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ABSTRACT: Cellular depletion of the human protein frataxin is correlated with the neurodegenerative disease
Friedreich’s ataxia and results in the inactivation of Fe—S cluster proteins. Most researchers agree that
frataxin functions in the biogenesis of Fe—S clusters, but its precise role in this process is unclear. Here we
provide in vitro evidence that human frataxin binds to a Nfs1, Isd11, and Isu2 complex to generate the four-
component core machinery for Fe—S cluster biosynthesis. Frataxin binding dramatically changes the Ky, for
cysteine from 0.59 to 0.011 mM and the catalytic efficiency (k.../Kn) of the cysteine desulfurase from 25 to
7900 M~! s~!. Oxidizing conditions diminish the levels of both complex formation and frataxin-based
activation, whereas ferrous iron further stimulates cysteine desulfurase activity. Together, these results
indicate human frataxin functions with Fe*" as an allosteric activator that triggers sulfur delivery and Fe—S
cluster assembly. We propose a model in which cellular frataxin levels regulate human Fe—S cluster
biosynthesis that has implications for mitochondrial dysfunction, oxidative stress response, and both

neurodegenerative and cardiovascular disease.

Iron—sulfur (Fe—S) clusters are essential cofactors that are
required for biochemical reactions and processes in all life forms.
In vitro, iron and sulfide can be used to chemically synthesize
Fe—S clusters or activate Fe—S apoproteins (/, 2). In vivo, Fe—S
clusters are synthesized by biosynthetic pathways that are
required to circumvent the toxicity and indiscriminant reactivity
of “free” iron and sulfide. Fe—S clusters are synthesized in pro-
karyotes using the nitrogen fixation (NIF), iron—sulfur cluster
assembly (ISC), and mobilization of sulfur (SUF) pathways (3).
In eukaryotes, the biosynthesis of Fe—S clusters occurs in the
matrix space of the mitochondria and includes at least a dozen
proteins (4, 5). Defects in the human Fe—S cluster biosynthesis
pathway are associated with cardiomyopathy and neurodegen-
erative ataxia and contribute to genomic instability, the devel-
opment of cancer, and aging (5—7).

Many of the required proteins for Fe—S cluster biosynthesis
have been identified, and their general biochemical function has
been elucidated. Human Isu2 (homologue of bacterial IscU) is a
14 kDa monomer (8) that provides a scaffold for building [Fe,S,]
and, possibly, [FesS,] clusters. Clusters are synthesized on Isu2
through interactions with proteins that mediate sulfur, iron,
and electron transfer. Sulfur atoms are provided by the 94 kDa
homodimeric cysteine desulfurase Nfsl, which catalyzes the
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pyridoxal 5'-phosphate-dependent breakdown of cysteine to alanine
(9, 10). During Nfsl catalysis, a cysteine on a flexible loop attacks
a substrate—PLP' adduct to generate a persulfide species. The
resulting sulfane sulfur can then be transferred in a rate-limiting
step to the scaffold protein for Fe—S biosynthesis or, in vitro,
can be reductively cleaved by redox agents to form sulfide ion
(10, 11). Tt has been proposed that iron atoms are donated by
both frataxin (Fxn) (/2—14) and IscA (/5). Electrons may be
provided by a ferredoxin (16, 7). Finally, chaperone proteins
interact with Isu and assist in delivering intact Fe—S clusters to
their apo targets (/8). ATP and GTP are also required during
some stage of Fe—S cluster biogenesis (19).

The role of Fxn in this Fe—S cluster assembly process remains
elusive. In vivo studies support a role for the 14 kDa monomeric
Fxn in Fe—S cluster assembly (20, 21), possibly as an iron
chaperone. An iron detoxification and storage role has also been
proposed (22, 23) and refuted (24, 25). Recently, Pastore and co-
workers provided evidence that the Escherichia coli Fxn homologue
functions as a negative regulator for Fe—S cluster assembly (26).
Such a function for eukaryotic Fxn is difficult to reconcile with
genetic and biochemical data, which suggest Fxn facilitates rather
than inhibits Fe—S cluster biosynthesis (12, 20, 21, 27, 28). Further
kinetic experiments that address the effect of human frataxin on
Fe—S cluster biosynthesis are required to resolve this issue.

