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Summary

Cysteine desulfurase plays a central role in mitochondrial iron-sulfur cluster biogenesis by
generating sulfur through the conversion of L-cysteine to L-alanine and by serving as the platform
for assembling other components of the biosynthetic machinery, including ISCU, frataxin, and
ferredoxin. The human mitochondrial cysteine desulfurase complex consists of two copies each of
NFS1, ISD11 and acy!l carrier protein (ACP). We describe results from chemical crosslinking
coupled with tandem mass spectrometry (XL-MS) and small angle X-ray scattering (SAXS)
studies that are consistent with a closed NFS1 dimer rather than an open one for both the cysteine
desulfurase-ISCU and cysteine desulfurase-ISCU-frataxin complexes. We present a structural
model for the cysteine desulfurase-ISCU-frataxin complex derived from chemical crosslinking
restraints in conjunction with the recent crystal structure of the cysteine desulfurase-1ISCU-zinc
complex (Boniecki, M.T. et al. (2017) Nat Commun &, 1287) and distance constraints from NMR
(Cai et al. (2018) J Inorg Biochem 183, 107.

eTOC Blurb

Cai et al. used chemical crosslinking coupled with tandem mass spectrometry (XL-MS) and small
angle X-ray scattering (SAXS) to investigate the structures of cysteine desulfurase complexes.
They used these results with NMR chemical shift perturbation data and the published structure of
(NIAUZ), to derive a structural model for (NIAUF)s.
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Introduction

Iron-sulfur (Fe-S) clusters are redox-active protein cofactors that play essential roles in all
kingdoms of life. Fe-S clusters are involved in numerous biological processes such as
respiration, electron transfer, DNA replication and repair, cofactor biosynthesis, and gene
regulation (Fontecave, 2006; Johnson et al., 2005; Lill, 2009; Pain and Dancis, 2016;
Rouault, 2015). Owing to the toxicity of free iron and sulfur, the biogenesis of Fe-S clusters
is a highly regulated pathway that involves the participation of many proteins. The ISC
(Iron-Sulfur Cluster) machinery is conserved from yeast to man. The biosynthesis of Fe-S
proteins involves two major steps: assembly of a cluster on the scaffold protein ISCU and
transfer of the cluster to a recipient protein (Braymer and Lill, 2017; Lill and Muhlenhoff,
2005; Maio and Rouault, 2014; Stehling and Lill, 2013). Defects in protein components of
the ISC machinery are associated with numerous diseases, underlining the essentiality of this
process (Rouault, 2012; Stehling et al., 2014).

Cysteine desulfurase plays a central role in the initial steps of ISC machinery by catalyzing
the conversion of cysteine to alanine and releasing sulfur for cluster assembly (Kispal et al.,
1999; Pandey et al., 2012). The Escherichia colicysteine desulfurase (IscS) is pyridoxal 5'-
phosphate (PLP)-dependent homodimer, whose crystal structure was determined over a
decade ago (Cupp-Vickery et al., 2003). The human homolog (NFS1), which shares 59%
sequence identity with IscS, differs from IscS in that its full stability and function require
two small accessory proteins, namely 1ISD11 and acyl carrier protein (ACP). In addition, the
human cysteine desulfurase requires frataxin (FXN), which binds iron and has been
proposed to be an allosteric regulator of NFS1 and control both iron and sulfur entry to the
scaffold protein ISCU (Bridwell-Rabb et al., 2014; Colin et al., 2013; Fox et al., 2015;
Pandey et al., 2013; Parent et al., 2015; Tsai and Barondeau, 2010). Defects in FXN are
responsible for the neurodegenerative disease Friedreich ataxia (Vaubel and Isaya, 2013).
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ISD11 (or LYRM4), a member of the LYRM (Leu-Tyr-Arg Motif) family proteins (Angerer,
2013, 2015), is important for both mitochondrial Fe-S cluster biogenesis and iron
homeostasis (Adam et al., 2006; Shi et al., 2009; Wiedemann et al., 2006). LYRM proteins
are small, basic proteins that carry a conserved Leu-Tyr-Arg sequence close to the N-
terminus. The human genome contains at least ten LYRM proteins that localize
predominantly to mitochondria (Angerer, 2013, 2015). ACP is a small, acidic protein known
to play an essential role in mitochondrial fatty acid biosynthesis (FASII) through reactions
involving its 4’ -phosphopantethiene (4-PPT) cofactor, which is conjugated to a conserved
serine residue (Hiltunen et al., 2010; Kastaniotis et al., 2017). ACP has been shown to be an
accessory subunit of mitochondrial respiratory chain complex | (Angerer et al., 2014;
Dobrynin et al., 2010; Runswick et al., 1991), and down-regulation of ACP in mammalian
cells results in compromised mitochondrial complex | and cell death (Feng et al., 2009).
Recent cryo-EM structures of mammalian mitochondrial complex | have demonstrated that
ACP forms a complex with two LYRM proteins (LYRM3 and LYRMSG). In these ACP-
LYRM protein complexes, the conserved ‘LYR’ motif interacts with ACP, and the acylated
4’-PPT cofactor of ACP is flipped-out and extends into the a-helical bundle of the LYRM
proteins (Figure 1A and B) (Fiedorczuk et al., 2016; Zhu et al., 2016).

