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The function of frataxin (FXN) has garnered great scientific interest
since its depletion was linked to the incurable neurodegenerative
disease Friedreich’s ataxia (FRDA). FXN has been shown to be nec-
essary for iron-sulfur (Fe-S) cluster biosynthesis and proper mito-
chondrial function. The structural and functional core of the Fe-S
cluster assembly complex is a low-activity pyridoxal 5′-phosphate
(PLP)–dependent cysteine desulfurase enzyme that consists of cat-
alytic (NFS1), LYRM protein (ISD11), and acyl carrier protein (ACP)
subunits. Although previous studies show that FXN stimulates the
activity of this assembly complex, the mechanism of FXN activa-
tion is poorly understood. Here, we develop a radiolabeling assay
and use stopped-flow kinetics to establish that FXN is functionally
linked to the mobile S-transfer loop cysteine of NFS1. Our results
support key roles for this essential cysteine residue in substrate
binding, as a general acid to advance the Cys-quinonoid PLP inter-
mediate, as a nucleophile to form an NFS1 persulfide, and as a
sulfur delivery agent to generate a persulfide species on the Fe-S
scaffold protein ISCU2. FXN specifically accelerates each of these
individual steps in the mechanism. Our resulting architectural
switch model explains why the human Fe-S assembly system has
low inherent activity and requires activation, the connection be-
tween the functional mobile S-transfer loop cysteine and FXN
binding, and why the prokaryotic system does not require a similar
FXN-based activation. Together, these results provide mechanistic
insights into the allosteric-activator role of FXN and suggest new
strategies to replace FXN function in the treatment of FRDA.
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Friedreich’s ataxia (FRDA) is an autosomal recessive neuro-
degenerative disease that has no cure. It is primarily caused

by the down-regulation of the protein frataxin (FXN) that results
from a GAA triplet repeat expansion in the first intron of the
FXN gene (1). In the search for the function of FXN, early
studies led to many different proposals that include the control
of reactive oxygen stress, in iron storage, as an iron chaperone,
and as an iron sensor (2). FXN was later demonstrated to bind to
the human iron-sulfur (Fe-S) assembly complex and promote Fe-S
cluster biosynthesis in eukaryotes (3–8). However, mechanistic
details and the precise role of FXN in Fe-S cluster assembly
remain elusive, thereby limiting FXN replacement strategies for
the treatment of FRDA.
Fe-S clusters are protein cofactors that are necessary for many

critical biochemical processes (9, 10). Fe-S clusters have a variety
of enzymatic roles, including electron transfer, substrate binding
and activation, and the initiation of radical chemistry (11, 12).
Different Fe-S cluster stoichiometries, such as the [2Fe-2S] and
[4Fe-4S] forms, are synthesized and distributed to apo target
proteins by conserved biosynthetic pathways. A key enzyme in
these pathways is the cysteine desulfurase, which uses a pyridoxal
5′-phosphate (PLP) cofactor to convert L-cysteine to L-alanine
and provide the sulfur for cluster synthesis. In contrast to the
prokaryotic cysteine desulfurase IscS, the human Fe-S assembly
subcomplex requires interactions with both a LYRM superfamily
protein (ISD11) and an acyl carrier protein (ACP) for the stability

and function of the NFS1 catalytic subunit (13–18). Both NFS1
and IscS generate a persulfide intermediate on a conserved cysteine
residue of a mobile S-transfer loop; the sulfur is then transferred
to a cysteine residue on the Fe-S scaffold protein (19). In humans,
the scaffold protein ISCU2 combines the sulfane sulfur with Fe2+

and electrons, possibly from a ferredoxin (20, 21), to generate [2Fe-2S]2+

cluster intermediates (5, 22, 23). These clusters are then trans-
ferred intact to a carrier protein to complete the catalytic cycle for
the assembly complex.
Identifying the role of FXN in Fe-S cluster biosynthesis has

been complicated by the existence of FXN forms with different
lengths in vivo. The longer form, FXNΔ1–55, can undergo an iron-
dependent oligomerization to produce a species reminiscent of
ferritin that may function in iron storage (24–28). The truncated
form, FXNΔ1–80, has a modest binding affinity for iron (3 to
55 μM), which led to the proposal that FXN accelerates Fe-S
cluster synthesis by functioning as a chaperone that donates iron
(29–38). More recently, multiple studies provide evidence that
FXN enhances both the cysteine desulfurase activity (increasing
the catalytic constant [kcat] by ∼12-fold) and the subsequent Fe-S
cluster assembly rate on the scaffold protein (5, 22, 39–42).
Remarkably, both FXN and its prokaryotic homolog, CyaY,
stimulate the in vitro Fe-S assembly reactions by the human Fe-S
biosynthetic complex but inhibit the equivalent reaction by the
prokaryotic system (43, 44). FXN has been proposed to affect
the activity of the cysteine desulfurase enzyme by enhancing
substrate binding to the PLP cofactor (39) and to increase the
rate of the sulfur transfer reaction to the scaffold protein (40, 41)
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and small-molecule thiols (5, 41). However, the underlying bio-
chemical logic for why FXN is required to synthesize Fe-S clusters
in eukaryotes, but not prokaryotes, and whether FXN affects
specific chemical steps in the PLP-based mechanism of the cysteine
desulfurase are currently unknown.
In this study, a newly developed acid-quench radiolabeling

assay and stopped-flow kinetics were used to probe how FXN
affects the rates of individual steps in the cysteine desulfurase
reaction and subsequent intermolecular sulfur transfer to ISCU2.
Our results are consistent with the essential cysteine of the mobile
S-transfer loop functioning in substrate binding, as a general acid,
as a nucleophile, and as a sulfur carrier during different steps
of Fe-S cluster biosynthesis. Intriguingly, we show that FXN
accelerates each of these steps linked to the mobile S-transfer
loop. The mechanistic details and resulting model described in
this paper provide insights into the function of FXN and have
potential implications for the treatment of FRDA.