A network of protein—protein interactions appears to be critical
for Fe—S cluster biosynthesis (3, 29). Fxn, Isu, and Nfsl physi-
cally interact in pull-down experiments using yeast (28) and
human (30) mitochondrial extracts. Iron-dependent Fxn—Isu
interactions are further supported by genetic studies in yeast (3/)
and biophysical experiments with recombinant human pro-
teins (12). Isu—Nfsl interactions are defined by a crystal structure
of the homologous E. coli IscU—IscS complex (32). In eukaryotes,
an additional protein, Isd11, is also known to form a complex
with Nfsl and is vital for Nfs1 function (33—35). Deletion of genes
encoding Nfsl, Isd11, Isul, or Fxn in Saccharomyces cerevisiae
produces similar phenotypes that include defects in Fe—S cluster
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proteins (33, 36). These data hint at a multiprotein complex that
functions as a Fe—S cluster assembly machine. Here in vitro evi-
dence that the foundation for the human Fe—S cluster assembly
machine is made up of a Nfsl, Isd11, Isu2, and Fxn protein
complex is presented. In addition, kinetic data that support a role
for human Fxn as an allosteric switch that activates this complex
for Fe—S cluster biosynthesis are provided.

EXPERIMENTAL PROCEDURES

Protein Purification. Plasmids containing human Nfsl
(A1-55) and Isdll (pZM4) were generously provided by
S. Leimkiihler (37). The Nfs1 and Isd11 plasmids were transformed
into E. coli strain BL21(DE3) for coexpression. Cells were grown
at 37 °C until they reached an OD of 0.6; the temperature was
decreased to 16 °C, and protein expression was induced with
0.1 mM isopropyl -p-1-thiogalactopyranoside (IPTG). Cells were
harvested 16 h later and transferred to a temperature-controlled
(10—15 °C) anaerobic glovebox (mBraun). Cells were resus-
pended in buffer A [S0 mM Tris (pH 8.0)] with 500 mM NaCl,
5 mM imidazole, and 100 uM pyridoxal 5'-phosphate (PLP) and
ruptured by sonication (Branson sonifier 450). Soluble material
was loaded onto a Ni-NTA column (16/13, GBiosciences) and
eluted with a linear gradient from 5 to 250 mM imidazole. Yellow
fractions were concentrated, combined with 100 4uM PLP, 5 mM
dithiothreitol (DTT), and 2 mM EDTA, and loaded onto a
Sephacryl S300 column (26/60, GE) equilibrated in buffer A with
250 mM NaCl. Fractions containing Nfsl (47 kDa) and Isd11
(11kDa) were >95% pure as determined by SDS—PAGE. Protein
concentrations were estimated by the Bradford method (38) or
using an extinction coefficient of 42670 M ™" em ™" at 280 nm (39).
The yield of Nfsl and Isd11 was 3 mg/L of cells.

The human Isu2 (A1—35) and Fxn (A1—55) genes were codon-
optimized for E. coli, synthesized by IDT, and subcloned into
pET11a vectors. The resulting plasmids were transformed into
E. coli BL21(DE3) cells, which were grown at 37 °C. Protein
expression was induced at an ODgg of 0.6 with 0.5 mM IPTG.
Cells were harvested 5 h later and sonicated in buffer B [S0 mM
Tris (pH 7.5)]. For Isu2, the soluble fraction was applied to an
anion exchange column (26/22, POROS 50HQ, Applied Bio-
systems), and the flow-through was collected (Isu2 does not bind)
and loaded onto a cation exchange column (16/14, POROS
S0HS, Applied Biosystems). Isu2 was eluted with a linear gradient
from 0 to 400 mM NaClin buffer B. Isu2 fractions (14 kDa) were
concentrated and further purified with a Sephacryl S300 (26/60)
column equilibrated in buffer C (50 mM HEPES and 150 mM
NaCl). An extinction coefficient of 8250 M~' cm™" at 280 nm (39)
was used to estimate the protein concentration. This procedure
yielded 4 mg of >95% pure Isu2/L of cells.

For Fxn, the soluble fraction after sonication was loaded onto
an anion exchange column (26/22, POROS 50HQ) and eluted
with a linear gradient from 0 to 800 mM NaCl in buffer B. The
monomeric Fxn fractions were collected and further purified on a
S300 gel filtration column equilibrated in buffer C. The fractions
containing full-length (residues 56—210) and truncated (residues
82—210) Fxn were collected and further purified by anion exchange
chromatography using a linear gradient from 120 to 250 mM
NaClin buffer B. Full-length Fxn and truncated Fxn were collect-
ed separately and confirmed by N-terminal sequencing. Trun-
cated Fxn (14 kDa) was used for all experiments. An extinction
coefficient of 26030 M~ em ™" at 280 nm (39) was used to estimate
the protein concentration. This procedure yielded 6 mg of >95%
pure truncated Fxn/L of cells.
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Cysteine Desulfurase Activity Measurements. Sulfide
production for the Nfsl and Isd11 complex (SD) was measured
using slight modifications to a methylene blue assay described by
Leimkiihler and co-workers (37, 40). Assay mixtures in a total
volume of 0.8 mL contained 1 uM SD, 10 uM PLP, 2 mM DTT,
250 mM NaCl, and 50 mM Tris (pH 8.0). The reactions were
initiated by addition of L-cysteine (0.1—1.0 mM) and the mixtures
incubated at 37 °C. Sulfide production was linear for the first
30 min, and an incubation time of 10 min was chosen to generate
sufficient product for straightforward detection. Assays were
quenched by addition of 100 uL of 20 mM N,N-dimethyl-
p-phenylenediamine in 7.2 N HCl and 100 uL of 30 mM FeCl;
in 1.2 N HCL. After being incubated for 20 min to allow for
methylene blue synthesis, the samples were centrifuged (5 min at
12000g), and the absorbance at 670 nm was converted to a sulfide
concentration using a standard curve.

