembly state with the type of
cluster generated by the human Fe-S assembly complex. In the following paper (DOI:
10.1021/bi5014497), Fe-S assembly reactions using the human SDUF complex were shown
to partition between biosynthetic [2Fe-2S] cluster synthesis and Fe-S mineral-like pathways.
Fe-S mineral-like material elutes from size-exclusion columns as high-molecular weight
species (HMWS) that readily separates from SDUF and uncomplexed ISCU2. Conditions
that minimize the production of the reaction byproduct sulfide also suppress HMWS
formation. This discovery allowed us to find that FXN accelerates the rate of [2Fe-2S]
cluster synthesis by the SDUF complex. Here, Mdéssbauer, circular dichroism (CD), and
electronic absorbance spectroscopies were used in conjunction with size-exclusion LC and
ICP-MS to analyze the products of Fe-S biosynthetic reactions by the SDUF complex.
Additional studies explored the requirements for cluster transfer and conversion chemistry
by the human assembly system.

MATERIALS AND METHODS

Protein Expression and Purification

Human NFS1-1SD11 (named SD), ISCU2, FXN, and FDX1 were expressed and purified as
described (DOI: 10.1021/bi5014497).10:37 Buffer A [50 mM HEPES (pH 7.8) and 250 mM
NaCl] was used for all experiments unless otherwise stated. The [2Fe-2S] cluster was
removed from FDX1 as described (DOI: 10.1021/bi5014497).38 Unless otherwise stated,
anaerobic experiments were performed in an Mbraun glovebox at ~12 °C with an argon
atmosphere and <1 ppm O, as monitored by a Teledyne Model 310 analyzer.

Fe—S Cluster Formation Assays

Fe-S cluster assembly assay mixtures under four experimental conditions (DTT-free,
Stoichiometric, Catalytic, and Acceptor) were prepared anaerobically and transferred to a 1
cm path length anaerobic cuvette (250 or 400 uL) for circular dichroism (CD) (Chirascan)
data collection at 20 °C. DTT-free assay conditions included 10 uM SD, 30 uM ISCU2, 30
UM FXN, 1 mM -cysteine, and 250 uM Fe(NH4)2(SO4)» (final concentrations). Reactions
were initiated by the addition of cysteine. Stoichiometric conditions were identical to those
of the DTT-free experiment except that the ISCU2 concentration was decreased from 30 to
10 pM. Catalytic conditions were identical to those of the DTT-free experiment except that
the SD concentration was decreased from 10 to 0.5 uM. Acceptor conditions included 4 uM
SD, 30 uM ISCU2, 30 uM FXN, 90 uM apo-FDX1, 250 uM Fe(NH,4)2(SO4)2, and 1 mM -
cysteine with or without 4 mM DTT. Control Fe-S reactions included 250 uM Na,S and
either 250 uM Fe(NH4)2(SO4)- or 250 uM FeCls. These control reaction mixtures were
incubated with or without 1 mM .-cysteine or 4 mM DTT. All reaction mixtures turned
brown within a few minutes. Control reaction mixtures were incubated for an additional 10—
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60 min in the glovebox, placed in a sealed anaerobic cuvette, and analyzed by CD
spectroscopy.

Mdssbauer Analysis of Fe—S Species

Sample M1 was prepared by combining 10 uM SD, 1300 uM ISCU2, 1.5 mM 57Fe?*, and
10 mM .-cysteine in a total volume of 1600 uL. Ferrous ions were slowly added to the Fe-S
assembly reaction (~375 pM/h). The sample was incubated for 1 h at 12 °C and then split in
half. Half of the sample was incubated with 10 mM DTT for 1 h, and then both samples
were separately analyzed by LC-ICP-MS and Mdssbauer spectroscopy. Sample M2 was
prepared by combining 8 pM SD, 200 pM I1SCU2, and 8 pM FXN with 500 pM 57Fe?* and
1 mM c-cysteine in a total volume of 8 mL. A portion was removed to monitor reaction
progress via CD spectroscopy. The 5’Fe?* was prepared by reducing a 80 mM >"Fe3*-citrate
stock solution with dithionite that was carefully monitored by Mdssbauer spectroscopy to
quantitatively generate reduced iron with no excess dithionite. The M2 sample was
incubated for 1 h at 12 °C; half was removed and concentrated to 800 L, diluted to 3 mL
with buffer A, and reconcentrated to 800 pL three times (buffer exchanged) before analysis
by LC-ICP-MS and Mdssbauer spectroscopy. The remaining portion of the M2 sample was
incubated with 10 mM DTT for an additional 1.5 h at 12 °C, buffer exchanged, and then
separately analyzed by LC-ICP-MS and Mdssbauer spectroscopy. Low-field Méssbauer
spectra were recorded using a model MS4 WRC spectrometer (SEE Co., Edina, MN) at 5 K
and 0.05 T (field applied parallel to the y radiation), and analyzed using WMOSS software
(SEE Co.). Parameters are quoted relative to those of a-Fe foil at 298 K.