Results
FXN Accelerates Persulfide Formation on NFS1 and ISCU2. Our first
objective was to test whether FXN modulates the rates of per-
sulfide formation on NFS1 and the interprotein sulfur transfer to
ISCU2. The human NFS1–ISD11 complex was recombinantly
purified with Escherichia coli ACP (previously named the SDAec
complex) (18) and mixed with ISCU2 (referred to as the
SDAecU complex), ISCU2 and FXN (referred to as the SDAecUF
complex), or ISCU2 and the E. coli FXN homolog CyaY
(referred to as the SDAecUCec complex). A rapid acid-quench
assay was developed that couples high-performance liquid
chromatography (HPLC) with radiolabeled sulfur detection. In this
assay, Fe-S assembly complexes were reacted with L-[35S]cysteine
substrate, quenched with acid after different reaction times,
and applied to a reversed-phase HPLC column for an analysis
of protein content (absorbance) and persulfide label (radio-
activity). The abilities to rapidly protonate thiolate nucleo-
philes, which inhibits both enzymatic and nonenzymatic sulfur
transfer reactions for persulfide species (45), and analyze
proteins for 35S incorporation under quench conditions are
critical aspects of this assay. Control experiments established
conditions to separate proteins in the SDAecUF complex that
contain cysteine residues (NFS1 and ISCU2; SI Appendix,
Figs. S1 and S2). The effectiveness of acid in quenching sulfur
transfer from NFS1 to ISCU2 was established by reactions under
normal and quench conditions (SI Appendix, Fig. S3). Initial
studies with excess L-[35S]cysteine substrate resulted in labeling of
multiple cysteine residues on NFS1 and ISCU2 (SI Appendix, Fig.
S4). Some of these labeled cysteine residues, especially on NFS1
(C158, C163, C353, and C426), are likely due to side reactions of
the SDAecU complex that occur with excess cysteine substrate,
long incubation times, and no additional reductant or iron; these
conditions likely permit sulfur transfer reactions from persulfide
species to excess cysteine in solution and result in the subsequent
scrambling of the radiolabel on the protein. The ability of cysteine
desulfurases to readily generate free L-cysteine persulfide has
been previously reported (46). To minimize nonspecific labeling,
stoichiometric amounts of the substrate were used to determine
the rates of persulfide formation on NFS1 and ISCU2.
The SDAecU and SDAecUF complexes were combined with

L-[35S]cysteine and quenched after different reaction times, and
the proteins were separated under quench conditions. Plotting
the amount of radiolabel as a function of time revealed saturation
between 0.20 and 0.25 labels per NFS1 (Fig. 1 A and B) and
ISCU2 (Fig. 1 C and D) for the SDAecU and SDAecUF com-
plexes. Interestingly, the amount of label on NFS1 did not de-
crease at longer reaction times as one might expect for sequential
irreversible reactions using limited substrate. Persulfide formation
on NFS1 and ISCU2, which were fit simultaneously, matched well
with an equilibrium sulfur transfer model with a second cysteine

turnover (Fig. 1E and SI Appendix, Fig. S5). Models that lack the
equilibrium step (k-2) or second cysteine turnover (k3) did not
adequately fit the data. The rates of persulfide formation on NFS1
were constrained to be the same for the SDAecU (or SDAecUF)
complex with or without a persulfide-bound ISCU2 (Fig. 1E; k1 =
k3). Under these limiting substrate conditions, the slow step for
both the SDAecU and SDAecUF complexes was the formation of
the persulfide species on NFS1 (Fig. 1 and Table 1). The kinetic
model that best fit the data suggests that FXN accelerates both the
rate of persulfide formation on NFS1 (6.5-fold greater) and sulfur
transfer from NFS1 to ISCU2 (30-fold greater), and that the
persulfide transfer reaction from NFS1 to ISCU2 is reversible with
an equilibrium constant near 1 for both the SDAecU and SDAecUF
complexes (Table 1).

Evidence for a Reversible Sulfur Transfer Reaction Between NFS1 and
ISCU2. Next, we extended this radiolabeling assay to (1) test
whether the sulfur transfer reaction between NFS1 and ISCU2 is
indeed reversible and (2) determine whether FXN affects the
susceptibility of the persulfide species to thiol-based cleavage
using a pulse–chase experiment. The SDAecU and SDAecUF
complexes were first reacted with L-[35S]cysteine for 40 min to
allow persulfide labeling of NFS1 and ISCU2. The quantitation
of the radiolabel indicated that both the SDAecU and SDAecUF
complexes had similar amounts of persulfide associated with
NFS1 (47%) and ISCU2 (53%) (SI Appendix, Fig. S6 A and D).
Spiking a portion of the labeled SDAecU sample with unlabeled
ISCU2 or SDAec shifted the [35S]-persulfide population toward
ISCU2 (35% NFS1, 65% ISCU2; SI Appendix, Fig. S6B) or NFS1
(62% NFS1, 38% ISCU2; SI Appendix, Fig. S6C), respectively.
Similarly, adding unlabeled ISCU2 or SDAec to the labeled
SDAecUF sample shifted the population of radiolabel toward
ISCU2 (33% NFS1, 67% ISCU2; SI Appendix, Fig. S6E) or
NFS1 (55% NFS1, 45% ISCU2; SI Appendix, Fig. S6F), re-
spectively. The observation that the total radioactivity remained
the same (SI Appendix, Fig. S6) but the label distribution shifted
upon the addition of unlabeled proteins is consistent with a re-
versible interprotein sulfur transfer reaction between NFS1 and
ISCU2 in the absence of iron, as suggested by our kinetic model
(Fig. 1E).
Next, we determined the susceptibility of the persulfide spe-