Similarly, cysteine desulfurase activities were measured for
SD after a 30 min anaerobic incubation with 3 equiv of Isu2 or
Fxn. In a separate experiment, 3 equiv of Isu2 and Fxn were
incubated with SD for 30 min prior to initiation of the reaction
with L-cysteine (2.5—200 uM). Michaelis—Menten kinetics for
the cysteine desulfurase reaction were also examined for the
protein components in the presence of 10 equiv of Fe(NHy4),-
(SOy4),. Reaction rates as a function of cysteine concentration
were fit to the Michaelis—Menten equation using KaleidaGraph
(Synergy Software).

The cysteine desulfurase activity was also determined at a
“physiological” (0.1 mM) cysteine concentration with 1 uM SD
alone, and with 3 equiv of Isu2 and/or Fxn. For the Fe titration,
the proteins were diluted by a factor of 2 and 0—5 uM Fe(NHy),-
(SOy4), was added. To assess if other metal ions also stimulated
cysteine desulfurase activity, we repeated the assay of SD with 3
equiv of both Isu2 and Fxn in the presence of 10 equiv of FeCl;,
Zn(OAc),, CoSQy, NiCl,, MgCl,, CuSO4, Ca(OAc),, or MnCl,.

Fe—S Cluster Formation Assay. Assay mixturesin 0.25 mL
contained 8 uM SD, 24 uM Isu2, 100 uM Fe(NH,4)(SO4)2, 3 mM
DTT, and 0—16 uM Fxn in 50 mM Tris (pH 7.4) with 250 mM
NacCl. The assay mixture was incubated in an anaerobic glovebox
for 30 min before the reaction was initiated with 0.1 mM
L-cysteine. Fe—S cluster formation was monitored at 456 nm for
90 min. Units are defined as the amount of Isu2 required to
produce 1 umol of Fe—S cluster per minute at 25 °C. An extinc-
tion coefficient of 5.8 mM ' cm™! was used for [Fe,S,] cluster
absorption (4/). The rate of Fe—S cluster formation was fit to
first-order kinetics by using Agilent UV—visible ChemStation
software.

Protein Complex Determination. Assays included 40 uM
SD, 120 uM Isu2, 120 uM Fxn, 10 mM DTT, 10 mM EDTA,
0.8 mM Fe(NHy4)5(SOy)2, 50 mM NaCl, and 100 mM HEPES
(pH 7.5). Samples were incubated for 30 min in an anaerobic
glovebox and evaluated for protein complex formation using
blue native gels (42) that contained 6.5% separating and 5%
stacking layers. Titration experiments with Fxn and Isu2 were
performed using the same procedure except the titrant concen-
tration was varied from 5 to 120 uM. The amount of protein on
the native gel was estimated by densitometry; gels were scanned
with a Typhoon Trio Imager and analyzed with ImageQuant.
The slower migrating band was cut out of the native gel and
dehydrated with 66% acetonitrile in 25 mM ammonium bicar-
bonate (ABC) (pH 8). The protein was extracted by incubation
with 0.1% SDS and 10 mM ABC (pH 8) for 30 min at room
temperature and mixed with an equal volume of 66% acetonitrile
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Table 1: Rate Constants for Human Nfs1 Activity with Isu2 and Fxn AE : o Without Fe® B,E " ) ‘ .
kcaI/KM E 1 s ;E T - :
complex ke min™!) K™ (mM)  M7'sh Z5 Z
S 4 3
£, Est*
SD 1.940.1 0.34+0.06 93 [ I}
SD with Fxn 17401  0.33+0.06 86 = f Ia
SD with Isu2 0.8940.04 0.59 +0.05 25 E g, T W
SD with Isu2 and Fxn 52404 0011£0.003 7900 e o 0 05 10 15 20 2§
SD with Isu2, Fxn, and Fe**  10.741.0 0.017 4 0.005 10500 Fxn - + 4 4 Fe?'/SD Molar Ratio

and 25 mM ABC (pH 8). The solution was concentrated with
a speed-vac, and the proteins were analyzed by 14% SDS—PAGE.

