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Abstract Iron-sulfur (Fe-S) clusters are essential for many cellular processes, ranging from
aerobic respiration, metabolite biosynthesis, ribosome assembly and DNA repair. Mutations in
NFU1 and BOLA3 have been linked to genetic diseases with defects in mitochondrial Fe-S centers.
Through genetic studies in yeast, we demonstrate that Nfu1 functions in a late step of [4Fe-4S]
cluster biogenesis that is of heightened importance during oxidative metabolism. Proteomic
studies revealed Nfu1 physical interacts with components of the ISA [4Fe-4S] assembly complex
and client proteins that need [4Fe-4S] clusters to function. Additional studies focused on the
mitochondrial BolA proteins, Bol1 and Bol3 (yeast homolog to human BOLA3), revealing that Bol1
functions earlier in Fe-S biogenesis with the monothiol glutaredoxin, Grx5, and Bol3 functions late
with Nfu1. Given these observations, we propose that Nfu1, assisted by Bol3, functions to facilitate
Fe-S transfer from the biosynthetic apparatus to the client proteins preventing oxidative damage
to [4Fe-4S] clusters.

DOI: 10.7554/eLife.15991.001

Introduction
A severe syndrome characterized by the dysfunction of multiple mitochondrial enzymes has been
described for a series of patients with mutations in four mitochondrial proteins IBA57, ISCA2, NFU1
and BOLA3 (Seyda et al., 2001, Cameron et al., 2011; Navarro-Sastre et al., 2011; Ferrer-
Cortés et al., 2013; Nizon et al., 2014; Baker et al., 2014, Debray et al., 2015; Lossos et al.,
2015; Al-Hassnan et al., 2015). Patients with this Multiple Mitochondria Dysfunctions Syndrome
(MMDS) are afflicted with lactic acidosis, nonketotic hyperglycinemia and infantile encephalopathy
typically leading to death in their first year of life. The syndrome is associated with an impairment of
lipoic acid-dependent 2-oxoacid dehydrogenases arising from defective lipoate synthesis and
defects in respiratory complexes | and Il in select tissues including muscle and liver. These pheno-
types arise from defective iron-sulfur (Fe-S) cluster assembly within the mitochondria. The deficiency
in protein lipoylation is due to impaired activity of lipoic acid synthetase, which requires two [4Fe-4S]
cluster cofactors (Hiltunen et al., 2010). The hyperglycinemic phenotype arises from failed lipoyla-
tion of the glycine cleavage enzyme. Whereas IBA57 and ISCA2 are known components of the ISA
complex, along with ISCA1, which functions in the formation of [4Fe-4S] clusters within mitochondria
(Mtihlenhoff et al., 2011; Gelling et al., 2008; Sheftel et al., 2012), the functions of NFU1 and
BOLA3 in Fe-S cluster assembly remain an enigma.

Yeast cells lacking Nfu1 are partially compromised in mitochondrial [4Fe-4S] cluster formation, but
the defect is not as pronounced as in cells lacking components of the ISA complex (Isal, Isa2 and
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elLife digest Proteins perform almost all of the tasks necessary for cells to survive. Some of
these proteins need to contain collections of iron and sulfur ions known as iron-sulfur clusters to
work properly. The iron-sulfur clusters are first assembled from individual ions and then attached to
the correct target proteins. In humans, yeast and other eukaryotic cells, the first step of this process
happens in compartments called mitochondria and makes a cluster that contains two of each ion,
known as [2Fe-2S] clusters. These [2Fe-2S] clusters can either be directly incorporated into target
proteins, or they may be used to make larger iron-sulfur clusters — such as [4Fe-4S] clusters — in the
mitochondria or the main compartment of the cell (the cytoplasm).

Defects that affect the assembly of proteins with iron-sulfur clusters are associated with severe
diseases that affect metabolism, the nervous system and the blood. Mitochondria contain at least 17
proteins involved in making iron-sulfur proteins, but there may be others that have not yet been
identified. For example, a study on patients with a rare human genetic disease suggested that
proteins called BOLA3 and NFU1 might also play a role in this process.

Melber et al. used genetics to study how [4Fe-4S] clusters are assembled in the mitochondria of
yeast cells. The experiments show that the yeast equivalents of NFU1 and BOLA3 (known as Nfu1
and Bol3) act to incorporate completed [4Fe-4s] clusters into their target proteins. This process is
particularly important when iron-sulfur clusters are in high demand, such as when a cell needs to
produce a lot of energy. Melber et al. also showed that a protein called Bol1 — which is closely
related to Bol3 — is needed in an earlier stage of iron-sulfur cluster assembly.

The next steps following on from this work will be to look more closely at how Nful and Bol3
deliver iron-sulfur clusters to the right target proteins. A future challenge will be to find out how
other types of iron-sulfur clusters are transferred to their target proteins.

DOI: 10.7554/eLife.15991.002

Iba57) (Navarro-Sastre et al., 2011; Schilke et al., 1999). As in patient cells with mutations in NFU1,
yeast nfulA cells have diminished protein lipoylation levels (Navarro-Sastre et al., 2011). Humans
and yeast have two mitochondrial BolA proteins termed BolA1 (Bol1 in yeast) and BolA3 (Bol3 in yeast)
(Cameron et al., 2011; Willems et al., 2013), but little is known concerning their physiological func-
tion. The similarities of phenotypes in patients with MMDS mutations in NFU1 and BOLA3 suggest
that BOLA3 may likewise function in mitochondrial Fe-S biogenesis (Cameron et al., 2011).

Fe-S cluster synthesis within the mitochondria occurs on a scaffold complex and preformed clus-
ters are subsequently transferred to recipient proteins (Lill et al., 2012). The initial cluster formed is
a [2Fe-2S] cluster assembled on the ISU scaffold complex consisting of five proteins, Nfs1, Isd11,
Yth1, Yah1 and Isu1 (or Isu2; yeast nomenclature) (Lill et al., 2012; Schmucker et al., 2011; Tsai and
Barondeau, 2010; Lange et al., 2000; Webert et al., 2014). The sulfide ions are provided by the
Nfs1 cysteine desulfurase, along with its effector proteins Isd11 and Yfth1 (Tsai and Barondeau,
2010; Lill and Miihlenhoff, 2008; Gerber et al., 2003; Biederbick et al., 2006; Bridwell-
Rabb et al., 2014; Parent et al., 2015; Fox et al., 2015). Assembled [2Fe-2S] clusters on Isu1 are
transferred to the monothiol glutaredoxin Grx5 through the action of the Ssq1 ATPase and the DnaJ
protein Jac1 (Ciesielski et al., 2012, Majewska et al., 2013, Uzarska et al., 2013). Two [2Fe-2S]
clusters transferred by Grx5 are condensed into a [4Fe-4S] cluster on the downstream ISA complex
(Isa1, Isa2 and Iba57) prior to transfer to client proteins (Mihlenhoff et al., 2011; Gelling et al.,
2008; Sheftel et al., 2012; Brancaccio et al., 2014).

Nful has been implicated to function as a late Fe-S maturation factor in bacteria and fungi (Nav-
arro-Sastre et al., 2011; Bandyopadhyay et al., 2008; Py et al., 2012), an alternate scaffold pro-
tein for cluster synthesis (Cameron et al., 2011; Tong et al., 2003) or as a persulfide reductase
associated with the sulfide transfer (Liu et al., 2009). The lack of NfuA in Escherichia coli and Azoto-
bacter vinelandii is associated with decreased viability under stress conditions
(Bandyopadhyay et al., 2008; Py et al., 2012; Angelini et al., 2008). Nfu proteins from most spe-
cies are multidomain proteins. E. coli NfuA and human Nfu1 are two domain proteins with the C-ter-
minal domain containing the functionally important CxxC motif that is known to bind a [4Fe-4S]
cluster at a homodimer interface (Bandyopadhyay et al., 2008; Tong et al., 2003; Angelini et al.,
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2008; Gao et al., 2013). The N-terminal domains differ between the E. coli and human proteins and
lack a related CxxC motif. Recombinant expression and purification of Azotobacter NfuA or human
Nfu1 did not result in Fe-S cluster bound to the purified protein, but in vitro Fe-S reconstitution stud-
ies followed by Méssbauer spectral studies demonstrated the presence of a [4Fe-4S] cluster
(Bandyopadhyay et al., 2008; Py et al., 2012; Tong et al., 2003; Angelini et al., 2008). Synecho-
cystis NifU was reported to bind a [2Fe-2S] cluster (Yabe et al., 2004; Nishio and Nakai, 2000), but
Méssbauer spectral studies were not done to validate the assignment. The ability of Nfu1 to bind a
[4Fe-4S] cluster supported the suggestions that Nful was either an alternative scaffold protein
involved in Fe-S cluster formation or involved in a late cluster transfer step. The ability of bacterial
NfuA to transfer its cluster to apo-aconitase in vitro is consistent with a role in a late step of cluster
transfer (Bandyopadhyay et al., 2008; Angelini et al., 2008).

BolA proteins are also known to coordinate Fe-S clusters in conjunction with monothiol glutare-
doxins (Li and Outten, 2012). One of the three BolA proteins in Arabidopsis thaliana BolA1 was
shown to bind a [2Fe-2S] cluster in a complex with glutaredoxin (Grx) (Roret et al., 2014). The clus-
ter associated with the BolA:Grx complex is coordinated by two thiolate ligands, one from Grx and
the other from an associated glutathione, and two histidine ligands from BolA1. Likewise, the cyto-
solic BolA2 proteins of yeast and humans coordinate [2Fe-2S] clusters at the heterodimer interface
with monothiol glutaredoxins (Li and Outten, 2012; Li et al., 2012). Little is known about the physi-
ological function of mitochondrial BolA proteins, designated Bol1 and Bol3. BolA proteins are found
only in aerobic species (Willems et al., 2013). Depletion of the mitochondrial BolA1 in Hela cells
caused an oxidative shift in the mitochondrial thiol/disulfide redox ratio (Willems et al., 2013).

We set out to define the functional steps of Nful and two mitochondrial BolA proteins in yeast.
We report that Nful and Bol3 function at a late step in the transfer of Fe-S clusters from the ISA
complex to mitochondrial client proteins as a protective measure for [4Fe-4S] clusters from oxidative
stress damage. In contrast to Bol3, the related mitochondrial Bol1 shows an interaction with Grx5
but not with the ISA complex or [4Fe-4S] client proteins.

Results

Nfu1 is associated with mitochondrial [4Fe-4S] cluster formation
S. cerevisiae cells lacking the mitochondrial Nful protein (nfulA cells) are markedly impaired in
growth on synthetic complete medium with acetate as a carbon source (Figure 1A). However, the
mutant cells display only a slight growth impairment on glycerol/lactate medium, suggesting a par-
tial respiratory growth defect that is exacerbated with acetate as the carbon source. It was previ-
ously reported that nfulA cells exhibit specific but partial defects in the formation of [4Fe-4S]
clusters analogous to phenotypes seen in patients with mitochondrial dysfunction syndrome (Nav-
arro-Sastre et al., 2011; Schilke et al., 1999). We confirmed the defects in [4Fe-4S] client enzymes
reported for nfulA cells showing that aconitase and succinate dehydrogenase (SDH) activities are
markedly impaired, yet residual activity persists (Figure 1B). Aconitase activity is markedly attenu-
ated in nfulA yeast cells, whereas its activity is not significantly depleted in human nful patients
(Cameron et al., 2011; Navarro-Sastre et al., 2011). No defect was observed in the yeast mutant
in respiratory complex I, cytochrome bcy, which requires a [2Fe-2S] cluster in its Rieske Rip1 subunit
or in cytochrome oxidase that requires a [2Fe-2S] cluster in Yah1 for heme a formation (Figure 1B).

Consistent with the known defects of nfulA yeast cells and human nful patients, lipoic acid (LA)
conjugates on pyruvate dehydrogenase (PDH) and oxoglutarate dehydrogenase (KDH) were attenu-
ated in nfulA cells (Figure 1C) (Navarro-Sastre et al., 2011). As mentioned, lipoic acid formation is
dependent on the [4Fe-4S] lipoic acid synthase Lip5 (Hiltunen et al., 2010). Steady-state protein
analysis by SDS-PAGE showed diminished Sdh2 levels, the Fe-S subunit of SDH. Sdh2 contains three
distinct Fe-S clusters ([2Fe-2S], [4Fe-4S], and [3Fe-4S] clusters), which transfer electrons from the cat-
alytic Sdh1 subunit to ubiquinone. In the absence of Fe-S cluster insertion, Sdh2 stability is compro-
mised (Kim et al., 2012) (Figure 1C) In contrast, the aconitase protein stability is not dependent on
the presence of its [4Fe-4S] cluster (Gelling et al., 2008).

