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ABSTRACT: Mitochondrial cysteine desulfurase is an
essential component of the machinery for iron−sulfur cluster
biosynthesis. It has been known that human cysteine
desulfurase that is catalytically active in vitro can be prepared
by overexpressing in Escherichia coli cells two protein
components of this system, the cysteine desulfurase protein
NFS1 and the auxiliary protein ISD11. We report here that this
active preparation contains, in addition, the holo-form of E. coli
acyl carrier protein (Acp). We have determined the
stoichiometry of the complex to be [Acp]2:[ISD11]2:
[NFS1]2. Acyl carrier protein recently has been found to be
an essential component of the iron−sulfur protein biosynthesis
machinery in mitochondria; thus, because of the activity of
[Acp]2:[ISD11]2:[NFS1]2 in supporting iron−sulfur cluster assembly in vitro, it appears that E. coli Acp can substitute for its
human homologue.

I t has been known for several years that catalytically active
mitochondrial cysteine desulfurase can be prepared from

Escherichia coli cells by coexpressing two essential proteins, the
mitochondrial cysteine desulfurase (NFS1) and a small
accessory protein (ISD11, also known as LYRM4).1−12 Each
of these proteins has proved difficult to prepare recombinantly
on its own, and the presence of ISD11 appears to stabilize the
structure of NFS1. We recently discovered that His-tagged
human ISD11 when overexpressed in E. coli cells pulls down
the holo-form of E. coli acyl carrier protein (Acp). The complex
with Acp appears to stabilize ISD11, which on its own is
intrinsically disordered and has a tendency to aggregate
(Tonelli, M., Frederick, R.O., Cai, K., Markley, J.L., manuscript
in preparation). In addition, Van Vranken and co-workers
found that holo-acyl carrier protein interacts with ISD11 and
NFS1 and serves as an essential component of the machinery
for in vivo iron−sulfur (Fe−S) cluster biogenesis.13 Combined,
these findings prompted us to investigate whether ISD11:NFS1
complexes prepared recombinantly from E. coli cells also might
contain E. coli Acp.
Four samples were prepared for analysis as described in

Methods. Sample 1 was the size exclusion chromatography
(SEC) purified product from coexpression of NFS1 and ISD11
in E. coli cells. Sample 2 was an aliquot of sample 1 to which
excess human scaffold protein (ISCU) was added, and the
complex purified by SEC. Sample 3 was an aliquot of sample 1
to which excess ISCU and human frataxin (FXN) were added,
and the complex purified by SEC. Sample 4 was the product of
expression of E. coli cysteine desulfurase (IscS) in E. coli cells
after purification by ion-exchange chromatography and SEC.

Sample 1 was digested with trypsin and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS),
which identified peptides from E. coli Acp (Figure 1A, Table
S1, 44% sequence coverage). To confirm the results, another
aliquot of sample 1 was digested with endoproteinase Glu-C
(V-8 protease) and analyzed by LC-MS/MS, which also
identified peptides from E. coli Acp (Figure 1B, Table S2,
88% sequence coverage). SDS gel electrophoresis (SDS-PAGE)
of purified cysteine desulfurase complex exhibited a faint band
corresponding to Acp (8.6 kDa) in addition to those from
NFS1 and ISD11 (Figure 1C). The same faint band was also
shown in the SDS-PAGE of purified cysteine desulfurase:ISCU
complex (Figure 1D). Acp stains poorly on gels, and this may
explain why the protein was not discovered earlier as a
component of ISD11:NFS1 complexes. MS/MS fragmentation
analysis of the peptide 23VTNNASFVEDLGADSLDTVE42

from endoproteinase Glu-C digestion (Table S2, red) indicated
that it contained 4′-phosphopantetheine conjugated to the
invariant residue S37 (Figure S2, Table S3); thus the complex
contains holo-acyl carrier protein (Acp).
To determine the relative stoichiometry of each complex,

samples 1−4 were submitted for amino acid analysis, and the
results (Table S5) were fitted to different assumed protein
compositions (Figure S3). The best fits were [Acp]1:[ISD11]1:
[NFS1]1 for sample 1, [Acp]1:[ISD11]1:[NFS1]1:[ISCU]1 for
sample 2, and [Acp]1:[ISD11]1:[NFS1]1:[ISCU]1:[FXN