Protein Complex Isolation. SD was incubated with 3 equiv
of Isu2 and Fxn, 2 equiv of PLP, 5 mM tris(2-carboxyethyl)phos-
phine (TCEP) or DTT, and 50 mM Tris (pH 7.4) with 50 mM
NaCl buffer for 30 min in an anaerobic glovebox. The Nfsl,
Isd11, and Isu2 complex (SDU) and the Nfsl, Isd11, Isu2, and
Fxn complex (SDUF) were loaded onto a S200 gel filtration
column and compared to molecular mass standards to estimate
the molecular mass. Molecular mass standards (Bio-Rad) includ-
ed bovine thyroglobulin (670 kDa), bovine y-globulin (158 kDa),
chicken ovalbumin (44 kDa), horse myoglobin (17 kDa), and
vitamin By (1.4 kDa). SDU and SDUF were also further purified
on a cation exchange column and eluted with a linear gradient
from 150 to 1000 mM NaCl in buffer B. Protein complexes were
confirmed by SDS—PAGE.

RESULTS

Isu2 and Frataxin Stimulate Nfsl and Isdll Cysteine
Desulfurase Activity. Human recombinant Fxn and Isu2 were
assayed for their ability to alter the kinetics of the cysteine desulfurase
for Fe—S cluster biosynthesis. In this assay, cysteine was con-
verted to alanine and the resulting persulfide intermediate was
reduced with DTT and detected as sulfide. In the absence of
additional proteins, purified human recombinant SD exhibited
Michaelis—Menten kinetics for sulfide production with a Michaelis
constant (Ky;) of 0.34 mM for cysteine and a ke, of 1.9 min~'
(Table 1). The resulting catalytic efficiency (keo/Ky) of 93 M ~'s~!
for recombinant human SD was nearly identical to a previously
reported value (37) of 96 M~ s~!. The kinetic parameters k., and
Ky were not significantly changed upon addition of Fxn to SD. In
contrast, the k., was lowered by a factor of 2 and the Ky nearly
doubled upon addition of Isu2 to SD (Table 1).

Both the k¢, and the Ky were dramatically altered by the
addition of Fxn to SD in the presence of Isu2, which resulted in
an increase in the catalytic efficiency from 25 to 7900 M~" s~
(Table 1). This increase in catalytic efficiency was due to a nearly
6-fold faster k., for sulfide production and a change in Ky, for
cysteine from 0.59 to 0.011 mM. Because the physiological con-
centration of cysteine in eukaryotic cells is thought to be 0.1 mM
(43—45), we determined cysteine desulfurase activities at this
concentration to mimic cellular conditions. The sulfide produc-
tion activity for SD was similar when either Isu2 or Fxn
was individually added but dramatically increased when both
were present (Figure 1A). Together, these data indicate that
Fxn greatly stimulates the cysteine desulfurase in an Isu2-
dependent manner, facilitating catalysis at physiological cysteine
concentrations.

Given theiron dependence of Fxn—Isuinteractions (12, 28, 46),
the ferrous iron dependence of the kinetics of sulfide production
was explored. Iron had little effect on the cysteine desulfurase

FIGURE 1: Frataxin and ferrous iron stimulate cysteine desulfurase
activity. (A) Rates of SD sulfide production were determined in the
presence of 3 equiv of Isu2, 3 equiv of Fxn, and either 0 or 10 equiv of
ferrous iron. Equivalents are calculated on the basis of the SD
concentration. For the oxidized sample, SD was incubated with
Isu2 and Fxn for 30 min in air, and then the reaction was initiated
with cysteine and DTT. Error bars are for three independent mea-
surements. (B) Rates of sulfide production were determined for SD in
the presence of 3 equiv of Isu2 and Fxn and increasing amounts of
ferrous iron.

activities of SD, SD with Isu2, and SD with Fxn (Figure 1A). In
contrast, iron stimulated the activity of SD when both Isu2 and
Fxn were present; kinetic analysis revealed that this increase in
activity was due to a doubling of the k., rate rather than a signif-
icant change in the Ky (Table 1). A reaction mixture containing
SD, Isu2, and Fxn was titrated with iron, and the maximal activ-
ity was achieved after the addition of 1 equiv of iron (Figure 1B).
A similar SD, Isu2, and Fxn reaction was not significantly
stimulated by ferric iron and other first row transition metals,
with the possible exception of Mn>" (Figure 2). Together, these
data indicated that both Isu2 and Fxn are necessary for the
activation of the SD cysteine desulfurase, which can be further
stimulated by 1 equiv of ferrous iron.