LC-ICP-MS Analysis

Buffer consisting of 50 mM Tris-HCI and 150 mM NaCl (pH 7.4) was prepared in doubly
distilled deionized trace-metal-free water. This buffer was used to equilibrate a Superdex
200 (10/300, GE Healthcare) column. The elution flow rate was 0.5 mL/min, controlled by a
Bio-Inert high-performance liquid chromatography system (Agilent Technologies). A
variable-wavelength diode array detector (Agilent Technologies) was positioned postcolumn
and set to 280 nm. The entire system was housed in an ~7 °C Mbraun glovebox with <3 ppm
O,. The postdetector flow was split using a micro splitter valve (Upchurch Scientific) with
~30% directed to an ICP-MS (model 7700x, Agilent Technologies) and the remainder to a
model 1260 Infinity Analytical-Scale Fraction Collector (Agilent Technologies). The ICP-
MS was used in collision cell mode (He, 4.3 mL min~1) with platinum cones and a skimmer
to minimize polyatomic inferences. The instrument was optimized daily using the
manufacturer’s tuning solution. The sample was introduced through a standard Micromist
nebulizer (Glass Expansion, West Melbourne, Australia). 6Fe and 5’Fe were monitored
with a dwell time of 100 ms.

RESULTS

Anaerobic Fe-S assembly reactions were performed for the human SDUF complex under
four conditions called DTT-free, Stoichiometric, Catalytic, and Acceptor (see Materials and
Methods). The DTT-free, Stoichiometric, and Catalytic conditions differed in the amount of
excess ISCU2 relative to NFS1 in the reaction mixture.10:11 The 300-600 nm region of the
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CD spectrum was used to monitor the kinetics of [2Fe-2S] cluster synthesis and/or transfer
reactions. Fe—-S mineral-like materials (DOI: 10.1021/bi5014497) that form from Fe, sulfide,
and DTT do not significantly contribute to this spectral region (see below). Moreover,
[4Fe-4S] clusters and [2Fe-2S] clusters bound to small molecule thiols such as glutathione
(GSH) also exhibit very weak features in this region of the CD spectrum.3940 |n other
experiments, Fe—S assembly reactions were subjected to size-exclusion chromatography to
evaluate the protein assembly state, ICP-MS to determine the iron content, and UV-vis, CD,
and Mdssbauer spectroscopies to define the generated Fe-S species.

The SDUF Complex Generates [2Fe-2S] Clusters Associated with Uncomplexed ISCU2

Under DTT-free conditions, Fe—S assembly reactions generated CD features at 330 and 430
nm due to a bound [2Fe-2S] cluster (Figure 1A), consistent with results from the following
paper (DOI: 10.1021/bi5014497) and with results obtained using other proteins.2>41.42 The
feature at 420 nm is due to the PLP cofactor. Here we explored additional reaction
conditions to probe whether the assembled [2Fe-2S] clusters were bound exclusively to the
ISCU2 component of the SDUF complex or whether they might also be bound to ISCU2
proteins that were not associated with the complex. Under Stoichiometric conditions
(equimolar NSF1:1SCU2 ratios achieved by decreasing the ISCU2 concentration from 30 to
10 uM), the [2Fe-2S]-associated CD signal did not develop (Figure 1B). Many scenarios can
explain the lack of a [2Fe-2S] cluster CD signal under Stoichiometric conditions (see
Discussion). Regardless, this suggested that the excess ISCU2 present under DTT-free
conditions allowed the buildup of [2Fe-2S] clusters. This implies that [2Fe-2S]-bound
ISCU2 can exist independently of the SDUF complex. Further evidence of this was obtained
using Catalytic reaction conditions in which the SD concentration was decreased from 10
UM (as is present in DTT-free conditions) to 0.5 pM, thus creating a 1:60 NSF1:1SCU2
molar ratio. Time-dependent formation of [2Fe-2S] clusters under catalytic conditions
(Figure 1C) provided additional evidence that [2Fe-2S] clusters can exist on “free” ISCU2
(or possibly as a FXN-1SCU243 complex). The change of ~4 mdeg for the 330 nm ellipticity
corresponds to a [2Fe-2S] cluster concentration of ~6 pM,24 which is 10-fold higher than the
SD concentration of 0.5 pM used in these experiments. This raises interesting mechanistic
issues regarding the transfer of Fe-S clusters from the SDUF complex to downstream targets
(see Discussion).

