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Abstract

Fe-S cluster biogenesis is of interest to many fields, including bioenergetics and gene regulation.
The CSD system is one of three Fe-S cluster biogenesis systems in E. coli and is comprised of the
cysteine desulfurase CsdA, the sulfur acceptor protein CsdE, and the E1-like protein CsdL. The
biological role, biochemical mechanism, and protein targets of the system remain uncharacterized.
Here we present that the active site CsdE C61 has a lowered pK, value of 6.5, which is nearly
identical to that of C51 in the homologous SufE protein and which is likely critical for its function.
We observed that CsdE forms disulfide bonds with multiple proteins and identified the proteins
that copurify with CsdE. The identification of Fe-S proteins and both putative and established Fe-
S cluster assembly (ErpA, glutaredoxin-3, glutaredoxin-4) and sulfur trafficking (CsdL, YchN)
proteins supports the two-pathway model, in which the CSD system is hypothesized to synthesize
both Fe-S clusters and other sulfur-containing cofactors. We suggest that the identified Fe-S
cluster assembly proteins may be the scaffold and/or shuttle proteins for the CSD system. By
comparison with previous analysis of SufE, we demonstrate that there is some overlap in the CsdE
and SufE interactomes.

Keywords

iron-sulfur (Fe-S) cluster biogenesis; iron-sulfur cluster assembly; iron-sulfur cluster biosynthesis;
cysteine sulfinate desulfinase (CSD); pKy; CsdA; CsdE; CsdL; Sufe

Sulfur trafficking pathways are highly conserved, complex protein machineries that are
responsible for extracting sulfur from cysteine and synthesizing the sulfur-containing
cofactors and thionucleosides, including thiamin, biotin, the molybdenum cofactor, lipoic
acid, S-adenosylmethionine, and iron-sulfur (Fe-S) clusters (reviewed in Mueller 2006)1.
The first step of sulfur trafficking is removal of inorganic sulfur from free cysteine by a
cysteine desulfurase, followed by the transient and covalent binding of the sulfur atom to a
reactive cysteine residue sulfhydryl within the desulfurase active site, thereby forming a
persulfide (R-S-SH) intermediate. Due to the toxicity of free sulfide, the persulfide
intermediate is the universal sulfur donor in these pathways. The sulfur atom is then
transferred between nucleophilic cysteine residue sulfhydryls on various protein carriers,
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ultimately being incorporated into a cofactor or thionucleoside. Despite the biological
importance of such sulfur-containing molecules, sulfur trafficking pathways are poorly
understood. We therefore developed an in vivo method for the identification of protein-
protein interactions within sulfur trafficking systems and applied it successfully to the sulfur
mobilization (SUF) Fe-S cluster biogenesis system of E. coli (Bolstad and Wood, 2010,
submitted). The goal of the present work was to apply our method to the characterization of
another E. coli Fe-S cluster biogenesis system, the cysteine sulfinate desulfinase (CSD)
system.

Fe-S clusters are evolutionarily ancient and important cofactors found in all kingdoms of
life. They serve as catalysts, electron transfer sites, regulatory sensors (e.g., of iron and
oxidants), and structural centers, and are found in proteins involved in processes as diverse
as respiration, metabolism, gene regulation, cofactor biosynthesis, and DNA-RNA
metabolism 2. Fe-S clusters form spontaneously on apoproteins in vitro under reducing and/
or anaerobic conditions in the presence of sulfide and ferrous iron, but in vivo the clusters
are formed by multi-protein systems that bind the otherwise toxic free iron and sulfide and
accelerate the process. There is tremendous interest in understanding the mechanisms of Fe-
S cluster biosynthesis, as several human diseases, including Friedreich’s ataxia, are the
result of genetic defects in the protein machinery that makes Fe-S clusters 2. Furthermore,
Fe-S cluster biogenesis contributes to bacterial pathogenicity 3=/, and is therefore a potential
therapeutic target.