Human Frataxin Accelerates Fe—S Cluster Assembly.
Fe—S cluster biosynthesis rates were determined by following the
increase in absorbance at 456 nm, commonly used to monitor
[Fe,S] cluster formation (41), in the presence of 0.1 mM cysteine
and 0.1 mM Fe’". An assay containing SD with Isu2 exhibited a
specific activity of 0.0027 unit/mg, whereas addition of Fxn
increased the rate by a factor of 25 (Figure 3A). Titration of Fxn
into a reaction mixture containing SD and Isu2 revealed that the
specific activity increased linearly with added Fxn and was maxi-
mal after the addition of 1 equiv of Fxn and SD (Figure 3B).
These results revealed that Fxn stimulates formation of Fe—S
clusters on Isu2 and indicated that Fxn functions as an activator
for human Fe—S cluster biosynthesis.

Human Nfsl, Isdl1, Isu2, and Fxn Form a Multiprotein
Complex. Because Isu2 and Fxn together dramatically changed
the kinetic parameters of the cysteine desulfurase (Table 1), we
hypothesized that Nfsl, Isdl1, Isu2, and Fxn may form a

mol HzS/mol Nfs1/min
© = N W A OO N ®

- F&"Fé* zii* Cd*Ni* Mg™ Cu’ Ca M

FIGURE 2: Stimulation of cysteine desulfurase activity by metal ions.
Rates of sulfide production were determined for SD in the presence of
3 equiv of Isu2 and Fxn and 10 equiv of metal ions.
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FIGURE 3: Frataxin accelerates the rate of Fe—S cluster biosynthesis.
(A) Fe—S cluster formation was monitored by an increase in absor-
bance at 456 nm as a function of time. Assays included SD with 3
equiv of Isu2 and SD with 3 equiv of both Isu2 and Fxn. (B) The rate
of Fe—S cluster biosynthesis was determined as a function of added
Fxn.

multiprotein complex. To test this hypothesis, we incubated SD,
Isu2, and Fxn with 5—10 mM DTT in an anaerobic glovebox for
30 min and then tested for protein—protein interactions using
native gel electrophoresis (Figure 4A). Addition of all four
proteins resulted in the appearance of a slower migrating band
compared to Fxn on the native gel that was consistent with
formation of a protein complex. The slower migrating band was
dependent upon the presence of each of the protein components
(Figure 4A). This protein complex formed in the presence of
10 mM EDTA and the addition of ferrous iron had no obvious
affect on band intensity. Cutting this band out of the native gel
and analyzing with SDS—PAGE revealed the presence of all four
added proteins (Figure 4B). This slower migrating band on the
native gel was therefore associated with a noncovalent Nfsl,
Isd11, Isu2, and Fxn protein complex (SDUF) that was stable in
the presence of metal chelators.

Next, protein titration experiments were performed to probe the
requirements for complex formation and provide an indication of
the subunit stoichiometry. First, 0—3 equiv of Fxn was added to a
mixture of SD and Isu2, followed by native gel electrophoresis to
monitor SDUF formation (Figure 5A). The slower migrating
band was not observed in the absence of Fxn, increased in intensity
with added Fxn, and was maximal after the addition of 1 equiv of
Fxn and SD (Figure 5B). Similarly, Isu2 was titrated into a
mixture of SD and Fxn (Figure 6A). The slower migrating band
was not formed in the absence of Isu2, increased with added Isu2,
and was maximal after the addition of 2 equiv of Isu2 and SD
(Figure 6B). These experiments further supported SD, Isu2, and
Fxn as components of the protein complex associated with the
slower migrating band and placed an upper limit on the stoichi-
ometry at one Fxn and two Isu subunits for each Nfsl.

Oxidizing Conditions Inhibit Complex Formation. The redox
requirements for complex formation and frataxin-dependent
activation were determined. First, a native gel assay was used
to determine that in the absence of a reducing agent (DTT or
TCEP) the intensity of the slower migrating band was diminished
(Figure 4A, lane 8). Second, a SD sample was incubated with Isu2
and Fxn in air for 30 min; DTT and cysteine were added, and the
cysteine desulfurase activity was measured. This air-oxidized
sample exhibited diminished cysteine desulfurase activity com-
pared to the equivalent anaerobic sample with all four compo-
nents (Figure 1A). Together, the data indicated a correlation
between SDUF formation and activation of the Fe—S cluster
assembly machinery that was influenced by redox conditions.

