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Iron—sulfur (Fe-S) clusters function as protein cofactors for a wide variety of critical cellular
reactions. In human mitochondria, a core Fe-S assembly complex [called SDUF and composed of
NFS1, ISD11, ISCU2, and frataxin (FXN) proteins] synthesizes Fe—S clusters from iron, cysteine
sulfur, and reducing equivalents and then transfers these intact clusters to target proteins. In vitro
assays have relied on reducing the complexity of this complicated Fe—S assembly process by using
surrogate electron donor molecules and monitoring simplified reactions. Recent studies have
concluded that FXN promotes the synthesis of [4Fe-4S] clusters on the mammalian Fe-S
assembly complex. Here the kinetics of Fe-S synthesis reactions were determined using different
electron donation systems and by monitoring the products with circular dichroism and absorbance
spectroscopies. We discovered that common surrogate electron donor molecules intercepted Fe-S
cluster intermediates and formed high-molecular weight species (HMWS). The HMWS are
associated with iron, sulfide, and thiol-containing proteins and have properties of a heterogeneous
solubilized mineral with spectroscopic properties remarkably reminiscent of those of [4Fe-4S]
clusters. In contrast, reactions using physiological reagents revealed that FXN accelerates the
formation of [2Fe-2S] clusters rather than [4Fe-4S] clusters as previously reported. In the
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preceding paper [Fox, N. G., et al. (2015) Biochemistry 54, DOI: 10.1021/hi5014485], [2Fe-2S]
intermediates on the SDUF complex were shown to readily transfer to uncomplexed ISCU2 or apo
acceptor proteins, depending on the reaction conditions. Our results indicate that FXN accelerates
a rate-limiting sulfur transfer step in the synthesis of [2Fe-2S] clusters on the human Fe-S
assembly complex.

Proteins containing iron—sulfur (Fe-S) clusters are involved in many critical functions in
cells, including oxidative respiration, DNA replication and repair, and cofactor
biosynthesis.! Sophisticated Fe-S assembly pathways synthesize and deliver Fe-S clusters
to apo target proteins.2~” These O,-sensitive pathways involve more than a dozen proteins
and require six substrates to generate the simplest (i.e., [2Fe-2S]) cluster. Numerous protein
complexes are assembled and disassembled during cluster formation and transfer reactions.

Because of this complexity, assays for investigating the mechanistic enzymology of these
pathways have had to simplify this process by including nonphysiological reagents and by
monitoring partial reactions. An additional challenge is that iron and sulfide can undergo
competing nonenzymatic Fe-S cluster self-assembly (spontaneous formation of discrete
species similar to biological Fe-S clusters)® and Fe-S mineralization chemistry. The
resulting Fe-S material can also undergo ligand exchange and cluster conversion reactions
(DOI: 10.1021/bi5014485). It is important to elucidate the factors that partition between
biosynthetic and competing side reactions and to understand the types and properties of Fe—
S species that are being generated.

The mitochondrial eukaryotic Fe—S biosynthetic pathway builds Fe-S clusters from the
substrates L-cysteine, iron, and reducing equivalents, homologous to the chemistry of the
prokaryotic ISC pathway. Cysteine desulfurase (human NFS1 or bacterial 1scS) catalyzes
the PLP-dependent conversion of L-cysteine to L-alanine, while generating a persulfide
species on a mobile loop cysteine that delivers a sulfane sulfur to the Fe-S catalytic protein
(human ISCU2 or bacterial IscU).2:10 Cysteine desulfurase activity is often measured by
intercepting this persulfide species using reductive thiol-cleaving reagents and quantitating
the generated sulfide.9-11 Human NFS1 forms a tight complex with 1ISD11 (the SD
complex) that includes two NFS1 and possibly four ISD11 subunits.12 ISD11 is a eukaryotic
protein that stabilizes cysteine desulfurase and may help position the mobile loop cysteine
for attack of the substrate.13-15 Possible electron donors for in vivo Fe-S cluster formation
and/or transfer include glutathione (GSH) and NADPH with the ferredoxin/ferredoxin
reductase system.16-18 Notably, in vitro Fe=S cluster assembly reactions often use a
surrogate electron donor such as dithiothreitol (DTT). Once the Fe-S clusters are assembled,
chaperone and Fe-S carrier proteins facilitate the transfer of the intact Fe-S clusters from
the Fe—S assembly complex to target proteins.19-21

Depletion of human frataxin (FXN) is associated with the loss of Fe-S cluster enzyme
activities and the development of the neurodegenerative disease Friedreich’s ataxia
(FRDA).22 EXN binds to an ~160 kDa complex consisting of NFS1, 1ISD11, and ISCU2
proteins (named SDU) to form the SDUF complex.12:23 FXN was initially proposed to
function as an iron donor for Fe-S cluster biosynthesis largely because of its ability to
weakly bind iron.24-26 Subsequently, FXN was shown to stimulate the activity of the
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cysteine desulfurase component of the SDUF complex (k¢ is ~10-fold higher for SDUF
than for SDU), suggesting a role as an allosteric effector.23:27-29 Notably, FXN variants
encoded by FRDA missense mutations have compromised abilities to bind and stimulate the
activities of the Fe-S assembly complex.30:31 Recent Mdssbauer studies suggest that the
mouse SDU complex assembles [2Fe-2S] clusters and that the SDUF complex synthesizes
[4Fe-4S] clusters.32 This result is puzzling because an IscU molecule in the SDUF complex
would not be expected to dimerize (a requirement for the reductive coupling model of
[4Fe-4S] cluster formation)33 without a significant conformational change compared to the
prokaryotic 1scS—IscU structure. In addition, proteins previously implicated in [4Fe-4S]
cluster formation3* were not added during the reaction, and the putative [4Fe-4S] cluster
was EPR silent under both oxidized and reduced conditions.

