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ABSTRACT: Lipoyl synthase (LS) catalyzes the last step in the
biosynthesis of the lipoyl cofactor, which is the attachment of
sulfur atoms at C6 and C8 of an n-octanoyllysyl side chain of a
lipoyl carrier protein (LCP). The protein is a member of the
radical S-adenosylmethionine (SAM) superfamily of enzymes,
which use SAM as a precursor to a 5′-deoxyadenosyl 5′-radical (5′-
dA·). The role of the 5′-dA· in the LS reaction is to abstract
hydrogen atoms from C6 and C8 of the octanoyl moiety of the
substrate to initiate subsequent sulfur attachment. All radical SAM
enzymes have at least one [4Fe−4S] cluster that is used in the
reductive cleavage of SAM to generate the 5′-dA·; however, LSs
contain an additional auxiliary [4Fe−4S] cluster from which sulfur
atoms are extracted during turnover, leading to degradation of the
cluster. Therefore, these enzymes catalyze only 1 turnover in the absence of a system that restores the auxiliary cluster. In Escherichia
coli, the auxiliary cluster of LS can be regenerated by the iron−sulfur (Fe−S) cluster carrier protein NfuA as fast as catalysis takes
place, and less efficiently by IscU. NFU1 is the human ortholog of E. coli NfuA and has been shown to interact directly with human
LS (i.e., LIAS) in yeast two-hybrid analyses. Herein, we show that NFU1 and LIAS form a tight complex in vitro and that NFU1 can
efficiently restore the auxiliary cluster of LIAS during turnover. We also show that BOLA3, previously identified as being critical in
the biosynthesis of the lipoyl cofactor in humans and Saccharomyces cerevisiae, has no direct effect on Fe−S cluster transfer from
NFU1 or GLRX5 to LIAS. Further, we show that ISCA1 and ISCA2 can enhance LIAS turnover, but only slightly.
KEYWORDS: lipoic acid, S-adenosylmethionine, iron−sulfur clusters, NFU1, multiple mitochondrial dysfunctions syndrome, radical SAM,
lipoyl synthase, LIAS

■ INTRODUCTION
Lipoic acid is an eight-carbon straight-chain fatty acid
containing sulfur atoms at C6 and C8.1−3 It is found in all
domains of life.4−11 Its primary cellular function is as a cofactor
in several multienzyme complexes that are involved in energy
metabolism and the catabolism of certain amino acids.7,11 In
humans, these complexes include the pyruvate dehydrogenase
complex (PDC), the α-ketoglutarate dehydrogenase complex
(KGC), the branched chain oxo-acid dehydrogenase complex
(BCODC), the glycine cleavage system (GCS), and the α-
ketoadipate complex (KAC), all of which are found in the
mitochondrion.12,13 In each of these complexes, lipoic acid is
tethered covalently in an amide linkage to a target lysyl residue
of a lipoyl carrier protein (LCP), producing a 14 Å flexible
appendage that can access active sites of other component
proteins. Very little free lipoic acid exists in the cell in the
absence of supplementation. In fact, the molecule is
biosynthesized in its cofactor form rather than as the free
acid. This biosynthetic pathway involves a bacterial-type acyl
carrier protein (ACP) upon which the C8 fatty acyl backbone

is constructed. In humans, LIPT2, an octanoyltransferase, is
believed to transfer the octanoyl chain from octanoyl−ACP to
the target lysyl residue only of the H protein, the LCP of the
GCS. Next, lipoyl synthase (LS, LIAS in humans and LipA in
Escherichia coli) attaches thiol groups at C6 first, and then at
C8, to give the intact lipoyl cofactor.13,14 Finally, LIPT1, a
lipoyltransferase, is believed to distribute the lipoyl appendage
to other LCPs13,15 (Figure 1). This biosynthetic pathway
differs from the canonical pathway in E. coli wherein
octanoyltransferase transfers an octanoyl group directly to
each of the LCPs, which include the H protein of the GCS and
the E2 subunits of the KGC and PDC.16−21 LipA then acts on
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each of the octanoyllysyl−LCPs to generate the respective
lipoyl cofactor.22−24

LS belongs to the radical S-adenosylmethionine (SAM)
superfamily of enzymes, which use a [4Fe−4S] cluster cofactor
to cleave SAM reductively to produce a 5′-deoxyadenosyl 5′-
radical (5′-dA·).24−33 In LS catalysis, the 5′-dA· is used to
abstract hydrogen atoms (H·) from C6, and then from C8, of
the octanoyllysyl residue to allow for sulfur attachment.34−37

Unlike most radical SAM (RS) enzymes, which contain only
one [4Fe−4S] cluster, LS contains two [4Fe−4S] clus-
ters.34,38−40 One cluster, termed the RS cluster, is found in
all RS enzymes and is ligated by three cysteine residues in a
conserved CxxxCxxC motif. SAM binds to the unligated iron
ion of this cluster, which is a prerequisite for its reductive
cleavage.27,41−43 The second cluster, termed the auxiliary
cluster, is bound by cysteines in an N-terminal CxxxxCxxxxxC
motif and a C-terminal serine in a conserved RSSY motif
(Figure 2). This cluster has been shown to be the source of the
appended sulfur atoms, resulting in its degradation as a result
of turnover.36,44,45 Therefore, LS catalyzes no more than 1

turnover during in vitro reactions in the absence of a system
that restores the auxiliary [4Fe−4S] cluster.46,47
Recently, it was shown that the iron−sulfur (Fe−S) cluster

carrier protein E. coli NfuA can efficiently regenerate the
auxiliary [4Fe−4S] cluster of E. coli LipA, permitting LipA to
perform multiple turnovers.46,47 Fe−S cluster assembly and
repair is a highly regulated process that is coordinated by a
complex network of proteins. In bacteria, yeast, and human
model systems, de novo biogenesis of Fe−S clusters involves
transient assembly of clusters on the scaffold protein ISCU
(IscU in bacteria), with their subsequent transfer directly to
recipient apo acceptor proteins or to a subset of late-acting
carrier proteins.48−55 Among others, mitochondrial proteins
BOLA3, ISCA1, ISCA2, GLRX5, and NFU1 have been
implicated in Fe−S cluster assembly and trafficking in
humans.52,56−58 Select mutations in genes encoding these
proteins have been reported to be pathogenic and to cause
severe infantile disorders of systemic energy metabolism and
multiple mitochondrial dysfunctions syndrome types 1−5
(MMDS).48,59,60 Some of the severe manifestations of MMDS
include weakness, respiratory failure, lack of neurologic

Figure 1. Proposed de novo biosynthetic scheme of lipoyl cofactor in humans.