Two enzymes involved in yeast lysine biosynthesis Aco2 and Lys4 contain [4Fe-4S] clusters
(Fazius et al., 2012). Whereas yeast lacking the ISA complex are auxotrophic for lysine and accumu-
late homocitrate as a metabolic intermediate, nfulA cells propagate normally in medium lacking lysine
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Figure 1. Nful functions with both the ISA [4Fe-4S] assembly complex and [4Fe-4S] client proteins. Cells lacking Nful exhibit defects in [4Fe-4S] cluster
enzymes in mitochondria. (A) Respiratory growth defects revealed by yeast drop-test. Cells harboring empty vectors (EV) or high-copy plasmids
expressing designated genes were pre-cultured in liquid synthetic complete (SC) glucose media lacking uracil. Serially diluted cells (10-fold) were
spotted on SC media plates at 30°C. Grx5 is a monothiol glutaredoxin involved in mitochondrial Fe-S biogenesis. Isal, Isa2 and Iba57 are subunits of

Figure 1 continued on next page
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the ISA scaffold complex required for [4Fe-4S5] cluster synthesis. Yap1 is a transcription factor that induces expression of anti-oxidant genes. Glu is 2%
glucose and Ace is 2% acetate. (B) The relative activity of aconitase, SDH, cytochrome bc;, cytochrome c oxidase (CcO), and malate dehydrogenase
(MDH) were measured in isolated mitochondria from cells cultured in SC media with 2% raffinose. Data are shown as mean = SE (n = 3) (CcO, n = 4). (C)
Steady-state protein levels measured by SDS-PAGE followed by immunoblotting in isolated mitochondria. Anti-LA antibody is an antibody specific to
lipoic acid (LA) that is conjugated to proteins. PDH is pyruvate dehydrogenase and KDH is o-ketoglutarate dehydrogenase. Sdh2 is the Fe-S cluster
subunit of SDH. Aco1 is mitochondrial aconitase. Por1 is a mitochondrial loading control. (D) Restoration of LA moieties on PDH and KDH shown by
SDS-PAGE followed by immunoblotting in isolated mitochondria from nfuTA cells over-expressing ISAT and ISA2. (E) Enzymatic activity of SDH in
mitochondria isolated from nfulA cells over-expressing ISAT and ISA2. Data are shown as mean + SE (n = 3). (F) Strep-tag affinity purification of Nfu1-
Strep revealed the Nful interaction with Isal and Isa2. Mitochondria were solubilized with 0.1% n-dodecyl maltoside (DDM). Clarified lysates were
incubated with Strep-Tactin superflow beads for 16 hr. After washing, proteins were eluted with 2.5 mM desthiobiotin, and then analyzed by
immunoblotting. (G) Strep-tag affinity purification of Nful-Strep in the presence of ectopically expressed Aco2-HA. Nfulm-Strep is the G/T>H mutant
described in Figure 4. (H) Strep-tag affinity purification of Nfu1-Strep in the presence of ectopically expressed Lys4-HA. Lys4 and Aco2 are both nuclear
DNA-encoded mitochondrial proteins that require a [4Fe-4S] cluster for each function in the lysine biosynthetic pathway in yeast. Nfulm-Strep is the G/

T>H mutant described in Figure 4.
DOI: 10.7554/eLife.15991.003

and do not accumulate homocitrate as shown by GC-MS metabolomic studies (data not shown). Thus,
sufficient [4Fe-4S] cluster synthesis and distribution occurs in nfuA cells for lysine synthesis.

The growth defect of nfulA yeast cells on acetate medium was severe, creating an opportunity to
conduct screening for genetic suppressors of the respiratory defect. In a screen using transformants
with a high-copy yeast DNA library, we isolated respiratory competent vector-borne clones of nfulA
BY4741 cells containing NFU1, ISA2, and the YAPZ2 transcriptional activator. Each gene was recloned
into yeast vectors and nfulA transformants of both BY4741 and W303 genetic backgrounds were ana-
lyzed for growth on acetate medium for respiratory function. Although Isa2 is a component of the
mitochondrial ISA heterotrimeric complex comprised of Isal, Isa2 and |ba57, overexpression of Isa2
was the only ISA component capable of partially restoring respiratory growth of nfulA cells on acetate
medium (Figure 1A). ISA2 transformants of nfulA cells showed a partial restoration lipoylation of KDH
and SDH activity suggesting that the respiratory capacity of the mutant cells was partially restored by
elevated Isa2 levels (p value ~0.14) (Figure 1D and E). Thus, the respiratory function of Nful can be
partially replaced by super-physiological levels of the Isa2 component of the ISA complex.

Nfu1 binds the ISA complex and [4Fe-4S] client proteins

An association of Nfu1 with the mitochondrial ISA complex was suggested by the observed suppres-
sion of the respiratory defect of nfulA cells by ISA2 overexpression along with defects in [4Fe-4S]
mitochondrial enzymes. We tested if Nful physically interacts with the ISA complex by co-immuno-
precipitation studies using a functional C-terminal Strep tagged chimera of Nfu1. Affinity purification
of Nfu1-Strep with Strep-Tactin beads showed co-purification of Isal and Isa2 (Figure 1F). In addi-
tion to the interaction with Isal and Isa2, Nful associated with three [4Fe-4S] client proteins Aco1,
Aco?2 and Lys4, but not the [2Fe-2S] client protein Rip1 (Figure 1G and H).

Nfu1 is necessary for protecting Fe-S clusters from oxidative damage
The partial respiratory function of nfulA cells was also restored by overexpression of Yap2 or its
paralogue Yap1 (Figure 1A). Yap1 and Yap2 are transcriptional activators that induce the expression
of a battery of antioxidant genes, including thioredoxin, thioredoxin reductase and glutathione
reductase, in response to oxidative stress (Fernandes et al., 1997). To confirm that the suppression
of nfulA cells by the YAP transcription factors was specifically due to a recovery of the [4Fe-4S] cen-
ters, we analyzed mitochondria from the transformants to test for restoration of lipoic acid conju-
gates of PDH and KDH and observed a clear restoration of LA-associated PDH (Figure 2A). The
identification of YAPT and YAP2 as high copy suppressors of nfulA cells suggested a role for Nfu1
during oxidative stress. Consistent with this postulate, the respiratory growth of nfulA cells was par-
tially restored with the addition of the antioxidants, GSH and N-acetyl cysteine (NAC) to the growth
medium (Figure 2B). These results support a role for Nful during oxidative metabolism.

Since Nfu1 is important under oxidative conditions, we tested whether Nfu1 is dispensable during
anoxic growth. WT and nfulA cells were cultured to mid-log growth in normoxic or anoxic
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Figure 2. Nful has a heighted importance during times of oxidative stress and is expendable in anoxic conditions. Defects in cells lacking Nful are
pronounced under oxidative stress conditions. (A) Steady-state levels of proteins in isolated mitochondria from nfulA cells harboring high-copy NFU1
plasmids or YAPT plasmids. (B) Yeast drop-test with 5 mM n-acetyl cysteine (NAC) and 2 mM glutathione (GSH). Gly/Lac is SC medium with 2% glycerol
and 2% lactate as carbon sources. (C) Steady-state levels of proteins in isolated mitochondria from cells cultured under normoxic conditions or
anaerobic conditions. (D) Relative activity of SDH and aconitase in mitochondria from panel C. Data are shown as mean + SE (n = 3).

DOI: 10.7554/eLife.15991.004

conditions. Mitochondria isolated from the cells were analyzed by steady-state protein analysis and
enzymatic function of various [4Fe-4S] cluster enzymes. As previously described normoxic nfulA cells
exhibited the expected marked attenuation in SDH and aconitase activities and reduced lipoic acid
adducts; however, the anoxic cells did not exhibit a significant difference between WT and nfulA
cells (Figure 2C and D). It should be noted that anoxic WT cells showed a marked reduction in mito-
chondrial enzymatic activities and steady-state protein levels compared to normoxic WT cells (~30%
of normoxia), yet anoxic nfulA cells did not show a marked further attenuation in SDH and lipoic
acid conjugates. Thus, the cells are more dependent on Nful during oxidative metabolism.

The NfuC domain of Nfu1 harbors a CxxC motif required for function
Nful consists of two domains in addition to the N-terminal mitochondrial targeting sequence (MTS)
based on sequence homologies (Figure 3A). The N-terminal domain (NfuN, residues 22-126) is only
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Figure 3. The CxxC motif of C-terminal domain of Nful is essential for function. The CxxC moitif is critical for Nfu1 function. (A) A schematic
representation of Nful domains. MTS, the mitochondrial targeting sequence; NfuN, the N-terminal domain of Nful; NfuC, the C-terminal domain
harboring the highly conserved CxxC motif. The human NfuC tertiary structure (PDB: 2M50) and primary sequences showing the CxxC motif (red) and
adjacent amino acids indicated in partial sequences (green). (B) The respiratory growth defect of nfulA cells was rescued with NfuC. Nfu1, NfuN, and

Figure 3 continued on next page
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Figure 3 continued

NfuC were all fused with a C-terminal Strep-tag and expressed exogenously using low-copy plasmids. (C) Restoration of Nfu1 target proteins by NfuC
expression in nfulA cells. (D) Respiratory growths of nfulA cells that express Nful sequence variants were tested. All variants were fused with a Strep-

tag and expressed on low-copy plasmids. (E) Steady-state levels of LA-conjugated proteins and Sdh2 in nfulA cells that express Nful variants. (F) BN-

PAGE and SDS-PAGE analysis of [4Fe-4S] cluster independent enzymes in the dominant negative backgrounds nfulA + G>C and bol1/3A + H'®'C. (G)
Strep-tag purification of Nful sequence variants as described in Figure 3B immunoblotting for [4Fe-4S] cluster client proteins Aco1 and Sdh2.

DOI: 10.7554/eLife.15991.005

The following figure supplements are available for figure 3:

Figure supplement 1. Yeast growth tests evaluating respiratory growth (Gly/Lac) of nfulA + G>C cells following treatment with 5'-Fluoroorotic acid (5-
FOA) to show cells have not lost their mitochondrial DNA (rho?).

DOI: 10.7554/eLife.15991.006

Figure supplement 2. Affinity purification using Strep-Tactin to immobilize Strep tagged Nful and the Nful AxxA variant expressed ectopically in the
BY4743 background with a single copy of Lys4 chromosomally tagged with GFP.

DOI: 10.7554/eLife.15991.007

conserved within eukaryote species, while the C-terminal NifU-like domain (NfuC, residues 143-256)
is widely conserved in all species and contains the important the Fe-S binding CxxC motif
(Figure 3A). To test the functional importance of the two domains, both domains were separately
expressed in nfulA cells with the endogenous MTS of Nful (1-21) to ensure proper delivery to the
mitochondrial matrix.

Cells containing only the Nful NfuC domain were capable of respiratory growth on either glyc-
erol/lactate or acetate medium (Figure 3B), whereas cells harboring only the NfulN domain failed
to propagate. Additionally, cells with the NfuC, but not the NfuN, domain showed normal Sdh2 and
lipoic acid levels. Although the NfuN domain failed to restore Nfu1 function, the fragment was well
expressed in cells, unlike the functional C-terminal domain that was markedly attenuated in protein
stability (Figure 3C). The functionality of the NfuC domain suggests that only minimal levels of Nfu1
are important for function. The NfuN domain exhibited a putative dimeric species, analogous to the
intact Nfu1 on the denaturing gels.

To further address the functional importance of the NfuC domain, we generated a series of amino
acid substitutions within and near the conserved CxxC motif to the full-length Nful protein
(Figure 3A). One Nful variant generated had the two cysteinyl residues in the CxxC motif
(highlighted in red in Figure 3A) replaced with alanines. Cells harboring Nfu1 with the two CxxC cys-
teinyl residues replaced by alanines exhibited a respiratory growth defect analogous to nfulA cells
suggesting a loss-of-function phenotype (Figure 3D and E). The critical role of the CxxC motif cys-
teines was previously shown in the E. coli NfuA (Angelini et al., 2008).