The objectives of this study were to elucidate the formation kinetics and types of Fe-S
clusters synthesized by the human Fe-S assembly complex under different experimental
conditions. Previous kinetic assays for Fe-S cluster formation used the surrogate electron
donor DTT and followed the increase in absorbance at 456 nm due to S — Fe charge
transfer bands.23:35-37 This wavelength is characteristic of an absorbance peak for [2Fe-2S]
clusters, but other Fe-S species, including [4Fe-4S] clusters, also absorb there. Under these
assay conditions, the SDUF complex exhibited activity ~25-fold higher than that of the SDU
complex.23 However, the nature of the Fe-S species produced during these assembly
reactions were not determined. In this paper and the preceding paper (DOI: 10.1021/
bi5014485), different electron donation systems were used for Fe—S cluster assembly
reactions and the products of these reactions were established using electronic absorbance,
circular dichroism, and Mdssbauer spectroscopies. Together, they reveal new details of the
Fe-S cluster assembly reaction on the SDUF complex and of competing Fe-S cluster
conversion and mineralization chemistry that have implications for the mechanism and study
of Fe-S cluster biosynthesis.

MATERIALS AND METHODS

Protein Expression and Purification

NFS1-1SD11 (named SD), ISCU2, and FXN were purified as described previously.23 The
SDUF complex exhibited a cysteine desulfurase activity of 11 mol of sulfide (mol of PLP)™1
min~L, which is similar to reported values.23:38 Briefly, plasmids that contain the genes for
human SD, ISCU2, and FXN were individually transformed into BL21(DE3) cells. Cells
were grown at 37 °C until an ODggg of 0.6 was achieved. Protein expression was induced
with either 0.5 mM (ISCU2 and FXN) or 0.1 mM (SD) IPTG; the temperature was reduced
to 16 °C, and the cells were harvested 16 h later. Plasmid PET9a encoding human ferredoxin
(FDX1, gift of J. Markley)3° was transformed into Escherichia coli BL21(DE3) cells and
grown at 37°C until an ODgq of 0.6 was reached. Expression was induced with 0.4 mM
IPTG, 1 mM cysteine, and 0.1 mg/mL ferric ammonium citrate, and the cells were harvested
16 h later. Buffer A [50 mM HEPES (pH 7.8) and 250 mM NaCl] was used for all
experiments unless otherwise stated. The cells were lysed by sonication, and the soluble
proteins were loaded onto an anion exchange column (26/20 POROS 50HQ, Applied
Biosystems) and eluted with a linear gradient from 0 to 2000 mM NaCl in 50 mM Tris (pH
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7.5). Fractions containing FDX1 were further purified® on a Sephacryl $S100 (26/60, GE
Healthcare) size-exclusion column equilibrated in 50 mM Tris (pH 7.4) and 50 mM NacCl.
Apo-FDX1 was prepared by incubating purified FDX1 with 10 mM DTT, adding 10%
trichloroacetic acid on ice for 10 min, pelleting the sample, rinsing the pellet twice with
water, and resuspending the pellet anaerobically in 50 mM Tris (pH 8.0) and 250 mM
NaCl.40 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

The Fe-S cluster assembly assay mixtures under two experimental conditions (standard and
DTT-free) were prepared anaerobically and transferred to a 1 cm path length anaerobic
cuvette for UV-visible (Agilent UV-visible 8453) and circular dichroism (CD) (Chirascan)
data collection at 20 °C. Standard assay conditions include 10 uM SD, 30 uM ISCU2, 30
UM FXN with 4 mM DTT, 100 uM cysteine, and either 250 or 400 UM Fe(NH4)2(SO4),.
Final volumes were 250 pL for UV-visible-based and 200 or 400 pL for CD-based assays.
DTT-free conditions were the same as standard conditions except that (a) the L-cysteine
concentration was increased to 1 mM, (b) samples lacked DTT, and (c) the Fe(NH4)2(SO4)2
concentration was decreased from 400 to 250 uM. The initial linear regions for the SDU and
SDUF reactions under DTT-free conditions were fit using KaleidaGraph (Synergy
Software). For the sulfide addition experiments, the development of the [2Fe-2S] cluster
using 50 UM 1SCU2 was monitored with anaerobic CD spectroscopy under DTT-free
conditions. Once the CD signal at 330 nm had been maximized (indicating the development
of the [2Fe-2S] species), aliquots of a Na,S stock solution were added to final NayS
concentrations of 250, 500, and 1000 uM and the CD spectra were immediately measured.