E. coli contains three cysteine desulfurases, IscS, SufS, and CsdA, 8712 and three associated
systems for Fe-S cluster biogenesis, the iron-sulfur cluster assembly (ISC), SUF, and CSD
systems (reviewed in Fontecave and Ollagnier-de-Choudens, 2008) 13, The I1SC system
serves a housekeeping function by synthesizing Fe-S clusters under normal growth
conditions 13, and is conserved in higher eukaryotes, including mammals, where it exists in
the mitochondria and is essential for cellular Fe-S cluster assembly 2. The E. coli IscS
cysteine desulfurase is also responsible for providing sulfur and selenium to the
molybdopterin, thiamin, thionucleoside, selenonucleoside, and selenoprotein biosynthetic
pathways L' 14, The SUF system serves in stress response through its induction by iron
limitation and oxidative stress 6 7+ 9 15. 16 _Suf proteins are conserved among bacteria and
the plastid organelles of higher plants and the malaria parasite. The biological role of the
CSD system has yet to be fully characterized, but it appears necessary for bacterial motility
17 The three systems are expressed from the iscRSUA-hscBA-fdx, SufABCDSE, and csdAEL
operons (note that csdAE and csdL are transcribed in opposite directions), respectively, and
multiple uncharacterized accessory proteins have been identified that interact with the ISC
and SUF systems. IscR is a [2Fe-2S]-containing transcription factor that represses isc operon
transcription in its holoform 18, whereas in its apoform, formed under conditions of iron
limitation and oxidative stress, it stimulates suf operon expression 3 19721. IscU is a
scaffold protein, that is, Fe-S clusters are assembled upon it and can then be transferred to
apoproteins 13. The HscBA chaperone pair catalyzes this transfer process 22. IscA is one of
the three A-type carrier proteins (ATCs) in E. coli (the others are SufA and ErpA). Proteins
are designated as ATCs based on their sequence. The role of the ATCs is controversial (see
Loiseau et al., 2007 and Vinella et al., 2009 for thorough discussions) 23: 24; they have
been proposed to serve as scaffold proteins, iron donors, and/or Fe-S cluster shuttles that
transfer preformed clusters from scaffold proteins to apoproteins. Recent data, however,
supports a shuttle role for ATCs 24+ 25. The ferredoxin (fdx) protein is proposed to provide
the electrons necessary for Fe-S cluster assembly. SufE and CsdE are so-called sulfur
acceptor proteins because a conserved cysteine residue sulfhydryl within these proteins
makes a nucleophilic attack on the persulfide sulfur on SufS and CsdA, resulting in a
persulfide intermediate on SufE and CsdE and stimulation of the desulfurase activity of SufS
and CsdA 26729. The E1-like (ubiquitin-activating-like) CsdL (formerly YgdL) protein was
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recently shown to interact with CsdE and to receive sulfur from CsdA in a CsdE-
independent manner 17. E. coli contains two other E1-like proteins, MoeB and ThiF, which
are necessary for incorporation of sulfur into the precursors of molybdopterin and thiamin,
respectively 3034, It was suggested that CsdE brings CsdA and CsdL together for synthesis
of a currently unidentified sulfur-containing molecule, or that CsdE serves as a sulfur relay
between CsdA and CsdL, though the biochemical data suggests that this role could be
dispensable 17. The CSD system was therefore proposed to engage in two sulfur transfer
pathways, one dedicated to the biosynthesis of Fe-S clusters and the other to biosynthesis of
a putative thiolated metabolite. SufC is an atypical ABC transporter ATPase 6 that forms a
complex with SufB and SufD 28, The purpose of the SufC ATPase activity is unknown. It
was recently shown that the SUfBCD complex is likely the site of Fe-S cluster formation
within the SUF system and that the persulfide sulfur on SufE is transferred to SufB 2% 35,
likely explaining the stimulation of SufS cysteine desulfurase activity by SufBCD 28,

The CSD system and components of the SUF system share a high degree of homology, with
a shared sequence identity of 45% for the CsdA and SufS proteins and 35% for the CsdE
and SufE proteins (Fig. 1A). In fact, CsdA appears to be able to substitute for SufS within
the SUF system 17, resulting in the suggestion that CsdAE and SufSE derive from a
common heterodimeric cysteine desulfurase ancestor. The CsdE and SufE proteins also
exhibit extensive structural homology; the CsdE solution structure (PDB 1NI7) 36 and SufE
crystal structure (PDB 1MZG) 37 superimpose with a root-mean-square deviation of 2.0
Angstroms for 132 backbone carbon (Ca) atoms (Fig. 1B). In particular, the structures of the
cavities containing the conserved C61 (CsdE) and C51 (SufE) residues are virtually identical
(Fig. 1C). Given the sequence conservation between the active sites (Fig. 1A), it is therefore
likely that these thiols encounter similar electrostatic environments and therefore have
similar pK, values. The pKj, of a cysteine sulfhydryl describes its propensity to exist in the
protonated form versus the negatively charged thiolate form. A lower pKj, below that of free
cysteine (8.3), reflects a tendency towards the thiolate anion form and thus stronger
nucleophilic character and reactivity.