cies to reductive cleavage using a pulse–chase experiment. A
stoichiometric amount of L-[35S]cysteine was first incubated with
the individual SDAecU and SDAecUF complexes. The labeled com-
plexes were then combined with 1 mM nonradioactive L-cysteine
for various times, quenched with acid, and analyzed as described
above. For the SDAecU complex, spiking the sample with non-
radioactive cysteine resulted in the loss of most of the labeled
sulfur on both NFS1 and ISCU2, which occurred at similar rates
(SI Appendix, Fig. S7 A and B and Table 1). Intriguingly, the
addition of FXN resulted in an ∼5-fold increased rate of sulfur
loss from NFS1, but almost no loss of label from ISCU2. These
data, coupled to the evidence for a reversible sulfur transfer re-
action (SI Appendix, Fig. S6), are consistent with a model in which
the persulfide loss occurs primarily from NFS1, which is then
regenerated by either enzymatic turnover using a nonlabeled
cysteine or back-transfer of the sulfur from ISCU2 (SI Appendix,
Fig. S7C). For the SDAecU complex, we hypothesize that after 35S
cleavage, the persulfide on NFS1 is replaced through interprotein
sulfur transfer from ISCU2, explaining the similar [35S]-persulfide
depletion rates for NFS1 and ISCU2 (Table 1). In contrast, we
suggest that the SDAecUF complex regenerates the persulfide
species through rapid enzymatic turnover at the high cysteine
concentration of the chase experiment, thereby inhibiting the
back-transfer of label from ISCU2 to NFS1 and reconciling the
apparent protection of the label on ISCU2. Notably, the kcat for
the cysteine desulfurase reaction is ∼12-fold greater for the
SDAecU complex in the presence of FXN (18). Together, these
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radiolabeling experiments strongly support the proposed role of
FXN as an allosteric activator that accelerates sulfur chemistry
(5, 40, 41), more specifically the rate of both persulfide for-
mation on NFS1 and interprotein sulfur transfer to ISCU2.

FXN Accelerates the Formation and Decay of PLP Intermediates for
the Human Cysteine Desulfurase Complex. To determine how FXN
accelerates persulfide formation on NFS1, the PLP chemistry
associated with the cysteine desulfurase reaction was directly
probed using stopped-flow kinetics. Previously, Bollinger and
coworkers (47, 48) used stopped-flow kinetic and isotope effect
experiments to dissect the mechanism of formation of the per-
sulfide species, identify 7 accumulating intermediates, and map
the intermediates to the mechanism of cysteine desulfurases from
Synechocystis sp. PCC 6803. According to the currently accepted
cysteine desulfurase mechanism (47, 49, 50) (SI Appendix, Fig. S8),
the addition of cysteine leads to the sequential formation of Cys-
aldimine, Cys-quinonoid, and Cys-ketimine intermediates prior
to the C-S bond cleavage step and formation of the persulfide
species (Fig. 2). We monitored the Cys-aldimine at 410 nm, the
Cys-quinonoid at 508 nm, and the Cys-ketimine at 340 nm
(Materials and Methods). The SDAecU and SDAecUF complexes
were combined with L-cysteine, and the changes in absorbance
were monitored over the first 2,000 ms by stopped-flow kinetics.
For the SDAecU complex, we observed both the development
and decay of the Cys-aldimine intermediate (Fig. 3A). In contrast,
the build-up of the Cys-aldimine species was not observed for the
SDAecUF complex, possibly due to its development occurring
during the dead time of the instrument, and the intermediate
accumulated at an ∼8-fold higher level than for the equivalent
experiment with the SDAecU complex (Fig. 3 A and B). Despite

the different formation kinetics, the Cys-aldimine intermediates
for the 2 complexes decay at similar rates (∼7% difference; Table
2). This result suggests that FXN promotes L-cysteine interactions
with the PLP cofactor to generate the aldimine intermediate and
initiate catalytic turnover for the human Fe-S assembly complex.
We next examined the effect of FXN on the formation and

decay of the Cys-quinonoid intermediate. The SDAecU and
SDAecUF complexes exhibited similar (∼11% difference) kinetics
for the formation of the Cys-quinonoid species (Fig. 4A and
Table 2), consistent with the comparable rates of decay for the
Cys-aldimine intermediate. Notably, the addition of FXN to the
SDAecU complex dramatically increased the decay kinetics (4-fold
faster) for the Cys-quinonoid intermediate (Fig. 4 A and C and
Table 2). Next, we tested if the FXN homolog CyaY, which is
known to also activate the cysteine desulfurase activity of the
SDAecU complex (44), also has the ability to accelerate this step
of the reaction. Similar to the effect with FXN, the addition of
CyaY to the SDAecU complex increased the rate of Cys-quinonoid
decay (2.4-fold faster) (Fig. 4 B and C and Table 2). The conversion
of the Cys-quinonoid to the Cys-ketimine species requires pro-
tonation at the C4′ position (Fig. 2). Thus, these results support a
role for FXN in accelerating the protonation of the Cys-quinonoid
intermediate, which prompts its conversion to the Cys-ketimine
species, during the catalytic cycle of the human cysteine desulfurase
complex (Fig. 2 and SI Appendix, Fig. S8).
We then examined the kinetics for the development of the

Cys-ketimine intermediate. An increase in absorbance at 340 nm
was observed but could not be adequately fit to obtain rate
constants (SI Appendix, Fig. S9). This may be due to contribu-
tions from additional intermediates after the carbon-sulfur (C-S)
bond cleavage event (SI Appendix, Fig. S8) that have similar

Fig. 1. FXN accelerates the persulfide formation kinetics on both NFS1 and ISCU2. The SDAecU and SDAecUF complexes were reacted with a stoichiometric
amount of L-[35S]cysteine and quenched with acid, and the proteins were separated using a reversed-phase column. Formation of [35S]-persulfide was
quantitated and plotted for NFS1 (SDAecU) (A), NFS1 (SDAecUF) (B), ISCU2 (SDAecU) (C), and ISCU2 (SDAecUF) (D). (E) Best-fit kinetic model (k1 = k3) for persulfide
accumulation on cysteine residues of NFS1 and ISCU2. The data for the SDAecU or SDAecUF complex were fit simultaneously with KinTek, and the fits were
validated using FitSpace (SI Appendix, Fig. S5). Blue, green, and red dashed lines represent the simulated amounts of persulfide on NFS1, ISCU2, or both NFS1 and
ISCU2, respectively. Black lines indicate the total amount of simulated persulfide on NFS1 or ISCU2. Replicate errors (n = 3) are indicated by error bars.
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absorbance properties to the Cys-ketimine species. However, we
do observe that there is a larger amount of absorbance at 340 nm
for SDAecUF than for SDAecU (SI Appendix, Fig. S9 A and B),
which corresponds to the faster kinetics for the Cys-quinonoid
decay for the SDAecUF complex. Overall, the observation of the
decay of a 410-nm species, the formation and decay of a 508-nm
species, and the formation of a 340-nm species is compatible with
the current mechanism and the assignment of sequential Cys-aldimine,
Cys-quinonoid, and Cys-ketimine intermediates. Together, these
stopped-flow experiments are consistent with the radiolabeling
studies and indicate that FXN binding accelerates PLP-based
chemistry that occurs prior to the C-S bond cleavage and per-
sulfide formation reaction on the mobile S-transfer loop.