Protein Assembly State Analysis

Sample mixtures of 50 uM SD and 150 uM ISCU2 with (SDUF) or without (SDU) 150 pM
FXN were incubated anaerobically for 20 min at 10 °C with 1.5 mM DTT, 500 pM
Fe(NH4)2(S0O4),, and 500 uM L-cysteine (complete reaction conditions). Additional
reactions lacking DTT, Fe(NH4)2(SOg4), and/or L-cysteine were also prepared. Samples
were applied to an anaerobic S-200 column (Superdex 200 10/300 GL, GE Healthcare)
equilibrated with buffer A. In a second set of experiments, NFS1 was alkylated by
incubating 50 pM SD with 1 mM iodoacetamide for 1 h at 12 °C and quenched with 10 mM
cysteine. Modification of NFS1 residue C381 was confirmed by mass spectrometry.
Alkylated or nonalkylated SD was reacted for 15 min at 12 °C with 50 p M ISCU2, 50 uM
FXN, 200 uM Fe(NH4)2(SO4)2, 1.5 mM DTT, and 200 pM Na,S (final concentrations, 0.2—
0.5 mL reaction volume) and applied to the S-200 column. In a third set of experiments, 100
UM SDUF (final concentration) was prepared by mixing 100 uM SD, 300 pM ISCUZ2, 300
UM FXN, 1 mM Fe(NH4)2(SO4)2, and 3 mM DTT in the presence and absence of 500 pyM
apo-FDX1. The reaction was initiated with 1 mM L-cysteine (final concentration, 0.2-0.5
mL reaction volume). After reacting for 45 min at 12 °C, the solution was applied to an
S-200 column. The reaction without apo-FDX1 was repeated, and the high-molecular weight
species (HMWS) was isolated from fractions of the S-200 column. The HMWS sample was
split, and half was incubated for 10 min with 4 mM DTT. The other half was incubated for
40 min with 500 uM apo-FDX1 and 4 mM DTT. Samples were then reapplied to an S-200
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column. Calibration with molecular weight standards confirmed that the protein samples
eluted at volumes corresponding to their known molecular masses. Sulfide production was
measured using a methylene blue assay.2341:42 |ron was quantified by the ferrozine
assay.43-45

Mossbauer Analysis of HMWS

RESULTS

Massbauer samples of HMWS were prepared by reacting 600 uM SD or SDUF with 6 mM
L-cysteine, 6 mM >7Ferric citrate, and 1.8 mM DTT for 45 min at 12 °C, and isolating the

HMWS using an S-200 column equilibrated in buffer A. Mdssbauer spectra were recorded
using a model MS4 WRC spectrometer (SEE Co., Edina, MN) at 0.05 T applied parallel to
the yradiation. Spectra were analyzed using WMOSS software (SEE Co.). Parameters are

quoted relative to a-Fe foil at 298 K.

Fe-S cluster assembly reaction components were prepared anaerobically in a glovebox and
combined in an anaerobic cuvette that was sealed with a rubber septum and removed from
the glovebox for activity measurements. Activity assays were initiated by injecting L-
cysteine into the sealed cuvette using a gastight syringe. We employed two types of Fe-S
assembly assay conditions, called standard and DTT-free (see Materials and Methods), that
differed in their electron donation systems. We first investigated the Fe—S cluster assembly
reaction for the SDUF complex (with an SD:ISCU2:FXN molar ratio of 1:3:3) under
standard assay conditions, which included substrates Fe2* and L-cysteine, and electron
donor DTT. After 1 h, the reaction mixture exhibited a broad peak with a maximum at 400
nm that is characteristic of [4Fe-4S] clusters?® (Figure 1A). In addition, the absorbance for
the entire visible region increased with time. The origin of the general absorbance increase
at all wavelengths is unclear, but it is consistent with an increase in light scattering. The
absorbance at 400 nm increased rapidly and then more slowly in a second linear phase of the
reaction (Figure 1B). The rate and magnitude of the absorbance changes depended on the
concentration of Fe2* (data not shown). The lack of a plateau region indicates that more than
one reaction occurred and/or that more than one species formed. None of the spectra
recorded, even at the earlier reaction times, showed absorbance features typical of a
[2Fe-2S] cluster. The corresponding CD spectra exhibited a feature at 420 nm that was
largely invariant with time (Figure 1C). This feature was assigned to the PLP cofactor, as a
similar peak was observed for the human SD complex and E. coli IscS that lack iron—sulfur
clusters. The intensity of a second CD peak at 300 nm decreased with time. The iron
independence of this second feature (Figure 1D) suggested that it was also due to the PLP
cofactor and not to an Fe-S cluster. Moreover, these features were inconsistent with the
strong [2Fe-2S] cluster-dependent CD signals observed at 330 and 430 nm exhibited by
bacterial 1scU?14748 and human 1SCU2.2% Rather, they suggested the formation of [4Fe-4S]
clusters, which have negligible UV-visible CD intensity compared to that of [2Fe-2S]
clusters.4950 These features could also be due to other Fe-S species (such as an Fe-S
mineral) that exhibit similar absorbance and CD spectroscopic properties.

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



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fox et al.

Page 6

We repeated the Fe-S cluster assembly reaction under standard conditions in the absence of
FXN (SDU complex with an SD:1SCU2 molar ratio of 1:3). As previously reported,23 the
absorbance increase at 456 nm for the SDU complex was significantly slower than that of
the SDUF complex. The plot was linear and was not maximized during the time frame of the
experiment (Figure 2A, black line). Early time points for the SDU reaction revealed spectral
absorption features typical of a [2Fe-2S] cluster (Figure 2B). The formation of a [2Fe-2S]
cluster was further supported by the development of a strong CD signal with peaks at 330
and 430 nm that are characteristic of [2Fe-2S]-IscU (Figure 2C). Absorbance features
centered at 400 nm and an overall increase at all wavelengths (Figure 2B) developed at later
times, similar to those produced by SDUF reactions.