Massbauer spectroscopy combined with LC-ICP-MS analysis was also used to evaluate
whether the assembly complex can generate [2Fe-2S] clusters associated with uncomplexed
ISCU2. In addition, these experiments were designed to evaluate the conditions necessary to
generate [4Fe-4S] clusters by the SDUF complex. Scaling up the Fe-S reaction under DTT-
free conditions to concentrations appropriate for Méssbauer spectroscopy resulted in
HMWS formation (data not shown). We therefore decreased the SD concentration and
performed Fe-S assembly reactions under conditions that included excess ISCU2
[M6ssbauer experiment 1 (M1)]. The reaction was initiated by the slow addition of Fe2*.
The sample was incubated at 12 °C for 60 min and split into two fractions. To evaluate
whether DTT induces cluster conversion chemistry, 10 mM DTT was added to one of the
fractions, and both were incubated for an additional 60 min. Each fraction was passed
through a Superdex-200 size-exclusion column, and the eluate flowed into an online ICP-
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MS instrument such that eluted iron could be detected in real time (Figure 2A). Most of the
iron in both fractions was associated with low-molecular weight species (LMWS; elution
volume of >20 mL). Quadrupole doublets dominated both Mdssbauer spectra (Figure 2B,C)
and were assigned to high-spin Fe2* species coordinated primarily to sulfur donor ligands
(Table 1). This high-abundance species is most likely associated with the LMWS evident in
the LC traces (Figure 2A), possibly complexes formed with the .-cysteine in the reaction
mixture. The M1 fraction without DTT (Figure 2B) also exhibited two minor quadrupole
doublets. One was typical of high-spin Fe2* bound predominantly to oxygen/nitrogen
ligands, while the other (5% of the spectral intensity) had parameters of a [2Fe-2S]2* cluster
(6= 0.3 mm/s, and AEq = 0.7 mm/s). Consistent with this, the absorbance spectrum
associated with the peak that eluted at 17.6 mL of the DTT-free fraction (Figure 2A, inset)
had features of a [2Fe-2S] cluster (DOI: 10.1021/bi5014497). The retention time of this peak
suggested a monomeric ISCU2 species (Figure 2A). The M1 sample with DTT (Figure 2C)
exhibited a minor species (10% spectral intensity) with Méssbauer parameters of [4Fe-4S]2*
clusters (6= 0.45 mm/s, and AEq = 1.17 mm/s). We conclude that Fe-S assembly reactions
under Catalytic conditions produce [2Fe-2S] clusters associated with uncomplexed ISCU2
and that DTT facilitates the conversion from [2Fe-2S]2* (Figure 2D) to [4Fe-4S]2* (Figure
2E) species.