A conserved glycine just upstream of the CxxC motif is commonly mutated to a cysteine in
patients with MMDS (Navarro-Sastre et al., 2011; Nizon et al., 2014). We generated amino acid
substitution of this Gly to Cys or His residues and replaced the conserved threonine between the
two Cys residues by a His. Each mutant of Nfu1 was expressed in nfulA cells and tested for function.
The most striking substitution was the G>C mutant that mimics the MMDS1 patient allele, which dis-
played a severe synthetic sick phenotype on glycerol/lactate medium (Figure 3D). SDH biogenesis
was markedly decreased and in addition Rip1 levels were low suggesting a block in bcy biogenesis
(Figures 3E and G, lane 5). This dominant negative phenotype was reversed when cells were plated
on medium containing 5-fluoroorotic acid (5-FOA) to shed the URA3-containing plasmid harboring
the G'7*C Nful mutant (Figure 3—figure supplement 1). Thus, the synthetic phenotype did not
arise from mtDNA loss or any other irreversible pleiotropic defects. In addition, co-expression of a
wild-type Nfu1 with the G'”*C Nfu1 mutant failed to restore respiratory growth, demonstrating the
dominant negative nature of this mutant (Figure 3D, bottom panel).

Although nfulA cells with the G"7*C mutant retained its mtDNA, mitochondrial translation was
likely impaired due to attenuated levels of the assembled F{Fy; ATPase on BN-PAGE and Cox2
steady-state levels (Figure 3F). Although the assembled FiFy ATPase complex is markedly dimin-
ished, the steady-state levels of Atp2 in the F; sector are normal. Cells impaired in lipoic acid forma-
tion are deficient in tRNA processing by RNase P leading to attenuation in mitochondrial translation
(Schonauer et al., 2008; Hiltunen et al., 2009). Diminished mitochondrial translation of the bc;
cytochrome b subunit would account for the reduced Rip1 levels observed (Figure 3F and G). In
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Figure 4. The Mitochondrial Bol1 and Bol3 proteins function in Fe-S biogenesis. Bol1 and Bol3 play roles in Fe-S cluster biogenesis in mitochondria (A)
Partial sequences of yeast and human mitochondrial BolA proteins. Boxed are conserved motifs with proposed ISC ligands that were mutated in this
work. (B) Respiratory growth defects of bol1A cells, bol3A cells and bol1Abol3A double mutants and complementation by plasmid-borne BOLT or
BOL3. (C) Steady-state levels of LA-conjugated proteins and Sdh2 in cells lacking Bol1 and/or Bol3. (D) Relative activity of SDH, cytochrome bc;
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complex and aconitase were measured. Data are shown as mean + SE (n=3). (E) Observation of LA moieties on PDH and KDH and Sdh2 steady-state
levels by SDS-PAGE followed by immunoblotting in isolated mitochondria from bol1/3A cells over-expressing the indicated Fe-S cluster gene. (F)
Respiratory function of Bol1 and Bol3 sequence variants in conserved residues were examined by yeast drop-test. All Bol1 variants were fused with a
C-terminal Strep-tag and expressed on low-copy plasmids. All Bol3 variants were fused with a N-terminal Strep-tag between the MTS and the
remainder of the protein and expressed on low-copy plasmids. (G and H) Steady-state levels of LA-conjugated proteins in cells lacking Bol1 and Bol3
with Bol1 variants (G) and Bol3 variants (H) exogenously expressed.

DOI: 10.7554/elife.15991.008

The following figure supplement is available for figure 4:

Figure supplement 1. Yeast growth tests evaluating the viability of cells expressing mitochondrial Bol1 and Bol3 N-terminal ligands mutated to lysine

in the bol1/3A background.
DOI: 10.7554/elife.15991.009

contrast to cells harboring the Nful G'?C patient mutation, nfulA cells have normal F,Fy ATPase
levels on BN-PAGE and Cox2 steady-state levels suggesting that mitochondrial translation is normal
without Nfu1.

We tested whether the dominant negative effect arises from changes in interactions between Nfu1l
and client proteins. We performed affinity purification of Nfu1-Strep on Strep-Tactin beads for the WT
and mutant alleles. The loss-of-function AxxANfulmutant failed to show a detectable interaction with
Aco1 (Figure 3G, lane 8) and was impaired in its interaction with Lys4 (Figure 3—figure supplement
2). In contrast, the G'?*C Nfulmutant exhibited an enhanced interaction with Aco1 (Figure 3G, lane
10). An interaction with Sdh2 is unclear, since Sdh2 levels are markedly depleted in G"*C Nfu1l cells.
These data show the functional importance of the NfuC domain and its CxxC motif.

The two mitochondrial BolA proteins function in Fe-S protein
biogenesis

MMDS2 patients have been reported to have mutations in the mitochondrial BOLA3 protein
(Seyda et al., 2001; Cameron et al., 2011; Baker et al., 2014). The clinical phenotypes of patients
with mutations in NFUT or BOLA3 were similar with neurological regression, infantile encephalopa-
thy and hyperglycinemia (Cameron et al., 2011; Navarro-Sastre et al., 2011). In addition, biochem-
ical defects in protein lipolyation and succinate dehydrogenase were observed.

Due to the clinical and biochemical similarities in mutant NFU1 or BOLA3 patients, we tested the
function of the yeast BOLA3 homolog, Bol3, and the related Bol1 protein (Figure 4A). In human
cells, BOLA1 and BOLAS3 are known to be mitochondrial proteins (Willems et al., 2013). We con-
firmed that Bol1 and Bol3 are likewise localized within the mitochondria of yeast cells (data not
shown). Yeast devoid of either Bol1 or Bol3 lacks a clear respiratory phenotype, but a double
bol1Abol3A null strain displayed a growth defect on acetate medium and to a lesser extent on glyc-
erol/lactate medium (Figure 4B). Mitochondria isolated from single mutants and the double null
mutant were used for biochemical characterization studies. As with nfulA cells, protein lipoylation
was partially impaired in KDH in the bol3A null, but the defect in KDH lipoylation was enhanced in
the bol1Abol3A null strain (Figure 4C). SDH and aconitase activities were depressed in the double
null strain, but not significantly changed in the individual single mutants (Figure 4D). The attenuation
of aconitase activity in both bol1Abol3A null and nfulA cells is in contrast to BOLA3 and NFU1
patient mutant cells. A modest attenuation was seen in bcy activity in the bol1Abol3A null strain, but
this was not observed in nfulA cells.

Since the respiratory growth defect of nfulA cells was partially suppressed by overexpression of
ISA2, we tested whether overexpression of a series of late mitochondrial Fe-S cluster assembly
genes would likewise rescue the respiratory defect of bol1Abol3A cells. No growth restoration was
observed on acetate or glycerol/lactate media, and only minimal lipoylation of PDH and KDH was
observed in cells harboring elevated levels of Grx5, Isa1, and Isa2 (Figure 4E).

BolA proteins are implicated in binding Fe-S clusters. Whereas Nfu1l is known to bind a [4Fe-4S]
cluster at the homodimer interface, BolA proteins have been shown to bind [2Fe-2S] clusters in asso-
ciation with glutaredoxins as heterodimers (Li and Outten, 2012; Roret et al., 2014; Li et al.,
2012). We evaluated the roles of potential Fe-S cluster ligands in Bol1 and Bol3. Bol1 has conserved
His56 and His93 residues (Figure 4A), which in the case of Arabidopsis thaliana BolA1 the
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corresponding His residues are apparent ligands to a [2Fe-2S] cluster in association with a monothiol
glutaredoxin (Roret et al., 2014). Bol3 has conserved Cys64 and His101 residues in corresponding
loops to that of Bol1 and are expected to serve as ligands for a Fe-S cluster. We replaced the con-
served histidine residues with alanines or cysteines and tested phenotypic effects. We observed that
the C-terminal His in each BolA protein was important for the respiratory growth of cells (Figure 4F,
G and H). Whereas the H'®'A Bol3 mutant was non-functional, the variant containing a H'01C substi-
tution exhibited a synthetic sick phenotype in that the respiratory growth on glycerol/lactate
medium was more impaired relative to the starting bol1Abol3A null strain (Figure 4F and H lane 6).
The Bol3 C®*A mutant was only a partial loss-of-function allele. In contrast, the Bol1 H?3A or H?3C
mutants exhibited similar loss-of-function phenotypes without any observed dominant negative
effects. The upstream Bol1 H>*A mutant retains function, but the H>*C allele was a partial loss of
function mutant (Figure 4F and G, lane 5).

Since substitutions in the upstream conserved His56 in Bol1 and Cysé4 in Bol3 failed to yield a
significant phenotype, they may not contribute to a candidate FeS cluster binding. To confirm this
prediction, we converting the His56 in Bol1 and Cysé4 in Bol3 to lysine residues to create electro-
static repulsion to a candidate FeS cluster Fe atom. Bol1 H>*K and Bol3 C**K mutants did not exhibit
an enhanced phenotype (Figure 4—figure supplement 1) ruling out that they are important FeS
cluster ligands. Together, these data show a functional importance of Bol1 and Bol3 in mitochondrial
Fe-S cluster biogenesis and highlights the need for the C-terminal conserved His in each protein for
physiological function. Bol1 and Bol3, like Nfu1, are not essential for mitochondrial Fe-S protein bio-
genesis, as a bypass exists enabling limited respiratory growth on glycerol/lactate medium.

Nfu1 and Bol3 physically interact with [4Fe-4S] client mitochondrial
proteins

To glean further insights into the function of Nfu1, Bol1 and Bol3 in mitochondrial Fe-S cluster bio-
genesis, we performed proteomic analyses on affinity purified Nful, Bol1 and Bol3 proteins with
each expressed as Strep fusions. Purification of each protein was accomplished on Strep-Tactin resin
and protein eluates were analyzed by mass spectrometry. Multiple independent proteomic analyses
were conducted on WT proteins as well as mutant proteins of each (G/T>H Nfu1, H”3C Bol1 and
H'°'C Bol3) (Figure 5A and B; Figure 5—source data 1). Of the mutant proteins, BolA3 H'°'C was
synthetic sick in the bol1Abol3A null strain (Figure 4F); Nful G/T>H mimicked the severe dominant
negative mutant, G'?%C found in patients, however the substitutions were less detrimental to growth
(Figure 3D); and the Bol1 H?3C variant was a loss-of-function mutant without a dominant negative
characteristic (Figure 4F). Inspection of datasets of protein interactors revealed a common set of
[4Fe-4S] client proteins associating with both Nfu1l and Bol3. These include Aco1, Aco2, Lys4, Sdh2,
Lip5 and Bio2. For all client proteins except Sdh2, the observed total spectral count that was
markedly higher for clients purified with mutant Nfu1 and Bol3 variants (Figure 5A and Figure 5—
source data 1). Additionally, the mutant forms of Bol3 and Nfu1 both co-purified with the ISA com-
plex component, Isa2 (Figure 5B and Figure 5—source data 1). The physical interactions of Nfu1
with the clients, Aco1, Lys4, Aco2 and Sdh2, and with the ISA complex are consistent with the results
shown by affinity purification experiments followed by SDS-PAGE and immunoblotting (Figure 1F,G
and H). Two Bol3 pulldown studies revealed limited levels of copurified Nful, although we never
observed Bol3 in the pulldown of Nfu1 (Figure 5—source data 1).

Unlike Bol3, Bol1 purification did not lead to appreciable co-purification of [4Fe-4S] client pro-
teins, but Grx5 was isolated as a reproducible interactor with WT but not the loss-of-function H”3C
Bol1 mutant (Figure 5B). Grx5 was a significantly less abundant interactor with Bol3 or Nfu1. Human
BOLA1 was previously shown to associate with Grx5 in HEK293 cells (Willems et al., 2013).