Unlike the SUF system, however, the CSD system is largely uncharacterized. The biological
role of the system and the path of the sulfur atom are unknown. Furthermore, by analogy to
the ISC and SUF systems, it is expected that the CSD system utilizes as yet unidentified
scaffold and ATC proteins. In this study we sought to characterize the CSD system of E. coli
by determining the pK5 of C61 in CsdE and by identifying the proteins that interact with
CsdE. We found that CsdE C61 has a lowered pKj value of 6.5, which is nearly identical to
that of SUfE C51 (Bolstad and Wood, 2010, submitted), and which is likely critical for its
sulfur acceptor function. Using methodology we previously developed and applied to the
SUF system (Bolstad and Wood, 2010, submitted), we observed that CsdE forms disulfide
bonds with multiple proteins and identified the proteins that copurify with CsdE. Of these
proteins, we predict that a specific subset are heretofore-unknown players within the CSD
system and that the Fe-S cluster proteins are among the targets of the CSD system. Our data
support the two-pathway model proposed by Trotter et al. 17. Furthermore, by comparison
with our previous analysis of SufE (Bolstad and Wood, 2010, submitted), we show that there
is some overlap in the CsdE and SufE interactomes.

MATERIALS AND METHODS

Chemicals

lodoacetamide (IAA) was purchased from Sigma, dithiothreitol (DTT) from Fisher, and
beta-mercaptoethanol (BME) from BioRad. (2-Pyridyl)-dithiobimane (PDT-bimane) was
purchased from Toronto Research Chemicals. Other chemicals were of the highest quality
commercially available.
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Strains and Media

Protein was expressed in TOP10 (Invitrogen). All of the bacterial growth was in Lennox
Broth (10 g tryptone, 5 g yeast extract, 5 g NaCl/liter) with 100 pg/ml ampicillin.

Plasmid Construction

The csdAE operon was subcloned from E.coli K12 MG1655 genomic DNA and Ncol and
HindlI1I sites were introduced at the 5” and 3’ ends, respectively. The csdAE product was
cloned into the pCR 2.1-TOPO Vector (Invitrogen) using a TOPO TA Cloning Kit
(Invitrogen), isolated by digestion with Ncol and Hindlll, and ligated into the pBAD/Myc-
His C vector (Invitrogen) in frame with the C-terminal Myc-His tag. Electrically competent
TOP10 (Invitrogen) cells were transformed with the resulting plasmid, creating the CsSdAE
strain. The presence of the insert was confirmed by restriction digest.