Time-dependent changes in the 330 nm CD signal of a separate SDU sample under standard
conditions were monitored. The signal plateaued after ~30 min and then decreased back to
the initial ellipticity value (Figure 2D). This is consistent with the SDU complex generating
a [2Fe-2S] cluster that converts into a different species lacking a significant CD signature.
The cluster conversion chemistry appears to vary with cysteine desulfurase activity and the
amount of sulfide produced (see below). Overall, these results suggest that multiple species
are generated in Fe-S assembly reactions under standard conditions.

Fe-S Cluster Assembly Reactions under Standard Conditions Generate High-Molecular
Weight Species (HMWS)

Human SDU and SDUF complexes were isolated and characterized from similar assembly
reactions. Standard reaction conditions were used (except for higher protein concentrations),
and products were analyzed by anaerobic analytical size-exclusion chromatography. A
brown species eluted in the column void volume (at ~9 mL) when either SDU (Figure 3A)
or SDUF (Figure 3B) complexes were used. SD, SDU, and SDUF complexes eluted at ~12
mL, and uncomplexed ISCU2 and FXN eluted at ~16 mL. Forming this HMWS required
FeZ*, L-cysteine, and the assembly complex. The reaction was accelerated by DTT (data not
shown). Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) analysis
of fractions containing SDU (Figure 3C) and SDUF (Figure 3D) indicated that the HMWS
(fraction 9 in each case) contained SD and ISCU2. Most of the iron and sulfide added in the
reaction mixture eluted with the HMWS. More iron and sulfide (9 Fe2* and 10 S2~ atoms
per SDU assuming a 1:2:1 stoichiometry!2) were found in the HMWS fraction for the SDUF
reaction than expected for a standard biological Fe-S cluster. A similar Fe-S cluster-
associated HMWS could be generated in control reactions (Figure S1 of the Supporting
Information) using either the SD complex or E. coli IscS in the absence of the scaffold
protein (human ISCU2 or E. coli IscU). As the ISCU2/IscU protein is required for biological
Fe-S cluster assembly, this suggests that HMWS formation is an off-pathway process that
competes with the physiological Fe-S cluster assembly pathway under these assay
conditions.

HMWS Are Solubilized Fe—S Mineral Species

We generated °’Fe-labeled HMWS to investigate it by Mossbauer spectroscopy. The 5 K
spectrum was composed of unresolved magnetic material and a quadrupole doublet (Figure
4A). At 100 K, the magnetic material collapsed into a doublet with 6= 0.37 mm/s, AEq =
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0.67 mm/s, and T = 0.55 mm/s (Figure 4B). HMWS prepared from similar SDUF or other
SD reactions displayed some spectral variability (Figure S2 of the Supporting Information),
suggesting multiple species. The Mdssbauer magnetic properties and parameters along with
the absence of an EPR signal (with or without added dithionite) for the HMWS are
inconsistent with [2Fe-2S] or [4Fe-4S] clusters. Instead, they indicate an Fe-S mineral (see
Discussion).

Formation and Reaction Properties of HMWS

Next, we attempted to minimize formation of the HMWS material. We considered whether
cysteine desulfurase catalyzed L-cysteine turnover and generated sulfide during HMWS
formation. That sulfide could then be used in Fe-S cluster self-assembly or FeS
mineralization. Consistent with this role, sulfide could be substituted for L-cysteine (Figure
5A, red line). However, alkylation of the cysteine residues of NFS1 eliminated HMWS
formation even in the presence of sulfide and ferrous ions (Figure 5A, green line). This
suggests that NFS1 plays an additional role in HMWS formation, e.g., as a scaffold for
assembling or solubilizing an Fe-S species.

We then explored what reagent limits product formation for Fe-S cluster assembly reactions
using SDUF under standard conditions (Figure 5B). The Fe-S mineral is likely responsible
for the increase in both the 400 nm absorbance and the apparent light scattering. The
reaction started to plateau at ~15 min, but adding L-cysteine at that point caused an abrupt
rise in absorbance. This suggested that Fe—S mineral formation was limited due to depleted
cysteine/sulfide, and that more of this material formed once extra cysteine was added.

We wondered whether HMWS could function as a substrate for the chemical reconstitution
of apo target proteins. To test this, the SDUF reaction under standard conditions was
repeated with a molar excess of the [2Fe-2S] cluster acceptor protein apo-FDX1. The
reaction was analyzed by size-exclusion chromatography. An Fe-S cluster was incorporated
into apo-FDX1 while less HMWS formed (Figure 5C). Incorporation of the cluster into apo-
FDX1 suppressed (bypassed) formation of HMWS, or HMWS were used as reagents for
building the FDX1 cluster (or both). To test the latter possibility, we purified HMWS and
incubated this material with apo-FDX1 and reanalyzed it by size-exclusion chromatography
(Figure 5D). Relative to the control reaction that lacked apo-FDX1, the HMWS peak
intensity decreased while the peak associated with the native assembly complex increased in
intensity. In addition, a peak at ~16 mL had a retention time and absorbance properties of
[2Fe-2S]-FDX1. Thus, HMWS formation is reversible and can provide the iron and sulfur
(perhaps after chemical transformation) to assemble a [2Fe-2S]%* cluster on apo-FDX1.
Together, the stoichiometric, kinetic, and spectroscopic properties suggest that HMWS are
heterogeneous Fe—S minerals that are solubilized by NFS1. Formation of HMWS depends
on sulfide, which is readily generated by reductive cleavage of persulfide species by DTT
under standard conditions.23 Moreover, HMWS cannot be separated from the assembly
complex by desalting columns, and they are capable of participating in chemical
reconstitution reactions.
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DTT-Free Assembly Reactions Suppress HMWS Formation