81−210]1
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for sample 3 (Table 1). The relative stoichiometry of the
NFS1:ISD11 complex has been reported as either 1:18 or 1:2;19

the results here clearly are in agreement with 1:1 relative
stoichiometry. By contrast, the amino acid analysis of sample 4
better fitted that predicted for [IscS]1 than [Acp]1:[IscS]1
(Figure S3 and Table 1), even though Acp has been reported
to bind to IscS.20,21 LC-MS/MS analysis of trypsin-digested
sample 4 failed to indicate the presence of Acp (data not
shown).
The molecular weights of IscS and three human mitochon-

drial cysteine desulfurase complexes (Table 2) were estimated
from analysis of small-angle X-ray scattering (SAXS) data
(Figure S4). Combined with the relative stoichiometries from

amino acid analyses, these results reveal that the absolute
stoichiometries are homodimeric in each protein component
(Table 2).
One may question whether other mitochondrial cysteine

desulfurase complexes produced from E. coli cells reported in
the literature contained Acp.1−12 None of these studies tested
for the presence of Acp, and the preparations presumably
would have been inactive without Acp.13 In one of these
studies, because the authors provided an amino acid analysis of
their complex,12 it has been possible to test the hypothesis that
the complex contained Acp. The authors coexpressed ISD11,
NFS1, ISCU, and FXN42−210 (an immature form of frataxin) in
E. coli cells and used amino acid analysis in support of the
relat ive stoichiometry [ISD11]1:[NFS1]1:[ISCU]1:
[FXN42−210]1 for the complex.12 Our linear least-squares fit of
the experimental amino acid composition reported in the article
to the theoretical composition [ISD11]1:[NFS1]1:[ISCU]1:
[FXN42−210]1 yielded R2 = 0.962, whereas its fit to the
theoretical composition containing Acp, [Acp]1:[ISD11]1:
[NFS1]1:[ISCU]1:[FXN

42−210]1, yielded the improved value
of R2 = 0.980, consistent with the presence of Acp in the
complex (Figure S5).
Two independent reports have provided evidence for

interaction between IscS and Acp.20,21 The first report
proposed a role for Acp in the cysteine desulfurase reaction.21

We have detected Acp to be present by MS in partially purified
samples of IscS; however, sample 4, which was purified by SEC
under reducing conditions, contained no detectable Acp.
Furthermore, in our hands, purified samples exhibited
desulfurase activity and supported in vitro Fe−S cluster
assembly.22 No Acp was observed in the X-ray structures of

Figure 1. Results from LC-MS/MS and SDS-PAGE showing that
human cysteine desulfurase (NFS1) and ISD11 coexpressed in E. coli
cells form a complex that contains E. coli acyl carrier protein (Acp).
(A) Mass spectrometry analysis of sample 1 following trypsin digestion
revealed the presence of peptides shown in red from the sequence of
E. coli Acp. (B) Mass spectrometry analysis following digestion of
sample 1 with endoproteinase Glu-C identified peptides shown in blue
from the E. coli Acp amino acid sequence. (C) SDS-PAGE analysis of
sample 1 revealed a faint band from Acp in addition to those from
ISD11 and NFS1. (D) SDS-PAGE analysis of sample 2 revealed a faint
band from Acp in addition to those from ISD11, NFS1, and ISCU.