The role of ACP in mitochondrial Fe-S cluster biogenesis has recently come into light. In
yeast, Acpl was found to be an essential component of cysteine desulfurase complex (Van
Vranken et al., 2016). We demonstrated that £scherichia coli Acp substitutes for human
mitochondrial ACP in the cysteine desulfurase complex produced by co-expressing human
NFS1 and ISD11 in E. coli cells and determined the stoichiometry to be [NFS1],:[1SD11],:
[Acp], (Cai et al., 2017a), henceforth abbreviated as (NIA),. Two structures of (NIA), have
recently been determined independently via X-ray crystallography, which confirm the
stoichiometry of the complex (Boniecki et al., 2017; Cory et al., 2017). The structures of
NFS1, ISD11, and Acp subunits of the (NI1A), complex are very similar in each structure
(Figure 1C), and the acyl-Acp and ISD11 interactions are similar to those in other LYRM-
ACP complexes (Fiedorczuk et al., 2016; Zhu et al., 2016). However, the quaternary
architectures of the two (NIA), complexes are strikingly different. In the (NI1A), structure by
Boniecki et al. (PDB: 5WGB), the two NFS1 subunits form a dimer similar to that of £. coli
IscS (Cupp-Vickery et al., 2003; Marinoni et al., 2012; Shi et al., 2010) (Figure 1D). The
structure determined by Cory et al. (PDB: 5USR) adopts a unique quaternary structure in
which the two NFS1 units have little contact with each other and the substrate-binding site
of NFS1 is exposed (Figure 1E).

Boniecki et al. (2017) also determined crystal structures of the cysteine desulfurase complex
containing the scaffold protein ISCU (N1AU), (PDB: 5WKP) and ISCU plus Zn?*
(NIAUZ), (PDB: 5WLW). In these two structures, the NFS1 dimer architectures resembled
a tightened version of 5SWGB, similar to the dimeric architecture of the bacterial cysteine
desulfurase in (IscS-1scU), (Shi et al., 2010).

We have performed chemical crosslinking of the (N1AU), and (NIAUF), complexes, where
F stands for frataxin, coupled with tandem mass spectrometry (XL-MS) and small angle X-
ray scattering (SAXS) to investigate the architecture of these complexes. The results are
consistent with a closed NFS1 dimer as observed in the structure of (N1AU), published by
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Boniecki et al. (5WKP) but not with the open NFS1 dimer reported in the structure of
(NIA), by Cory et al. (5USR). We present here a structural model for the complex
containing frataxin (NIAUF), based on the crystal structure of (NIAUZ), (5SWLW) along
with structural restraints from XL-MS, SAXS, and NMR spectroscopy. This new structural
model extends our knowledge of how the iron-donating protein frataxin interacts with the
scaffold protein to which it delivers iron and how frataxin is positioned to activate the
cysteine desulfurase reaction.

Results and Discussion

Protein Interaction Networks in Cysteine Desulfurase Complexes from XL-MS

To study the protein interaction network within the (NIAU), complex, we subjected the
sample to XL-MS. A homo-bifunctional crosslinker, bis-(sulfosuccinimidyl)suberate (BS3,
Thermo Fisher Scientific), was used in the crosslinking reaction. BS3 reacts with primary
amines in lysine side chains and protein N-termini. SDS-PAGE analysis showed two major
bands from crosslinked species with molecular masses of about 80 and 160 kDa (Figure
2A), corresponding to the expected molecular masses of (NIAU)4 (79.7 kDa) and (NI1AU)»
(159.4 kDa), respectively. The SDS-PAGE band with molecular mass 160 kDa was excised
from the gel and subjected to limited proteolysis followed by and liquid chromatography-
tandem mass spectrometry (LC-MS/MS). The analysis yielded 146 MS/MS fragmentation
spectra corresponding to 61 high-confidence lysine-lysine or lysine-N-termini crosslinks,
among which 20 are inter-subunit crosslinks and 41 are intra-subunit crosslinks (Table S1).
A map of the crosslinked sites is shown in Figure 2B. The observed crosslinks were
significantly different from a random selection of all possible pairs from the crystal structure
of (NIAUZ), (5WLW) (Figure 2C and Figure S1A). The maximal C*-C® distance of two
lysine residues linked by BS3 is 27.4 A (Chen et al., 2010). Based on the crystal structure of
(NIAUZ), (PDB entry: 5SWLW), >95% of the NFS1, Acp, ISCU, and ISD11 inter-subunit
crosslinked lysines of have predicted C*~C® distances below 27.4 A (Figure 2C and D).
However, three inter-subunit crosslinked lysines have predicted C*—C* distances above 27.4
A (Table S1). These corresponded to NFS1(K272)-Acp(K10) (29.5 A), NFS1(K268)-
Acp(K10) (31.5 A), and NFS1(K206)-1SCU(K42) (42.6 A) (Figure 2D). These violations
may be explained by structural flexibility of Acp and ISCU. Acp was shown to have large B-
factors in the both crystal structure of (NIA),, and solution NMR studies revealed the
presence of the disordered form of ISCU in the cysteine desulfurase complex (Cai et al.,
2013).

Remarkably, the analysis also identified two high-confidence NFS1-NFS1 inter-subunit
crosslinks (K84-K84 and K211-K211) (Table S1 and Figure 3A). These two crosslinks
were identified in a total of 21 MS/MS fragmentation spectra. Two of the MS/MS
fragmentation spectra are shown in Figure S2. In particular, the K84-K84 inter-subunit
crosslink was observed in two different crosslinked peptides (SNNIAIKGVAR-
SNNIAIKGVAR and EIIFTSGATESNDIAIKGVAR-EIIFTSGATESNDIAIKGVAR);
confidence for the match is high because these appeared in 19 MS/MS fragmentation spectra
(Table S1). These two crosslinks are in agreement with distances derived from the crystal
structures of (NIAUZ), (5SWLW) and (NIA), (5WGB) by Boniecki et al., which show the
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two lysines located at the NFS1 dimer interface. In SWLW, the C2—C® distances are 15.0 A
for K84-K84 and 12.0 A for K211-K211 (Figure 3B). In 5WGB, the C*~C® distances are
18.8 A for K84-K84 and 8.1A for K211-K211 (Figure 3C). However, these crosslinks did
not fit the (NI1A), structure by Cory et al. (PDB: 5USR), which has C*-C* distances of 76.3
A for K84-K84 and 31.3 A for K211-K211 (Figure 3D).