We repeated the coupled LC-ICP-MS/Md&ssbauer experiment at a 5-fold higher SD:1SCU2
ratio and included a buffer exchange step to remove iron associated with LMWS. The
SDUF-catalyzed reaction was initiated by adding -cysteine to a °’Fe-containing sample
[Mossbauer experiment 2 (M2)]. The solution was incubated anaerobically at 12 °C for 1 h,
and the reaction was limited by a buffer exchange step that removed unreacted reagents.
Half of the sample was analyzed by CD, LC-ICP-MS (Figure 3A), and Mdsshauer
spectroscopy (Figure 3B). The CD spectrum (Figure 4A, black line) suggested a [2Fe-2S]
cluster. Notably, control reactions with iron and sulfide did not significantly contribute to
this region of the CD spectrum. The other half of the sample was incubated with 10 mM
DTT at 12 °C for an additional 1.5 h. The buffer was exchanged, and the products of the
reaction were also analyzed by LC-ICP-MS (Figure 3C) and Mdssbauer spectroscopy
(Figure 3D). The M2 sample lacking DTT (Figure 3B) exhibited two major quadrupole
doublets (Table 1). One had parameters of [2Fe-2S]2* clusters (5= 0.3 mm/s, and AEQ=0.7
mm/s; 42% of the spectral intensity, blue line). The other originated from a high-spin Fe2*
species with predominantly oxygen/nitrogen ligands (50% of the spectral intensity, green
line). We tentatively assigned the [2Fe-2S]?* cluster to uncomplexed ISCU2 (corresponding
to the peak at ~16 mL) and the high-spin iron species to the LMWS (at ~28 mL) (Figure
3A). Iron was also associated with a minor species at ~12 mL that corresponds to the
retention time of the SDUF assembly complex. The M2 sample containing DTT exhibited a
LC-ICP-MS chromatogram with one major peak that corresponded to uncomplexed ISCU2
(Figure 3C). No LMWS were evident in this sample, possibly because of the additional
buffer exchange step. The intensity of the peak at ~12 mL was decreased, which suggests
that iron was not associated with the SDUF complex in this sample. Moreover, the peak for
uncomplexed ISCU2 was shifted compared to the ISCU2-associated peak in the LC trace of
the sample without DTT (Figure 3A). Further studies are required, but this shift may
indicate a conversion from monomeric to dimeric ISCU2 species. The Mdssbauer spectrum

Biochemistry. Author manuscript; available in PMC 2015 December 10.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fox et al.

Page 7

for the M2 sample with DTT (Figure 3D) revealed a quadrupole doublet due to [2Fe-2S]2*
clusters (6= 0.3 mm/s, and AEq = 0.7 mm/s; 65% of the spectral intensity, blue line) with a
minor contribution of a [4Fe-4S]2* cluster doublet (5= 0.45 mm/s, and AEq = 1.17 mm/s;
15% of the spectral intensity, orange line). Together, the Fe—S assembly reactions monitored
by CD and Mdgssbauer spectroscopy indicate that the SDUF complex forms [2Fe-2S]
clusters on the ISCU2 subunits of the assembly complex. These subunits dissociated to form
cluster-bound ISCU2, or the complex transferred [2Fe-2S] clusters to uncomplexed ISCUZ2.
DTT appears to be required for the conversion from [2Fe-2S] to [4Fe-4S] clusters.

DTT-Mediated [2Fe-2S] Cluster Conversion and Transfer Chemistry

To further evaluate the effect of DTT on cluster conversion, we performed a reaction with
the SDUF complex under DTT-free conditions to generate a CD signal typical of [2Fe-2S]-
ISCU2. Then we added DTT and followed the CD spectra as a function of time. Our results
revealed a DTT-dependent loss of the Fe-S cluster CD signal that resulted in spectra
dominated by features assigned to the PLP cofactor (Figure 4B). The loss of the [2Fe-2S]-
ISCU2 CD signal could have been due to conversion to a CD-silent [4Fe-4S] cluster
(consistent with the Mdssbauer experiments), transfer of the [2Fe-2S] cluster to DTT, or
conversion of the [2Fe-2S] cluster into another species such as the Fe—-S mineral. Although
this cluster conversion/transfer process was generally reproducible, the rate varied with
some unknown factor. Interestingly, reactions in which DTT was included in the initial
reaction mixtures produced Fe-S cluster-associated HMWS (DOI: 10.1021/bi5014497),
whereas reactions in which DTT was added after the formation of [2Fe-2S] clusters on
uncomplexed ISCU2 generated [4Fe-4S] clusters (Figures 2 and 3).

We then explored the conditions necessary to facilitate transfer of the [2Fe-2S] cluster from
ISCU2 to apo-FDX1. Although the absorbance properties for [2Fe-2S] clusters bound to
ISCU2 and FDX1 are similar, the CD spectra exhibit distinct features. Notably, [2Fe-2S]-
ISCU2 exhibits a positive CD peak at 330 nm that is greatly diminished in intensity for
human [2Fe-2S]-FDX1. The CD spectrum for the PLP cofactor also contributes a positive
peak at 330 nm that has an intensity between those of [2Fe-2S]-1SCU2 and [2Fe-2S]-FDX1.