Table 1. Results from Linear Correlation Analysis between the Experimental Amino Composition of Each Sample and the
Amino Acid Composition Predicted from an Assumed Relative Stoichiometry

samples and assumed relative stoichiometry correlation (R2)

sample 1: [ISD11]1:[NFS1]1 0.895
sample 1: [ISD11]2:[NFS1]1 0.857
sample 1: [Acp]1:[ISD11]1:[NFS1]1 0.983
sample 2: [ISD11]1:[NFS1]1:[ISCU]1 0.959
sample 2: [ISD11]2:[NFS1]1:[ISCU]1 0.927
sample 2: [Acp]1:[ISD11]1:[NFS1]1:[ISCU]1 0.982
sample 3: [ISD11]1:[NFS1]1:[ISCU]1:[FXN81−210]1 0.959
sample 3: [ISD11]2:[NFS1]1:[ISCU]1:[FXN81−210]1 0.938
sample 3: [Acp]1:[ISD11]1:[NFS1]1:[ISCU]1:[FXN81−210]1 0.992
sample 4: [IscS]1 0.982
sample 4: [Acp]1:[IscS]1 0.958

Table 2. Results from Small-Angle X-ray Scattering (SAXS)
Analysis of Cysteine Desulfurase Complexes

assumed
stoichiometry of the

complex
Rg (Å) from

SAXS

Dmax (Å)
from
SAXS

MW
(kDa)
from
SAXS

MW from
assumed

stoichiometry

sample 1: [Acp]2:
[ISD11]2:[NFS1]2

41.9 ± 0.2 147 ± 5 125 ± 5 132.2

sample 2: [Acp]2:
[ISD11]2:
[NFS1]2:[ISCU]2

44.4 ± 0.3 150 ± 5 160 ± 5 159.4

sample 3: [Acp]2:
[ISD11]2:
[NFS1]2:[ISCU]2:
[FXN]2

38.1 ± 0.1 133 ± 3 175 ± 5 186.5

sample 4: [IscS]2 33.4 ± 0.1 118 ± 3 92 ± 2 90.2
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IscS23 or the IscS:ISCU complex.24 Thus, it is somewhat ironic
that Acp, which had been proposed to play a functional role in
E. coli Fe−S cluster assembly,21 has been found to play a critical
role in the biosynthesis of Fe−S proteins in mitochondria13 but
not in bacteria.
Recent single-particle electron microscopy studies of other

LYRM proteins (LYRM3 and LYRM6, components of complex
I) show them bound to Acp, with the 4′-phosphopantetheine
group occupying a hydrophobic cavity formed by the LYRM
protein.25−27 Our working model is that overproduced ISD11
becomes structured upon binding endogenous Acp and that the
resulting complex binds to overexpressed NFS1 forming an
active complex. Although the [Acp]2:[ISD11]2:[NFS1]2
complex has been shown to support Fe−S cluster assembly
in vitro,14 it remains to be determined whether the complex
would be more or less active with a mitochondrial Acp in place
of the bacterial homologue.

■ METHODS
Protein samples and complexes were prepared as described in detail
elsewhere.14 Briefly, ISD11-His6 and His6-SUMO-NFS1 were coex-
pressed in E. coli cells, and the complex was isolated by immobilized
metal affinity chromatography (IMAC) and then cleaved with SUMO
protease; the released His6-SUMO was removed by size exclusion
chromatography (SEC) yielding a complex containing ISD11 and
NFS1 (sample 1). His6-SUMO-ISCU and His6-SUMO- FXN81−210

(mature form of frataxin) were expressed in E. coli cells; ISCU and
FXN81−210 were each isolated by IMAC followed by subtractive IMAC
to remove His6-SUMO, and then the proteins were purified by SEC.
Sample 2 was prepared from an aliquot of sample 1 to which ISCU
was added; the complex was subsequently purified by SEC. Sample 3
was prepared from an aliquot of sample 1 to which equimolar ISCU
and FXN81−210 were added; the complex was subsequently purified by
SEC. Compositions of each complex were analyzed by SDS-PAGE
(Figure 1, Figure S1) and mass spectrometry (Tables S2−S4). Sample
4 consisted of E. coli cysteine desulfurase (IscS), which was prepared as
described earlier.15