The Mobile S-Transfer Loop Cysteine Is the Proton Donor for Quinonoid
Decay. The mobile S-transfer loop cysteine has a critical role in
C-S bond cleavage of the Cys-ketimine intermediate to generate
the NFS1 persulfide species (Fig. 2). Here, we tested whether the
mobile S-transfer loop cysteine also provides the proton necessary
to advance the Cys-quinonoid intermediate. The NFS1 S-transfer
loop cysteine was converted to alanine, and the resulting SC381ADAec
complex was purified and combined with ISCU2 and FXN.
Stopped-flow kinetics for the SC381ADAecUF complex revealed a
decrease in the accumulation, but similar decay kinetics, for the
Cys-aldimine intermediate compared with the SDAecUF complex
(Fig. 3C). Interestingly, the Cys-quinonoid intermediate for the
SC381ADAecUF complex does not appear to decay (Fig. 4 D and F
and Table 2), consistent with a proton donation role for C381. We
then tested whether this general acid role of the mobile S-transfer loop
cysteine is a shared feature among the type I cysteine desulfurases
(51). Native IscS and the IscSC328A variant were purified and
analyzed using stopped-flow kinetics. Native IscS showed faster
Cys-quinonoid formation (5-fold) and decay (2-fold) kinetics
than the SDAecUF complex (Fig. 4 E and F and Table 2). The
IscSC328A variant exhibited extremely slow decay of the Cys-quinonoid
intermediate (Fig. 4 E and F and Table 2), analogous to the
result from the SC381ADAecUF complex. These results are

consistent with the mobile S-transfer loop cysteine providing
the proton to advance the Cys-quinonoid intermediate. Interest-
ingly, both the presence of FXN and the mobile S-transfer loop
cysteine have a role in advancing the Cys-quinonoid intermediate,
suggesting that these processes are functionally linked.

Discussion
A direct connection between the FXN gene and the neurode-
generative disease FRDA was established in a seminal 1996 study
(1). Typical FRDA patients have lower than wild-type FXN ex-
pression levels (4 to 36% of controls) (52–56), suggesting that a
threshold level of FXN is required for normal function. FXN
depletion results in the loss of activity for Fe-S cluster enzymes,
increased iron accumulation in mitochondria, and enhanced sensi-
tivity to oxidative stress (57). Strategies to treat FRDA have focused
on iron chelators, antioxidants, and mechanisms to increase FXN
levels (58, 59). Unfortunately, FRDA remains incurable. An
alternate approach to generating an FRDA treatment is to first
determine the biological role of FXN and then replace that
function.
Early studies focused on a possible role of FXN in iron me-

tabolism. A function in iron storage was proposed based on the
ability of the larger form of FXN (FXNΔ1–55) to undergo an iron-
dependent oligomerization to produce a species reminiscent of
ferritin (24–28, 60). However, this iron-induced oligomerization
appears to be dispensable in vivo (61). The truncated form of
FXN (FXNΔ1–80), which is widely considered to be the functional
form in vivo, is monomeric even in the presence of iron (62),
interacts with the NFS1–ISD11–ISCU2 complex (5, 7, 22, 31,
63), and rescues cells challenged with FXN depletion (64). The
truncated form of FXN was proposed to function as a chaperone
that delivers iron for Fe-S cluster assembly. This proposal was
based on the observations that (1) FXN depletion disrupts iron
homeostasis and promotes iron accumulation in the mitochon-
dria, (2) FXN contains an iron-binding carboxylate patch, (3)
FXN has the ability to reactivate the [4Fe-4S]–containing aco-
nitase, and (4) the Fe-S assembly pathway lacks a designated iron

Fig. 2. Scheme showing key intermediates in the cysteine desulfurase reaction that were monitored by stopped-flow kinetics. In the currently accepted
mechanism, the enzyme goes through sequential Cys-aldimine, Cys-quinonoid, and Cys-ketimine intermediates prior to C-S bond cleavage and generation of
the NFS1 persulfide species (NFS1-SSH).

Table 1. Persulfide formation kinetics for Fe-S assembly complexes

Experiments Parameters SDAecU SDAecUF FXN rate enhancement

[35S]-Cys sulfur transfer reactions
(min−1 × 10−2)

Persulfide formation on NFS1 (k1 and k3) 0.8 (0.75 to 0.81)* 5.2 (5.1 to 5.2)* 6.5
Persulfide transfer: NFS1 to ISCU2 (k2) 8.6 (8.5 to 9.6)* 266 (252 to 282)* 30.9
Persulfide back transfer: ISCU2 to NFS1 (k-2) 8.4 (8.2 to 10.0)* 254 (241 to 70)* 30.2
ISCU2/NFS1 equilibrium constant (k2/k-2) 1.0 1.1

Pulse–chase experiments
(min−1 × 10−2)

Persulfide decay for NFS1 8 ± 1 42 ± 7 5.3

Persulfide decay for ISCU2 6 ± 2 0.048 ± 0.0015† 0.008

*The values in parentheses denotes the lower and upper limits of the best fit value of the rate constant. These values were calculated at 99% and 99.7%
confidence contours for the SDAecU and SDAecUF complexes, respectively.
†Determined with a linear fit.
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chaperone (29, 33). However, truncated FXN has a weak binding
affinity toward ferrous iron (55 μM), which is the substrate for
Fe-S cluster biosynthesis, and the iron-binding carboxylate patch
residues are only semiconserved (33, 34, 36, 37). Moreover, a
similar iron overload phenotype is generated upon depletion of
other members of the mitochondrial Fe-S assembly system (65),
indicating that this phenotype is connected to the loss of Fe-S
clusters and not necessarily to the ability to donate iron for this
pathway. Furthermore, FRDA clinical variants for FXN have
been identified in a region distinct from the carboxylate patch.
These FRDA variants are not iron-binding residues and exhibit
diminished ability to bind and activate the Fe-S assembly com-
plex (66–68). Finally, the presence of a ∼150 μM labile iron pool
in mitochondria could function as a feedstock for iron-containing
proteins and raises the question as to whether a designated iron
chaperone is even required for the Fe-S cluster biosynthetic
pathway (69). Despite these concerns, many investigators still
champion iron storage or donor roles for FXN.
More recently, evidence supporting a role for FXN in pro-