We conducted in vitro experiments to verify the observed selective interaction of Bol1 with Grx5
using human orthologs. Solution binding analyses were conducted using microscale thermophoresis,
which assesses molecular diffusion in a microscopic temperature gradient. Due to their higher stabil-
ity, we used the human proteins. Apo-GLRX5 or the holo-GLRX5 dimer containing the bridging [2Fe-
2S] cluster were incubated with either recombinant human BOLA1 or BOLA3 proteins for assessment
binding (Figure 5C and Figure 5—figure supplement 1). Holo-GLRX5 associated with BOLA1 with
a 50-fold greater affinity than with BOLA3, while similar affinities of apo-GLRX5 were observed for
the two human BOLA proteins. As a control, no significant interaction of the BOLA proteins with the
human [2Fe-2S] ferredoxin FDX2 was observed. Together, these results indicate a strong preference
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Figure 5. Proteomic analysis of Nfu1, Bol1 and Bol3 establishes function within mitochondrial Fe-S for Bol1 and Bol3. (A and B) Percentages of spectral
counts identified by MS proteomics. Percentages were calculated by the number of spectral counts identified for a denoted protein in an individual
Strep-tagged protein divided by the total number of spectral counts for that protein identified from all seven samples. Strep-tagged proteins were
expressed from low-copy plasmids in corresponding single deletion mutants. Samples were Strep-affinity purified as in Figure 3. Bol1m is the H?3C
Figure 5 continued on next page

Melber et al. eLife 2016;5:15991. DOI: 10.7554/eLife.15991

12 of 24


http://dx.doi.org/10.7554/eLife.15991

LIFE

Figure 5 continued

Biochemistry

variant. Bol3m is the H'°'C variant. Nfulm is the G/T>H variant. WT is wild-type BY4741 expressing an empty vector. All were fused with a C-terminal
Strep-tag. WT is BY4741 wild type harboring a low-copy empty plasmid. (C) Human GLRX5 or NFU1 were used in apo- and holo- form and mixed at
increasing concentrations with 200 nM fluorescently labelled BOLA1 or BOLA3. Microscale thermophoresis were performed and dissociation constants
(Ky) were determined. Error bars indicate the SD (n=3). (D) Strep-tag affinity purification of Nfu1-Strep in the presence of ectopically expressed Ilv3-
FLAG. (E) Affinity purification using Strep-Tactin agarose beads to purify Nful-Strep from an nfulA background expressing either WT Aco1 or Aco1

AxxA mutant.
DOI: 10.7554/eLife.15991.010

The following source data and figure supplements are available for figure 5:

Source data 1. (Table 1) Spectral counts, unique peptides, and coverage of mitochondrial Fe-S client proteins, bait proteins, and Fe-S assembly
machinery identified by MS proteomics.

DOI: 10.7554/eLife.15991.011

Figure supplement 1. Interaction studies of human BOLA proteins with GLRX5.

DOI: 10.7554/eLife.15991.012

Figure supplement 2. |lv3 activity assay using wild-type and nfuTA purified mitochondria along with wild-type overexpressing Ilv3 as a control.

DOI: 10.7554/eLife.15991.013

of BOLA1 for the holoform of GLRX5. We predict, based on the yeast Bol1 H?*C mutant, that
BOLA1:GLRXS5 interaction is mediated by a [2Fe-2S] cluster.

The Nful and Bol3 proteomics experiments did not identify any novel mitochondrial [4Fe-4S] clus-
ter client proteins. Interestingly, the [2Fe-2S] enzyme dihydroxyacid dehydratase (llv3) was recovered
in multiple independent mass spectrometry analyses in Nful and Bol3 samples. However, we were
unable to verify that interaction when using a FLAG-tagged Ilv3 chimera in the Nfu1-Strep affinity
capture (Figure 5D). Furthermore, enzymatic activity of llv3 was not altered in nfulA cells (Figure 5—
figure supplement 2). Thus, Nful does not appear to be important for the function of the [2Fe-2S]
[lv3 enzyme.

We sought to address whether the binding of Nfu1l to a client protein was mediated through a
bridging [4Fe-4S] cluster. Acol binds its [4Fe-4S] cluster through a conserved CxxC motif and one
distant Cys residue in the primary sequence. We generated a double AxxA mutant and tested its
ability to associate with Nfu1-Strep. No difference in binding was observed between WT and the
AxxA Aco1 proteins with Nfu1 (Figure 5E).

Nfu1 and Bol3 function together in [4Fe-4S] cluster transfer from the
ISA complex to apo-client proteins

The distinct overlap of [4Fe-4S] client protein interactors between Bol3 and Nfu1 suggested a poten-
tial overlap or partnership in the function of the two proteins in late step [4Fe-4S] cluster transfer.
We tested whether a genetic linkage exists between the proteins by evaluating whether a synthetic
phenotype exists in cells lacking Bol1, Bol3 and Nfu1. The triple deletion cell (bol1Abol3AnfulA, des-
ignated bAAnfulA) exhibited a strong synergistic growth defect on glycerol/lactate medium
(Figure 6A). While the defects are too severe to see the synergism by protein lipolyation and Sdh2
steady-state levels, the enzymatic activities of SDH and aconitase do reflect a synergistic effect
(Figure 6B and C). In addition, the level of assembled F1F0 ATPase was markedly reduced in the tri-
ple mutant (Figure 6D). The severity of the phenotype and the impairment in F1FO ATPase in the tri-
ple mutant likely arises from reduced mitochondrial translation likely through RNaseP, similar to the
dominant negative Nful G>C mutant discussed above (Figure 3F). The growth defect of the triple
mutant can be partially rescued by re-expression of BOLT or NFU1, but not by BOL3 (Figure 6E).
This may suggest that Bol3 requires Nfu1 for its function.

Affinity purification of Nful-Strep expressed in the bolT1Abol3AnfulA triple null mutant was car-
ried out to test the effect of loss of the two BolA proteins on the interaction of Nfu1 with [4Fe-4S] cli-
ent proteins. As can be seen in Figure 6F there was enhanced co-purification of Acol in the
absence of Bol1 and Bol3. Likewise, a similarly enhanced interaction between client proteins and
Nful was apparent in cells lacking a functional ISA complex in isa2A cells (Figure 6G). These data
are consistent with a role of Nfu1 in [4Fe-4S] cluster transfer from the ISA complex to client proteins.

Given the strong genetic interaction between the mitochondrial BOLA genes and NFUT, we
attempted to substantiate the linkage. The proteomic results suggested an association of Bol1 and
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Figure 6. Nful and Bol3 function together in [4Fe-4S] delivery. (A) Exacerbated respiratory growth defects of bol1Abol3AnfulA triple mutants
(designated bAAnfu1A) compared to nfulA single mutants and bol1Abol3A double mutants on non-fermentable carbon sources. (B) Steady-state levels
of LA-conjugated proteins and Sdh2 in the absence of Bol1, Bol3 or Nful. (C) Relative activity of SDH and aconitase in the absence of Bol1, Bol3 or
Nful. Data are shown as mean + SE (n=3) (D) BN-PAGE and SDS-PAGE analysis of [4Fe-4S] cluster independent enzymes in the bAANnfulA triple
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deletion mutant background. F1f is a subunit of ATP synthase. (E) Respiratory growth of bAAnfulA triple mutants harboring plasmid-borne BOL1, BOL3
and NFUT, respectively. (F) Strep-tag purification of Nful-Strep in the absence of Bol1 and Bol3. (G) Strep-tag purification of Nful-Strep in the absence
of Isa2. (H) Steady-state levels of Bol1-Strep (upper panel) and Bol3-Strep (bottom panel) in response to overexpression of genes as indicated.

DOI: 10.7554/elife.15991.014

The following figure supplement is available for figure 6:

Figure supplement 1. SDS-PAGE followed by immunoblotting to evaluate the different steady state levels of Nfu1-Strep, Bol1-Strep, and Bol3-Strep
while being expressed under the same heterologous MET25 promoter and CYC1 terminator.

DOI: 10.7554/eLife.15991.015

Grx5, whereas Bol3 was associated with Nful function. Mitochondrial BolA proteins are low abun-
dance molecules (Figure 6—figure supplement 1) making co-immunoprecipitation studies challeng-
ing. Because of this, we tested whether increasing the levels of candidate interacting proteins would
alter the abundance of Bol1 or Bol3. As can be seen in Figure 6H, the steady-state levels of Bol3,
but not Bol1, were dramatically increased in cells with elevated levels of Nful. Additionally, ISA1
and ISA2 overexpression resulted in a modest increase in Bol3, but not Bol1, protein levels. In con-
trast, Grx5 overexpression led to a marked enhancement in Bol1 levels without altering Bol3
(Figure 6H). In these studies Strep-chimeras of Bol1 and Bol3 were expressed from heterologous
promoters, so the changes in protein levels are likely occurring through post-transcriptional stabiliza-
tion. These stabilization experiments corroborate the genetic and proteomic experiments, all of
which suggest that Bol3 (BOLA3) functions with Nfu1 in [4Fe-4S] cluster transfer to client proteins
and Bol1 functions with Grx5 for a yet to be determined purpose.

Nfu1 exists as a steady-state homodimer lacking Bol3

Mitochondrial lysates were subjected to gel filtration studies to assess the extent of interaction
between Nful and Bol3. Mitochondrial lysates prepared from either Nfu1-Strep or Bol3-Strep cells
were separately chromatographed and fractions were assayed for Nful or Bol3. The bulk of Nfu1l
eluted in fractions corresponding to a globular mass of ~47 kDa, consistent with a homo-dimeric
complex (Figure 7A). Nfu2 from Arabidopsis is a dimeric species both as an apo-protein and with a
[4Fe-4S] cluster (Gao et al., 2013). In contrast, Bol3 eluted predominantly in fractions corresponding
to a globular mass of 13 kDa consistent with a monomeric protein. No significant co-elution was
observed between Nful and Bol3, indicating that any Nfu1/Bol3 interaction is transient in nature. An
additional set of chromatographic studies were done with mitochondrial lysates containing Nfu1l-
Strep in which lysates were treated with either 0.1 mM DTT or 2 mM dithionite to assess whether
the apparent Nful dimer was a disulfide-linked homo-dimer or a Fe-S cluster bridged complex
(Figure 7B). The abundance of Nful in fraction 13 assessed by immunoblotting indicated that the
elution properties of Nful were unaffected by preincubation with DTT (followed by alkylation of cys-
teines by lodoacetamide), whereas treatment with dithionite attenuated the apparent dimeric com-
plex abundance. Fe-S clusters are susceptible of disassembly with dithionite treatment, suggesting
that a significant fraction of steady-state Nfu1 in WT yeast mitochondria may be Fe-S loaded. In sup-
port of this conclusion is the observation that the Nfu1l AxxA mutant fractionates predominantly as a
monomer.

If Nful exists in a FeS-loaded conformer, the question arose whether [4Fe-4S]-Nful serves as a
reservoir of [4Fe-4S] clusters for client proteins. We specifically focused on Lip5 that catalyzes forma-
tion of lipoic acid. In its catalytic cycle, one of its [4Fe-4S] clusters is consumed to provide two sulfur
atoms needed to generate lipoic acid (Cicchillo and Booker, 2005; Cicchillo et al., 2004). Thus,
[4Fe-4S] cluster regeneration is needed to support Lip5 catalysis and lipoic acid levels. To address a
role of Nfu1l in cluster regeneration in Lip5, we utilized cells containing a chromosomal NFS1 under
the control of GALT promoter enabling glucose-mediated repression of Nfs1 expression. The GAL-
NFS1 strain was transformed with an empty vector or a vector containing either NFU1 under the
control of the regulatable MET25 promoter, BOL3 or ACO1. If Nful were a reservoir of [4Fe-4S]
clusters, we predicted that elevated levels of holo-Nful would enable sufficient [4Fe-4S] cluster
transfer to Lip5 to support lipoic acid formation in cells depleted of Nfs1. Cells pre-cultured in galac-
tose were shifted to glucose-containing medium to repress NFST expression and mitochondrial
lysates were collected 8 hr later (Figure 7C). The lipoic acid level in pyruvate dehydrogenase was
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Figure 7. Nful exists as a dimer bridged by a Fe-S cluster. (A) Immunoblotting of fractions from nfulA + Nful-Strep or bol3A + Bol3-Strep lysates
separated by size exclusion chromatography. Molecular weight standards [bovine serum albumin (BSA), carbonic anhydrase (CA) and cytochrome c] are
displayed above the corresponding fractions were used to create a standard curve to calculate apparent molecular weights. Fraction 13 has an
apparent molecular weight of 47.6 KDa and Fraction 26 has an apparent molecular weight of 13.2 kDa. (B) Immunoblotting of fraction 13 from nfulA +
Nfu1-Strep lysates pretreated with nothing, 100 mM DTT followed by 200 mM iodoacetamide, or 2 mM dithionite followed by 200 mM iodoacetamide
were separated by size exclusion chromatography. (C) GAL-NFST shutdown was induced over 8 hr with over-expression of NFUT, BOL3, and ACO1 and
LA levels were observed by immunoblotting. Nfu1 protein levels were reduced with increasing amounts of methionine by utilizing a MET25 promoter is
repressed with excess methionine (1x = 0.6 mM methionine). (D) A working model of late stage mitochondrial iron-sulfur cluster biogenesis and
delivery. Two potential pathways of cluster transfer are shown in A and B.
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reduced, rather than maintained, in cells expressing elevated levels of Nful (low 1x methionine cul-
tures) (Figure 7C, lane 8, top band), but unaffected in cells overexpressing Bol3 (lane 11). Overex-
pression of the aconitase mimicked the reduced lipoic acid levels seen with elevated Nful (lane 12).
These results do not support a reservoir function of [4Fe-4S]-Nfu1 and suggest that elevated levels
of a [4Fe-4S] protein, e.g. [4Fe-4S] Nfu1, may negatively impair routing [4Fe-4S] transfer to Lip5 for
lipoic acid formation.