We explored whether the human SDUF complex is capable of building and transferring
[2Fe-2S] clusters to apo-FDX1. Surprisingly, the Fe—S reaction under Acceptor conditions
resulted in the development of the [2Fe-2S]-1SCU2 rather than the [2Fe-2S]-FDX1 CD
signal (Figure 5A). The CD signal monitored at 330 nm developed slowly, and its intensity
plateaued and did not decrease at longer time points (Figure 5B). The kinetic trace was fit as
a pseudo-first-order process to an exponential association equation (rate constant of 0.055
min~1). Subsequent injection of DTT resulted in the development of the CD signal for the
[2Fe-2S]-FDX1 species that coincided with the decrease in the intensity of the CD signal for
[2Fe-2S]-1SCU2 (Figure 5C). The slow loss of intensity for the 330 nm CD peak was fit to
an exponential decay process [rate constant of 0.022 min~1 (Figure 5D)]. As a control, we
repeated the Fe—S assembly reaction under Acceptor conditions in the presence of DTT. In
this case, the [2Fe-2S]-FDX1 signal appeared immediately and there was no evidence of a
[2Fe-2S]-1SCU2 intermediate species (Figure 5E). The loss of the 330 nm signal was fit to
an exponential decay [rate constant of 0.10 min~1 (Figure 5F)]. These results indicate DTT
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can mediate [2Fe-2S] cluster transfer chemistry from ISCU2 to apo-FDX1. In addition, the
[2Fe-2S]-FDX1 signal developed faster for an SDUF sample, which has to both synthesize
and transfer the cluster, than the transfer reaction from [2Fe-2S]-ISCU2 to apo-FDX1.

DISCUSSION

Mechanisms by which the prokaryotic Fe-S cluster bio-synthetic machinery assembles and
transfers clusters to target proteins are poorly understood. Even less is known about
eukaryotic systems. Here we explored reactions with the human Fe-S assembly complex in
the presence and absence of an Fe-S cluster acceptor protein. Mdssbauer spectroscopy
coupled to LC-ICP-MS experiments indicates that Fe—S assembly reactions generate
[2Fe-2S] clusters associated with uncomplexed ISCU2. CD experiments revealed a
correlation between the [2Fe-2S] cluster signal intensity and the amount of excess ISCU2 in
the reaction. Moreover, under Catalytic conditions, the amount of cluster formed was 10-
fold higher than the concentration of SD. These results are consistent with a model in which
a transitory [2Fe-2S] cluster intermediate is generated on the ISCU2 component of the
SDUF complex (Figure 6, reaction A) and in which this species spontaneously generates an
autonomous [2Fe-2S]-ISCU2 species (Figure 6, reaction B). The transitory nature of a
[2Fe-2S]-SDUF species is consistent with it being an intermediate in the catalytic cycle.
Regeneration of a cluster-free SDUF species is required to initiate another round of
catalysis.

The mechanism by which [2Fe-2S]-SDUF generates [2Fe-2S]-ISCU?2 is unclear. The
[2Fe-2S]-1SCU2 component may simply dissociate from the SDUF complex. Consistent
with this, the prokaryotic D39A IscU variant binds 20-fold weaker to IscS when it contains a
cluster.4 In the human system, apo-1ISCU2 binds tightly to the assembly complex and does
not appreciably dissociate during size-exclusion chromatography.1%:1! The impact of
[2Fe-2S] cluster formation on the affinity of native ISCU2 for the human Fe-S assembly
complex is not known. However, this subunit dissociation model does not explain the lack
of a [2Fe-2S] cluster CD signal under Stoichiometric conditions.