moting sulfur-based chemistry associated with eukaryotic Fe-S
cluster biosynthesis has emerged (5, 22, 39–41, 70). In this study,
we have further interrogated and tested this role of FXN using
2 types of experiments. First, we developed a radiolabeling assay
that couples an acid-quench step with HPLC-based separation
and analysis of the labeled proteins. Reactions were performed
with stoichiometric amounts of cysteine in the absence of iron to
minimize loss of the protein-bound label. Using this assay, we
found that FXN accelerates the rate of persulfide formation on
NFS1 as well as the interprotein sulfur transfer reaction from
NFS1 to ISCU2 (Fig. 1 and Table 1).
Second, we applied a stopped-flow kinetic approach to examine

which chemical step or steps FXN accelerates in the formation of
the persulfide species on NFS1. The addition of either FXN or its
prokaryotic homolog CyaY to the SDAecU complex dramatically
increased the decay kinetics for the Cys-quinonoid intermediate,
which correlates well with the rate enhancement of the eukaryotic
cysteine desulfurase complex upon the addition of either FXN or
CyaY (44). Advancement of the quinonoid to ketimine interme-
diate requires protonation at the C4′ position. Substitution of

the mobile S-transfer loop cysteine with an alanine for either the
human SDAecUF complex or E. coli IscS enzyme inhibited the
decay of the Cys-quinonoid intermediate (Fig. 4), consistent with
previous mechanistic proposals (47, 50) and implying that this is a
common feature of type I cysteine desulfurases. These data strongly
support a role for the mobile S-transfer loop cysteine as a general
acid that protonates the Cys-quinonoid intermediate.
Interestingly, we found that type I cysteine desulfurases with

substitutions for the mobile S-transfer loop cysteine, which
therefore lack the proposed proton donor for formation of the
Cys-ketimine species, did not accumulate higher levels of earlier
catalytic intermediates, as one might predict. Moreover, there
appears to be a positive correlation between how much of the
Cys-quinonoid accumulates for different complexes and the rate
at which the intermediate decays (SI Appendix, Fig. S10), which
is counterintuitive. Such an effect can be readily explained if the
mobile S-transfer loop cysteine also has a role in a step prior to
the formation of the Cys-ketimine intermediate. The SC381ADAecUF
complex that lacks the mobile S-transfer loop cysteine shows
markedly diminished levels of Cys-aldimine, suggesting the S-
transfer loop cysteine is also involved in the formation of the Cys-
aldimine intermediate. The mobile S-transfer loop cysteine has
been previously proposed to participate in substrate binding (46);
possible roles include stabilizing the substrate through noncovalent
interactions or functioning as a general base that deprotonates the
amine of the substrate to promote Cys-aldimine formation (Fig. 5).
Moreover, Cys-aldimine accumulation for SDAecU was very similar
to that of SC381ADAecUF, but significantly lower than that of
SDAecUF, suggesting the loss of the mobile S-transfer loop cysteine
or the loss of FXN has an equivalent detrimental effect on substrate
binding and Cys-aldimine formation.
Overall, the mobile S-transfer loop cysteine is responsible for

the critical steps in the cysteine desulfurase mechanism (Fig. 5):
facilitating substrate binding (step B), functioning as a general
acid to accelerate the decay of the Cys-quinonoid intermediate
(step D), acting as a nucleophile to generate the persulfide
species on NFS1 (step E), and delivering the sulfane sulfur to the
acceptor protein ISCU2 (step F). Our results show that each of
these roles assigned to the mobile S-transfer loop cysteine is

Fig. 3. Formation and decay of the Cys-aldimine intermediate monitored by stopped-flow kinetics. The SDAecU, SDAecUF, and SC381ADAecUF complexes
(100 μM) were individually mixed with 10 mM L-cysteine, and the Cys-aldimine intermediate was tracked by changes in absorbance at 410 nm as a function of
time. The traces are an average of 3 independent experiments. The rates for the development and decay of the Cys-aldimine intermediate were obtained by
nonlinear regression analysis (solid red lines).

Table 2. Rates for individual steps in the cysteine desulfurase reaction for Fe-S assembly complexes

Enzyme or complex
Rate of Cys-aldimine

formation (s−1)
Rate of Cys-aldimine

decay (s−1)
Rate of Cys-quinonoid

formation (s−1)
Rate of Cys-quinonoid

decay (s−1)
Relative rate of

Cys-quinonoid decay

SDAecU 96 ± 15 1.82 ± 0.05 19.5 ± 0.5 1.19 ± 0.03 1
SDAecUF ND 1.70 ± 0.01 17.5 ± 0.4 4.80 ± 0.07 4.0
SDAecUCec ND ND 5.6 ± 0.2 2.9 ± 0.1 2.44
SC381ADAecUF ND 2.84 ± 0.005 59 ± 2 0.099 ± 0.004 0.08
IscS ND ND 88 ± 1 9.77 ± 0.06 8.21
IscSC328A ND ND 96 ± 20 0.08 ± 0.01 0.067

ND, not determined.
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enhanced or accelerated by FXN. Notably, the conversion of
the Cys-aldimine to the Cys-quinonoid species (Fig. 5, step C),
which is thought to be independent of the mobile S-transfer loop
cysteine and involve the PLP-binding lysine functioning as
a base, did not show slower kinetics when either the mobile
S-transfer loop cysteine or FXN was absent. Together, these
data support the conclusion that the mobile S-transfer loop and
FXN are functionally linked for the eukaryotic Fe-S assembly
system.