We also observed 41 intra-subunit crosslinks (Table S1 and Figure 2B, black curved traces).
All these intra-subunit crosslinks could be explained by the structures of the individual
proteins (Figure 4).

Investigation of the Structures of (NIA), and (NIAU), by SAXS

We investigated the structure of (NI1A), by SAXS and compared the SAXS data with the two
different (NIA), structures. The SAXS data on (NIA), fitted 5SWGB slightly better
(x°crysoL = 1.15) than 5USR (x%crysoL = 2.67) (Figure 5A). Visually, the theoretical
scattering curve of 5SWGB fitted the experimental SAXS data almost perfectly, whereas the
theoretical scattering curve of 5USR showed some discrepancy with the experimental data
(Figure 5A, boxed region). We next collected SAXS data on (NIAU),. As suggested by
(Cory et al., 2017), we used the highly conserved interaction between cysteine desulfurase
and the scaffold protein to build a structural model for (NIAU), using their structure of
(NIA), (5USR). For convenience, we named the structural model 5USR-ISCU. Our SAXS
data fitted the (NIAUZ), structure by Boniecki et al. (5WLW) very well (XZCRYSOL =6.60)
but fitted the SUSR-ISCU model poorly (XZCRYSOL =219.04) (Figure 5B). 5WLW also
fitted well into the envelope generated by ab /nitio modeling of the SAXS data from
(NIAU), (Figure 5C), whereas 5USR-ISCU did not (Figure 5D).

Analysis of Protein Interactions in ISC Core Complexes by XL-MS

In order to investigate the protein interactions between FXN and (NIA), or (NIAU),, we
chose a water-soluble hetero-bifunctional chemical crosslinker, sulfo-SMCC, whose A-
hydroxysuccinimide (NHS) ester reacts with primary amines (at pH 7-9) and whose
maleimide group reacts with sulfhydryl groups at pH 6.5 to 7.5. The crosslinking reaction
was initiated by adding sulfo-SMCC to a solution of FXN, which contains no cysteine
residues, and allowing sulfo-SMCC to react with its primary amines (N-terminus and lysine
side chains). After the excess reagent was removed by a desalting column, the maleimide-
activated FXN was added separately to solutions containing (NIA), or (NIAU), and allowed
to react with their sulfhydryl groups (cysteine residues on NFS1 and ISCU). The scheme for
conjugating FXN and NFS1 with sulfo-SMCC is shown in Figure S3. Acp and ISD11,
which lack cysteine residues, were not involved in the crosslinking reactions. The products
were analyzed by SDS-PAGE, and bands corresponding to crosslinked species were
identified by their molecular masses (Figure 6A). These bands were excised, digested by
limited proteolysis, and the resulting peptides were analyzed by LC-MS/MS.

LC-MS/MS analysis of the product of crosslinking FXN with (NIA), revealed 31 MS/MS

fragmentation spectra reporting on 5 high-confidence cysteine-lysine or cysteine-N-termini
inter-subunit (Table S2). Analysis of the product of crosslinked FXN and (NIAU), yielded
144 MS/MS fragmentation spectra reporting on 24 inter-subunit crosslinks and 3 intra-
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subunit crosslinks (Table S3). A map of the crosslinked sites is shown in Figure 6B. Most of
the inter-subunit crosslinks between FXN and NFS1 localized to the N-terminus and two
lysine residues (K147 and K152) of FXN and the two cysteine residues (C329 and C374) of
NFS1. Most inter-subunit crosslinks between FXN and ISCU localized to the N-terminus
and K152 of FXN and the three cysteine residues of ISCU (C37, C63 and C98) (Figure 6B).

Interestingly, additional crosslinks were identified between K401 and K379 of NFS1 and
two cysteine residues of ISCU (C37 and C106), as well as three intra-ISCU crosslinks
(Figure 6B). These crosslinks likely resulted from residual chemical crosslinker not
completely removed by the desalting column.

Structural Model of the (NIAUF), Complex

In an earlier NMR study (Cai et al., 2018b), we determined that FXN interacts with (NI1A),
through its a1 helix and p1 strand and ISCU through its B3-p5 sheet. We used the
HADDOCK webserver (de Vries et al., 2010) to build a structural model of the (NIAUF),
complex by docking the structure of FXN (PDB: 1EKG) (Dhe-Paganon et al., 2000) onto the
structure of (NIAUZ), (5SWLW) and by satisfying the restraints from NMR and XL-MS
data. The resulting (NIAUF), structural model (Figure 6C) shows an interaction between the
highly conserved arginine-rich loop of NFS1 (2°RRRPRVR?225) and the conserved a1-p1
acidic ridge of FXN. FXN fits into the cleft between NFS1 and ISCU. The modeled
interaction between FXN and ISCU involves the B3—f5 sheet of FXN interacting with the
conserved ‘BLPPVK193" Joop of ISCU (Figure 6C and Figure S4). The maximal C2—C®
distance of cysteine-lysine pairs linked by SMCC is about 24 A. Most of the C2—C®
distances of NFS1-FXN and FXN-ISCU inter-subunit crosslinks (Figure 6D, Table S2 and
S3) were in agreement with the structural model of (NIAUF),. The observed crosslinks were
significantly different from a random selection of all possible cysteine-lysine pairs from the
structural model (Figure S1B). Some of the crosslinked residues (shown as spheres) and the
distances between their C* atoms are shown in Figure 6E. All the inter-subunit crosslinks
between NFS1 and ISCU agreed with the X-ray structure of (NIAUZ), (5WLW). In
addition, all the intra-1ISCU crosslinks agreed with the structure of ISCU (Figure 6F).