Figure 2. Sequence alignment of LS proteins from E. coli (P60716), M. tuberculosis (P9WK91), T. elongatus (Q8DLC2), and humans (O43766).
The conserved residues that ligate the auxiliary and the RS clusters of LS are highlighted in blue and red, respectively.
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development, hyperglycemia, lactic acidosis, and early
death,61−64 symptoms associated with defective lipoic acid
biosynthesis. Biochemical features of patients with pathogenic
mutations in genes encoding these proteins include decreased
activities of several mitochondrial Fe−S cluster-containing
enzymes, including complex-I, complex-II, and LIAS.65 These
studies suggest that BOLA3, ISCA1, ISCA2, GLRX5, and
NFU1 may play important roles in Fe−S cluster biogenesis,
trafficking, and regeneration mechanisms, especially for LIAS.
However, exactly how these proteins function remains elusive.
To date, our understanding of the mechanism of lipoyl

cofactor formation is derived mainly from in vivo and in vitro
studies of the E. coli enzyme,10,24,34,36,37,39,66−69 with additional
insight from studies of enzymes from Sulfolobus solfataricus,70

Thermosynechococcus elongatus,44 and Mycobacterium tuber-
culosis.71,72 Only recently has human LIAS been isolated and
investigated in vitro. In one study, LIAS was used to show how
paramagnetic NMR can be leveraged to demonstrate SAM and
substrate binding to RS enzymes.73 In a second study, the
effect of ISCA2 and ISCU [among other iron sulfur cluster
(ISC) assembly proteins] on the de novo in vitro
reconstitution of the Fe−S clusters on LIAS was assessed.74
However, neither study determined LIAS activity quantita-
tively nor specifically addressed how the auxiliary cluster of
LIAS is restored during turnover. The lack of robust in vitro
biochemical studies on LIAS, and particularly how the

implicated Fe−S cluster trafficking proteins BOLA3, ISCA1,
ISCA2, GLRX5, and NFUI function in lipoyl cofactor
biosynthesis, led us to investigate how the auxiliary cluster of
LIAS is regenerated after turnover.
Herein, we show that NFU1 and LIAS form a tight complex

in vitro, as has been shown in in vivo yeast two-hybrid
studies,75 and that NFU1 can efficiently restore the auxiliary
cluster of LIAS during turnover. We also investigate several
additional Fe−S cluster carrier proteins, including BOLA3,
previously identified as being critical in the biosynthesis of the
lipoyl cofactor in humans and Saccharomyces cerevisiae.
However, our in vitro studies suggest that BOLA3 has no
direct effect on Fe−S cluster transfer from NFU1 or GLRX5 to
LIAS. Further, we show that ISCA1 and ISCA2 can enhance
LIAS turnover, but only slightly.

■ RESULTS

Isolation and Characterization of LIAS

Full-length human LIAS (UniProtKB O43766) is composed of
372 amino acids; however, there are several predicted isoforms
of shorter length. Importantly, the first 27 amino acids are
predicted to form the mitochondrial targeting sequence. When
we attempted to express this full-length construct, almost all
the protein was produced in inclusion bodies. Similar to two
recent publications,73,74 we therefore engineered a construct

Figure 3. Biophysical characterization of LIAS: SDS−PAGE gel analysis of the expression and purification of LIAS on a Ni−NTA column (A),
UV−vis scan of LIAS (B), Mössbauer spectrum of LIAS (C), and EPR spectrum of dithionite-reduced LIAS (D). (A) Lane 1, pre-IPTG induction;
lane 2, post-IPTG induction; lane 3, crude lysate; lane 4, Ni−NTA column flow-through; lane 5, wash; lane 6; SUMO−LIAS fusion eluate; lane 7,
LIAS after the SUMO tag is removed; lane 8, protein molecular weight ladder. (B) The UV−vis absorption scan of 8 μM purified LIAS showing a
broad absorption at ∼410 nm, which is typical for proteins that bind [4Fe−4S] clusters. (C) The Mössbauer spectrum of 380 μM LIAS at 4.2 K,
collected in the presence of a 53 mT external magnetic field applied parallel to the direction of propagation of the γ beam. The vertical bars
represent the experimental spectrum, and the blue line shows the features associated with a [4Fe−4S]2+ cluster. The arrow indicates the shoulder
resulting from spectral features of a site-differentiated [4Fe−4S]2+ cluster. (D) The EPR spectrum of 400 μM LIAS reduced with 4 mM dithionite
and collected at 10 K with 10 mW microwave power and 0.2 mT modulation amplitude confirming bound [4Fe−4S] clusters.
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(amino acids 28−372) that lacked the mitochondrial targeting
sequence, which expressed well in E. coli and was amenable to
purification with its two [4Fe−4S] cluster cofactors largely
intact. This protein contained an N-terminal SUMO tag, which
was removed after purification, affording an LIAS variant
containing a Gly-His N-terminal appendage. The LIAS gene
was expressed along with genes on plasmid pDB1282, which
harbors the Azotobacter vinelandii isc operon.76 This coex-
pression strategy has been shown to enhance the production of
soluble E. coli LipA as well as its Fe−S cluster content.34 The
protein was purified under anoxic conditions using Ni−NTA

immobilized metal affinity chromatography (Ni−IMAC)
followed by size-exclusion chromatography (SEC) to remove
impurities such as protein aggregates and unbound iron and
sulfide species. Upon purification, the protein was found to be
≥95% homogeneous (Figure 3A) and contained 9.5 ± 0.1 iron
and 5.5 ± 0.1 sulfide ions per polypeptide after accounting for
a correction factor of 1.6 for the Bradford method of protein
quantification, which was established by quantitative amino
acid analysis. The UV−vis spectrum (Figure 3B) showed a
broad absorption feature at ∼410 nm typical of [4Fe−4S]
cluster binding proteins. The 4.2 K/53 mT Mössbauer

Figure 4. Amino acid sequence alignment of E. coli NfuA (P63020) and human NFU1 (Q9UMS0) showing the two conserved cysteine residues
that ligate the Fe−S cluster highlighted in red.