Model for the Role of FXN in Fe-S Cluster Biosynthesis. The eukaryotic
SDAecU complex has unusually low activity for a cysteine desul-
furase enzyme (kcat < 10% of prokaryotic IscS) and requires FXN
binding to stimulate activity and approach the catalytic turnover
rate of IscS (5, 18). In 2017, the first crystal structure of a mito-
chondrial cysteine desulfurase (SDAec) complex surprisingly
revealed an incomplete substrate-binding site, a solvent-exposed
PLP cofactor, a disordered mobile S-transfer loop, and an overall
“open” α2β2γ2 architecture in which ISD11 molecules mediate in-
teractions between NFS1 subunits (18). Quaternary interactions
between NFS1 subunits are therefore quite different from those in
its prokaryotic homolog IscS, which have contributions from each
subunit of the homodimer to the active site channel of the other
subunit (71, 72). A subsequent structure revealed the SDAec com-
plex can also adopt a “closed” α2β2γ2 architecture exhibiting an
NFS1–NFS1 interface with similar subunit interactions as IscS (73).
Overlaying the 2 SDAec structures reveals that the NFS1-ISD11-
ACP units superimpose but use distinct protein–protein interfaces

to form the open and closed quaternary structures. Electron
microscopy studies revealed that the predominant form of the
SDAec complex in solution is the open form (18). This open ar-
chitecture provides a rationale for the essential nature of ISD11 in
eukaryotes, the low basal levels of cysteine desulfurase activity for
the SDAec complex, and the requirement of an allosteric effector to
enhance the activity of the enzyme.
We propose that the SDAec complex exists as an equilibrium

mixture of open and closed forms, with the open architecture
being the dominant species in solution (18). In the open archi-
tecture, the incomplete active site structure and solvent-exposed
PLP likely hinder substrate binding. Moreover, the mobile S-transfer
loop is not constrained by the other NFS1 subunit in the open
form and probably adopts largely nonproductive conformations
(Fig. 5), which results in a low probability of the catalytically
essential cysteine residue sampling the active site and thereby
limits cysteine desulfurase activity. In our model, FXN addition
induces an open-to-closed architectural rearrangement for the
complex. This structural switch repositions the second NFS1
subunit to complete the channel to the active site and excludes
nonproductive conformations of the mobile S-transfer loop. As a
consequence, specific chemical steps involving the mobile S-transfer
loop cysteine that include substrate binding, advancement of the
Cys-quinonoid to the Cys-ketimine intermediate, NFS1 persulfide
formation, and interprotein sulfur transfer to ISCU2 are accelerated.
It is also possible, but less likely, that FXN binds to the open
form of the complex, mimicking the second NFS1 subunit in the
closed form, and directly excludes nonproductive conformations to

Fig. 4. Decay of the Cys-quinonoid intermediate is accelerated by the presence of FXN and the mobile S-transfer loop cysteine. The different complexes
(100 μM) were combined with 10 mM L-cysteine, and the absorbance at 508 nm was followed as a function of time. Stopped-flow kinetic traces are displayed
for the Cys-quinonoid intermediate of the SDAecU (red) and SDAecUF (blue) complexes (A), SDAecU (red) and SDAecUCec (cyan) complexes (B), SDAecUF (blue)
and SC381ADAecUF (pink) complexes (D), and IscS (green) and IscSC328A (orange) variants (E). A comparison of the Cys-quinonoid decay rates for complexes
(using the same color scheme) for A and B (C) and D and E (F) is shown. Note that the SC381ADAecUF and IscSC328A variants have extremely slow decay kinetics.
All kinetic traces are an average of 3 independent experiments, and the rates for the development and decay of the Cys-quinonoid intermediate were
obtained by nonlinear regression analysis (solid lines).
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activate the cysteine desulfurase complex. We suggest that CyaY,
despite a mere 20% sequence identity to FXN, activates the human
Fe-S assembly complex by inducing a similar open-to-closed struc-
tural transition. In contrast, prokaryotic IscS already exists in a high
activity closed form that cannot be further activated by the binding
of an allosteric effector that induces an open-to-closed architec-
tural switch, explaining the dissimilar effects upon FXN/CyaY
binding to the different cysteine desulfurases (44).
This stimulation of the sulfur transfer chemistry explains the

previously reported FXN-based acceleration of [2Fe-2S] cluster
formation on ISCU2 (23). Notably, the role of FXN in directly
assembling the [2Fe-2S] cluster intermediate on ISCU2 (Fig. 5,
step H) has not been evaluated. Once the cluster is synthesized,
the final step of [2Fe-2S] cluster biosynthesis is the transfer of
the intact Fe-S cluster to a carrier protein such as GRX5 (Fig. 5,
step I). This step was recently shown to be unaffected by FXN
but accelerated for variants of ISCU2 (42). Interestingly, the
FXN-dependent stimulation of [2Fe-2S] cluster synthesis and
this FXN-independent acceleration of cluster transfer were shown
to be additive, and both increase the overall Fe-S cluster flux through

the pathway (42). Finally, we did not evaluate if Fe2+ affects the
kinetics/equilibrium of any of the steps in this study. Considering
Fe2+ has been shown to further accelerate the cysteine desulfurase
activity in the presence of FXN (5), a future study evaluating the
effect of Fe2+ on these reactions might provide additional mechanistic
insight.
Overall, our results strongly support a role for FXN as an al-

losteric modulator that stimulates PLP-based chemistry and
sulfur delivery to ISCU2 for [2Fe-2S] cluster synthesis. We pro-
vide an architectural switch model that explains how FXN binding
completes the active site for NFS1 and controls the S-transfer loop
trajectory. The incorporation of FXN, along with ISD11/ACP,
into the eukaryotic cysteine desulfurase is likely a mechanism to
either control the sulfur flux through different biosynthetic path-
ways or tune the level of Fe-S cluster assembly. Consistent with
this idea, a recent study discovered that FXN was dispensable in
mammalian systems under anoxic conditions (74), which would
have a lower demand for Fe-S clusters. Now that the FXN acti-
vation mechanism is better understood, new approaches such as
the development of molecules that exclude nonproductive mobile

Fig. 5. Model for FXN activation of eukaryotic Fe-S cluster biosynthesis. In the absence of FXN, the NFS1 mobile S-transfer loop exists primarily in a non-
productive open conformation. FXN binding favors the active closed conformation. In step A, cysteine substrate enters the active site channel and forms a
noncovalent Michaelis complex. In step B, catalytic cysteine of the mobile S-transfer loop either provides noncovalent interactions or acts as a base and
deprotonates the amine (shown in the figure) of the cysteine substrate to facilitate the formation of Cys-aldimine. In step C, the Cα proton of the substrate is
abstracted to generate the Cys-quinonoid intermediate. In step D, S-transfer loop cysteine acts as an acid and provides the proton for Cys-ketimine formation.
In step E, S-transfer loop cysteine now acts as a nucleophile and cleaves the C-S bond to generate a persulfide intermediate. In step F, S-transfer loop cysteine
then functions as a sulfur carrier and delivers the sulfane sulfur to ISCU2. Our results show that this step is reversible in the absence of iron. In step G, the
product alanine leaves, regenerating the internal aldimine (resting state). Steps A to G take place again with another turnover of cysteine to alanine and
generation of persulfide on NFS1. In step H, the complex with 2 persulfides then reacts with ferrous iron and electrons to synthesize a [2Fe-2S] cluster on
ISCU2. In step I, the [2Fe-2S] cluster is transferred to apo-GRX5. Steps accelerated by FXN are labeled in red. Note that the steps accelerated by FXN involved
the S-transfer loop cysteine.
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S-transfer loop conformations or stabilize the closed form of the
cysteine desulfurase architecture might have potential as FXN
replacement strategies and FRDA therapeutics.