We next compared experimental SAXS data from (NIAUF), with the structural model of
that complex. The SAXS data showed good agreement with the theoretical scattering curve
from the (NIAUF), model (x°crysoL = 4.94) (Figure 7A). The structural model of
(NIAUF), fitted well into the envelope generated by ab initio modeling of the SAXS data
(Figure 7B).

We carried out cysteine desulfurase activity assays of non-crosslinked and crosslinked
(NIAU), and (NIAUF), to determine whether the crosslinking reactions altered the activities
of the protein complexes. The (NIAU), complex cross linked with BS3 exhibited cysteine
desulfurase activity, although the activity was slightly lower than that of non-crosslinked
(NIAU)2 (Figure S5, red). The decreased activity may be explained by the slight aggregation
resulting from crosslinking. As reported earlier (Cai et al., 2018b), the cysteine desulfurase
activity of (NIAUF), was much higher than that of (NIAU),. However, (NIAUF),
crosslinked with SMCC showed very little activity (Figure S5, blue). The low activity of
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SMCC-crosslinked (NIAUF), is expected, because the active site cysteine of NFS1 (C329)
is involved in crosslinking reactions (Table S3 and Figure 6E).

Conclusions

Recent advances in instrumentation and data-analysis approaches have established SAXS
and XL-MS as mainstream techniques in structural biology (Chaudhuri, 2015; Leitner et al.,
2016; Tran et al., 2016; Tuukkanen et al., 2017). Here, we crosslinked the (NIAU), complex
with the homo-bifunctional lysine-specific crosslinker BS3 and analyzed the crosslinked
product by LC-MS/MS. The identified crosslinks agreed with the (N1A), (5WGB) and
(NIAUZ), (5SWLW) structures by Boniecki et al. (2017). In particular, we observed two
high-confidence inter-subunit NFS1-NFS1 crosslinks (K84-K84 and K211-K211) that
agreed with C2—C® distances in both SWGB (18.8 A for K84-K84 and 8.1 A for K211—
K211) and SWLW (15.0 A for K84-K84 and 12.0 A for K211-K211). However, these
NFS1-NFS1 crosslinks did not fit distances from the (NIA), structure by Cory et al. (2017)
(5USR): 76.3 A for K84-K84 and 31.3 A for K211-K211. In addition, our SAXS data from
(NIA); are in better agreement with 5SWGB (2 crysoL = 1.15) than with 5USR (y?
CRYsoL = 2.67). The differences are more pronounced in the structural models containing
ISCU. The SAXS data from (NIAU), fit SWLW much better than the SUSR-ISCU structural
model.

The active site residues of NFS1 are better resolved in the crystal structure of (NIAUZ),
(5WLW) than in (NIAU), (5WKP). Both crystal structures incorporated ISCU(M108I), a
variant that we recently identified as being fully structured (Cai et al., 2018a). Our solution
studies made use of complexes containing wild type ISCU, which alone in solution exists as
a mixture of interconverting structured and dynamically disordered states (Cai et al., 2013).
In deriving the structural model for the (NIAUF), complex, we chose to use the (NIAUZ),
crystal structure along with restraints involving frataxin from our solution results.

Our only direct data on the architecture of (NIA), comes from SAXS. Efforts to chemically
crosslink (NI1A), with BS3 proved unsuccessful because the crosslinked product was prone
to aggregation. ISCU appears to have a stabilizing effect on (N1A),, as was suggested by a
previous study (Van Vranken et al., 2016). Thus, we cannot rule out the possibility that
(NIA), exists in solution as two different conformations, a major form with a closed NFS1
dimer (as in 5WGB) and a minor form with an open NFS1 dimer (as in 5USR). We are
currently exploring this possibility by 1°F NMR studies of (NIA), prepared from NFS1
containing 19F-labled Trp. NFS1 contains three Trp residues; however, preliminary results
(Figure S6) show the presence of more than three 19F NMR peaks in spectra of the complex,
as consistent with structural heterogeneity.

FXN plays an important role in mitochondrial Fe-S cluster biosynthesis. FXN has been
shown to enhance sulfur transfer and control iron entry into ISCU (Bridwell-Rabb et al.,
2014; Colin et al., 2013; Parent et al., 2015), however, its exact function is still a subject of
debate. FXN has also been proposed as the iron donor because of its ability to bind iron and
donate iron for /in vitro Fe-S clsuter assembly reactions (Cook et al., 2010; Yoon and Cowan,
2003). However, the disccovery of a FXN-bypassing Isul mutant found in yeast (Pandey et
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al., 2013; Yoon et al., 2012; Yoon et al., 2014), led to speculation that FXN might not be the
iron donor. Multiple lines of evidence have established that FXN forms a stable complex
with (NIAU), (Colin et al., 2013; Parent et al., 2015; Schmucker et al., 2011; Tsai and
Barondeau, 2010); however, the structure of the (NIAUF), complex has remained elusive.
Here, we present a structural model of the (NIAUF), complex that is in excellent agreement
with our NMR, XL-MS, and SAXS data. Our NMR data have determined that the a1 helix
and B1 strand in FXN form the binding site for (NIA), and that the B3-p5 sheet forms the
binding site for ISCU (Cai et al., 2018b). All but one of the crosslinks identified by XL-MS
are in agreement with the structural model, and the SAXS data fit well with the model. The
model is also supported by other lines of evidence. It is consistent with the finding that a
conserved tryptophan W155 on B4 stand of FXN is involved in the interaction with ISCU
(Leidgens et al., 2010). It is also in good agreement with the finding that the conserved