Figure 5. SDS−PAGE analysis of the expression and purification of NFU1 on a Ni−NTA column (A), UV−vis scan of 15 μM NFU1 (B), and
Mössbauer spectra of NFU1 (C). (A) Lane 1, pre-IPTG induction; lane 2, post-IPTG induction; lane 3, crude lysate; lane 4, Ni−NTA column
flow-through; lane 5, wash; lane 6, SUMO−NFU1 fusion eluate; lane 7, NFU1 after the SUMO tag is removed; lane 8, protein molecular weight
ladder. (B) The UV−vis absorption scan spectrum of 15 μM purified NFU1 showing a broad absorption at ∼410 nm indicative of a bound [4Fe−
4S] cluster. (C) The 4.2 K Mössbauer spectra of 860 μM NFU1 in the presence of a 53 mT external magnetic field applied parallel to the direction
of propagation of the γ beam. The vertical bars represent the experimental spectra, and the blue line shows the features associated with a [4Fe−
4S]2+ cluster.
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spectrum of LIAS (Figure 3C) is dominated by a quadrupole
doublet with parameters [isomer shift (δ) = 0.46 mm/s,
quadrupole splitting (ΔEQ) = 1.14 mm/s; ∼87% of total
intensity, 1.7 equiv of [4Fe−4S] per LIAS, blue line] typical of
[4Fe−4S]2+ clusters.77 The shoulder indicated by the arrow is
at a position typically observed for the “Fe(II)-like” site of a
site-differentiated [4Fe−4S]2+ cluster.36 Analysis of the field
dependence of spectra collected in a 53 mT magnetic field and
zero field (Figure S1) suggests the presence of ∼0.3 equiv of
[3Fe−4S]0 cluster. The electron paramagnetic resonance
(EPR) spectrum of purified LIAS after reduction with
dithionite and recorded at 10 K (Figure 3D) shows a rhombic
signal typical of [4Fe−4S]+ clusters, with estimated g-values of
2.02, 1.92, and 1.86. The UV−vis, Mössbauer, and EPR spectra
in concert with iron and sulfide quantification are consistent
with the presence of two [4Fe−4S]2+ clusters, as has been
shown previously for human LIAS74 and the E. coli,34 M.
tuberculosis,71,72 and T. elongatus enzymes.44 It should be noted
that our iron quantification shows 1.5 irons beyond the eight
that our model suggests and that this additional iron is not
observed in the Mössbauer spectrum. We believe that the
discrepancy is due to systematic inaccuracies in iron and
protein quantification.
Isolation and Characterization of NFU1

In a recent in vitro study, E. coli NfuA was shown to regenerate
the auxiliary cluster of E. coli LipA after each turnover, thus
allowing LipA to act catalytically.47 There have also been
several recent in vitro studies of NFU1, the human ortholog of
E. coli NfuA. In one study, focused on NMR solution structures
of NFU1, it was shown that holo-NFU1 could donate its
[4Fe−4S] cluster to apo aconitase,78 while in another, holo-
NFU1 was reported to transfer a [2Fe−2S] cluster to apo
ferredoxin 1 and ferredoxin 2.79 Given the effects of E. coli
NfuA on E. coli LipA turnover and the activation of aconitase
by NFU1, we assessed the effect of NFU1 on LIAS turnover.
Like NfuA, NFU1 is bimodular, with a degenerate N-terminal
A-type domain and a highly conserved NifU-like C-terminal
Fe−S cluster binding domain. Two cysteine residues in a

conserved C-terminal CxxC motif are believed to serve as
ligands to a [4Fe−4S] formed at the interface of two
monomers both in NfuA and in NFU1 (Figure 4), although
there have been disagreements in the literature concerning
whether this form is biochemically relevant or whether a form
containing a [2Fe−2S] cluster is more relevant.64,80
To study the effect of NFU1 on LIAS activity, we first

expressed and purified the full-length construct (amino acids
1−254) and a construct lacking the mitochondrial transit
sequence (amino acids 10−254). Unfortunately, both con-
structs led to poorly behaved protein products that existed
mostly in higher order oligomeric states that were difficult to
resolve by SEC. We therefore tried a shorter N-terminally
truncated variant (amino acids 59−254). The region that was
removed is predicted by AlphaFold81 (AF-Q9UMS0-F1) to be
highly unstructured, while the truncated variant is well-
structured and has been reported in previous studies.78,82

The construct was overproduced in the presence of plasmid
pDB1282 and expressed as a fusion with an N-terminal SUMO
tag that was removed during purification to yield NFU1
containing a Gly-His N-terminal appendage. The protein was
isolated under anoxic conditions using Ni−IMAC followed by
SEC and shown to be ≥95% homogeneous by sodium dodecyl
sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) gel
analysis (Figure 5A). The UV−vis spectrum of the protein,
with a distinctive feature at 410 nm, is consistent with the
presence of a [4Fe−4S] cluster (Figure 5B), as has been
observed in previous studies.75 Analysis of 57Fe-labeled NFU1
by Mössbauer spectroscopy (Figure 5C) reveals that the
spectrum is dominated by a single quadrupole doublet (δ =
0.48 mm/s, ΔEQ = 1.20 mm/s; ∼97% of total intensity, blue
line) typical of [4Fe−4S]2+ clusters.77 When NFU1 was
analyzed by EPR, a very weak signal was observed with and
without dithionite reduction (Figure S2), suggesting that the
[4Fe−4S] cluster is not easily reduced to the [4Fe−4S]+ state.
Iron and sulfide analysis indicated that the isolated protein
contained 2.40 ± 0.02 irons and 3.00 ± 0.03 sulfides per
polypeptide, consistent with a bridging [4Fe−4S] cluster
between two NFU1 monomers.