Nfsl, Isdl1, Isu2, and Fxn Form ~150—180 kDa Com-
plexes. Analytical gel filtration chromatography was used to

1 3 4 5 6 7 8 9 1 Isu2 Fxn SD SDUF

b uUw B -

. - Ssanse

FiGure 4: Nfsl or Isd11, Isu2, and Fxn form a multiprotein com-
plex. (A) Native gel showing protein requirements for complex
formation: lane 1, Isu2 (Isu2 has an estimated pl of 8.9 and is difficult
to observe under the native gel conditions); lane 2, Fxn; lane 3, SD;
lane 4, SD with Fxn; lane 5, SD with Isu2; lane 6, Isu2 with Fxn; lane
7, SD with Isu2 and Fxn; lane 8, SD with Isu2 and Fxn without DTT;
lane 9, SD with Isu2, Fxn, and EDTA; lane 10, SD with Isu2, Fxn,
and Fe?*. Anasterisk and a diamond mark the positions of the slower
migrating band and Fxn, respectively. (B) SDS—PAGE gel showing
the protein components of the slower migrating band. The band from
panel A was extracted and analyzed by SDS—PAGE.
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FIGURE 5: Fxn induces formation of SDUF. (A) Native gel showing
the formation of SDUF with added Fxn: lane 1, Isu2; lane 2, Fxn;
lane 3, SD; lanes 4—14, SD with Isu2 and 0—3 equiv of Fxn. An
asterisk and a diamond mark the positions of SDUF and Fxn,
respectively. (B) One equivalent of Fxn is required to form SDUF.
Densitometry was used to quantitate the SDUF band from panel A.

estimate the oligomeric state and molecular mass of the human
proteins and complexes. SD, Isu2, and Fxn exhibited retention
times consistent with estimated molecular masses of 150, 17, and
17kDa, respectively (Figure 7A). Gel filtration chromatographic
analysis of SD incubated with both Isu2 and Fxn revealed an
apparent 180 kDa species (Figure 7A). SDS—PAGE analysis
revealed the presence of Nfsl, Isd11, Isu2, and Fxn (Figure 7B),
which was consistent with SDUF. Interestingly, gel filtration
analysis of a SD sample incubated with Isu2 resulted in a slightly
different retention time and an estimated molecular mass of 170 kDa
(Figure 7A). SDS—PAGE analysis of the 170 kDa fractions
revealed the presence of Nfsl, Isd11, and Isu2, consistent with
SDU. In contrast, a similar experiment with SD incubated with
Fxn provided no evidence of SDF (Nfsl, Isd11, and Fxn protein
complex). The formation of SDU and not SDF was consistent
with the perturbation of the SD kinetic parameters upon addition
of Isu2 or Fxn (Table 1). No higher-molecular mass species or
aggregate, such as oligomeric Fxn, was observed in these experi-
ments. These gel filtration results were consistent with human
Nfsl, Isd11, and Isu2 assembling into SDU and Nfsl, Isd11,
Isu2, and Fxn assembling into SDUF in which Fxn binding
depends on the presence of Isu2.

DISCUSSION

Human Fe—S cluster assembly proteins were isolated and
conditions discovered for forming previously uncharacterized
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FIGURE 6: Isu2induces formation of SDUF. (A) Native gel showing
formation of SDUF with added Isu2: lane 1, Isu2; lane 2, Fxn; lane 3,
SD; lanes 4—14, SD with Fxn and 0—3 equiv of Isu2. An asterisk and a
diamond mark the positions of SDUF and excess Fxn, respectively.
(B) Densitometry was used to quantitate the SDUF band from panel A.

SDU and SDUF comprised of Nfsl, Isd11, and Isu2 and Nfsl,
Isd11, Isu2, and Fxn, respectively. Previously, a protein complex
was proposed for Fe—S cluster biosynthesis in yeast that included
oligomeric rather than monomeric Fxn (47). Gel filtration results
presented here (Figure 7A) revealed no evidence of oligomeric
Fxn and confirmed human Fxn is in the monomeric form.
Together, these data suggest that SDU and SDUF have molec-
ular masses of approximately 170—180 kDa, represent distinct
functional states for Fe—S cluster biosynthesis (see below), and
are the mechanistically relevant species for future study.

SDU is essentially inactive at physiological cysteine concen-
trations. The concentration of cysteine in mouse liver or brain
homogenates is reported to be 0.1 mM (43). The concentration of
cysteine in rat liver mitochondria was originally undetect-
able (48, 49), but recent studies revealed a concentration of
0.07 mM (45). Kinetic analysis of human SDU (SD and Isu2)
using 0.1 mM cysteine revealed very low sulfide production and
Fe—S biosynthesis activities (Figures 1A and 3A). The modest
activities are explained by the low “physiological” substrate
concentration (0.1 mM) compared to the high Ky (0.59 mM)
for human SDU. We propose SDU is in the “off” state for Fe—S
cluster assembly.