99 PPVK193" motif of ISCU interacts with FXN (Manicki et al., 2014). In the (NIAUF),
model, FXN fits into the cleft formed by ISCU and NFS1, which explains our finding that
(NIA);, is required for the physical contact between ISCU and FXN (Cai et al., 2018b). The
structural model shows that the interaction between FXN and NFS1 involves the highly
conserved arginine-rich loop ‘21> RRRPRVR?225* on NFS1. Mutations of residues in this loop
have been shown to compromise the interaction between £. colilscS and CyaY (Prischi et
al., 2010). Our XL-MS analysis also identified several high-confidence crosslinks between
the N-terminus of FXN and the active site cysteine residues of NFS1 (C329) or ISCU (C37,
C63, and C106) (Table S2 and S3). Because no structure is available for the N-terminal
sequence of the mature form of human FXN (81SGTLGHPGS®9), no C*~C® distances are
available for comparison with these crosslinks. Nonetheless, based on the structure of yeast
frataxin, this N-terminal peptide is likely to be disordered (He et al., 2004; Soderberg et al.,
2011). In our structural model, the N-terminus of FXN is in close proximity to the active site
cysteine residues of NFS1 and ISCU. Finally, it is worth noting that our model of (NIAUF),
may not accurately show the structure of NFS1, as NFS1 may undergo a conformational
change upon binding FXN (Cai et al., 2017a). It has been suggested that FXN is an allosteric
activator, which exposes the otherwise buried substrate-binding site of NFS1 (Pandey et al.,
2013; Tsai and Barondeau, 2010). We speculate that the N-terminal region of FXN may play
a role in exposing the substrate-binding site.

STAR x METHODS

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial Strains

Rosetta 2(DE3) £. coli strain Novagen Cat# 71397-3
Rosetta 2 (DE3) pLysS £. colistrain Novagen Cat# 71403

Chemicals, Peptides, and Recombinant Proteins

BS3 (bis(sulfosuccinimidyl)suberate) Thermo Fisher Scientific Cat# 21580

Sulfo-SMCC (sulfosuccinimidyl 4-(N-maleimidomethyl) Thermo Fisher Scientific Cat# 22322
cyclohexane-1-carboxylate)
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REAGENT or RESOURCE SOURCE IDENTIFIER
N,N-Dimethyl-p-phenylenediamine Sigma Aldrich Cat# 193992
Dithiothreitol (DTT) US Biological Cat# D8070
Sodium sulfide Sigma Aldrich Cat# 208043
L-Cysteine Sigma Aldrich Cat# W326305
4-(2-Hydroxyethyl)piperazin-1-ylethanesulfonic acid (HEPES) VWR Cat# 97061-826
Tris (2-Carboxyethyl) phosphine Hydrochloride (TCEP) UBPBio Cat# P1020-100
Iron(111) chloride Sigma Aldrich Cat# 157740
Trifluoroacetic acid (TFA) Sigma Aldrich Cat# T6508

Trypsin Sigma Aldrich Cat# T1426
Endoproteinase Glu-C Sigma Aldrich Cat# P6181

Human NFS1 This paper Uniprot Q9Y697
Human ISCU This paper Uniprot Q9H1K1
Human ISD11 This paper Uniprot Q9HD34

E. coli acyl carrier protein (Acp) This paper Cat# 21580

Human frataxin (FXN) This paper Cat# 22322
Oligonucleotides

Primers for ISCU: IDT https://www.idtdna.com/pages N/A

5 :ACTAGTGGTACCGGTCTCAAGGT

CTAAAAATGTTGGAACTGGACTGG

3":GGGCCCGCTCGAGGGATCCTCATTA

TTTCTTCTCTGCCTCTCCTTTTTTG

Primers for NFS1: IDT https://www.idtdna.com/pages N/A

5 :ACTAGTGGTACCGGTCTCAAGGT

GGGCCAGTGCTGCGACCTCTCTATATG

3":GGGCCCGCTCGAGGGATCCTCATTA

GTGTTGGGTCCACTTGATGCT

Primers for FXN: IDT https://www.idtdna.com/pages N/A

5 :ACTAGTGGTACCGGTCTCAAGGT

TCTGGAACTTTGGGCCACCCAGGC

3":GGGCCCGCTCGAGGGATCCTCATTA

TCAAGCATCTTTTCCGGAATAGGC

Primers for 1ISD11: IDT https://www.idtdna.com/pages N/A

5 :GAAGGAGATATACC

ATGGCAGCCTCCAGTCGCGCACAA

3":GGATCCTCGAGCTC

TTAATGGTGATGGTGATGGTGTTTGGTCCTGGG

CATGTCTCGATTC

Recombinant DNA

cDNA of NFS1, ISD11, ISCU and frataxin Mammalian Gene Collection N/A

Plasmid: pET-SUMO, pET14b This paper N/A

Experimental Models: Constituents of Protein Complexes

Homo sapiens NFS1 This paper UniProt: Q9Y697 (53-457)
Homo sapiens 1ISD11 This paper UniProt: Q9HD34
Homo sapiens frataxin This paper UniProt: Q16595 (81-210)
Escherichia coliacyl carrier protein This paper UniProt: POA6A8
Deposited Data

SAXS for (N1A)2 This paper SASDB: SASDDB3
SAXS for (NIAU), This paper SASDB: SASDDC3
SAXS for (NIAUF), This paper SASDB: SASDDD3
NMR chemical shift data This paper BMRB: 27171

MS data This paper PRIDE: PSD006938, PSD006928, PSD009079
Structural model (NIAUF)2 This paper PDBdev: PDB_DEV00000015