A second set of reaction conditions, called DTT-free, was used to monitor cluster
biosynthesis while minimizing sulfide and HMWS generation. The absorbance spectrum of
both the SDU (Figure 6A) and SDUF (Figure 6B) reaction mixtures under DTT-free
conditions had features characteristic of a [2Fe-2S] cluster, rather than the broad absorption
at 400 nm that was due primarily to HMWS in reaction mixtures that contained DTT (Figure
1A). In addition, the general increase in absorption at all wavelengths that was attributed to
light scattering from Fe—S mineral formation was diminished. To evaluate whether HMWS
were also formed, a separate SDUF Fe-S cluster assembly reaction was analyzed after
incubation for 1.5 h by size-exclusion chromatography. Peaks that absorb at 405 nm for the
SDUF complex and uncomplexed ISCU2 were detected (Figure 6C), but not for HMWS or
low-molecular weight species (LMWS). At longer (>2 h) time points, an absorbance peak
near 400 nm developed along with a general increase in absorbance at all wavelengths
(Figure 6D) that was consistent with Fe-S cluster-associated HMWS formation. Initial
formation of HMWS (Figure 6C, shoulder at 10-11 mL) was confirmed for the 3.5 h
sample. Thus, the DTT-free reactions delayed and suppressed the rate of HMWS formation
compared to standard reactions. This can be rationalized by differences in the ability of
cysteine and DTT to release the sulfide from a persulfide intermediate on the assembly
complex. Generation of sulfide by cysteine (DTT-free assays) occurs through an
intermolecular reaction, whereas the sulfide released by DTT (standard assays) involves an
entropically favored intramolecular reaction that forms a disulfide-bonded six-membered
ring.

Sulfide Converts [2Fe-2S] Clusters to HMWS

Under standard conditions, the assembly reaction with SDUF failed to generate [2Fe-2S] CD
signals (Figure 1C), whereas with SDU, a [2Fe-2S] CD signal developed and then slowly
decayed (Figure 2D). We hypothesized that sulfide, which was generated rapidly for SDUF
reactions and slowly for SDU reactions,23 reacted with synthesized [2Fe-2S] clusters to

form HMWS. To test this, an assembly reaction involving SDU and DTT-free conditions
was used to generate [2Fe-2S] clusters (Figure 7A). Addition of Na,S immediately and
dramatically decreased the magnitude of the [2Fe-2S] cluster signal (Figure 7B). Lower
concentrations of NayS resulted in partial signal loss, whereas higher concentrations
completely eliminated the signal (leaving only the PLP CD feature). The addition of sulfide
also resulted in an overall increase in absorbance at all wavelengths. The CD and absorbance
features are similar to those observed in SDUF reactions under standard conditions and
suggest that bisulfide reacts with [2Fe-2S] cluster intermediates to generate HMWS. Thus,
Fe-S cluster assembly reactions that generate bisulfide are prone to competing reactions for
the synthesis and degradation of [2Fe-2S] clusters (see Discussion).

FXN Binding Accelerates [2Fe-2S] Cluster Formation on ISCU2

Using DTT-free conditions that minimize the competing HMWS pathway, we assessed the
role of FXN in the kinetics of [2Fe-2S] cluster formation. SDU- and SDUF-catalyzed
reactions were monitored by both absorption (panels A and B of Figure 6, respectively) and
CD (panels A and B of Figure 8, respectively) spectroscopies. Strong absorbance and CD
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signals due to [2Fe-2S]-1SCU2 developed in both reactions, but the rates of formation were
significantly more rapid in the SDUF-catalyzed reactions. Fitting the linear regions of the
absorbance and CD kinetic traces (panels C and D of Figure 8, respectively) revealed that
FXN enhanced the rate of [2Fe-2S]-1SCU2 cluster formation by a factor of nearly 3. The
addition of FXN increased the rate of absorbance change from 4.7 x 10™4 mM/min (RZ =
0.99) to 13.4 x 10~ mM/min (R2 = 0.99) (assuming an extinction coefficient of 4.58 mM~1
cm~1 at 456 nm°1). Notably, the absorbance increase did not plateau for either reaction,
consistent with the initial formation of [2Fe-2S] clusters and the generation of HMWS at
later times (Figure 6C,D). In contrast, the CD intensity is more specific for protein-bound
[2Fe-2S]?* clusters. Addition of FXN increased the rate of CD signal growth from 0.40 x
104 mM/min (R? = 0.99) to 0.97 x 10~ mM/min (R? = 0.99). The CD ellipticity at 330 nm
plateaued at ~20 mdeg after ~30 min for the SDUF reaction and after ~100 min for the SDU
reaction (Figure 8D). The ~20 mdeg value corresponds to a [2Fe-2S] cluster concentration
of ~30 uM,21 the concentration of ISCU2 used in these experiments. Thus, the plateau in the
CD intensity is consistent with the reaction halting after all of the ISCU2 in the solution
became bound with [2Fe-2S] clusters. These data also indicate that these [2Fe-2S] clusters
are not converted to another Fe—S species. Notably, alternate species such as Fe-S minerals
(DOI: 10.1021/bi5014485), [4Fe-4S] clusters,49:50 and [2Fe-2S] clusters associated with
small molecules rather than proteins®2 do not significantly contribute to this region of the
CD spectrum. Overall, these data demonstrate that adding FXN to the SDU complex
increases the rate at which the complex synthesizes [2Fe-2S] clusters on ISCU2.