A second [2Fe-2S]-1SCU2 formation model involves the direct or indirect transfer of the
[2Fe-2S] cluster from SDUF to uncomplexed apo-1SCU2 through a ligand exchange
process. The proposed [2Fe-2S]-SDUF intermediate is supported by a crystal structure of the
prokaryotic 1scS-IscU complex with a [2Fe-2S] cluster bound.3° Notably, this structure is of
the IscU D35A variant, which appears to stabilize the cluster-bound state and/or inhibit Fe—
S cluster transfer.246 Thus, the cluster may be significantly more exposed in the native
complex than in the D35A variant crystal structure. This cluster transfer model implies that
the [2Fe-2S] cluster is more stable when bound to uncomplexed ISCU2 than to the SDUF
complex. An unstable [2Fe-2S]-SDUF species and a lack of excess (uncomplexed) apo-
ISCU2 to function in a cluster transfer reaction might explain the absence of a CD signal
under Stoichiometric conditions. The CD signal intensity might also be impacted by
different [2Fe-2S] ligation properties when the cluster is bound to SDUF and uncomplexed
ISCU2. The [2Fe-2S] cluster transfer model suggests the intriguing possibility that both the
SDUF and uncomplexed ISCU2 may be capable of transferring clusters to acceptor
molecules.
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Next, we probed the ability of SDUF and ISCU2 to transfer clusters to the apo [2Fe-2S]
cluster acceptor FDX1. Here we showed for the human system that [2Fe-2S] clusters are
transferred from ISCU2 to apo-FDX1 only in the presence of DTT. We hypothesize that
DTT mediates a substitution reaction and generates a [2Fe-2S]-DTT species (Figure 6,
reaction C) that then transfers the cluster to apo-FDX1 (Figure 6, reaction F). The rate
constant for this ISCU2 to FDX1 cluster transfer process indicates a reaction that is slower
than the combined synthesis and cluster transfer reaction from SDUF to FDX1. Further, no
evidence of a [2Fe-2S]-ISCU2 CD signal was observed for the SDUF reaction. Together,
this indicates that the [2Fe-2S]-ISCU2 species is not an intermediate under these conditions.
We therefore propose that the [2Fe-2S] cluster is transferred from SDUF to DTT (Figure 6,
reaction E), followed by transfer from DTT to apo-FDX1 (Figure 6, reaction F). The ability
of DTT to participate in a ligand exchange reaction is supported by similar reports of small
molecule thiol reagents that are required for the removal®’ or exchange*® of protein-bound
[2Fe-2S] clusters. DTT may mimic a physiological Fe-S transfer agent such as a small
molecule thiol (glutathione)3? or protein factors implicated as intermediate Fe-S carrier
proteins (glutaredoxins).21:30 Importantly, DTT is regularly included in chaperone-mediated
reaction mixtures, and it should be evaluated for a similar intermediate carrier role in those
cluster transfer experiments. Our results are consistent with branched pathways from
[2Fe-2S]-SDUF, one of which is mimicked by DTT (Figure 6, reaction E) and a second that
generates [2Fe-2S]-ISCU2 (Figure 6, reaction B). In this model, uncomplexed ISCU2 may
function as a semistable cluster storage species. Fe—S cluster transfer from uncomplexed
ISCU2 would then proceed by well-established chaperone-mediated processes to
intermediate carrier proteins or apo target proteins. Additional studies are required to
evaluate conditions under which the SDUF complex can bypass [2Fe-2S]-ISCU2 and
transfer clusters in a presumably chaperone-independent process (the chaperones compete
with Nfs1 and Yfh1 binding to Isul in yeast).49:50 We disfavor but cannot rule out an
alternate model to explain the kinetic data in which DTT facilitates a chemical reconstitution
process that is faster than the transfer of the cluster from [2Fe-2S]-ISCU2 to apo-FDX1.
Together, our data support the role of DTT in mediating transfer of the cluster from
[2Fe-2S]-1SCU2, and possibly [2Fe-2S]-SDUF, to apo-FDX1.