Discussion

A role of Nful in Fe-S cluster biogenesis has long been implicated (Jacobson et al., 1989;
Schilke et al., 1999); however, its molecular mechanism has not been definitely established. Patients

Melber et al. eLife 2016;5:15991. DOI: 10.7554/eLife.15991 16 of 24


http://dx.doi.org/10.7554/eLife.15991.016
http://dx.doi.org/10.7554/eLife.15991

LI FE Biochemistry

harboring mutations in NFU1, as well as BOLA3, exhibit biochemical abnormalities in a set of [4Fe-
4S] enzymes leading to speculation that Nful, and BolA3, function as a late Fe-S maturation factor
(Navarro-Sastre et al., 2011; Py et al., 2012) or that Nfu1 is an alternate Fe-S cluster synthesis scaf-
fold protein used for a subset of specific Fe-S client proteins (Cameron et al., 2011; Tong et al.,
2003). The phenotypic similarity between Nfu1 and BolA3 mutations suggests the two proteins func-
tion in a common step of the Fe-S protein maturation pathway.

We demonstrate in studies using yeast as a model system that the yeast orthologs of human
NFU1 and BOLAS3 function in a late step of transfer of [4Fe-4S] clusters to specific client proteins.
Yeast lacking Nfu1 are partially deficient in the [4Fe-4S] enzymes aconitase, succinate dehydroge-
nase and lipoic acid synthase. The defect in lipoic acid synthase is highlighted by the pronounced
defect in protein lipoylation in mitochondria. The defect in yeast lacking Bol3 is modest, but is exac-
erbated in cells lacking both mitochondrial Bol3 and Bol1. The double null cells show related partial
defects in [4Fe-4S] enzymes aconitase, succinate dehydrogenase and lipoic acid synthase, although
the defects are not as pronounced as in nfulA cells. Yeast lacking all three proteins Nfu1, Bol1 and
Bol3 show an exaggerated phenotype approaching the defect seen in cells lacking the ISA complex
required for [4Fe-4S] cluster synthesis. Clearly, nfulA cells do not exhibit any defects in enzymes
dependent on [2Fe-2S] centers, suggesting that Nful functions in the [4Fe-4S] cluster transfer
pathway.

Our systematic approach to identify endogenous binding partners of Nful, Bol1l and Bol3
revealed the step in Fe-S cluster biogenesis in which they function. Affinity purification of Nful1 cou-
pled with mass spectrometry led to the identification of [4Fe-4S] client proteins as physically associ-
ating proteins of Nful. It is of interest that the G'?*C Nful variant exhibiting a partial dominant
negative effect showed enhanced interaction with the same client proteins. This yeast mutant mimics
the known G2°8C patient mutation in human NFU1 that causes MMSD. Recombinant Nfu1 has been
shown to bind a [4Fe-4S] cluster and >*Fe in vivo labeling studies showed a strong increase in *°Fe
binding by the patient mimic G"7*C Nfu1 yeast variant (Navarro-Sastre et al., 2011). Moreover, it is
also noteworthy that Gly194 is in juxtaposition to the CxxC motif, which has been shown to bind
Fe-S clusters. Therefore, it is plausible that the dominant negative effect of the G'?4C Nfu1 variant
may result from the inefficient release of [4Fe-4S] clusters from the Nfu1 variant to client proteins.

The dramatic phenotype of cells harboring G'?*C Nfu1 is likely due to secondary effects of
impaired lipoic acid formation. As mentioned, yeast lacking enzymes involved in octanoic acid for-
mation or lipoic acid synthase are deficient in tRNA processing by RNase P leading to attenuation in
mitochondrial translation (Schonauer et al., 2008; Hiltunen et al., 2009). Consistent with impaired
RNase P function, G'”*C Nfu1l cells are markedly attenuated in levels of the F;Fy ATPase and Cox2
steady-state levels. In contrast, the RNase P function is normal in either nfulA cells or bol1Abol3A
cells based on normal F1Fy ATPase assembled complexes.

The physical interactions of Nful with Isal and Isa2 corroborate our model that Nful functions in
[4Fe-4S] cluster transfer to client proteins. Interestingly, we isolated Isa2 as a suppressor of the respi-
ratory defect of nfulA cells. Whereas the condensation of two [2Fe-2S] to form a single [4Fe-4S] clus-
ter requires the participation of Isal, Isa2 and Iba57, Isa2 is capable of forming homo-dimers that
may exert a limited transfer function as proposed for Nfu1.

The same [4Fe-4S] client proteins were pulled down in affinity purification of Bol3, but not Bol1,
compared to proteins interacting with Nful. In the case of Bol3, the dominant negative H'°'C Bol3
variant also showed enhanced interactions with [4Fe-4S] client proteins. The dominant negative phe-
notype of the H'®'C Bol3 mutant (putative Fe-S ligand) but only loss of function phenotype for the
H'®'A mutant is consistent with a model that Bol3 His101 participates in Fe-S cluster transfer.

The partial deficiency of [4Fe-4S] enzyme activities in nfulA cells suggests that the function of
Nful may be conditionally important in [4Fe-4S] cluster transfer and that a bypass mechanism exists
in yeast. We demonstrate that Nfu1 in yeast has a heightened importance in cells undergoing oxida-
tive metabolism as opposed to anoxic metabolism. In addition, nfulA cell growth defect is partially
suppressed with supplemental GSH in the growth medium. Identification of the Yap1 and Yap2,
transcription factors that are important for oxidative stress tolerance, as high copy suppressors
emphasized the importance of Nfu1 during oxidative metabolism.

One curiosity is that human patients with mutations in NFU1 or BOLA3 lack defects in mitochon-
drial aconitase, whereas the yeast mutants, nfulA and the double bol1A bol3A, exhibit a partial aco-
nitase defect. There are two implications of this result. First, Nful may exhibit different client
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selectivity in the actual transfer of [4Fe-4S] clusters. Although Nful binds many [4Fe-4S] client pro-
teins, it may facilitate cluster transfer to select clients and this may differ between human and yeast
cells as in the case of aconitase. This postulate is supported by the observed role for Nful in Aco1
and Lip5 activation, but not the function of Aco2 and Lys4. Second, since the partial respiratory func-
tion persists in nfulA cells, Nful may facilitate cluster transfer in oxidative growth conditions and this
may differ between yeast and human cells.

One dramatic phenotype in human and yeast Nful mutant cells is impaired protein lipoylation.
Yeast and human cells require lipoylation on E2 subunits of pyruvate dehydrogenase, 2-oxoglutarate
dehydrogenase and the glycine cleavage enzyme complex. In addition, the human branched chain
2-oxoacid dehydrogenase requires lipoylation for function. Lip5 catalyzing formation of the lipoate
coenzyme binds two [4Fe-4S] clusters, one of which serves as the sulfur donor for lipoic acid forma-
tion in a radical S-adenosylmethionine dependent reaction (Cicchillo and Booker, 2005;
Cicchillo et al., 2004). Two sulfide ions from this auxiliary cluster are used for formation of lipoate
resulting in disassembly of the cluster. Each catalytic cycle of the enzyme requires repair or replace-
ment of the auxiliary cluster (Cronan, 2014). Nful may have a specialized role in cluster repair in
lipoic acid synthase or alternatively provides a [4Fe-4S] replacement.

For most [4Fe-4S] client proteins, Nful appears to have evolved to shield its [4Fe-4S] cluster from
endogenous oxidants during the cluster transfer step. Oxidants are generated by 2-oxoacid dehy-
drogenases (Boutigny et al., 2013), so Nful-mediated cluster transfer may be critical to ensure
intact [4Fe-4S] insertion. Nful may also serve as a chaperone of apo-client protein, preventing their
aggregation in the absence of a bound Fe-S cluster. Additional studies are necessary to define these
candidate roles.

Bol3, but not Bol1, was found to associate with [4Fe-4S] client proteins, whereas Bol1 reproduc-
ibly associated with Grx5 both in in vivo and in vitro studies. BolA:glutaredoxin complexes reported
to date only bind [2Fe-2S] clusters (Li and Outten, 2012). Thus, Bol1 is anticipated to function with
Grx5 in a [2Fe-2S] cluster step, whereas Bol3 is likely to function, independent of Grx5, in a Nfu1l-
mediated [4Fe-4S] cluster step. These studies suggest that Bol1 and Bol3 have specialized functions
within the same pathway, such that cells lacking both Bol1 and Bol3 have a synthetic defect.

In summary, the present work suggests that Nful has a significant role in a late step transfer of
[4Fe-4S] clusters to select client proteins. Nful binds the client proteins independent of the ISA com-
plex and its association with the ISA complex may serve to recruit apo-clients to the ISA complex
where [4Fe-4S] clusters are formed (Figure 7D). Some [4Fe-4S] client proteins may get their [4Fe-4S]
cluster directly from the ISA complex, whereas others may derive their clusters after prior transfer of
a [4Fe-4S] cluster to Nfu1l. In these cases Nfu1 facilitates the process as an adapter protein in oxida-
tively growing cells. Additional work is required to discern the client selectivity in [4Fe-4S] cluster
transfer by Nfu1. This model of eukaryotic Nfu1 function resembles the role of the E. coli Nfu1 ortho-
log NfuA, which binds a subset of Fe-S apo-client proteins and facilitates cluster transfer especially
under oxidative stress conditions (Py et al., 2012; Angelini et al., 2008; Boutigny et al., 2013).
Likewise, the Azobacter NfuA is reported to be critical under oxidative growth conditions
(Bandyopadhyay et al., 2008). In the case of E. coli, NfuA cluster transfer is likely mediated directly
by NfuA (Py et al., 2012). Bol3 likely functions with Nful in cluster transfer, but its mechanism
remains nebulous. Clearly, interaction studies separate Bol1 and Bol3 into two distinct classes, with
Bol3 working with Nfu1 in [4Fe-4S] client binding and Bol1 working with Grx5, which has one known
function upstream of the ISA complex (Uzarska et al., 2013; Kim et al., 2010; Banci et al., 2014).
However, cells lacking both mitochondrial BolA proteins show a synthetic defect. The Bol3 protein
may facilitate [4Fe-4S] cluster dissociation from either the ISA complex or Nfu1l in [4Fe-4S] cluster
transfer. Additional work will be required to discern their mechanisms.

Materials and methods

Yeast strains and plasmids

BY4741 strains were used unless indicated otherwise. Deletion strains were generated by homolo-
gous recombination and confirmed by PCR analyses of loci as described earlier (Longtine et al.,
1998). Plasmids used in this study were constructed using general subcloning techniques. For muta-
genesis or adding epitope tags, Phusion DNA Polymerases (Thermo Fisher Scientific, Waltham, MA)
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were used. All plasmid-borne genes were expressed under the MET25 promoter and the CYCT1 ter-
minator unless indicated otherwise.

Strep-tag affinity purification

Affinity purifications of Strep-tagged proteins were conducted using Strep-Tactin superflow beads
(Qiagen, Germany) following the manufacturer’s instruction with slight changes. Briefly, isolated
mitochondria were solubilized with 0.1% n-dodecyl maltoside (DDM) in the lysis buffer, 50 mM
NaH,PO4 (pH 8.0), 300 mM NaCl and 1x protease inhibitor (cOmplete mini, Roche, Switzerland), for
30 min on ice. After clarification of solubilized mitochondria by high-speed centrifugation,
the supernatants were incubated with Strep-Tactin superflow beads for 16 hr at 4°C. The beads
were washed five times with the lysis buffer. Strep-tagged proteins bound to the beads were eluted
with 2.5 mM dethiobiotin in the lysis buffer, which were subjected to mass spectrometry analyses or
immunoblotting.