DISCUSSION

Experiments to identify reaction intermediates and elucidate mechanistic details of
biosynthetic pathways often rely on monitoring reaction progress with kinetic
measurements. This is challenging for Fe-S cluster biosynthesis researchers because the
substrates (iron, cysteine, and reducing equivalents) and byproducts (sulfide) also undergo
competing nonenzymatic Fe-S cluster self-assembly® and mineralization chemistry.
Additionally, the synthesized Fe-S clusters are capable of undergoing ligand exchange and
cluster conversion reactions [see the preceding paper (DOI: 10.1021/bi5014485)]. These
competing reactions complicate the interpretation of results and limit mechanistic insight. It
is therefore important to elucidate factors that partition reaction intermediates between these
competing pathways and to understand the types and properties of Fe—S species that are
being generated. Here we have identified conditions that favor pathways that intercept
intermediates in Fe-S cluster biosynthesis. We have shown how to minimize this competing
pathway by limiting sulfide generation and have provided insight into the reaction chemistry
associated with human Fe-S cluster biosynthesis.

Fe-S cluster assembly reactions under standard conditions generated products with
absorbance and CD properties consistent with [4Fe-4S] clusters. The generation of [4Fe-4S]
clusters is consistent with a recent proposal for the murine FeS biosynthetic system in which
FXN was proposed to have a role in generating [4Fe-4S] cluster intermediates on the
assembly complex.32 However, Méssbauer and biochemical studies revealed that reactions
for the human assembly complex under similar conditions generate Fe—S mineral or high-
molecular weight species (HMWS) and not [4Fe-4S] clusters. The HMWS are an iron-,
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sulfide-, and protein-containing material that exhibits Mdssbauer spectra with a quadrupole
doublet that is similar to those of Fe—S minerals such as pyrite (6= 0.25-0.43 mm/s, and
AEq = 0.61-0.66 mm/s).53 The Méssbauer parameters of the HMWS doublet are also
similar to those assigned to [2Fe-2S]-GSH (5= 0.393 mm/s, and AEq = 0.676 mm/s).>2
However, the spectroscopic properties of HMWS are not consistent with well-characterized
[2Fe-2S]2* or [4Fe-4S]* clusters. The former clusters generally have &= 0.25-0.30 mm/s
and AEq = 0.7-0.8 mm/s.5* [4Fe-4S]?* clusters have 5= 0.44-0.46 mm/s and AEq = 0.6-
1.5 mm/ s.54 Another important difference is that the HMWS exhibit magnetic hyperfine
interactions (rather than a doublet) at low temperatures. This spectral feature collapses into
the doublet at higher temperatures. This behavior is distinctly different from those of S=0
[2Fe-2S]2* or [4Fe-4S]2* clusters that exhibit doublets at both low and high temperatures.
Also, the HMWS lack an S = 1/, EPR signal (with or without added dithionite). Fe-S
cluster-associated HMWS have been generated during chemical reconstitution of [4Fe-4S]
cluster-containing radical SAM enzymes.>®

Standard in vitro Fe-S assembly reactions generate HMWS by intercepting persulfide and
[2Fe-2S] cluster intermediates. In humans, a persulfide intermediate on the NFS1
component of the assembly complex is generated (Figure 9, reaction A) and transferred to
ISCU2 (Figure 9, reaction B) as an initiating step in Fe-S cluster biosynthesis.2® Addition of
iron and reducing equivalents converts the terminal sulfur of this persulfide species into the
bridging sulfur of a [2Fe-2S] cluster (Figure 9, reaction C).2° Transfer of the [2Fe-25]
cluster intermediate to a target protein completes the catalytic cycle for the assembly
complex (Figure 9, reaction D). Nucleophilic reagents such as surrogate electron donor DTT
and the substrate cysteine can attack or intercept protein-bound persulfide intermediates to
produce sulfide ions (Figure 9, reaction E). Subsequent reaction of sulfide (or bisulfide) with
iron and the assembly complex generates HMWS (Figure 9, reaction F). Sulfide also appears
to be capable of reacting with [2Fe-2S] intermediates and forming HMWS (Figure 9,
reaction G), a process that may be accelerated by the addition of FXN. Similar thiol-based
extrusion of [2Fe-2S] clusters from proteins has been reported.56:57