Figure 6. Size-exclusion gel filtration chromatography elution profiles of holo-LIAS (100 μM, blue), holo-NFU1 (200 μM, black), and a 1:1
mixture of holo-LIAS and holo-NFU1 (100 μM each, red) (A). SDS−PAGE analysis of the chromatographed proteins: lane 1, holo-NFU1 alone;
lane 2, holo-LIAS alone; lane 3, a mixture of holo-NFU1 and holo-LIAS, indicating complex formation (B). ITC binding results of LIAS titrated
into NFU1, showing entropically driven binding with a dissociation constant (KD) of 0.7 ± 0.2 μM (C).
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NFU1 Binds Tightly to LIAS

Our previous studies indicated that E. coli NfuA binds tightly
to E. coli LipA, suggesting that NFU1 might interact similarly
with LIAS, as has been determined recently through yeast two-
hybrid analysis.75 To assess whether NFU1 and LIAS form a
tight complex in vitro, the holo (Fe−S cluster containing)
forms of the two proteins were analyzed separately and
together by SEC (Figure 6A). LIAS alone (blue trace) elutes at
62.5 mL, exhibiting an experimentally calculated mass of 46
kDa (theoretical mass, 39.2 kDa) based on the elution profiles
of a suite of standards. NFU1 alone (black trace) elutes at 67.7

mL, exhibiting an experimentally calculated mass of 29.8 kDa
(theoretical mass, 22 kDa). The sample containing both LIAS
and NFU1 (red trace) shows an elution volume of 59.1 mL,
corresponding to an experimentally calculated mass of 61.2
kDa, suggestive of a 1:1 heterodimer of LIAS and NFU1
(theoretical mass, 61.2 kDa). To confirm the results obtained
by SEC, we subjected fractions from the peaks observed in the
LIAS alone, NFU1 alone, and LIAS plus NFU1 traces to SDS−
PAGE (Figure 6B). As shown, the peak from the LIAS plus
NFU1 sample (lane 3) contains both NFU1 and LIAS. In
these experiments, NFU1 migrates as a monomer and interacts
with LIAS as a monomer. We further characterized the

Figure 7. LIAS activity determinations: LIAS (10 μM) activity in the absence of NFU1 (A), in the presence of 200 μM NFU1 (B), in the presence
of both 200 μM NFU1 and 5 mM sodium citrate (C), and in the presence of 200 μM NFU1 reconstituted with 34S-labeled sulfide (D). LIAS alone
catalyzes about 1 turnover of lipoyl product (blue trace) with the 6-thiooctanoyl intermediate quickly reaching a steady level (black trace) (A). The
inclusion of an excess of NFU1 in the LIAS reaction promotes multiple turnovers and generation of more than 5 equiv of lipoyl product (red trace),
while the formation and decay of the intermediate mimics that of LIAS alone (gray trace) (B). The inclusion of 5 mM sodium citrate, a divalent
metal chelator, does not significantly alter the effect of NFU1 (purple trace) compared to reactions in which citrate is omitted (red trace) (C). In
the presence of NFU1 reconstituted with 34S2−, the 32S-labeled lipoyl peptide product is formed first before formation of the mixed 32S−34S (blue
trace) and 34S−34S-labeled (red trace) lipoyl peptide products (D). The data in panels C and D suggest direct cluster transfer from NFU1 to LIAS
during turnover. Unless otherwise noted, all activity assays included the following at their indicated final concentrations: 350 μM octanoyl peptide
substrate, 0.75 mM SAM, and 10 μM SAH nucleosidase. The reactions were carried out at room temperature in a buffer that contained 50 mM
HEPES, pH 7.5, and 0.25 M KCl and were initiated with a final concentration of 1 mM dithionite. The respective data shown in panels A−D are
averages from assays done in triplicate, and the error bars represent one standard deviation from the mean. The 6-thiooctanoyl intermediate data
were fit to an exponential equation that accounts for its formation and decay phases (A and B), while the lipoyl peptide product data were fit to a
biphasic double-exponential rate of formation equation, assuming an A → B → C model, as has been previously reported for M. tuberculosis LipA
(ref 72).
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interactions between NFU1 and LIAS by determining the
equilibrium binding dissociation constant (KD) using iso-
thermal titration calorimetry (ITC, Figure 6C). The results
from ITC indicate a KD value of 0.7 ± 0.2 μM, confirming the
strong interaction.
In Vitro Determination of LIAS Activity

LIAS in vitro activity was determined in assays using a four
amino acid peptide substrate mimic containing an octanoylly-
syl residue [Glu-(N6-octanoyl)Lys-Ala-Tyr], a shorter version
of the eight amino acid peptide previously used in E. coli
LipA36,47 andM. tuberculosis LipA72 assays. For reasons that we
do not understand, this shorter 4-mer peptide affords more
turnovers than the longer 8-mer peptide. As shown in Figure
7A, the protein catalyzes formation of no more than 1 equiv of
lipoyl product (blue trace), with no significant accumulation of
the 6-thiooctanoyl intermediate (black trace), consistent with
previous studies of E. coli LipA that indicate that the auxiliary
cluster gets degraded as a function of turnover and that both
sulfurs are contributed by the same LIAS polypeptide.68