Data presented here supporting a transitory [2Fe-2S]-SDUF intermediate model appear to be
inconsistent with the proposal that the mammalian Fe-S assembly complex forms a stable
[4Fe-4S] species.38 We find that reactions with the human SDUF complex can also generate
[4Fe-4S] clusters. However, our LC-ICP-MS and Mdssbauer results indicate these [4Fe-4S]
clusters are associated with ISCU2 rather than the SDUF complex. The conversion of
[2Fe-2S] to [4Fe-4S] clusters was incomplete and required the presence of DTT.
Interestingly, the addition of DTT after in situ generation of [2Fe-2S]-ISCU2 resulted in the
formation of [4Fe-4S]-1SCU2 (Figure 6, reaction D) or [2Fe-2S]-FDX1 (Figure 6, reactions
C and F) depending on the absence or presence of apo-FDX1, respectively. In contrast,
adding DTT upon initiation of the Fe—S assembly reaction resulted in HMWS or [2Fe-2S]-
FDX1 in the absence or presence of apo-FDX1, respectively [see the following paper (DOI:
10.1021/bi5014497)]. Slow DTT-dependent conversion of [2Fe-2S] to [4Fe-4S] clusters has
been previously observed in bacterial systems.51:52 Overall, the cluster conversion chemistry
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for the human system is consistent with reactions for uncomplexed prokaryotic IscU in
which [2Fe-2S] clusters are reductively coupled to form [4Fe-4S] clusters.33

In summary, we have provided details of [2Fe-2S] cluster synthesis and transfer reactions
for the human Fe-S assembly complex. Our data support the formation of a transitory
[2Fe-2S]-SDUF intermediate in Fe—S cluster biosynthesis that readily generates [2Fe-2S]-
ISCU2 species. Here we propose two possible mechanisms, subunit dissociation and cluster
transfer, for the generation of the [2Fe-2S]-1SCU2 species. We also provide evidence of
DTT-mediated cluster transfer and cluster conversion reactions. Additional studies are
required to evaluate if these DTT-mediated processes mimic physiological reactions.
Recently, in vitro Kinetic studies monitored by CD spectroscopy were performed for the
yeast Fe=S assembly system.53 As seen for the human system, the authors concluded
[2Fe-2S]-1sul species are generated under catalytic conditions. Despite these similar
conclusions, there are interesting differences in the human and yeast systems. First, the yeast
[2Fe-2S]-1Isul, in contrast to human [2Fe-2S]-1ISCU2, is stable in the presence of DTT.
Second, the FXN homologue Yfh1 appears to be required for [2Fe-2S] cluster synthesis in
yeast,>3 whereas FXN accelerates but is not required for [2Fe-2S] cluster synthesis in
humans (DOI: 10.1021/bi5014497). Next, these in vitro studies need to be expanded to
evaluate complete cluster synthesis and transfer reactions that include components such as
the chaperones, intermediate carrier proteins, and multiple Fe-S target proteins. Overall,
these studies and the following paper reveal that Fe—S assembly and transfer reactions are
complicated by competing mineralization and branched biosynthetic pathways, and they
support a model in which [2Fe-2S] cluster intermediates are generated by the SDUF
assembly complex that can be used to produce cluster-bound ISCU2 or FDX1.
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CD circular dichroism

DTT dithiothreitol
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FXN frataxin

GSH glutathione

HMWS high-molecular weight species

IPTG isopropyl fo-1-thiogalactopyranoside

ISC iron-sulfur cluster
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Figure 2.
SDUF reactions under Catalytic conditions generate [2Fe-2S]?* clusters in the absence of

DTT and [4Fe-4S]2* clusters in the presence of DTT (Mdssbauer experiment M1). (A) LC—
ICP-MS chromatogram (°/Fe detection) of reaction mixtures without (black) and with (red)
DTT. The inset shows the absorbance spectrum of the DTT-free fraction at 17.6 mL (arrow).
(B) Mdssbauer spectrum (5 K, 0.05 T, parallel) of the DTT-free sample prior to LC-ICP-MS
analysis. Green and blue lines are quadrupole doublets due to HS Fe?* with S-based (80%)
and O/N-based donors (12%), respectively. Arrows indicate a 5% contribution from a
doublet due to [2Fe-2S]2* clusters. (C) M1 Mésshauer spectrum (5 K, 0.05 T, parallel) of
the reaction mixture containing 10 mM DTT. The green line is a quadrupole doublet due to
HS Fe2* with likely S coordination (85% of the spectral intensity). Arrows indicate a
quadrupole doublet (10% intensity) due to [4Fe-4S]%* clusters. (D and E) Same as panels B
and C, respectively, after subtracting the quadruple doublets due to HS FeZ*. Red lines are
simulations of the quadrupole doublets due to [2Fe-2S]?* and [4Fe-4S]2* clusters.
Massbauer parameters are listed in Table 1.
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Figure 3.