Enzymatic activity assay

Activity assays for aconitase, succinate dehydrogenase (SDH), cytochrome bc; complex and cyto-
chrome c oxidase were performed as described previously (Atkinson et al., 2011; Na et al., 2014).
Aconitase activity was determined by measuring the initial rate of conversion of 100 mM cis-aconi-
tate to isocitrate in 50 mM Tris (pH 7.4) at 240 nm. Soluble fractions of mitochondria were obtained
by repetitive freeze-thaw. SDH activity was measured by quinone-mediated reduction of dichloro-
phenolindophenol (DCPIP) upon succinate oxidation at 600 nm. For cytochrome bc; complex activ-
ity, the reduction rate of cytochrome ¢ was measured upon the oxidation of reduced decylubiquinol
at 550 nm. Cytochrome c oxidase activity was determined by measuring the initial rate of oxidation
of cytochrome c oxidation (Pierrel et al., 2007). Dihydroxy acid dehydratase (llv3) catalytic activity
was assayed using an end point assay measuring 2,4-dinitophenylhydrazine (DNPH) as a proton
acceptor as described previously (Limberg et al., 1995). Purified mitochondria (30 ng) were lysed by
sonication in assay buffer (20 mM KPO,4 and 10 mM MgCl,), spun at 20,000 xg for 15 min, before
incubation with 100 mM dihydroxyisovalerate for 10 min in a total volume of 1 ml. The reaction was
quenched with 100 pl of 50% TCA. Next 200 ul of DNPH (saturated in 2 N HCI) was added for 15
min when 500 pl of 2.5N NaOH was added to quench the reaction. The absorbance was measured
at 540nm by a UV-VIS spectrophotometer.

Mass spectrometry analysis

The purified Strep-tagged protein complexes were reduced, alkylated and digested as described
(Kaiser and Wohlschlegel, 2005; Wohlschlegel, 2009). The digested peptide mixture was desalted
using C18-packed pipette tips (Thermo Fisher Scientific) and fractionated online using a 75 uM inner
diameter fritted fused silica capillary column with a 5 uM pulled electrospray tip and packed in-house
with 15 cm of Luna C18 (2) 3 uM reversed phase particles. The gradient was delivered via an easy-
nLC 1000 ultra high-pressure liquid chromatography (UHPLC) system (Thermo Fisher Scientific). MS/
MS spectra were collected on a Q-Exactive mass spectrometer (Thermo Fisher Scientific)
(Kelstrup et al., 2012; Michalski et al., 2011). Data analysis was carried out using the ProLuCID and
DTASelect2 implemented in the Integrated Proteomics Pipeline - IP2 (Integrated Proteomics Appli-
cations, Inc., San Diego, CA) (Cociorva et al., 2007, Tabb et al., 2002; Xu et al., 2006). Protein and
peptide identifications were filtered using DTASelect and required at least two unique peptides per
protein with a peptide-level false positive rate of 5% as estimated by a decoy database strategy
(Elias and Gygi, 2007). Normalized spectral abundance factor (NSAF) values were calculated as
described (Florens et al., 2006) and multiplied by a factor of 10° for readability.

Size exclusion chromatography

Purified mitochondria (1.5 mg) were lysed by sonication in 50 mM NaPO4 150 mM NaCl (pH 7.0)
buffer. Lysates were precleared and filtered prior being applied to a HiLoad Superdex 75 PG 16/600
column (GE Healthcare Life Sciences, United Kingdom) with a flow rate of 1 mL/Min. Fractions of
1.33 mL were collected, TCA precipitated and analyzed by immunoblotting.
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Affinity measurements using microscale thermophoresis (MST)

For MicroScale Thermophoresis the proteins were fluorescently labeled using the Monolith NT Pro-
tein Labeling Kit RED with NT-647 dye as recommended by the supplier (NanoTemper
Technologies, Germany). The fluorescently labelled protein (200 nM) was titrated with serial dilutions
of unlabeled protein (from 200 uM to 6.1 nM) in buffer containing 50 mM KP;, pH 7.4, 150 mM
NaCl, 5% glycerol, 0.05 mg/mL BSA, and 0.05% Tween20. Thermophoresis assays were performed
using Monolith NT.115 at 21°C (LED power — between 40% and 60%, IR laser power 75%) in stan-
dard capillaries under anaerobic conditions. At least three independent experiments were recorded
at 680 nm. The thermophoresis data were processed by Nano Temper Analysis 1.2.009 and Graph-
Pad Prism5 software to estimate the Ky values.

Chemical reconstitution of Fe-S clusters

Chemical reconstitution was done in a COY (Grass Lake, MI) anaerobic chamber using freshly dis-
solved stock solutions. Protein solutions were reduced with 5 mM DTT for 2-3 hr on ice in reconstitu-
tion buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5% glycerol). Reconstitution was started at room
temperature by the addition of a 2-3-fold excess of ferric ammonium citrate by inverting the tube.
After 5 min a 2-3-fold excess of lithium sulfide was added slowly. Reconstituted proteins were
desalted after 2 hr incubation on a PD-10 column equilibrated with reconstitution buffer. Incorpo-
ration of the Fe/S clusters into apoproteins was monitored by UV-Vis (V-550, Jasco Inc., Easton, MD)
and CD spectroscopy (J-815, Jasco Inc).

Miscellaneous procedures

Yeast mitochondria isolation was performed using the method of Glick and Pon (Glick and Pon,
1995). Standard procedures were performed for SDS-PAGE and immunoblotting. Anti-Sdh2 was
from the previous study (Kim et al., 2012). BN-PAGE was performed as described previously with
mitochondrial lysates in 1% digitonin solution (Schilke et al., 1999). Anti-Strep was purchased from
Qiagen. Antibodies against LA-conjugated proteins were from Calbiochem (San Diego, CA). Anti-
Myc and anti-HA were from Santa Cruz Biotechnology (Dallas, TX). Anti-Por1 was purchased from
Molecular Probes and anti-FLAG was from Sigma-Aldrich.(St. Louis, MO) Protein concentration was
determined by the Bradford assay.

Acknowledgements

We thank James Cox and the University of Utah Metabolomics Core facility for the metabolomic
analyses. We acknowledge support of funds in conjunction with grant P30 CA042014 awarded to
Huntsman Cancer Institute. AM was supported by training grant T32 DK007115 from the National
Institutes of Health. This research was supported by grants RO1 GM110755 and R0O1 GM112763
from the National Institutes of Health awarded to DRW and JAW, respectively. RL acknowledges
generous financial support from Deutsche Forschungsgemeinschaft (SPP 1710 and SPP 1927), and
the LOEWE program of state Hessen.

Additional information

Funding

Funder Grant reference number  Author

National Institutes of Health T32 DK007115 Andrew Melber
Deutsche Forschungsge- SPP 1710 Roland Lill

meinschaft

Deutsche Forschungsge- Spp 1927 Roland Lill

meinschaft

National Institutes of Health RO1 GM112763 James A Wohlschlegel
National Institutes of Health RO1 GM110755 Dennis R Winge
National Institutes of Health P30 CA042014 Dennis R Winge

Melber et al. eLife 2016;5:15991. DOI: 10.7554/eLife.15991 20 of 24


http://dx.doi.org/10.7554/eLife.15991

LI F E Research article Biochemistry

LOEWE Zentrum fiir Synthe- Roland Lill
tische Mikrobiologie SynMikro

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

AM, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article, Contributed unpublished essential data or reagents; UN, Acquisition of data,
Analysis and interpretation of data, Drafting or revising the article; AV, BDW, Acquisition of data,
Analysis and interpretation of data; RL, JAW, Analysis and interpretation of data; DRW, Conception
and design, Analysis and interpretation of data, Drafting or revising the article

Author ORCIDs
Roland Lill, ) http://orcid.org/0000-0002-8345-6518
Dennis R Winge, (2 http://orcid.org/0000-0003-1160-1189

References

Al-Hassnan ZN, Al-Dosary M, Alfadhel M, Fageih EA, Alsagob M, Kenana R, Almass R, Al-Harazi OS, Al-Hindi H,
Malibari Ol, Almutari FB, Tulbah S, Alhadeq F, Al-Sheddi T, Alamro R, AlAsmari A, Almuntashri M, Alshaalan H,
Al-Mohanna FA, Colak D, et al. 2015. ISCA2 mutation causes infantile neurodegenerative mitochondrial
disorder. Journal of Medical Genetics 52:186-194. doi: 10.1136/jmedgenet-2014-102592

Angelini S, Gerez C, Ollagnier-de Choudens S, Sanakis Y, Fontecave M, Barras F, Py B. 2008. NfuA, a new factor
required for maturing Fe/S proteins in Escherichia coli under oxidative stress and iron starvation conditions.
Journal of Biological Chemistry 283:14084-14091. doi: 10.1074/jbc.M709405200

Atkinson A, Smith P, Fox JL, Cui TZ, Khalimonchuk O, Winge DR. 2011. The LYR protein Mzm1 functions in the
insertion of the Rieske Fe/S protein in yeast mitochondria. Molecular and Cellular Biology 31:3988-3996. doi:
10.1128/MCB.05673-11

Baker PR, Friederich MW, Swanson MA, Shaikh T, Bhattacharya K, Scharer GH, Aicher J, Creadon-Swindell G,
Geiger E, MacLean KN, Lee WT, Deshpande C, Freckmann ML, Shih LY, Wasserstein M, Rasmussen MB, Lund
AM, Procopis P, Cameron JM, Robinson BH, et al. 2014. Variant non ketotic hyperglycinemia is caused by
mutations in LIAS, BOLA3 and the novel gene GLRXS5. Brain 137:366-379. doi: 10.1093/brain/awt328

Banci L, Brancaccio D, Ciofi-Baffoni S, Del Conte R, Gadepalli R, Mikolajczyk M, Neri S, Piccioli M, Winkelmann J.
2014. [2Fe-2S] cluster transfer in iron-sulfur protein biogenesis. PNAS 111:6203-6208. doi: 10.1073/pnas.
1400102111

Bandyopadhyay S, Naik SG, O’Carroll IP, Huynh BH, Dean DR, Johnson MK, Dos Santos PC. 2008. A proposed
role for the Azotobacter vinelandii NfuA protein as an intermediate iron-sulfur cluster carrier. Journal of
Biological Chemistry 283:14092-14099. doi: 10.1074/jbc.M709161200

Biederbick A, Stehling O, Résser R, Niggemeyer B, Nakai Y, Elsasser HP, Lill R. 2006. Role of human
mitochondrial Nfs1 in cytosolic iron-sulfur protein biogenesis and iron regulation. Molecular and Cellular
Biology 26:5675-5687. doi: 10.1128/MCB.00112-06

Boutigny S, Saini A, Baidoo EE, Yeung N, Keasling JD, Butland G. 2013. Physical and functional interactions of a
monothiol glutaredoxin and an iron sulfur cluster carrier protein with the sulfur-donating radical S-adenosyl-L-
methionine enzyme MiaB. Journal of Biological Chemistry 288:14200-14211. doi: 10.1074/jbc.M113.460360

Brancaccio D, Gallo A, Mikolajczyk M, Zovo K, Palumaa P, Novellino E, Piccioli M, Ciofi-Baffoni S, Banci L. 2014.
Formation of [4Fe-4S] clusters in the mitochondrial iron-sulfur cluster assembly machinery. Journal of the
American Chemical Society 136:16240-16250. doi: 10.1021/ja507822]

Bridwell-Rabb J, Fox NG, Tsai CL, Winn AM, Barondeau DP. 2014. Human frataxin activates Fe-S cluster
biosynthesis by facilitating sulfur transfer chemistry. Biochemistry 53:4904-4913. doi: 10.1021/bi500532e

Cameron JM, Janer A, Levandovskiy V, Mackay N, Rouault TA, Tong WH, Ogilvie |, Shoubridge EA, Robinson
BH. 2011. Mutations in iron-sulfur cluster scaffold genes NFU1 and BOLA3 cause a fatal deficiency of multiple
respiratory chain and 2-oxoacid dehydrogenase enzymes. The American Journal of Human Genetics 89:486-
495. doi: 10.1016/j.ajhg.2011.08.011