Solutions used for SAXS contained 0.05 mM protein in 20 mM
HEPES buffer at pH 7.6 with 150 mM NaCl and 2 mM TCEP. SAXS
data were collected immediately after SEC to ensure monodispersion.
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 and a Vantec-2000 (2048 × 2048 pixel) detector.
The sample-to-detector distance was set at ∼1 m, allowing for the
detection range 0.012 > q > 0.300 Å−1. Then, 40 μL of protein and
buffer samples were loaded separately into a capillary cell with 1 mm
diameter, and scattering data were collected for 3 h with frames
recorded every hour. Each frame was compared to check for radiation
damage, and none was detected over the course of the experiments.
The SAXS data sets were then averaged and converted to 1D
scattering profiles for further analysis. The ATSAS software suite16 was
used to process the SAXS data. The radius of gyration (Rg) for each
protein or protein complex was determined by using the Guinier
approximation in the q range (qmax·Rg) < 1.3. Pairwise distance
distribution functions (Pr) were obtained using the software GNOM17

to yield Dmax. Molecular mass was determined by the Vc approach.
18

Mass spectrometry was carried out at the University of Wisconsin
Madison Mass Spectrometry/Proteomics Facility. Amino acid analyses
were performed by AAA Service Laboratory Inc., Damascus, Oregon,
United States.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acschem-
bio.6b01005.

LC-MS results from analysis of cysteine desulfurase
complexes, experimental amino acid analyses of samples,
SDS-PAGE of Sample 3, MS/MS fragmentation analysis,
correlations between experimental amino acid composi-
tions and the amino acid compositions of assumed
stoichiometries, experimental SAXS data for cysteine
desulfurases and their complexes, comparison of the
correlation between the reported amino acid composi-
tion of a human mitochondrial cysteine desulfurase
complex12 and theoretical compositions without and
with equimolar Acp (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: jmarkley@wisc.edu.
ORCID
John L. Markley: 0000-0003-1799-6134
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Support from National Institutes of Health grants
U01BM094622 and P41 GM103399-30A1 and from the
Biochemistry Department, University of WisconsinMadison
is gratefully acknowledged. The authors thank Dr. G. Sabat,
University of WisconsinMadison Mass Spectrometry/
Proteomics Facility, for assistance with mass spectrometry.