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

ATSAS (Franke et al., 2017) https://www.embl-hamburg.de/biosaxs/software.html
DAMIF (Franke and Svergun, 2009) https://www.embl-hamburg.de/biosaxs/dammif.html
DAMAVER (Volkov and Svergun, 2003) https://www.embl-hamburg.de/biosaxs/damaver.html

CRYSOL from PRIMUS in ATSAS 2.8.1

(Svergun et al., 1995)

https://www.embl-hamburg.de/biosaxs/crysol.html

SUPCOMB (Kozin and Svergun, 2001) https://www.embl-hamburg.de/biosaxs/supcomb.html
Stavrox (Gotze et al., 2012) https://www.stavrox.com/
HADDOCK (van Zundert et al., 2016) https://haddock.science.uu.nl/servicess HADDOCK2.2/
Mascot Matrixscience http://www.matrixscience.com/search_form_select.html
FoXS (Schneidman-Duhovny et al., https://modbase.compbio.ucsf.edu/foxs/

2016)
SAXS Bruker https://www.bruker.com/
ProtParam (Wilkins et al., 1999)
PyMOL Schrodinger https://pymol.org/2/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, John L. Markley (jmarkley@wisc.edu).

METHOD DETAILS

Protein expression and purification—Protein samples and complexes were prepared
as described in detail in previous publications (Cai et al., 2013; Cai et al., 2017a; Cai et al.,
2017b). Briefly, NFS1, ISCU and FXNB81-210 (referred to as FXN) were cloned into pET-
SUMO vector, and 1SD11 was cloned into pET14b vector. His-tagged ISD11 (ISD11-Hisg)
and Hisg-SUMO-NFS1 were co-expressed in £. coli cells, and the complex was isolated by
immobilized metal affinity chromatography (IMAC) and then cleaved with SUMO protease;
the released Hisg-SUMO was removed by size exclusion chromatography (SEC) on
Superdex S200, yielding the (N1A), complex containing NFS1, ISD11 and £. coli Acp.
Hisg-SUMO-ISCU and Hisg-SUMO-FXN were expressed in £. coli cells; ISCU and FXN
were each isolated by IMAC followed by SUMO protease cleavage and subtractive IMAC to
remove Hisg-SUMO, and then the proteins were purified by SEC. (NIAU), complex was
prepared by mixing (NIA), and ISCU, and the complex was isolated by SEC. (NIAUF),
complex was prepared by mixing (NIAU), and FXN, and the complex was isolated by SEC.
The pH 7.5 buffer used in SEC contained 20 mM HEPES, 150 mM NaCl, and 5 mM TCEP.
To produce (NIA), containing [1°F-Trp]-NFS1, 4F-indole was added to the growth medium.

Protein crosslinking—The chemical crosslinking reaction using BS3 was started by
mixing 1 mg/ml (NIAU), in crosslinking buffer (20 mM HEPES at pH 7.5 and 150 mM
NaCl, or HN buffer) with 50-fold BS3 (Thermo Fisher Scientific). BS3 was freshly
dissolved in HN buffer. The reaction was incubated at room temperature for 30 min and
subsequently quenched by 1M Tris-HCI, pH 7.5. The crosslinked products were analyzed by

SDS-PAGE.

The chemical crosslinking reactions using sulfo-SMCC (Thermo Fisher Scientific) was
started by mixing 1 mg/mL purified FXN in PBS buffer (100mM sodium phosphate,
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150mM sodium chloride, pH 7.2) with 20-fold sulfo-SMCC freshly dissolved in H,O. The
reaction was incubated at room temperature for 30 min. The excess crosslinker was removed
by using a Zeba Spin desalting column (Thermo Fisher Scientific). 1 mg/ml of purified
(NI1A), or (NIAU), in PBS buffer was added to the sulfo-SMCC labeled FXN solution. After
the reactions were incubated at room temperature for 30 min, the crosslinked products were
analyzed by SDS-PAGE.

Peptide preparation and mass spectrometry—Bands from the SDS-PAGE gels
corresponding to crosslinked complexes were excised, and the proteins were reduced/
alkylated and digested by limited proteolysis following standard protocols. The products of
Sulfo-SMCC crosslinking reactions were digested by trypsin. The BS3 crosslinked products
were divided into two aliquots: one was digested by trypsin alone and the other by trypsin/
endoproteinase GIuC. Digested peptides were extracted with 50 uL Millipore water
containing 1% trifluoroacetic acide (TFA) by vortexing 10 min at room temperature. An
additional extraction was performed with 80 pL of 70% acetonitrile/25% H,0/5% TFA
(vivIv). Peptides were dried in a vacuum centrifuge, reconstituted with 20 pL H,0O
containing 0.1% TFA for injection onto a Linear Trap Quarupole (LTQ) Orbitrap XL using
an Agilent 1100 LC system at the University of Wisconsin-Madison Mass Spectrometry/
Proteomics Facility. The peptides were loaded directly onto an analytical column of 75 um
inner diameter and 360 um outer diameter house-packed with ~13 cm C18 resin (Magic-
C18, 200A, 3 um, Bruker, Billerica, MA). MS1 spectra were collected using the Orbitrap at
resolution 100,000 with preview mode enabled. The raw MS data were processed into peak
lists using Mascot server. The StavroX 3.5.1 software (Gotze et al., 2012) was used to
generate a list of the crosslinked peptides. The false discovery rate (FDR) cut off was set to
5%, and precursor and fragment ion tolerances were set to 10 ppm and 0.6 Da, respectively.
Each crosslinked peptide was also assigned a score by StavroX 3.5.1 software based on
comparison between the theoretical fragmentation and the actual MS/MS spectrum of the
crosslinked peptide. Tables S1-S3 list detailed information on the generated crosslinked
peptides, including the StavroX scores and predicted C* distances.