The two separate paths for forming HMWS are supported by recent kinetic studies of
SDUc35aF and SDUcg1aF complexes that exhibit nativelike cysteine desulfurase activities
but compromised Fe—S assembly activities under standard conditions.2? The slow increase
in absorbance for SDUc3saF and SDUcg1aF complexes compared to that of native SDUF is
likely due to a functional persulfide cleavage pathway (Figure 9, reactions E and F) but
compromised biosynthetic route (Figure 9, reactions A—C and G) to HMWS. The ISCU2
variants for the SDUc3saF and SDUcg1aF complexes have mutations in the conserved
cysteines used for cluster biosynthesis. These different routes to HMWS may correspond to
the initial rapid (biosynthetic route) and secondary slow linear (persulfide cleavage route)
changes in absorbance under standard conditions. Overall, these results indicate that Fe-S
cluster assembly assays under standard (DTT-containing) conditions may be qualitatively
informative (representing primarily the enzymatic [2Fe-2S] biosynthesis and degradation
pathway) but are not quantitatively meaningful for measuring the rate of [2Fe-2S] cluster
synthesis by the assembly complex.
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We elucidated details of the human Fe-S cluster biosynthetic process by identifying reaction
conditions that minimize the competing nonenzymatic pathways and by monitoring reaction
progress with spectroscopic methods that are uniquely sensitive to [2Fe-2S] clusters bound
to proteins. Previously, human FXN was shown to stimulate the cysteine desulfurase activity
(10-fold higher kg for sulfide production)?3 and facilitate the accumulation of persulfide
species on 1ISCU2.29 Here, we explored the kinetics of [2Fe-2S] cluster formation under
DTT-free conditions. Addition of FXN accelerated the rate of development for [2Fe-2S] CD
features and resulted in approximately one [2Fe-2S] cluster per ISCU2 molecule. In the
preceding paper (DOI: 10.1021/bi5014485), we show by Mdssbauer spectroscopy and liquid
chromatography that, under similar conditions, [2Fe-2S] clusters are present on
uncomplexed ISCU2. Together, these results support a model in which FXN accelerates
[2Fe-2S] cluster formation on the SDUF complex (green arrows in Figure 9, presumably
using cysteine as the electron donor). This conclusion is supported by recent in vitro studies
of a primarily Saccharomyces cerevisiae system in which the rate of formation for a
[2Fe-2S]-Isul CD signal was dependent on the addition of Yfh1 (FXN homologue).18
Interestingly, the addition of the presumed physiological electron donation system (FDX2,
ferredoxin reductase, and NADPH) or nonphysiological electron donor DTT resulted in
similar rates for the development of the [2Fe-2S]-Isul CD signal in the yeast system. This is
in contrast to the human system in which the addition of DTT eliminates the [2Fe-2S]-
ISCU2 CD signal. Thus, there are fundamental differences in the response of the human and
yeast in vitro systems to surrogate electron donor DTT. In the future, these in vitro studies
need to be expanded to evaluate complete cluster synthesis and transfer reactions that
include chaperones, intermediate carrier proteins, and different Fe-S target proteins.

In summary, we have provided new details of competing pathways for Fe-S cluster
biosynthesis and Fe—-S mineralization. The partitioning of reaction intermediates complicates
the interpretation of in vitro Fe-S assembly results. Deconvoluting the enzymatic and
mineralization processes is challenging as there appears to be multiple partitioning branch
points, comparable formation kinetics (both ultimately depend on cysteine turnover by
NFS1), overlapping absorbance properties, products that co-elute on desalting columns, and
similar abilities to transfer (Figure 9, reaction D) or chemically reconstitute (Figure 9,
reaction H) Fe-S clusters on target proteins. In these cases, performing reactions under
conditions that minimize off-pathway reactions and monitoring the kinetics with multiple
interrelated spectroscopic methods may be required to elucidate mechanistic details for the
assembly and/or transfer of Fe-S clusters. Together, our current and previous23:29 results are
consistent with yeast studies828 and indicate that FXN accelerates a rate-limiting sulfur
transfer step in [2Fe-2S] cluster synthesis for the human Fe—S assembly complex. Our study
also tells a cautionary tale of the complexities of Fe—-S chemistry that could easily mislead
unsuspecting researchers who study Fe-S cluster assembly or chemically reconstitute
recombinant Fe-S proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

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



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Fox et al.

Page 12

Acknowledgments

Funding

This work was supported in part by Texas A&M University, Robert A. Welch Foundation Grant A-1647 (D.P.B.),
and National Institutes of Health Grants GM096100 (D.P.B.) and GM084266 (P.A.L.).

We thank Christopher D. Putnam, James Vranish, D. J. Martin, and Seth Cory for helpful discussion and
suggestions. We also thank John Markley for the gift of the FDX1 plasmid.

ABBREVIATIONS

CD circular dichroism

DTT dithiothreitol

EDTA ethyl-enediaminetetraacetic acid

EPR electron paramagnetic resonance

FDX1 ferredoxin

FXN frataxin

GSH glutathione

HMWS high-molecular weight species

IPTG isopropyl f-D-1-thiogalactopyranoside

ISC iron—sulfur cluster

LMWS low-molecular weight species

SD protein complex composed of NFS1 and ISD11

SDbuU protein complex composed of SD and ISCU2

SDUF protein complex composed of SDU and frataxin
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Figure 1.
SDUF complex generates Fe—S species under standard conditions with spectroscopic