Binding of Fxn to SDU generates an ~180 kDa SDUF species
with a possible 05,750, stoichiometry. A recent crystal structure
revealed that bacterial IscS (Nfs1 homologue) binds to IscU (Isu2
homologue) with an elongated a,f, stoichiometry (32). Titra-
tion results indicated each Nfsl binds a maximum of one Fxn
(Figure 5B). If we assume each Nfsl also binds one Isd11, the
resulting auf,y, SDU and oyf,y,0, SDUF have calculated
molecular masses of 144 and 172 kDa, respectively, which are
close to the estimated masses (170 and 180 kDa, respectively)
determined by gel filtration chromatography (Figure 7A). The
similar retention times for SDU and SDUF are consistent with
the elongated architecture for the bacterial IscS—IscU structure,
and a model suggesting a more globular IscS—IscU—Fxn species
(32). Together, these results suggest a,5,y, SDU and auf,y20,
SDUF stoichiometries but do not rule out alternate stoichio-
metries with additional Isd11 or Isu2 molecules.

Fxn binding and stimulation of cysteine desulfurase activity
are reminiscent of sulfur acceptor proteins in bacterial systems.
Fxn binding to SDU (SD, Isu2, and Fxn) increased the sulfide
production activity 20-fold (Figure 1A). Stimulation of cysteine
desulfurases by binding partners is well-known. In E. coli, IscS
activity is stimulated 6-fold by IscU binding (50) and SufS
activity is increased 50-fold by SufE interactions (5/). SufE is a
sulfur transfer protein (52) that is structurally similar to IscU (53).
In Bacillus subtilis, the scaffold apoprotein SufU stimulated
SufS activity 40-fold, whereas the cluster-bound SufU stimulated
SufS at a much lower level (54). Cysteine desulfurases are also
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FIGURE 7: Molecular mass estimates and protein components for
SD, SDU, and SDUF. (A) Three equivalents of Isu2 was added to SD
to generate SDU. Three equivalents of both Isu2 and Fxn was added
to SD to form SDUF. Samples were analyzed via anaerobic gel
filtration chromatography. (B) SDS—PAGE analysis of Fe—S cluster
assembly complexes confirms protein components.

stimulated by molecular chaperones involved in Fe—S cluster
assembly (55) and proteins involved in tRNA (56) and molyb-
dopterin (57) biosynthesis.

Fxn binding activates SDU, possibly through a conforma-
tional change. Fxn binding increased the k., nearly 6-fold and
decreased the Ky for cysteine by more than 50-fold (Table 1).
Because there is no evidence that Fxn directly participates in
cysteine desulfurase catalysis, we suggest Fxn acts indirectly as an
allosteric activator and induces a conformational change that
positions the Nfsl persulfide loop and a conserved cysteine on
Isu2 for direct sulfur transfer and Fe—S cluster biosynthesis. In
this model (Figure 8), Fxn binding to SDU switches the Nfsl
flexible loop from a nonfunctional to a catalytic conformation,
which enhances substrate binding and lowers the Ky, for cysteine.
We hypothesize that Fxn binding to SDU also induces a
conformational change in Isu2 that facilitates the transfer of
sulfur from Nfsl and thereby increases the cysteine turnover
number (k,). The persulfide cleavage or sulfur transfer step is
the rate-limiting step in other cysteine desulfurases (/7). Regardless
of the molecular details, the binding of Fxn to SDU dramatically
increases the catalytic efficiency of the complex and essentially
turns the assembly system “on” for Fe—S cluster biosynthesis at
physiological cysteine concentrations.

Iron enhances the ability of Fxn to activate the cysteine
desulfurase. The addition of ferrous iron to SDUF doubled the
kca but had minimal effects on the Ky for cysteine (Table 1). The
maximum stimulation was observed after the addition of 1 equiv
of iron (Figure 1B). Previously, 1 equiv of iron was also shown to
be required for Fxn and Isu interactions (12, 46). Iron does not
appear to be required for the formation of SDUF (Figure 4A,
lanes 9 and 10), but a role for iron in complex stabilization has
not been evaluated. The addition of ferric iron or most of the first
row transition metals did not significantly increase the cysteine
desulfurase activity (Figure 2). The one exception is Mn>", which
slightly activated (128% of the control) the cysteine desulfurase
activity and is a good mimic of ferrous iron. This result is con-
sistent with Fe*", and possibly Mn”", functioning in conjunction
with Fxn to accelerate the sulfur transfer step in catalysis, possibly
by inducing a conformational change in Isu2.