Small angle X-ray scattering—The buffer used for the SAXS experiments (HNT buffer)
contained 20 mM HEPES at pH 7.5, 150 mM NaCl, and 5 mM TCEP. Samples of (NI1A)s,
(NIAU),, and (NIAUF), were purified with a HiLoad Superdex 200 PG size exclusion
column (GE Healthcare) and dialyzed extensively against HNT buffer with three buffer
changes. Protein samples were clarified by passage through a 0.2 mm filter before loading
into a glass capillary cell. SAXS data for each protein or protein complex were collected at
three concentrations ranging from 2 to 10 mg/mL. No significant inter-particle interactions
were observed for any of the concentrations used in our SAXS studies. SAXS experiments
were carried out on a Bruker Nanostar benchtop SAXS system (Bruker AXS) at the National
Magnetic Resonance Facility at Madison (NMRFAM) equipped with a rotating anode (Cu)
Turbo X-ray Source (1.5418 A wavelength) and a VANTEC-2000 (2048X2048 pixel)
detector. The sample-to-detector distance was set at ~1 m, allowing for the detection range:
0.012 > q > 0.30 A~1. Forty microliters of protein and buffer samples were loaded separately
into a capillary cell with 1 mm diameter, and scattering data were collected for 4 hr at 25 °C.
The ATSAS software suite (Petoukhov et al., 2012) was used to process the SAXS data. The
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Ry for each protein or protein complex was determined by using the Guinier approximation
in the grange (gmax Ry) < 1.3. Pairwise distance distribution functions (/) were obtained
using GNOM software (Svergun, 1992). The output from GNOM was then used in
conjunction with DAMMIF (Franke and Svergun, 2009) to generate 20 independent ab /nitio
dummy atom models to assess the molecular shape of each sample. P2 symmetries were
enforced during the calculations. Most of the models exhibited excellent agreement with
experimental data and had a normalized spatial discrepancy (NSD) < 1. CRYSOL software
(Svergun et al., 1995) or FoXS webserver (Schneidman-Duhovny et al., 2013, 2016) was
used to compare the protein structures with experimental SAXS data. Supcomb software
(Kozin and Svergun, 2001) was used to superimpose protein structures on to the SAXS ab
initiodummy atom models. V4 approach was used for the molecular mass calculation from
the SAXS data (Rambo and Tainer, 2013).

Homology modeling—The HADDOCK?2.2 webserver (de Vries et al., 2010; van Zundert
et al., 2016) (expert interface) was used to dock FXN (PDB: 1EKG) onto the structure of
(NIAU), (PDB: 5WLW) to generate the structural model of (NIAUF), complex. Crosslink
lengths were used to define unambiguous intermolecular distance constraints. Chemical shift
perturbations observed upon complex formation were used to define ambiguous interaction
constraints (AIRs) (Cai et al. 2018b). Active residues were defined as those having either
chemical shifts changes larger than 0.03 ppm or severe peak broadening. Passive AIRs were
defined automatically. A total of 5,000 rigid-body docking trials were carried out using the
standard HADDOCK protocol. The 200 lowest-energy solutions were used for subsequent
semiflexible simulated annealing and water refinement. The lowest-energy structure was
used to represent the complex.

Cysteine desulfurase assay—The cysteine desulfurase assay reaction mixtures (300 pL
in the buffer containing 20 mM HEPES pH 7.5 and 150 mM NacCl) contained 1 uM non-
crosslinked (NIAU),, non-crosslinked (NIAUF),, BS3-crosslinked (NIAU), or SMCC-
crosslinked (NIAUF),. 500 uM DTT and 500 pM L-cysteine were added to initiate the
reaction. After incubation for 30 min at room temperature, the reaction mixture was diluted
to 800 pL, and 100 pL of 20 mM N,N-dimethyl-p-phenylenediamine in 7.2 M HCI and 100
pL of 30 mM FeCls in 1.2 M HCI was added to quench the reaction and convert sulfide to
methylene blue. The quenched reaction mixture was incubated for 15 min at room
temperature, and the absorbance at 670 nm was measured and used to estimate the amount
of sulfide by comparison to a standard curve obtained from known concentrations of Na,S.
No activity was observed with control experiments in which (NIAU), or L-cysteine was
omitted. All experiments were performed in triplicate, and the averages and errors are
reported.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analyses are given in Figure S5 (cysteine desulfurase assay),
which was performed with triplicates (n=3). The statistical program was Excel.
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DATA AND SOFTWARE AVAILABILITY

The mass spectrometry proteomics data were deposited into the ProteomeXchange
Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the dataset
identifiers PXD006928/10.6019/PXD006928, PXD006938/10.6019/PXD006938 and
PXD009079/10.6019/PXD009079. SAXS data for (NI1A)2, (NIAU)2 and (NIAUF)2 were
deposited into Small Angle Scattering Biological Data Bank (S The mass spectrometry
proteomics data were deposited into the ProteomeXchange Consortium via the PRIDE
(Vizcaino et al., 2016) partner repository with the dataset identifiers PXD006928/10.6019/
PXD006928, PXD006938/10.6019/PXD006938 and PXD009079/10.6019/PXD009079.
SAXS data for (N1A)2, (NIAU)2 and (NIAUF)2 were deposited into Small Angle Scattering
Biological Data Bank (SASBDB) with entry IDs SASDDB3, SASDDC3, and SASDDD3.
The structural model of (NIAUF)2 was deposited into the integrative/hybrid structure
database PDB-DEV (https://pdb-dev.wwpdb.org) (Burley et al., 2017) with accession code
PDBDEV_00000015.ASBDB) with entry IDs SASDDB3, SASDDC3, and SASDDD3. The
structural model of (NIAUF), was deposited into the integrative/hybrid structure database
PDB-DEV (https://pdb-dev.wwpdb.org) (Burley et al., 2017) with accession code
PDBDEV_00000015.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

We prepared cysteine desulfurase and its complexes with ISCU and ISCU-
frataxin.