In Vitro Determination of NFU1 Effect on LIAS Activity

After establishing that NFU1 binds tightly to LIAS, we
assessed whether NFU1 affects LIAS activity. As shown in
Figure 7A, LIAS produces not more than 1 equiv of product in
the absence of NFU1. By contrast, in the presence of excess
NFU1 (200 μM monomer), 10 μM LIAS catalyzes more than
5 turnovers in a time-dependent manner over 150 min (Figure
7B, red trace). The lack of a clear burst followed by a slower
phase of product formation suggests that regeneration of
LIAS’s auxiliary cluster is not rate-limiting, similar to what was
observed with E. coli LipA and NfuA.47 The amount of
observed lipoyl product is less than what would be expected,
given that the NFU1 dimer is in a 10-fold excess. Currently, we
attribute the leveling off of activity to aberrant chemistry
during destruction of the auxiliary cluster and its subsequent
reconstitution. We predict that a more physiological system,
especially with respect to the choice of reductant, may enhance
the extent of turnover. To confirm that cluster transfer from
NFU1 to LIAS is largely direct rather than a result of release of
iron and sulfide into solution, the effect of NFU1 on LIAS
activity was probed in the presence of 5 mM sodium citrate.
Under these conditions, citrate will sequester free iron
liberated by NFU1 and prevent it from being used to
reconstitute LIAS. The observation that the presence of 5
mM citrate shows no dramatic effect on overall lipoyl product
formation (Figure 7C) suggests that the transfer is direct,
consistent with the finding that NFU1 and LIAS form a
complex. The somewhat reduced activity is attributed to the
ability of citrate to remove the cluster from NFU1, as was
observed previously in experiments conducted with E. coli
IscU.47 Direct cluster transfer was further assessed by
performing LIAS activity assays in the presence of an NFU1
protein that was chemically reconstituted with 34S2− to yield
NFU1 containing a [4Fe−434S] cluster. Results from these
studies show relatively rapid formation of 32S−32S-containing
lipoyl product, which is followed by slower production of
32S−34S-containing and 34S−34S-containing lipoyl product
(Figure 7D). The formation of lipoyl product containing the
mixed isotope (32S−34S) was also observed with the E. coli
NfuA/LipA system, although larger amounts of this product
are formed with NFU1/LIAS.47 It is not clear whether mixed-
isotope formation is due to the conditions of the assay (e.g.,
presence of dithionite or incomplete LIAS reconstitution) or is

intrinsic to how the cluster is transferred from NFU1/NfuA to
LIAS/LipA. In reactions containing NfuA and LipA, almost 2
equiv of 32S−32S-containing lipoyl product was formed before
formation of the 34S-containing species. In the NFU1/LIAS
reactions herein, it appears that almost 1.5 equiv of the
32S−32S-containing lipoyl product is formed during the
reaction. These data suggest that potentially all four sulfides
of the auxiliary cluster of LIAS can be used for lipoyl product
formation. It should be noted that the total amount of lipoyl
product generated when using 34S-reconstituted NFU1 is lower
than that when using NFU1 at natural abundance. We believe
the difference is related to how each protein is produced. To
generate 34S-reconstituted NFU1, the protein is first isolated in
its apo form before being reconstituted. By contrast, NFU1 at
natural abundance is produced directly in its Fe−S cluster
form, and then further reconstituted.
In Vitro Effect of NFU1 plus BOLA3 on LIAS Activity

Previous studies have implicated BOLA3 in lipoyl cofactor
formation; however, it has not been established when exactly
BOLA3 functions. BOLA3 is a mitochondrial Fe−S cluster
assembly and trafficking factor that facilitates Fe−S cluster
insertion into a subset of Fe−S cluster acceptor proteins, and it
has been suggested that it might act synergistically with
NFU1.83 BOLA3 was previously reported to form hetero-
dimeric complexes with NFU1 and also GLRX5, and its
deletion was associated with defective lipoic acid biosynthesis
in vivo, suggesting its requirement for LIAS Fe−S cluster
maturation.65,83 With this precedent in mind, we tested
whether BOLA3 could act synergistically with NFU1 for
Fe−S cluster transfer to LIAS during turnover. However,
inclusion of BOLA3 in our LIAS activity assays in the presence
of NFU1 does not show any additional effect on turnover
(Table 1 and Figure S3A). Moreover, SEC experiments similar
to those conducted with LIAS and NFU1 show that BOLA3
does not bind tightly to LIAS.
In Vitro LIAS Activity Determination in the Presence of
GLRX5, ISCA1, ISCA2, and ISCU

ISCA2 and ISCU have also been reported to be able to
reconstitute LIAS, transforming an inactive protein into one
that is competent for catalysis.74 In other work, E. coli IscU was
reported to reconstitute E. coli LipA, allowing for multiple

Table 1. Effect of Fe−S Cluster Assembly Proteins on LIAS
Activitya

NFU1 BOLA3 ISCA1 ISCA2 ISCU GLRX5
effect on LIAS
activityb

X increase to
5−6 turnovers

X X same as NFU1 alone
X increase to

∼1.5 turnovers
X increase to

∼2 turnovers
X slight increase to

∼1 turnover
X no observed effect

X X no observed effect

aX denotes the presence of that protein in reaction mixtures. bDue to
differences in LIAS cluster content from batch to batch, the observed
turnover numbers vary by about 10−20%. We present the best
turnover numbers observed for each corresponding protein or protein
mixture.
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turnovers,47 while in another study, ISCA1, ISCA2, and IBA57
have been implicated in late-stage [4Fe−4S] cluster matura-
tion, including Fe−S clusters in LIAS.84 On the basis of these
studies, we explored the effect of including purified and
appropriately reconstituted GLRX5, ISCA1, ISCA2, and ISCU
proteins in LIAS activity assays. Additionally, the effect of
BOLA3 in activity assays that also included GLRX5 was tested.
In summary, when either ISCA1 or ISCA2 are included in
LIAS activity assays, only a modest increase in turnover is
observed, up to an additional ∼0.5 and ∼1 equiv for ISCA1
and ISCA2, respectively. No change in LIAS turnover is
observed by inclusion of ISCU, GLRX5, or BOLA3 in the
presence of GLRX5 (Table 1 and Figure S3, parts B and C).

■ DISCUSSION
LS reductively cleaves SAM to generate 5′-dA· that abstracts
substrate hydrogen atoms to allow for sequential sulfur
insertions to produce the lipoyl cofactor. During turnover,
LS sacrifices its auxiliary [4Fe−4S] cluster as the source of the
sulfur atoms incorporated into the product, a process that leads
to degradation of the auxiliary cluster. Thus, the enzyme is
rendered inactive after a single turnover in the absence of a
system that can regenerate the auxiliary cluster either by
repairing it or by fully replacing it. Fe−S clusters are essential
in all domains of life and are involved in various cellular
processes, including respiration, ribosome assembly, DNA
repair, and the biosynthesis of key metabolites.85−88 Due to the
complexity of ISC assembly, trafficking, and repair mechanisms
in vivo, these processes are yet to be fully understood.
Understanding these mechanisms in humans is vital because
Fe−S clusters and their incorporation into proteins that
require them are critical to many serious diseases.55,56,63,89−91