Cicchillo RM, Lee KH, Baleanu-Gogonea C, Nesbitt NM, Krebs C, Booker SJ. 2004. Escherichia coli lipoyl
synthase binds two distinct [4Fe-4S] clusters per polypeptide. Biochemistry 43:11770-11781. doi: 10.1021/
bi0488505

Cicchillo RM, Booker SJ. 2005. Mechanistic investigations of lipoic acid biosynthesis in Escherichia coli: both
sulfur atoms in lipoic acid are contributed by the same lipoyl synthase polypeptide. Journal of the American
Chemical Society 127:2860-2861. doi: 10.1021/ja042428u

Ciesielski SJ, Schilke BA, Osipiuk J, Bigelow L, Mulligan R, Majewska J, Joachimiak A, Marszalek J, Craig EA,
Dutkiewicz R. 2012. Interaction of J-protein co-chaperone Jac1 with Fe-S scaffold Isu is indispensable in vivo
and conserved in evolution. Journal of Molecular Biology 417:1-12. doi: 10.1016/}.jmb.2012.01.022

Melber et al. eLife 2016;5:15991. DOI: 10.7554/eLife.15991 21 of 24


http://orcid.org/0000-0002-8345-6518
http://orcid.org/0000-0003-1160-1189
http://dx.doi.org/10.1136/jmedgenet-2014-102592
http://dx.doi.org/10.1074/jbc.M709405200
http://dx.doi.org/10.1128/MCB.05673-11
http://dx.doi.org/10.1128/MCB.05673-11
http://dx.doi.org/10.1093/brain/awt328
http://dx.doi.org/10.1073/pnas.1400102111
http://dx.doi.org/10.1073/pnas.1400102111
http://dx.doi.org/10.1074/jbc.M709161200
http://dx.doi.org/10.1128/MCB.00112-06
http://dx.doi.org/10.1074/jbc.M113.460360
http://dx.doi.org/10.1021/ja507822j
http://dx.doi.org/10.1021/bi500532e
http://dx.doi.org/10.1016/j.ajhg.2011.08.011
http://dx.doi.org/10.1021/bi0488505
http://dx.doi.org/10.1021/bi0488505
http://dx.doi.org/10.1021/ja042428u
http://dx.doi.org/10.1016/j.jmb.2012.01.022
http://dx.doi.org/10.7554/eLife.15991

LI F E Research article Biochemistry

Cociorva D, Tabb D L, Yates JR. 2007. Validation of tandem mass spectrometry database search results using
DTASelect. Current Protocols in Bioinformatics Chapter 13:Unit 13.4:13.4.1-13.4.14. doi: 10.1002/
0471250953.bi1304s16

Cronan JE. 2014. The structure of lipoyl synthase, a remarkable enzyme that performs the last step of an
extraordinary biosynthetic pathway. Biochemical Journal 464:e1-3. doi: 10.1042/BJ20141061

Debray FG, Stimpfig C, Vanlander AV, Dideberg V, Josse C, Caberg JH, Boemer F, Bours V, Stevens R, Seneca
S, Smet J, Lill R, van Coster R. 2015. Mutation of the iron-sulfur cluster assembly gene IBA57 causes fatal
infantile leukodystrophy. Journal of Inherited Metabolic Disease 38:1147-1153. doi: 10.1007/s10545-015-9857-
1

Elias JE, Gygi SP. 2007. Target-decoy search strategy for increased confidence in large-scale protein
identifications by mass spectrometry. Nature Methods 4:207-214. doi: 10.1038/nmeth1019

Fazius F, Shelest E, Gebhardt P, Brock M. 2012. The fungal a-aminoadipate pathway for lysine biosynthesis
requires two enzymes of the aconitase family for the isomerization of homocitrate to homoisocitrate. Molecular
Microbiology 86:1508-1530. doi: 10.1111/mmi.12076

Fernandes L, Rodrigues-Pousada C, Struhl K. 1997. Yap, a novel family of eight bZIP proteins in Saccharomyces
cerevisiae with distinct biological functions. Molecular and Cellular Biology 17:6982-6993. doi: 10.1128/MCB.
17.12.6982

Ferrer-Cortés X, Font A, Bujan N, Navarro-Sastre A, Matalonga L, Arranz JA, Riudor E, del Toro M, Garcia-
Cazorla A, Campistol J, Briones P, Ribes A, Tort F. 2013. Protein expression profiles in patients carrying NFU1
mutations. Contribution to the pathophysiology of the disease. Journal of Inherited Metabolic Disease 36:841-
847. doi: 10.1007/510545-012-9565-z

Florens L, Carozza MJ, Swanson SK, Fournier M, Coleman MK, Workman JL, Washburn MP. 2006. Analyzing
chromatin remodeling complexes using shotgun proteomics and normalized spectral abundance factors.
Methods 40:303-311. doi: 10.1016/].ymeth.2006.07.028

Fox NG, Das D, Chakrabarti M, Lindahl PA, Barondeau DP. 2015. Frataxin accelerates [2Fe-2S] cluster formation
on the human Fe-S assembly complex. Biochemistry 54:3880-3889. doi: 10.1021/bi5014497

Gao H, Subramanian S, Couturier J, Naik SG, Kim SK, Leustek T, Knaff DB, Wu HC, Vignols F, Huynh BH, Rouhier
N, Johnson MK. 2013. Arabidopsis thaliana Nfu2 accommodates [2Fe-2S] or [4Fe-4S] clusters and is competent
for in vitro maturation of chloroplast [2Fe-2S] and [4Fe-4S] cluster-containing proteins. Biochemistry 52:6633-
6645. doi: 10.1021/bi4007622

Gelling C, Dawes IW, Richhardt N, Lill R, Miihlenhoff U. 2008. Mitochondrial Iba57p is required for Fe/S cluster
formation on aconitase and activation of radical SAM enzymes. Molecular and Cellular Biology 28:1851-1861.
doi: 10.1128/MCB.01963-07

Gerber J, Muhlenhoff U, Lill R. 2003. An interaction between frataxin and Isu1/Nfs1 that is crucial for Fe/S cluster
synthesis on Isu1. EMBO Reports 4:906-911. doi: 10.1038/sj.embor.embor?18

Glick BS, Pon LA. 1995. Isolation of highly purified mitochondria from Saccharomyces cerevisiae. Methods in
Enzymology 260:213-223 . doi: 10.1016/0076-6879(95)60139-2

Hiltunen JK, Schonauer MS, Autio KJ, Mittelmeier TM, Kastaniotis AJ, Dieckmann CL. 2009. Mitochondrial fatty
acid synthesis type Il: more than just fatty acids. Journal of Biological Chemistry 284:9011-9015. doi: 10.1074/
jbc.R800068200

Hiltunen JK, Autio KJ, Schonauer MS, Kursu VAS, Dieckmann CL, Kastaniotis AJ. 2010. Mitochondrial fatty acid
synthesis and respiration. Biochimica Et Biophysica Acta (BBA) 1797:1195-1202. doi: 10.1016/j.bbabio.2010.03.
006

Jacobson MR, Cash VL, Weiss MC, Laird NF, Newton WE, Dean DR. 1989. Biochemical and genetic analysis of
the nifUSVWZM cluster from Azotobacter vinelandii. MGG Molecular & General Genetics 219:49-57. doi: 10.
1007/BF00261156

Kaiser P, Wohlschlegel J. 2005. Identification of ubiquitination sites and determination of ubiquitin-chain
architectures by mass spectrometry. Methods in Enzymology 399:266-277. doi: 10.1016/50076-6879(05)99018-
6

Kelstrup CD, Young C, Lavallee R, Nielsen ML, Olsen JV. 2012. Optimized fast and sensitive acquisition methods
for shotgun proteomics on a quadrupole orbitrap mass spectrometer. Journal of Proteome Research 11:3487-
3497. doi: 10.1021/pr3000249

Kim KD, Chung WH, Kim HJ, Lee KC, Roe JH. 2010. Monothiol glutaredoxin Grx5 interacts with Fe-S scaffold
proteins Isal and Isa2 and supports Fe-S assembly and DNA integrity in mitochondria of fission yeast.
Biochemical and Biophysical Research Communications 392:467-472. doi: 10.1016/j.bbrc.2010.01.051

Kim HJ, Jeong MY, Na U, Winge DR. 2012. Flavinylation and assembly of succinate dehydrogenase are
dependent on the C-terminal tail of the flavoprotein subunit. Journal of Biological Chemistry 287:40670-40679.
doi: 10.1074/jbc.M112.405704

Lange H, Kaut A, Kispal G, Lill R. 2000. A mitochondrial ferredoxin is essential for biogenesis of cellular iron-
sulfur proteins. PNAS 97:1050-1055. doi: 10.1073/pnas.97.3.1050

Li H, Outten CE. 2012. Monothiol CGFS glutaredoxins and BolA-like proteins: [2Fe-2S] binding partners in iron
homeostasis. Biochemistry 51:4377-4389. doi: 10.1021/bi300393z

Li H, Mapolelo DT, Randeniya S, Johnson MK, Outten CE. 2012. Human glutaredoxin 3 forms [2Fe-2S]-bridged
complexes with human BolA2. Biochemistry 51:1687-1696. doi: 10.1021/bi2019089

Lill R, Miihlenhoff U. 2008. Maturation of iron-sulfur proteins in eukaryotes: mechanisms, connected processes,
and diseases. Annual Review of Biochemistry 77:669-700. doi: 10.1146/annurev.biochem.76.052705.162653

Melber et al. eLife 2016;5:15991. DOI: 10.7554/eLife.15991 22 of 24


http://dx.doi.org/10.1002/0471250953.bi1304s16
http://dx.doi.org/10.1002/0471250953.bi1304s16
http://dx.doi.org/10.1042/BJ20141061
http://dx.doi.org/10.1007/s10545-015-9857-1
http://dx.doi.org/10.1007/s10545-015-9857-1
http://dx.doi.org/10.1038/nmeth1019
http://dx.doi.org/10.1111/mmi.12076
http://dx.doi.org/10.1128/MCB.17.12.6982
http://dx.doi.org/10.1128/MCB.17.12.6982
http://dx.doi.org/10.1007/s10545-012-9565-z
http://dx.doi.org/10.1016/j.ymeth.2006.07.028
http://dx.doi.org/10.1021/bi5014497
http://dx.doi.org/10.1021/bi4007622
http://dx.doi.org/10.1128/MCB.01963-07
http://dx.doi.org/10.1038/sj.embor.embor918
http://dx.doi.org/10.1016/0076-6879(95)60139-2
http://dx.doi.org/10.1074/jbc.R800068200
http://dx.doi.org/10.1074/jbc.R800068200
http://dx.doi.org/10.1016/j.bbabio.2010.03.006
http://dx.doi.org/10.1016/j.bbabio.2010.03.006
http://dx.doi.org/10.1007/BF00261156
http://dx.doi.org/10.1007/BF00261156
http://dx.doi.org/10.1016/S0076-6879(05)99018-6
http://dx.doi.org/10.1016/S0076-6879(05)99018-6
http://dx.doi.org/10.1021/pr3000249
http://dx.doi.org/10.1016/j.bbrc.2010.01.051
http://dx.doi.org/10.1074/jbc.M112.405704
http://dx.doi.org/10.1073/pnas.97.3.1050
http://dx.doi.org/10.1021/bi300393z
http://dx.doi.org/10.1021/bi2019089
http://dx.doi.org/10.1146/annurev.biochem.76.052705.162653
http://dx.doi.org/10.7554/eLife.15991

LI FE Research article

Biochemistry

Lill R, Hoffmann B, Molik S, Pierik AJ, Rietzschel N, Stehling O, Uzarska MA, Webert H, Wilbrecht C, Mihlenhoff
U. 2012. The role of mitochondria in cellular iron—sulfur protein biogenesis and iron metabolism. Biochimica Et
Biophysica Acta (BBA) 1823:1491-1508. doi: 10.1016/j.bbamcr.2012.05.009

Limberg G, Klaffke W, Thiem J. 1995. Conversion of aldonic acids to their corresponding 2-keto-3-deoxy-analogs
by the non-carbohydrate enzyme dihydroxy acid dehydratase (DHAD). Bioorganic & Medicinal Chemistry 3:
487-494. doi: 10.1016/0968-0896(95)00072-O