properties similar to those of [4Fe-4S] clusters. (A) Absorbance spectrum of the SDUF
reaction mixture 45 s (bottom), 2.8 min, and 1 h (top) after the reaction was initiated. (B)
Kinetics of the assembly assay reaction monitored by absorbance at 400 nm (black) and CD
ellipticity at 430 nm (red). The absorbance was adjusted to zero at 0 min. (C) CD spectra of
the reaction mixture recorded at O (black), 20 (red), 40 (green), and 90 (blue) min. (D) CD
spectra of an equivalent reaction mixture as in C except that it included 10 mM EDTA and
excluded Fe2*. Spectra were recorded at 0 (black), 10 (red), 20 (green), and 40 (blue) min.
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SDU complex generates [2Fe-2S] clusters under standard conditions. (A) Comparison of the
change in absorbance at 456 nm for the SDU (black) and SDUF (red) complexes. (B)
Absorbance spectrum for the SDU reaction mixture recorded at 5, 10, 30, and 60 min. The
small arrow at 456 nm highlights the formation of [2Fe-2S] clusters at early times, while the
arrow at 400 nm highlights features similar to those of the SDUF reaction (Figure 1A) at
later times. (C) CD spectra recorded for the SDU reaction at 0 (black), 20 (red), 40 (green),
and 90 (blue) min. The features at 330 and 430 nm are assigned to [2Fe-2S]-ISCU2. (D)
Time-dependent changes in 330 nm ellipticity for a separate SDU reaction under standard

conditions.
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Figure 3.
HMWS formation during Fe-S cluster assembly reactions under standard conditions. Size-

exclusion chromatogram, monitored at A,gg, of reaction mixtures involving (A) SDU and
(B) SDUF under complete standard conditions (brown) but lacking cysteine (green), Fe2*
(blue), or both cysteine and Fe2* (black). SDS—PAGE of fractions from Fe-S cluster
assembly reactions involving (C) SDU and (D) SDUF. Fractions 9 (void), 12 (native SD,
SDU, and SDUF), and 16 mL (uncomplexed ISCU2 and FXN) from anaerobic S-200
columns were analzyed by SDS-PAGE. The gel was stained with Coomassie Blue.
Migration positions of NSF1, ISCU2, FXN, and 1ISD11 are shown.
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Figure4.

Maossbauer spectra of the HMWS mineral. The HMWS was generated with the SD complex
under standard conditions and isolated from the void volume fractions of the S-200 column.
Low-field (0.05 T) Mdssbauer spectra were recorded at (A) 5 and (B) 100 K. The solid red
line overlaying the data is a simulation of the quadrupole doublet due to the HMWS.
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Figure5.
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Formation conditions and reaction properties of HMWS. (A) Size-exclusion chromatogram,
monitored at A,gg, of the SDUF complex incubated with DTT and S2~ (black), Fe* and S2~
(red), or FeZ* and S2~ using an SDUF complex in which NSF1 had been alkylated (green).
(B) Kinetics of SDUF Fe-S cluster assembly reaction under standard conditions spiked
(arrow) with 100 puM L-cysteine show that the plateau in 400 nm absorbance is due to
depletion of cysteine/sulfide. (C) Size-exclusion chromatogram, monitored at A4gs, of the
reaction mixture involving the SDUF complex in the absence (black) or presence (red) of
apo-FDX1. (D) Size-exclusion chromatogram, monitored by absorbance at A4gs, of the
isolated HMWS with (red) or without (black) added apo-FDX1.
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Figure®6.
Fe-S cluster assembly reactions under DTT-free conditions generate [2Fe-2S] clusters and

delay HMWS formation. (A) Absorbance spectra for SDU-catalyzed Fe—S assembly
reaction after O (black), 30 (red) 60 (green), and 90 (blue) min. (B) Same for the SDUF-
catalyzed reaction (same color coding, no 90 min spectrum). (C) Size-exclusion
chromatogram, monitored at A4gs, of the SDUF Fe-S cluster assembly reaction after 1.5
(black) and 3.5 h (red). (D) Absorbance spectra for the reaction in panel C after 0 (black), 2
(green), 3.5 (red), and 5 (blue) h.
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Figure7.
Sulfide degrades [2Fe-2S] clusters bound to ISCU2. (A) Development of the [2Fe-2S]

cluster CD signal after 0 (black), 30 (red), 60 (green), and 90 (blue) min for the SDU
complex under DTT-free conditions. (B) Addition of 0 pM (black), 250 uM (red), 500 uM
(green), and 1 mM (blue) Na,S to the mixture for the completed reaction (90 min) from
panel A.
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FXN accelerates [2Fe-2S] cluster formation. (A) CD spectra of an SDU-catalyzed Fe-S
cluster assembly reaction mixture after 0 (black), 30 (red), 60 (green), and 90 (blue) min. (B)
CD spectra of an SDUF-catalyzed Fe-S assembly reaction mixture after 0 (black), 30 (red),
and 60 (green) min. (C) Absorbance at 456 nm vs time of reaction for SDU-catalyzed (blue)
and SDUF-catalyzed (red) reactions (shown in Figure 6A,B). (D) CD intensity at 330 nm vs
time of reaction for SDU-catalyzed (blue) and SDUF-catalyzed (red) reactions. Bars are
replicate errors from three experiments.
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Figure9.
Model for competing Fe-S cluster biosynthesis and mineralization pathways. (A)

Generation of a persulfide intermediate on NFS1. (B) Transfer of sulfur from NFS1 to
ISCU2. (C) Catalytic synthesis of a [2Fe-2S] cluster intermediate. (D) Transfer of the

[2Fe-2S] cluster to apo target proteins. (E) Interception of the persulfide intermediate with

reductive thiol reagents to produce sulfude. (F) Combination of sulfide, iron, and the

assembly complex (not shown) to form HMWS. (G) Degradation of [2Fe-2S] intermediates
by sulfide to form HMWS. (H) Chemical reconstitution of apo target protein by HMWS.
FXN accelerates [2Fe-2S] cluster formation (green arrows) by the human Fe-S asembly

complex.
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