We identified structural restraints for these complexes from XL-MS and
SAXS.

We compared these restraints with published X-ray structures.

We derived a structural model for the cysteine desulfurase-1SCU-frataxin
complex.
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LYRM6

Figure 1.
Structures of LYRM-ACP and cysteine desulfurase complexes. (A) Structure of LYRM3-

ACP taken from the cryo-EM structure of ovine respiratory complex | (PDB: 5LNK). (B)
Structure of LYRMG6-ACP taken from the cryo-EM structure of ovine respiratory complex |
(PDB: 5LNK). (C) Overlay of the X-ray structures of one subunit of human cysteine
desulfurase complex (NIA);. Red, PDB entry 5WGB; cyan, PDB entry 5USR. (D) X-ray
structure of the human cysteine desulfurase complex (NIA), by Boniecki et al. (2017) (PDB:
5WGB). (E) X-ray structure of full human cysteine desulfurase complex (NIA), by Cory et
al. (2017) (PDB: 5USR).
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Figure 2.

XL-MS study of (NIAU), using bis-(sulfosuccinimidyl)suberate (BS3) as the crosslinker.
(A) SDS-PAGE gel image of the crosslinked products. Red box indicates the band on the gel
that was excised and digested for MS analysis. (B) Crosslink map showing the crosslinked
sites in the (NIAU), complex. Inter-subunit crosslinks between NFS1 and 1ISD11 are in red,
inter-subunit crosslinks between NFS1 and Acp are in blue, inter-subunit crosslinks between
NFS1 and ISCU are in green, and intra-subunit crosslinks are shown by curved black lines.
The lysine residues in the protein sequences are represented by dots. (C) C*-C¢ distance
distribution for the experimentally observed lysine-lysine or lysine-N-termini pairs
calculated from the structure of (NIAUZ), (PDB: 5WLW). (D) Inter-protein crosslinks
between NFS1, ISD11, Acp and ISCU and their C*—C® distances in the structure of
(NIAUZ); (PDB: 5WLW). The positions of the crosslinked lysine residues and N-termini
are indicated by spheres.
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Figure 3.
Comparison of experimental XL-MS results for (NIAU), with distances derived from

structural models. (A) Experimental inter-subunit NFS1-NFS1 crosslinks. (B)
Corresponding C*—C® distances in the structure of (NIAUZ), by Boniecki et al. (2017)
(PDB: 5WLW). (C) Corresponding C*—C® distances the in the structure of (N1A), by
Boniecki et al. (2017) (PDB: 5WGB). (D) Corresponding C*—C® distances the in the (NIA),
structure by Cory et al. (2017) (PDB: 5USR). The positions of the crosslinked lysines are
indicated by spheres. For clarity, only the two NFS1 subunits are shown.
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Figure 4.
Comparison of experimental XL-MS results for (NIAU), with distances derived from

structural models. All the C* distances in the intra-subunit crosslinks are below 27.4 A. The
structures shown represent NFS1, ISCU, ISD11 and Acp are all from PDB entry 5WLW.
The positions of the crosslinked lysines and N-termini are indicated by spheres.
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Figure 5.
SAXS studies of (NIA), and (N1AU), complexes. (A) Experimental SAXS data from

(NIA), (black dots) overlaid with the theoretical scattering curves computed from structures
of (N1A),. Magenta trace, SUSR; cyan trace, 5WGB. The dotted boxes indicate regions of
large discrepancy between the experimental SAXS data and that computed from 5USR. (B)
Experimental SAXS data from (NIAU), (black dots) overlaid with the theoretical scattering
curves computed from structure of (NIAUZ), (PDB: 5SWLW, cyan trace) and from the model
5USR-1SCU (magenta trace). (C) Superimposition of the structure of (NIAUZ), (PDB:
5WLW) onto the ab /nitio dummy-atom envelope calculated from the SAXS data for
(NIAU),. (D) Superimposition of the structural model 5USR-ISCU onto the ab initio
dummy-atom envelope calculated from the SAXS data for (NIAU)s.
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Figure 6.
XL-MS study of (NIAUF), using sulfo-SMCC as the crosslinker. (A) SDS-PAGE gel image

of the proteins or protein complexes before and after the crosslinking reaction. Red boxes
indicate bands on the gel that were excised and digested from XL-MS. (B) Crosslink map
showing the crosslinked sites. Inter-subunit crosslinks between NFS1 and FXN are in red,;
inter-subunit crosslinks between FXN and ISCU are in blue; inter-subunit crosslinks
between NFS1 and ISCU are in green; and intra-subunit crosslinks are shown as curved
black lines. The cysteine residues in the protein sequences are represented by vertical lines
and lysine residues are represented by dots. (C) The structural model of (NIAUF), built
using HADDOCK server by combining NMR and XL-MS restraints with the X-ray
structure of (NIAUZ), (5WLW). (D) C*-C® distance distribution for the experimentally
observed lysine—cysteine pairs calculated from the structural model of (NIAUF),. (E) Close-
up view of the inter-subunit crosslinks with their C*—C® distances from the structural model
of (NIAUF),. (F) Intra-subunit crosslinks in the structure of ISCU with their C*-C*
distances.
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Figure 7.
SAXS study of the (NIAUF), complex. (A) Experimental SAXS data (black dots) from

(NIAUF), overlaid with the theoretical scattering curve (red trace) computed from the
structural model of (NIAUF),. (B) Superimposition of the structural model of (NIAUF),
onto the dummy-atom envelope calculated from the SAXS data from (NIAUF),.
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