While recent in vitro attempts to characterize Fe−S cluster
assembly and trafficking have been reported, the determination
of which late-acting carriers mediate LIAS auxiliary cluster
regeneration during catalytic turnover remains unresolved.
Here, we have investigated the effects of select human
mitochondrial Fe−S cluster carriers (BOLA3, ISCA1, ISCA2,
ISCU, GLRX5, and NFU1) on LIAS auxiliary cluster
reconstitution during turnover and demonstrate for the first
time that, like its E. coli counterpart NfuA, human NFU1 can
efficiently reconstitute human LIAS during turnover to
promote catalytic activity. Further, we show that NFU1
interacts tightly with LIAS, corroborating a similar finding from
previously reported yeast two-hybrid experiments.75 By
contrast, ISCA1 and ISCA2 only partially enhance turnover
of LIAS. It is likely that ISCA1 and ISCA2 are involved in de
novo Fe−S incorporation into LIAS and not incorporation
during catalytic turnover. Moreover, our studies suggest that
neither BOLA3, GLRX5, nor ISCU are involved in the
immediate regeneration of the auxiliary cluster of LIAS during
turnover, although it appears that ISCU, like ISCA1 and
ISCA2, can reconstitute LIAS de novo. Our studies suggest
that the mechanism by which NFU1 transfers its cluster to
LIAS during turnover is distinct from de novo reconstitution of
LIAS and provide the basis for an additional system on which
to investigate this transfer.

■ MATERIALS AND METHODS

Materials
N-(2-Hydroxyethyl)-piperazine-N′-(2-ethanesulfonic acid) (HEPES)
was purchased from Fisher Scientific. Imidazole was purchased from J.

T. Baker Chemical Co. Potassium chloride and glycerol were
purchased from EMD Chemicals. 2-Mercaptoethanol (BME), sodium
dithionite, phenylmethylsulfonyl fluoride (PMSF), pyridoxal 5′-
phosphate (PLP), and sodium sulfide were purchased from
MilliporeSigma. Dithiothreitol (DTT), tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCl), kanamycin, ampicillin, arabinose, and
isopropyl β-D-1-thiogalactopyranoside (IPTG) were purchased from
Gold Biotechnology. Nickel-nitrilotriacetic acid (Ni-NTA) resin was
acquired from Qiagen. S-Adenosyl-L-methionine (SAM) was synthe-
sized and purified as described previously.92 Restriction enzymes and
materials for cloning were obtained from New England Biolabs
(Ipswich, MA). DNA isolation kits were purchased from Macherey-
Nagel (Dueren, Germany). All other chemicals and materials were of
the highest grade available and were from MilliporeSigma.
All peptides used in this study were custom-synthesized by

Proimmune (Oxford, U.K.) except the octanoyl-containing peptide
substrate [Glu-(N6-octanoyl)Lys-Ala-Tyr], which was synthesized by
Genscript (Piscataway, NJ, U.S.A.). AtsA peptide (Pro-Met-Ser-Ala-
Pro-Ala-Arg-Ser-Met) was used as an external standard for
quantification of peptide products during liquid chromatography−
mass spectrometry (LC−MS) analysis. An 8-thiooctanoyl-containing
peptide [Glu-(N6-8-thiooctanoyl)Lys-Ala-Tyr] and a lipoyl-contain-
ing peptide [Glu-(N6-lipoyl)Lys-Ala-Tyr] were used as product
standards for the 6-thiooctanoyl intermediate and lipoyl products,
respectively.
General Methods
UV−vis spectra were recorded on a Varian Cary 50 spectrometer
(Walnut Creek, CA) using the WinUV software package to control
the instrument. Ultraperformance liquid chromatography (UPLC)
was conducted on an Agilent Technologies 1290 Infinity II system
coupled to an Agilent Technologies 6470 QQQ mass spectrometer
(Santa Clara, CA) with detection by tandem mass spectrometry (MS/
MS). Data collection and analysis were performed using the
associated MassHunter software package.
Plasmids and Strains
Genes encoding Homo sapiens BOLA3 (aa 27−107), ISCA1 (aa 13−
129), ISCA2 (aa 9−154), ISCU (aa 35−167), GLRX5 (aa 32−157),
LIAS (aa 28−372), and NFU1 (aa 59−254) without their respective
mitochondrial targeting sequences were synthesized at ThermoFisher
Scientific after codon optimization using GeneArt software (Thermo-
Fisher Scientific) for protein overexpression in E. coli. The genes were
subcloned into a modified pSUMO plasmid (LifeSensors Inc.),
(pDWSUMO), and pET28a vectors using NdeI and either XhoI or
BamHI restriction sites. After sequence verification by DNA
sequencing at the Penn State Genomics Core Facility (University
Park, PA), the resulting plasmids, pDWSUMO-BOLA3, pDWSUMO-
ISCA1, pDWSUMO-ISCA2, pDWSUMO-ISCU, pDWSUMO-
GLRX5, pDWSUMO-LIAS, and pDWSUMO-NFUI (and their
corresponding pET28a counterparts), were separately used to
transform E. coli BL21 (DE3) competent cells containing the
pDB1282 plasmid, which harbors the isc operon from A. vinelandii.93

As cloned, each of the proteins in the pDWSUMO plasmid was
expressed as a fusion with an N-terminal SUMO tag that also
contained a His6-tag at the N-terminus, while their counterparts
cloned in pET28a were expressed with an N-terminal His6-tag. During
purification, the SUMO tag was removed using ULP1 protease,
affording corresponding pure proteins with a Gly-His appendage at
the N-terminus.
Growth and Expression of BOLA3, ISCA1, ISCA2, ISCU,
GLRX5, LIAS, and NFU1
All proteins were overexpressed in E. coli using the following general
procedure with minor adjustments for BOLA3 since it is not an Fe−S
carrier protein by itself. In a typical growth, a 200 mL starter culture
containing 25 μg/mL kanamycin (50 μg/mL for BOLA3) and 50 μg/
mL ampicillin (no ampicillin was included for BOLA3) was
inoculated with a single colony and incubated overnight at 37 °C
with shaking at 250 rpm. A 25 mL aliquot of the starter culture was
used to inoculate 4 L of M9 minimal medium containing appropriate
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antibiotic(s) as above and incubated at 37 °C with shaking (180 rpm)
until an optical density at 600 nm (OD600) of 0.3 was reached. At
OD600 0.3, 0.2% (w/v) L-arabinose was added to induce the
expression of genes on the pDB1282 plasmid (except for BOLA3).
At OD600 ∼ 0.6, 50 μM FeCl3 and 100 μM L-cysteine were added
(except for BOLA3), and the culture was cooled in ice−water for 1 h
with occasional shaking. Protein expression was induced by adding
IPTG to a concentration of 0.2 mM, and incubation was continued at
18 °C with shaking at 180 rpm for an additional 12 h. The cells were
harvested at 4 °C by centrifugation at 6000g for 15 min, flash-frozen
in liquid nitrogen, and stored under liquid nitrogen until needed.