Liu Y, Qi W, Cowan JA. 2009. Iron-sulfur cluster biosynthesis: functional characterization of the N- and C-terminal
domains of human NFU. Biochemistry 48:973-980. doi: 10.1021/bi801645z

Longtine MS, McKenzie A, Demarini DJ, Shah NG, Wach A, Brachat A, Philippsen P, Pringle JR. 1998. Additional
modules for versatile and economical PCR-based gene deletion and modification in Saccharomyces cerevisiae.
Yeast 14:953-961. doi: 10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U

Lossos A, Stimpfig C, Stevanin G, Gaussen M, Zimmerman BE, Mundwiller E, Asulin M, Chamma L, Sheffer R,
Misk A, Dotan S, Gomori JM, Ponger P, Brice A, Lerer |, Meiner V, Lill R. 2015. Fe/S protein assembly gene
IBA57 mutation causes hereditary spastic paraplegia. Neurology 84:659-667. doi: 10.1212/WNL.
0000000000001270

Majewska J, Ciesielski SJ, Schilke B, Kominek J, Blenska A, Delewski W, Song JY, Marszalek J, Craig EA,
Dutkiewicz R. 2013. Binding of the chaperone Jac1 protein and cysteine desulfurase Nfs1 to the iron-sulfur
cluster scaffold Isu protein is mutually exclusive. Journal of Biological Chemistry 288:29134-29142. doi: 10.
1074/jbc.M113.503524

Michalski A, Damoc E, Hauschild JP, Lange O, Wieghaus A, Makarov A, Nagaraj N, Cox J, Mann M, Horning S.
2011. Mass spectrometry-based proteomics using Q Exactive, a high-performance benchtop quadrupole
Orbitrap mass spectrometer. Molecular & Cellular Proteomics 10:M111.011015. doi: 10.1074/mcp.M111.
011015

Miihlenhoff U, Richter N, Pines O, Pierik AJ, Lill R. 2011. Specialized function of yeast Isa1 and Isa2 proteins in
the maturation of mitochondrial [4Fe-4S] proteins. Journal of Biological Chemistry 286:41205-41216. doi: 10.
1074/jbc.M111.296152

Na U, Yu W, Cox J, Bricker DK, Brockmann K, Rutter J, Thummel CS, Winge DR. 2014. The LYR factors SDHAF1
and SDHAF3 mediate maturation of the iron-sulfur subunit of succinate dehydrogenase. Cell Metabolism 20:
253-266. doi: 10.1016/j.cmet.2014.05.014

Navarro-Sastre A, Tort F, Stehling O, Uzarska MA, Arranz JA, Del Toro M, Labayru MT, Landa J, Font A, Garcia-
Villoria J, Merinero B, Ugarte M, Gutierrez-Solana LG, Campistol J, Garcia-Cazorla A, Vaquerizo J, Riudor E,
Briones P, Elpeleg O, Ribes A, et al. 2011. A fatal mitochondrial disease is associated with defective NFU1
function in the maturation of a subset of mitochondrial Fe-S proteins. The American Journal of Human Genetics
89:656-667. doi: 10.1016/j.ajhg.2011.10.005

Nishio K, Nakai M. 2000. Transfer of iron-sulfur cluster from NifU to apoferredoxin. Journal of Biological
Chemistry 275:22615-22618. doi: 10.1074/jbc.C000279200

Nizon M, Boutron A, Boddaert N, Slama A, Delpech H, Sardet C, Brassier A, Habarou F, Delahodde A, Correia |,
Ottolenghi C, de Lonlay P. 2014. Leukoencephalopathy with cysts and hyperglycinemia may result from NFU1
deficiency. Mitochondrion 15:59-64. doi: 10.1016/j.mit0.2014.01.003

Parent A, Elduque X, Cornu D, Belot L, Le Caer JP, Grandas A, Toledano MB, D'Autréaux B. 2015. Mammalian
frataxin directly enhances sulfur transfer of NFS1 persulfide to both ISCU and free thiols. Nature
Communications 6:5686. doi: 10.1038/ncommsb686

Pierrel F, Bestwick ML, Cobine PA, Khalimonchuk O, Cricco JA, Winge DR. 2007. Coa1 links the Mss51 post-
translational function to Cox1 cofactor insertion in cytochrome c oxidase assembly. The EMBO Journal 26:
4335-4346. doi: 10.1038/sj.emboj.7601861

Py B, Gerez C, Angelini S, Planel R, Vinella D, Loiseau L, Talla E, Brochier-Armanet C, Garcia Serres R, Latour JM,
Ollagnier-de Choudens S, Fontecave M, Barras F. 2012. Molecular organization, biochemical function, cellular
role and evolution of NfuA, an atypical Fe-S carrier. Molecular Microbiology 86:155-171. doi: 10.1111/}.1365-
2958.2012.08181.x

Roret T, Tsan P, Couturier J, Zhang B, Johnson MK, Rouhier N, Didierjean C. 2014. Structural and spectroscopic
insights into BolA-glutaredoxin complexes. Journal of Biological Chemistry 289:24588-24598. doi: 10.1074/jbc.
M114.572701

Schilke B, Voisine C, Beinert H, Craig E. 1999. Evidence for a conserved system for iron metabolism in the
mitochondria of Saccharomyces cerevisiae. PNAS 96:10206-10211. doi: 10.1073/pnas.96.18.10206

Schmucker S, Martelli A, Colin F, Page A, Wattenhofer-Donzé M, Reutenauer L, Puccio H. 2011. Mammalian
frataxin: an essential function for cellular viability through an interaction with a preformed ISCU/NFS1/ISD11
iron-sulfur assembly complex. PLoS One 6:€16199. doi: 10.1371/journal.pone.0016199

Schonauer MS, Kastaniotis AJ, Hiltunen JK, Dieckmann CL. 2008. Intersection of RNA processing and the type Il
fatty acid synthesis pathway in yeast mitochondria. Molecular and Cellular Biology 28:6646-6657. doi: 10.1128/
MCB.01162-08

Seyda A, Newbold RF, Hudson TJ, Verner A, MacKay N, Winter S, Feigenbaum A, Malaney S, Gonzalez-Halphen
D, Cuthbert AP, Robinson BH. 2001. A novel syndrome affecting multiple mitochondrial functions, located by
microcell-mediated transfer to chromosome 2p14-2p13. The American Journal of Human Genetics 68:386-396.
doi: 10.1086/318196

Sheftel AD, Wilbrecht C, Stehling O, Niggemeyer B, Elsasser HP, Mihlenhoff U, Lill R. 2012. The human
mitochondrial ISCA1, ISCA2, and IBA57 proteins are required for [4Fe-4S] protein maturation. Molecular
Biology of the Cell 23:1157-1166. doi: 10.1091/mbc.E11-09-0772

Melber et al. eLife 2016;5:15991. DOI: 10.7554/eLife.15991 23 of 24


http://dx.doi.org/10.1016/j.bbamcr.2012.05.009
http://dx.doi.org/10.1016/0968-0896(95)00072-O
http://dx.doi.org/10.1021/bi801645z
http://dx.doi.org/10.1002/(SICI)1097-0061(199807)14:10%3C953::AID-YEA293%3E3.0.CO;2-U
http://dx.doi.org/10.1212/WNL.0000000000001270
http://dx.doi.org/10.1212/WNL.0000000000001270
http://dx.doi.org/10.1074/jbc.M113.503524
http://dx.doi.org/10.1074/jbc.M113.503524
http://dx.doi.org/10.1074/mcp.M111.011015
http://dx.doi.org/10.1074/mcp.M111.011015
http://dx.doi.org/10.1074/jbc.M111.296152
http://dx.doi.org/10.1074/jbc.M111.296152
http://dx.doi.org/10.1016/j.cmet.2014.05.014
http://dx.doi.org/10.1016/j.ajhg.2011.10.005
http://dx.doi.org/10.1074/jbc.C000279200
http://dx.doi.org/10.1016/j.mito.2014.01.003
http://dx.doi.org/10.1038/ncomms6686
http://dx.doi.org/10.1038/sj.emboj.7601861
http://dx.doi.org/10.1111/j.1365-2958.2012.08181.x
http://dx.doi.org/10.1111/j.1365-2958.2012.08181.x
http://dx.doi.org/10.1074/jbc.M114.572701
http://dx.doi.org/10.1074/jbc.M114.572701
http://dx.doi.org/10.1073/pnas.96.18.10206
http://dx.doi.org/10.1371/journal.pone.0016199
http://dx.doi.org/10.1128/MCB.01162-08
http://dx.doi.org/10.1128/MCB.01162-08
http://dx.doi.org/10.1086/318196
http://dx.doi.org/10.1091/mbc.E11-09-0772
http://dx.doi.org/10.7554/eLife.15991

LI F E Research article Biochemistry

Tabb DL, McDonald WH, Yates JR. 2002. DTASelect and Contrast: tools for assembling and comparing protein
identifications from shotgun proteomics. Journal of Proteome Research 1:21-26. doi: 10.1021/pr015504¢

Tong W-H, Jameson GNL, Huynh BH, Rouault TA. 2003. Subcellular compartmentalization of human Nfu, an iron-
sulfur cluster scaffold protein, and its ability to assemble a [4Fe-4S] cluster. PNAS 100:9762-9767. doi: 10.
1073/pnas.1732541100

Tsai CL, Barondeau DP. 2010. Human frataxin is an allosteric switch that activates the Fe-S cluster biosynthetic
complex. Biochemistry 49:9132-9139. doi: 10.1021/bi1013062

Uzarska MA, Dutkiewicz R, Freibert SA, Lill R, Miihlenhoff U. 2013. The mitochondrial Hsp70 chaperone Ssq1
facilitates Fe/S cluster transfer from Isu1 to Grx5 by complex formation. Molecular Biology of the Cell 24:1830-
1841. doi: 10.1091/mbc.E12-09-0644

Webert H, Freibert SA, Gallo A, Heidenreich T, Linne U, Amlacher S, Hurt E, Mihlenhoff U, Banci L, Lill R. 2014.
Functional reconstitution of mitochondrial Fe/S cluster synthesis on Isu1 reveals the involvement of ferredoxin.
Nature Communications 5:5013. doi: 10.1038/ncomms6013

Willems P, Wanschers BF, Esseling J, Szklarczyk R, Kudla U, Duarte |, Forkink M, Nooteboom M, Swarts H,
Gloerich J, Nijtmans L, Koopman W, Huynen MA. 2013. BOLAT1 is an aerobic protein that prevents
mitochondrial morphology changes induced by glutathione depletion. Antioxidants & Redox Signaling 18:129—
138. doi: 10.1089/ars.2011.4253

Wittig |, Braun HP, Schagger H. 2006. Blue native PAGE. Nature Protocols 1:418-428. doi: 10.1038/nprot.2006.
62

Wohlschlegel JA. 2009. Identification of SUMO-conjugated proteins and their SUMO attachment sites using
proteomic mass spectrometry. Methods in Molecular Biology 497:33-49. doi: 10.1007/978-1-59745-566-4_3

Xu T, Venable JD, Park SK, Cociorva D, Lu B, Liao L, Wohlschlegel J, Hewel J, Yates JR. 2006. ProLuCID, a fast
and sensitive tandem mass spectra-based protein identification program. Molecular & Cellular Proteomics 5:
S174.

Yabe T, Morimoto K, Kikuchi S, Nishio K, Terashima I, Nakai M. 2004. The arabidopsis chloroplastic NifU-like
protein CnfU, which can act as an iron-sulfur cluster scaffold protein, is required for biogenesis of ferredoxin
and photosystem . The Plant Cell Online 16:993-1007. doi: 10.1105/tpc.020511

Melber et al. eLife 2016;5:15991. DOI: 10.7554/eLife.15991 24 of 24


http://dx.doi.org/10.1021/pr015504q
http://dx.doi.org/10.1073/pnas.1732541100
http://dx.doi.org/10.1073/pnas.1732541100
http://dx.doi.org/10.1021/bi1013062
http://dx.doi.org/10.1091/mbc.E12-09-0644
http://dx.doi.org/10.1038/ncomms6013
http://dx.doi.org/10.1089/ars.2011.4253
http://dx.doi.org/10.1038/nprot.2006.62
http://dx.doi.org/10.1038/nprot.2006.62
http://dx.doi.org/10.1007/978-1-59745-566-4_3
http://dx.doi.org/10.1105/tpc.020511
http://dx.doi.org/10.7554/eLife.15991