■ REFERENCES
(1) Marelja, Z., Stocklein, W., Nimtz, M., and Leimkuhler, S. (2008)
A novel role for human Nfs1 in the cytoplasm: Nfs1 acts as a sulfur
donor for MOCS3, a protein involved in molybdenum cofactor
biosynthesis. J. Biol. Chem. 283, 25178−25185.
(2) Tsai, C. L., and Barondeau, D. P. (2010) Human Frataxin Is an
Allosteric Switch That Activates the Fe-S Cluster Biosynthetic
Complex. Biochemistry 49, 9132−9139.
(3) Tsai, C. L., Bridwell-Rabb, J., and Barondeau, D. P. (2011)
Friedreich’s ataxia variants I154F and W155R diminish frataxin-based
activation of the iron-sulfur cluster assembly complex. Biochemistry 50,
6478−6487.
(4) Bridwell-Rabb, J., Fox, N. G., Tsai, C. L., Winn, A. M., and
Barondeau, D. P. (2014) Human frataxin activates fe-s cluster
biosynthesis by facilitating sulfur transfer chemistry. Biochemistry 53,
4904−4913.
(5) Bridwell-Rabb, J., Iannuzzi, C., Pastore, A., and Barondeau, D. P.
(2012) Effector role reversal during evolution: the case of frataxin in
Fe-S cluster biosynthesis. Biochemistry 51, 2506−2514.
(6) Bridwell-Rabb, J., Winn, A. M., and Barondeau, D. P. (2011)
Structure-function analysis of Friedreich’s ataxia mutants reveals
determinants of frataxin binding and activation of the Fe-S assembly
complex. Biochemistry 50, 7265−7274.
(7) Cai, K., Frederick, R. O., Kim, J. H., Reinen, N. M., Tonelli, M.,
and Markley, J. L. (2013) Human mitochondrial chaperone
(mtHSP70) and cysteine desulfurase (NFS1) bind preferentially to
the disordered conformation, whereas co-chaperone (HSC20) binds
to the structured conformation of the iron-sulfur cluster scaffold
protein (ISCU). J. Biol. Chem. 288, 28755−28770.
(8) Terali, K., Beavil, R. L., Pickersgill, R. W., and van der Giezen, M.
(2013) The effect of the adaptor protein Isd11 on the quaternary
structure of the eukaryotic cysteine desulphurase Nfs1. Biochem.
Biophys. Res. Commun. 440, 235−240.
(9) Webert, H., Freibert, S. A., Gallo, A., Heidenreich, T., Linne, U.,
Amlacher, S., Hurt, E., Muhlenhoff, U., Banci, L., and Lill, R. (2014)
Functional reconstitution of mitochondrial Fe/S cluster synthesis on
Isu1 reveals the involvement of ferredoxin. Nat. Commun. 5, 5013.

ACS Chemical Biology Letters

DOI: 10.1021/acschembio.6b01005
ACS Chem. Biol. 2017, 12, 918−921

920

http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b01005/suppl_file/cb6b01005_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b01005/suppl_file/cb6b01005_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acschembio.6b01005
http://pubs.acs.org/doi/abs/10.1021/acschembio.6b01005
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b01005/suppl_file/cb6b01005_si_001.pdf
mailto:jmarkley@wisc.edu
http://orcid.org/0000-0003-1799-6134
http://dx.doi.org/10.1021/acschembio.6b01005