The addition of Fxn to SDU accelerated the rate of Fe—S
cluster biosynthesis 25-fold at physiological cysteine concentra-
tions. In this experiment (Figure 3A), the absorbance maximized
after a calculated 12 uM [Fe,S;] cluster was formed, which is
approximately the concentration (8 uM) of SDUF. This calculation
is based on the assumption that the absorbance at 456 nm is due
to [Fe,S] clusters with extinction coefficients of 5.8 mM ™' em ™!
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FiGuRre 8: Working model for Fxn activation of the Fe—S cluster assembly complex. The Nfsl flexible loop is stabilized in a nonfunctional
conformation for SD and SDU. Fxn binding favors the catalytic loop conformation, enhances substrate binding, and accelerates persulfide bond
formation. Fxn binding and Fe binding also induce a conformational change in Isu2 that accelerates the transfer of sulfur from Nfs1 to Isu2 for

Fe—S cluster biosynthesis.

(41); this [Fe,S,] cluster assignment should be viewed as tentative
until it is supported by additional spectroscopic studies. Strik-
ingly, addition of Fxn to SDU results in mirrored increases in the
rate of Fe—S cluster biosynthesis (Figure 3B) and the amount of
SDUF formation (Figure 5B), with both exhibiting a maximum
effect after the addition of 1 equiv of Fxn. These data strongly
support a model in which Fxn is an activating component of the
core Fe—S cluster assembly machine (Figure 8).

An allosteric activator role for Fxn in Fe—S cluster biosynthe-
sis is consistent with most previous studies. This newly discovered
function for Fxn is consistent with in vivo experiments that show
Fxn depletion results in the loss of activity for Fe—S cluster
enzymes (20, 21). Enzyme assay results (Figure 3) indicate that
SDU is still able to synthesize Fe—S clusters in the absence of
Fxn, albeit at a much lower rate. This explains the residual level
of Fe—S enzyme activity in Fxn-depleted yeast mitochondria (27).
A role for Fxn as an allosteric activator for Fe—S cluster bio-
synthesis is also consistent with the neurodegenerative and cardio-
vascular impairment in Friedreich’s ataxia (FRDA). FRDA
patients with low frataxin levels would be expected to contain
only residual or “unactivated” levels of Fe—S cluster biosynthe-
sis, have depleted Fe—S clusters in their respiratory chain, and
exhibit mitochondrial dysfunction. Because heart and brain tissue
are especially rich in mitochondria, these tissues are particularly
susceptible to Fxn deficiencies and Fe—S cluster defects. This
allosteric activator role for human Fxn is in contrast to studies of
the E. coli homologue that suggest Fxn functions as an inhibitor
for Fe—S cluster biosynthesis (26). An allosteric activator func-
tion for Fxn does not necessarily rule out other functions, such as
mediating iron delivery for Fe—S cluster synthesis.

Fxn levels in vivo may be used to regulate the Fe—S cluster
assembly activity in response to environmental stimuli. The
results presented here clearly indicate Fxn is an activating
component for the SDUF Fe—S cluster assembly complex. What
is unclear is if Fxn protein levels are controlled by environmental
cues as a mechanism for regulating Fe—S cluster biosynthesis.
Fxn protein levels are known to vary by a factor of >3 in normal
individuals (58). Two possible environmental stimuli are iron and
oxidative stress. Iron regulates frataxin expression (59) and
stimulates Fe—S cluster biosynthesis in a Fxn-dependent manner
(Figure 1B). Oxidative stress results in chemical modification of
Fxn (60), whereas oxidizing conditions weaken SDUF formation
(Figure 4A, lane 8) and frataxin-based activation (Figure 1A).
Additional experiments are required to determine if these or
other environmental stimuli are part of a regulatory mechanism
that uses Fxn to modulate Fe—S cluster biosynthesis.

Here we establish that a four-protein component complex that
includes Nfsl, Isd11, Isu2, and Fxn is capable of synthesizing
Fe—S clusters. Future studies are required to clarify if this SDUF
interacts transiently with additional biosynthetic components,
such as the electron donor (ferredoxin) and iron donor machin-
ery, or if an even larger assembly complex is formed. Additional
studies are also required to determine if the molecular chaper-
ones, which facilitate transfer of the Fe—S cluster to apo target
scaffolds, interact with an intact SDUF, a subcomplex such as
SDU, or dissociated holo-Isu2. In addition, few details are
currently available for the mechanisms of human [Fe,S,] and
[Fe4S4] cluster assembly, target recognition, and cluster transfer.
The results presented here provide strong evidence that SDU and
SDUF represent the off and on states for Fe—S cluster biosynthe-
sis, respectively, lead to testable hypotheses for cellular regula-
tion of Fe—S cluster assembly, and provide a foundation for
addressing these mechanistic questions.
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