Materials and Methods
Protein Preparations. Plasmids containing human NFS1 (Δ1–55) and ISD11
(pZM4) were generously provided by S. Leimkühler, University of Potsdam,
Potsdam, Germany (75). The NFS1 and ISD11 plasmids were transformed
into E. coli strain BL21(DE3) cells and the proteins were copurified with
the bacterial ACP (ACPec) as the SDAec complex (18). Human ISCU2 (Δ1–35)
and FXN (Δ1–55) were separately expressed without their mitochondrial
targeting sequence and purified as previously described (5). The spontaneous
conversion of Δ1–55 FXN to the truncated form was confirmed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (5). E. coli IscS
was purified as previously described (43). The QuikChange protocol (Agilent)
was used to introduce the C381A point mutation into the NFS1-pET15b
plasmid and C328A point mutation into a plasmid containing native IscS
(43, 75). To remove any residual persulfide, the SDAec, IscS, and ISCU2 samples
were treated with 3 mM dithiothreitol (DTT) prior to a final gel filtration puri-
fication step that was performed in an anaerobic glove box. Protein concen-
trations were estimated using the following extinction coefficients: SDAec and
IscS using 6.6 mM−1·cm−1 at 388 nm (in 0.1 M NaOH) (76), ISCU2 using
8,490 M−1·cm−1 at 280 nm, FXN using 26,030 M−1·cm−1 at 280 nm, and
CyaY using 28,990 M−1·cm−1 at 280 nm (5, 77). Protein variants were
purified using the same protocol used for native proteins and assumed to
have the same extinction coefficient as the native proteins. Cysteine
desulfurase activities (kcat) for the IscS, SDAecU, and SDAecUF complexes
were 8.07 ± 0.13 min−1, 0.82 ± 0.03 min−1, and 10.1 ± 0.2 min−1, respectively.
Unless otherwise stated, all protein manipulations and reactions were
carried out in an anaerobic glove box (MBRAUN; maintained at ∼14 °C
with O2 < 1 ppm).

Protein Separation and 35S-Labeling Reactions. Proteins and protein complexes
were injected (150-μL volume; SI Appendix, Fig. S1) into a reversed-phase
C4 column (WAT011807; Waters) attached to an HPLC system (1260 Infinity;
Agilent Technologies) and separated using a gradient from 30 to 70% of
buffer B (60% CH3CN, 40% isopropanol, 0.1% trifluoroacetic acid [TFA]),
with the remainder of the composition made up of buffer A (0.1% TFA in
water [pH 2.0]). Both the absorbance (diode array detector) and, after
mixing with scintillation mixture (BioCount 111182), the [35S] signal (model
5C β-RAM radio-HPLC detector; LabLogic) were recorded for the eluted
proteins.

An L-[35S]cysteine stock solution was generated by diluting 20 μL of
L-[35S]cysteine (10.2 μM, 1.00796mCi; PerkinElmer) 50 times with nonradioactive
L-cysteine to generate 1 mL of a 1-mM stock solution. The final concentration
of L-[35S]cysteine in the stock solution was 204 nM. The retention time of
NFS1 was determined by reacting a 25-μL aliquot of the SDAec complex
(37.5 μM) with 25 μL of L-[35S]cysteine (final concentration of 500 μM) for
30 min at 37 °C (SI Appendix, Fig. S2). The reaction was stopped by addition
of 50 μL of a quenching solution, and the proteins were separated under low
pH (quench) conditions. The quenching solution was made by mixing 1 volume
of concentrated HCl with 4 volumes of 6 M guanidine hydrochloride (pH < 1).
Note that ISD11, ACPec, and FXN lack cysteine residues needed to form a per-
sulfide species and are not labeled by L-[35S]cysteine.

To demonstrate that the quench solution inhibits sulfur transfer, labeled
NFS1 was first generated by reacting the SDAec complex (30 μM) with
L-[35S]cysteine (400 μM final concentration, 45-μL total reaction volume) for
30 min at 37 °C. The labeled NFS1 was either (1) incubated with ISCU2
(80 μM, 5 μL) for 30 min, followed by the addition of 50 μL of the quenching
solution, or (2) first combined with 50 μL of the quenching solution and then
incubated with ISCU2 (80 μM, 5 μL) for 30 min. Samples were analyzed by
reversed-phase chromatography under quench conditions (SI Appendix, Fig.
S3). Data collection and analysis were performed with Laura software (Lab-
Logic). To quantitate the amount of persulfide associated with the peak, the
area under the scintillation curve (in counts per minute) was converted into a
[35S] concentration using a standard curve generated from known amounts
of L-[35S]cysteine and then multiplied by the dilution factor (unlabeled/labeled
L-cysteine = 4,901.96).

Assays for Monitoring Persulfide Formation and Decay. For the persulfide
formation and decay assays, 30 μM SDAec and 30 μM ISCU2 were combined to
generate the SDAecU complex, which was converted to the SDAecUF complex
by the addition of 75 μM FXN. The SDAecU and SDAecUF complexes were
reacted with either 30, 200, or 600 μM cysteine (0.0204% [35S]cysteine), in-

cubated at 37 °C for different lengths of time (30 s to 1 h), and diluted 4-fold
into the quenching solution (Fig. 1 and SI Appendix, Fig. S4). The amount of
persulfide associated with NFS1 and ISCU2 was calculated as described
above, plotted against time, and fit to a reaction scheme (discussed below)
using KinTek software (KinTek Corporation). To determine which cysteine
residues were labeled with persulfide species, the SDAecU complex was
combined with 300 μM L-cysteine, incubated at 37 °C for 30 min, and
quenched with concentrated HCl. The sample was digested with pepsin
(100:1 sample/pepsin based on concentration in milligrams per milliliter)
at 22 °C for 30 min and subjected to liquid chromatography/tandem
mass spectrometry analysis (Center for Mass Spectrometry at Texas A&M
University).