(10) Fox, N. G., Chakrabarti, M., McCormick, S. P., Lindahl, P. A.,
and Barondeau, D. P. (2015) The Human Iron-Sulfur Assembly
Complex Catalyzes the Synthesis of [2Fe-2S] Clusters on ISCU2 That
Can Be Transferred to Acceptor Molecules. Biochemistry 54, 3871−
3879.
(11) Fox, N. G., Das, D., Chakrabarti, M., Lindahl, P. A., and
Barondeau, D. P. (2015) Frataxin Accelerates [2Fe-2S] Cluster
Formation on the Human Fe-S Assembly Complex. Biochemistry 54,
3880−3889.
(12) Gakh, O., Ranatunga, W., Smith, D. Y. t., Ahlgren, E. C., Al-
Karadaghi, S., Thompson, J. R., and Isaya, G. (2016) Architecture of
the Human Mitochondrial Iron-Sulfur Cluster Assembly Machinery. J.
Biol. Chem. 291, 21296−21321.
(13) Van Vranken, J. G., Jeong, M. Y., Wei, P., Chen, Y. C., Gygi, S.
P., Winge, D. R., and Rutter, J. (2016) The mitochondrial acyl carrier
protein (ACP) coordinates mitochondrial fatty acid synthesis with iron
sulfur cluster biogenesis, eLife 5, DOI: 10.7554/eLife.17828.
(14) Cai, K., Tonelli, M., Frederick, R. O., and Markley, J. L. (2017)
Human Mitochondrial Ferredoxin 1 (FDX1) and Ferredoxin 2
(FDX2) 2 Both Bind Cysteine Desulfurase and Donate Electrons
for Iron−Sulfur 3 Cluster Biosynthesis. Biochemistry 56, 487−499.
(15) Kim, J. H., Tonelli, M., and Markley, J. L. (2012) Disordered
form of the scaffold protein IscU is the substrate for iron-sulfur cluster
assembly on cysteine desulfurase. Proc. Natl. Acad. Sci. U. S. A. 109,
454−459.
(16) Petoukhov, M. V., Franke, D., Shkumatov, A. V., Tria, G.,
Kikhney, A. G., Gajda, M., Gorba, C., Mertens, H. D., Konarev, P. V.,
and Svergun, D. I. (2012) New developments in the program package
for small-angle scattering data analysis. J. Appl. Crystallogr. 45, 342−
350.
(17) Svergun, D. I. (1992) Determination of the Regularization
Parameter in Indirect-Transform Methods Using Perceptual Criteria. J.
Appl. Crystallogr. 25, 495−503.
(18) Rambo, R. P., and Tainer, J. A. (2013) Accurate assessment of
mass, models and resolution by small-angle scattering. Nature 496,
477−481.
(19) Schmucker, S., Martelli, A., Colin, F., Page, A., Wattenhofer-
Donze, M., Reutenauer, L., and Puccio, H. (2011) Mammalian
frataxin: an essential function for cellular viability through an
interaction with a preformed ISCU/NFS1/ISD11 iron-sulfur assembly
complex. PLoS One 6, e16199.
(20) Gully, D., Moinier, D., Loiseau, L., and Bouveret, E. (2003) New
partners of acyl carrier protein detected in Escherichia coli by tandem
affinity purification. FEBS Lett. 548, 90−96.
(21) Flint, D. H. (1996) Escherichia coli contains a protein that is
homologous in function and N-terminal sequence to the protein
encoded by the nifS gene of Azotobacter vinelandii and that can
participate in the synthesis of the Fe-S cluster of dihydroxy-acid
dehydratase. J. Biol. Chem. 271, 16068−16074.
(22) Kim, J. H., Frederick, R. O., Reinen, N. M., Troupis, A. T., and
Markley, J. L. (2013) [2Fe-2S]-Ferredoxin binds directly to cysteine
desulfurase and supplies an electron for iron-sulfur cluster assembly
but is displaced by the scaffold protein or bacterial frataxin. J. Am.
Chem. Soc. 135, 8117−8120.
(23) Cupp-Vickery, J. R., Urbina, H., and Vickery, L. E. (2003)
Crystal structure of IscS, a cysteine desulfurase from Escherichia coli. J.
Mol. Biol. 330, 1049−1059.
(24) Shi, R., Proteau, A., Villarroya, M., Moukadiri, I., Zhang, L. H.,
Trempe, J. F., Matte, A., Armengod, M. E., and Cygler, M. (2010)
Structural Basis for Fe-S Cluster Assembly and tRNA Thiolation
Mediated by IscS Protein-Protein Interactions. PLoS Biol. 8, e1000354.
(25) Angerer, H., Radermacher, M., Mankowska, M., Steger, M.,
Zwicker, K., Heide, H., Wittig, I., Brandt, U., and Zickermann, V.
(2014) The LYR protein subunit NB4M/NDUFA6 of mitochondrial
complex I anchors an acyl carrier protein and is essential for catalytic
activity. Proc. Natl. Acad. Sci. U. S. A. 111, 5207−5212.
(26) Zhu, J., Vinothkumar, K. R., and Hirst, J. (2016) Structure of
mammalian respiratory complex I. Nature 536, 354−358.

(27) Fiedorczuk, K., Letts, J. A., Degliesposti, G., Kaszuba, K., Skehel,
M., and Sazanov, L. A. (2016) Atomic structure of the entire
mammalian mitochondrial complex I. Nature 538, 406−410.

ACS Chemical Biology Letters

DOI: 10.1021/acschembio.6b01005
ACS Chem. Biol. 2017, 12, 918−921

921

http://dx.doi.org/10.7554/eLife.17828
http://dx.doi.org/10.1021/acschembio.6b01005