Protein Purification of BOLA3, ISCA1, ISCA2, ISCU, GLRX5,
LIAS, and NFU1
The purification of each of the proteins was performed in an
anaerobic chamber containing <1 ppm of O2 (Coy Laboratory
products, Grass Lake, MI) by IMAC using the following general
procedures with minor modifications for BOLA3. Cells were
resuspended in 200 mL of lysis buffer (100 mM Tris−HCl, pH 8.0,
150 mM KCl, 10 mM imidazole, 10 mM BME, 10 mM MgCl2). To
the resuspended cells, the following were added at their indicated final
concentrations: 0.25 mM FeCl3, 1 mM L-cysteine, 1 mM PLP, one
SIGMAFAST protease inhibitor tablet, 1 mM PMSF, 0.5 mg/mL
lysozyme, and 0.01 mg/mL DNase (no FeCl3, cysteine, or PLP was
added to BOLA3 samples). The cells were disrupted by sonication
with an ultrasonic cell disruptor (Branson Sonifier II “model W-250”,
Heinemann), and the lysates were clarified by centrifugation (4 °C,
45 000g, 1 h). The N-terminally His6-tagged SUMO fusion protein
was then purified by Ni−NTA affinity chromatography. The Ni−
NTA column was pre-equilibrated with 150 mL of lysis buffer. After
loading the supernatant onto the Ni−NTA column, the resin was
washed with 200 mL of wash buffer (50 mM HEPES, pH 7.5, 300
mM KCl, 30 mM imidazole, 10% glycerol (v/v), and 10 mM BME).
Protein elution from the Ni−NTA resin was performed with 100 mL
of elution buffer (50 mM HEPES, pH 7.5, 250 mM KCl, 300 mM
imidazole, 10% glycerol, and 10 mM BME). The eluted protein was
exchanged into cleavage buffer (50 mM HEPES, pH 7.5, 250 mM
KCl, 5% glycerol, 40 mM imidazole, and 10 mM BME) using a PD-10
column. ULP1 protease (50 μg/mg of protein to be cleaved) was
added to the fusion protein to excise the His6-SUMO tag from the
protein of interest, and the reaction mixture was incubated on ice
overnight. The following day, the protein sample was reloaded onto
the Ni−NTA column pre-equilibrated in cleavage buffer, and the
protein of interest was collected in the flow-through. The protein was
concentrated to ∼2.5 mL and buffer-exchanged into storage buffer
(50 mM HEPES, pH 7.5, 250 mM KCl, 30% glycerol, 2.5 mM TCEP,
and 10 mM BME) using a PD-10 column (GE Healthcare). For
proteins expressed from pET28a plasmid, their purification followed
the same steps as described above, omitting the ULP1 cleavage step.
When needed, the proteins were purified further by SEC on a HiPrep
16/60 Sephacryl HR S-200 column (Cytiva) equilibrated in gel
filtration buffer (50 mM HEPES, pH 7.5, 250 mM KCl, 10% glycerol,
2.5 mM TCEP, and 10 mM BME) at a flow rate of 0.5 mL/min.93

The S-200 column was connected to an AKTA protein liquid
chromatography system (Cytiva) in an anaerobic chamber. Fractions
containing the target protein were identified by UV−vis absorption at
280 nm and were combined, concentrated, and buffer-exchanged into
storage buffer using a PD-10 column.
Amino acid analysis for LIAS and NFU1 was performed by the UC

Davis Proteomics Core and revealed that the Bradford method
overestimates the protein concentration of LIAS by a factor of 1.6 and
that of NFU1 by a factor of 1.1. The concentration of the protein was
determined by Bradford method using appropriate correction factors
as necessary and using bovine serum albumin (fraction V) as the
standard.94 The purified protein sample was aliquoted, flash-frozen in
liquid N2, and stored under liquid nitrogen until needed. Protein
homogeneity was judged by 12% SDS−PAGE and was determined to
be ≥95% pure. Colorimetric iron and sulfide analyses were conducted
on the purified protein using the methods of Beinert.95−97

Overexpression and Purification of 57Fe-Labeled LIAS and
NFU1 and Mössbauer Spectroscopy
To generate 57Fe-labeled proteins for analysis by Mössbauer
spectroscopy, LIAS and NFUI proteins were overproduced as
described above with the exception that they were supplemented
with 50 μM 57FeCl3 instead of 50 μM FeCl3. The growth and
purification procedures were essentially identical to those described
above, with the exception that 57FeCl3 was also used for reconstitution
during the lysis step. 57FeCl3 was prepared as previously described.

98

For analysis by Mössbauer spectroscopy, 380 μM 57Fe-labeled
LIAS or 860 μM NFU1 was loaded into Mössbauer cups and flash-
frozen in liquid nitrogen. Mössbauer spectra were recorded on a
spectrometer from SEECO (Edina, MN) equipped with a Janis SVT-
400 variable-temperature cryostat. Isomer shifts are reported relative
to the centroid of the spectrum of α-iron metal at room temperature.
The external magnetic field was applied parallel to the direction of
propagation of the γ radiation. The Mössbauer spectra were simulated
using the WMOSS spectral analysis software from SEECO (www.
wmoss.org, SEE Co., Edina, MN).