Validation of Data Fitting for Persulfide Formation Kinetics. The data were
fitted to a simulated mechanism according to the reaction scheme (Fig. 1E)
using KinTek software. The estimation of error was determined by FitSpace
confidence contour analysis. FitSpace determines the goodness of the fit by
measuring the dependence of the sum of square errors on each pair of
parameters, while all other parameters were varied (SI Appendix, Fig. S5).
The confidence interval of all of the fitted parameters was constrained by χ2

threshold values of 0.99 and 0.997 for the SDAecU and SDAecUF data, re-
spectively. These thresholds indicate that varying the parameter within the
confidence interval would not increase the χ2 value more than 1% (SDAecU)
and 0.3% (SDAecUF) from the minimum χ2 value, which represents the best
fit. Confidence contour plots are provided that indicate well-defined regions
determined by χ2 threshold values (red-colored patches in SI Appendix,
Fig. S5).

Reversibility of Sulfur Transfer Reaction between NFS1 and ISCU2. The SDAecU
(30 μM SDAec and 30 μM ISCU2) and SDAecUF (SDAecU plus 75 μM FXN)
complexes were reacted with 30 μM L-[35S]cysteine for 40 min at 37 °C. The
amount of label associated with NFS1 and ISCU2 (SI Appendix, Fig. S6) was
determined as described above. Portions of the SDAecU and SDAecUF sam-
ples were then spiked with either unlabeled ISCU2 (60 μM) or SDAec (60 μM)
and incubated for an additional 30 min, and the reaction was then diluted
4-fold into the quenching solution at various times. NFS1 and ISCU2 were
separated by HPLC as described above, and the radioactivity was measured
using a scintillation counter for the samples before and after spiking with
unlabeled ISCU2 or SDAec.

Pulse–Chase Experiments. Pulse–chase experiments were conducted by first
reacting the SDAecU and SDAecUF complexes (30 μM SDAec and 30 μM ISCU2,
with or without 75 μM FXN) with 30 μM [35S]cysteine for 40 min (the amount
of label maximized after 10 to 20 min) to generate radiolabeled NFS1 and
ISCU2. Next, a final concentration of 1 mM nonradioactive L-cysteine was
added to the samples and then diluted 4-fold into the quenching solution at
various times. The extent of residual persulfide labeling on NFS1 and
ISCU2 was determined and fit to a linear equation (persulfide decay from
ISCU2 for the SDAecUF sample) or an exponential decay equation [y = y0 +
A0*exp (−k*x)] using Kaleidagraph, where the k value gives the apparent
rate of persulfide loss (Table 1 and SI Appendix, Fig. S7).

Stopped-Flow Kinetics for the Cysteine Desulfurase Reactions. Individual
100 μM samples of the different enzyme or enzyme complexes, SDAecU
(100 μM SDAec + 100 μM ISCU2), SDAecUF (100 μM SDAec + 100 μM ISCU2 +
100 μM FXN), SDAecUCec (100 μM SDAec + 100 μM ISCU2 + 100 μM CyaY),
SC381ADAecUF (100 μM SC381ADAec + 100 μM ISCU2 + 100 μM FXN), IscS, or
IscSC328A, in assay buffer [50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 250 mM NaCl (pH 7.5)] were placed in one of the syringes of
the stopped-flow apparatus (KinTek Corporation). The other syringe con-
tained 10 mM L-cysteine. The samples were mixed by simultaneously press-
ing both syringes. Formation of the aldimine, quinonoid, and ketimine
intermediates was followed by monitoring changes in absorbance at
410 nm, 508 nm, and 340 nm (discussed below), respectively. For the
aldimine and quinonoid kinetics, traces monitored at 410 nm and 508 nm
with time were fitted with Origin software (OriginLab) to a consecutive
B equation [y = y0 + (k1*[A]0/(k2 − k1))*(exp(−k1*t) − exp(−k2*t))], where
k1 and k2 are rate constants of the formation and decay of intermediates
respectively. The ketimine kinetics could not be adequately fit using a
consecutive B equation.

Determination of Wavelength of Maximum Absorbance for PLP-Associated
Intermediates in the Cysteine Desulfurase Reactions. The addition of 5 mM
L-cysteine to IscS (50 μM) in a stopped-flow experiment resulted in an ab-
sorbance spectrum with a wavelength of maximum absorbance (λmax) values
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of 410 nm and 508 nm after 20 ms (SI Appendix, Fig. S11) that were assigned
to the aldimine and quinonoid intermediates, respectively. Changes in the PLP
absorbance spectra were also monitored as a function of cysteine concen-
tration for the IscSC328A and SC381ADAecUF variants, which lack the mobile S-
transfer loop cysteine and are incapable of cleaving the C-S bond to generate
protein-bound persulfide species. At higher cysteine concentrations, the
IscSC328A variant developed peaks at ∼350 nm and ∼420 nm (SI Appendix, Fig.
S12) similar to those previously reported for the C326A variant of a
cyanobacterial cysteine desulfurase (CD0387), which were assigned to
the Cys-ketimine and Cys-aldimine species, respectively (47). Wavelength
scans for stopped-flow experiments with the native SDAecU and SDAecUF
complexes did not result in a change in the spectrum with sufficient
signal to noise to allow the assignment of λmax for particular intermediates. The
addition of different cysteine concentrations to the SC381ADAecUF variant resul-
ted in the development of a stable peak at ∼340 nm at the highest cysteine

concentration (SI Appendix, Fig. S12), which was assigned as the Cys-ketimine
species. Overall, we monitored the kinetics of formation and decay of the
aldimine, quinonoid, and ketimine intermediates for the human and E. coli
cysteine desulfurases at a single wavelength by their changes in absorbance
(discussed above) at 410 nm, 508 nm, and 340 nm, respectively, which are
similar to wavelengths assigned in previous cysteine desulfurase mechanistic
studies (46–50).
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