[2Ig:e-25]2+ and [4Fe-4S]2* clusters form in reaction mixtures involving SDUF under
Catalytic conditions (Méssbauer experiment M2). (A and C) LC-ICP-MS (°’Fe detection)
of the mixture without and with 10 mM DTT, respectively. The HMWS, native SDUF,
uncomplexed ISCU2, and LMWS eluted at ~9, 12, 16, and 28 mL, respectively. (B)
Massbauer spectrum (5 K, 0.05 T) of the sample without DTT. Green and blue lines are
simulations of quadrupole doublets due to high-spin Fe2* and [2Fe-2S]?* clusters,
respectively. The red line shows the overall simulation. (D) Mdéssbauer spectrum (5 K, 0.05
T, parallel) of the sample with DTT. Blue and gold lines are simulations of quadruple
doublets due to [2Fe-2S]%* and [4Fe-4S]2* clusters, respectively. The red line shows the
overall simulation.
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Figure 4.
CD features for M2 (Figure 3), control, and DTT-spiked reaction mixtures. (A) The CD

spectrum for [2Fe-2S]-ISCU2 for the M2 sample is colored black. CD spectra are overlaid
for control reactions that include Fe(NH,4),(SO4), and NayS (orange), FeClz and Na,S (red),
Fe(NH4)2(SO4)2, NayS, and DTT (blue), FeCls, NayS, and DTT (purple), Fe(NH4)2(SO4)»,
Na,S, and cysteine (dark green), and FeCls, NayS, and cysteine (light green). (B) The
[2Fe-2S]-ISCU2 signal was generated for the SDUF sample under DTT-free conditions
(black). DTT (4 mM) was added, and the spectra were recorded after 2 (red) and 5 (green)
min.
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Figure 5.
Cluster conversion reactions for the SDUF complex monitored by CD spectroscopy. (A) The

[2Fe-2S]-ISCU2 signal was generated for the SDUF sample under Acceptor conditions.
Spectra were recorded at 0 (black), 20 (red), 40 (green), and 90 (blue) min. (B) Time-
dependent changes in ellipticity at 330 nm for panel A. (C) DTT triggered the transfer of the
[2Fe-2S] cluster from ISCU2 to FDX1. A sample prepared as described for panel A after
reaching a plateau (at 90 min) was spiked with DTT. CD spectra were recorded at 0 (black),
20 (red), 40 (green), and 90 (blue) min. (D) Time-dependent changes in ellipticity at 330 nm
for panel C. (E) A sample was prepared as described for panel A except that DTT was
included at the start of the reaction. CD spectra were recorded at 0 (black), 10 (red), 20
(green), and 40 (blue) min. (F) Time-dependent changes in ellipticity at 330 nm for panel E.
Exponential fits through the data (lines) were generated using apparent first-order rate
constants of 0.055, 0.022, and 0.10 min~1 for panels B, D, and F, respectively.
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Figure 6.
Model for human Fe-S cluster biosynthesis and cluster conversion reactions. (A) Synthesis

of the [2Fe-2S] cluster intermediate on the SDUF complex. (B) Generation of [2Fe-2S]-
ISCU2 species. (C) Ligand exchange reaction to generate [2Fe-2S]-DTT species. (D) DTT-
mediated [2Fe-2S] to [4Fe-4S] cluster conversion. (E) Ligand substitution reaction with
[2Fe-2S]-SDUF to form [2Fe-2S]-DTT species. (F) Cluster transfer to generate holo-FDX1.
Protein complexes are colored red and iron-containing species blue. Reagents necessary for
conversion chemistry are shown with arrows.
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Massbauer Parameters for Fe—S species

spectral
intensity
experiment species (%)
M1 HS Fe?* O/N 12
ligand
HS Fe?* S 80
ligand
[2Fe-2S1%* 5
M1 with HS Fe2* S 85
DTT ligand
[4Fe-4S]%* 10
M2 HS Fe2* O/N 50
ligand
[2Fe-2S]%* 42
M2 with [2Fe-2S]%* 65
DTT
[4Fe-4S)1%* 15

isomer shift
(mm/s)

1.2

0.72

0.3
0.72

0.45
13

0.3
0.3

0.45

Table 1

quadrupole
splitting (mm/s)

3.6

3.3

0.7
3.3

117
3.1

0.7
0.7
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