Overexpression and Purification of 34S-Labeled NFU1
The expression of apo-NFU1 was as reported for EcNfuA.47 The
protein was purified as described above with the exception that no
FeCl3 or cysteine was added during the lysis step, as was done for the
other proteins. The purified apo protein was chemically reconstituted
with FeCl3 and Na234S in the same manner as was reported for
EcNfuA.47 The reconstituted NFU1 was centrifuged at 14 000g for 10
min to remove aggregates, concentrated to 2.5 mL, and buffer-
exchanged into gel filtration buffer using a PD-10 column. The
protein was then further purified on an S-200 SEC column as
described above. The synthesis of Na234S followed the procedures
previously reported.47

Electron Paramagnetic Resonance Spectroscopy Analysis
of LIAS and NFUI
For analysis by EPR, 400 μM LIAS or NFU1 in storage buffer was
prepared at 4 °C inside an anaerobic chamber. After a 15 min
reduction with freshly prepared dithionite (4 mM final concen-
tration), the samples were flash-frozen in cryogenic isopentane.
Respective protein samples without dithionite were used as controls.
Continuous-wave EPR spectra data were collected at 10 K with a
microwave power of 10 mW and a modulation amplitude of 0.2 mT
on a Magnettech 5000 X-band ESR spectrometer (Bruker) equipped
with an ER 4102ST resonator. The temperature was controlled by an
ER 4112-HV Oxford Instruments (Concord, MA) variable-temper-
ature helium-151 flow cryostat.

Interaction between NFU1 and LIAS
Size-Exclusion Chromatography. The ability of NFU1 to

interact with LIAS was investigated using size-exclusion gel filtration
chromatography. To determine the association, 500 μL of each of the
following protein samples was applied to a pre-equilibrated (gel
filtration buffer) HiPrep 16/60 Sephacryl HR S-200 column (GE
Healthcare) housed in a Coy anaerobic glovebox (<1 ppm of O2) and
chromatographed using a flow rate of 0.5 mL/min. The elution
volumes (Ve) of the following protein samples were determined: 100
μM LIAS alone, 200 μM NFU1 alone, and a 1:1 mixture of 200 μM
LIAS plus 200 μM NFU1. For the molecular weight standard
calibration curve, four individual injections were chromatographed for
the standards as follows: a mixture of 250 μL of cytochrome c at 2
mg/mL (12.4 kDa) plus 250 μL of β-amylase at 4 mg/mL (200 kDa);
a mixture of 250 μL of carbonic anhydrase at 3 mg/mL (29 kDa) plus
250 μL of alcohol dehydrogenase at 5 mg/mL (150 kDa); 500 μL of
bovine serum albumin (66 kDa); 500 μL of blue dextran (2000 kDa).
The elution volume of blue dextran was used for the void volume of
the column (V0). The Ve of the standards was determined, and the
calibration curve was plotted as the log of the molecular mass versus
Ve/V0. The linear equation was then used to calculate the
experimental molecular weight of each sample. The interaction was
judged both by the calculated experimental size of each of the peaks as
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well as by a shift in the Ve. The presence of both LIAS and NFU1 was
confirmed by SDS−PAGE.

Isothermal Titration Calorimetry. ITC was employed to
confirm the interaction between LIAS and NFU1 observed using
the gel filtration method above and to determine the binding
dissociation constant (KD). The KD by ITC was determined by 2 μL
injections of LIAS (150 μM in the syringe) into a solution of NFU1
(19 μM in the cell) at 27 °C using a MicroCal VP-ITC calorimeter
(Malvern Pananalytical Ltd.) housed in an anaerobic chamber (<1
ppm of O2). Prior to the binding experiment, protein samples were
thoroughly exchanged into ITC buffer (0.1 M HEPES pH 7.5, 0.5 M
KCl, 5% glycerol, and 2 mM TCEP) by gel filtration chromatography
using a PD-10 column. Binding analysis was accompanied by a control
experiment in which LIAS ligand (150 μM) was titrated into the
sample cell containing only the ITC buffer. Before the data were fit,
the control raw data were subtracted from the corresponding raw
titration data to account for the heat associated with ligand dilution.
The corrected data were processed with the Origin 7 software package
(Malvern Pananalytical Ltd.).

Liquid Chromatography−Mass Spectrometry Activity
Assays

Activity measurements were conducted in a Coy anaerobic chamber.
Each reaction mixture contained the following at their final
concentrations (unless noted otherwise elsewhere): 50 mM HEPES,
pH 7.5, 250 mM KCl, 10 μM LIAS, 10 μM SAH nucleosidase, 0.75
mM SAM, and 350 μM octanoyllysyl-containing peptide substrate
[Glu-(N6-octanoyl)Lys-Ala-Tyr]. In reactions designed to assess the
effect of BOLA3, ISCA1, ISCA2, ISCU, GLRX5, or NFUI, 200 μM
(final concentration) of each protein was added individually or in
combination as needed. For reactions in which GLRX5 was added,
reduced glutathione was included to a final concentration of 1 mM.
For reactions designed to test direct cluster transfer from NFU1 to
LIAS during turnover, sodium citrate was included to final
concentration of 5 mM. All reactions were initiated by the addition
of 1 mM (final concentration) sodium dithionite, and 25 μL aliquots
were removed at various times and added to an equal volume of
quench solution that contained 300 mM H2SO4, 8 mM TCEP, and 10
μM AtsA peptide external standard. The samples were centrifuged at
14 000g for 30 min to remove any precipitated proteins. The time-
dependent formation of 6-thiooctanoyl intermediate and lipoyl
peptide products was determined by UPLC−MS/MS using multiple
reaction monitoring (MRM) (Table S3). The quenched assay mixture
was separated on an Agilent Technologies Zorbax Extend-C18
column Rapid Resolution HT (4.6 mm × 50 mm, 1.8 μm particle
size) equilibrated in 98% solvent A (0.1% formic acid, pH 2.6) and
2% solvent B (100% acetonitrile). A solvent gradient of 2−65% B was
applied from 0.5 to 2.5 min, the solvent composition was maintained
at 65% B for 0.5 min before being returned to 2% B in 1 min, and
then was retained at 2% B for an additional 1 min to re-equilibrate the
column. A flow rate of 0.3 mL/min was maintained throughout the
method (Table S4). The detection of the products was performed
using electrospray ionization in positive mode (ESI+) with the
following parameters: nitrogen gas temperature of 300 °C and flow
rate of 5.0 L/min, nebulizer pressure of 15 psi, and capillary voltage of
4000 V. The products were quantified based on standard curves of
product standards run under same conditions.
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