Protein Expression and Purification

A single colony of TOP10 containing the CsdAE expression construct was used to inoculate
60 ml of Lennox Broth containing 100 pug/ml ampicillin. Cultures were grown overnight
with shaking at 37 °C. The following day the cultures were diluted to an ODggp 0f 0.1 in 41
fresh medium and grown to mid-log phase. The expression of CSdAE was induced by
addition of 0.2% w/v L-arabinose for 3 h. The cells were pelleted by centrifugation and the
pellets were frozen at —80 °C. The pellets were defrosted, refrozen, and defrosted again
before being resuspended in ice-cold extraction buffer (50 mM sodium phosphate (pH 8),
300 mM NacCl, 5 mM MgCl,, 10% glycerol, Protease Inhibitor Cocktail (EDTA-free,
Roche), 10 mM BME). Cells were lysed by sonication and cell debris cleared by
centrifugation. The soluble fraction was diluted 1:1 with buffer A (50 mM sodium
phosphate (pH 8), 300 mM NacCl, 10 mM imidazole, 10% glycerol, 5 mM BME). Imidazole
was added to the extract to give a final concentration of 10 mM imidazole. The extract was
applied to a 5 ml HisTrap FF Ni2*-affinity column (GE Healthcare) on an AKTA purifier
fast protein liquid chromatography system (FPLC) (Amersham Biosciences) and washed
with 10 column volumes buffer A and 10 column volumes 9% buffer B (50 mM sodium
phosphate (pH 8), 300 mM NaCl, 250 Mm imidazole, 10% glycerol, 5 mM BME). The
bound protein was eluted with 100% buffer B. The eluted protein was yellow due to the
pyridoxal-5'-phosphate cofactor on CsdA. 10 mM EDTA was added to the eluted protein to
prevent thiol oxidation and the protein was stored overnight at 4 °C. CsdA and CsdE
copurify during Ni2*-affinity chromatography, but the proteins can be separated by size
exclusion chromatography under reducing conditions. The protein was therefore
concentrated with an Amicon Ultra-4 centrifugal device (5-kDa cutoff), treated with 100
mM DTT for 1 h at room temperature, and further purified with a Superdex 75 column
(Amersham Biosciences) using a buffer consisting of 25 mM Tris (pH 7.4), 200 mM NacCl,
1 mM EDTA, and 10 mM BME. The CsdE peak was concentrated with an Amicon (5-kDa
cutoff) and dialyzed against 25 mM Tris (pH 7.4),200 mM NaCl, 1 mM EDTA. The
concentration of the purified protein was determined with the BCA assay (Pierce) and the
protein was stored at —80 °C.

pKa Determination of SufE Sulfhydryls with PDT-Bimane

Reaction between PDT-bimane and a cysteine sulfhydryl releases pyridine-2-thione, the
formation of which can be monitored by absorbance at 343 nm 38. This reaction has been
used previously to determine the pKj of cysteine residue sulfhydryls in proteins 39: 40, Al
experiments were performed under aerobic conditions. Purified CsdE-(His)g protein was
reduced with 50 mM DTT for 1 h at 25 °C and exchanged into 25 mM potassium phosphate
(pH 6.0), 50 mM NaCl,1 mM EDTA using a 5 ml HiTrap FF desalting column (GE
Healthcare) operating on an AKTA purifier FPLC (Amersham Biosciences). The reduced
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protein was concentrated with an Amicon Ultra-4 centrifugal device (10-kDa cutoff) and
diluted to 7 pM in sodium citrate or phosphate buffers spanning the pH range 5-9. 150 pl
reactions were commenced in a UV-transparent 96-well microplate (Costar) by addition of
PDT-bimane to a final concentration of 80 uM followed by rapid mixing, and Az43 nm was
monitored over 120 min with a Varian Cary 50 Bio UV-visible spectrophotometer and 50
MPR microplate reader. The resulting Aszaz nm curves were fit to first (Y=Yq + Ae X1 or
second order (Y=Y + Ae X1 + Be /%2) exponential decay functions. At higher pH values,
the reaction is biphasic, proceeding rapidly for a brief period and then much more slowly for
the remainder of the assay. It is these biphasic curves that are best fit by a second order
versus a first order exponential decay function. The t; values for the first and second order
exponential decay functions were plotted against pH. The resulting curve was fit to the
Henderson-Hasselbalch equation, from which the pKj value was determined.

Complex Purification and Visualization

A single colony of TOP10 carrying the CSdAE expression construct was used to inoculate
30-40 ml of Lennox Broth containing 100 pg/ml ampicillin. The culture was grown
overnight with shaking at 37 °C. The following day the culture was diluted to an ODgqq of
0.07-0.13 in 0.5-2 | fresh medium and grown to mid-log phase. Protein expression was
induced by addition of 0.2% w/v L-arabinose for 1-2 h. The cells were pelleted by
centrifugation at 4 °C. Disulfide-linked protein complexes were rapidly trapped by
resuspension of the pellets in 20-30 ml ice-cold 20% w/v trichloroacetic acid (TCA). Safety
note: when using TCA, eye protection, lab coat, and gloves should be worn and bench
surface should be protected; save media containing TCA as hazardous waste for collection
by Environmental Health and Safety personnel. The cells were pelleted again and the pellets
were frozen at —80 °C. The pellets were defrosted, and the cells lysed by agitation with 5-20
ml 20% w/v TCA and 1.5-3 ml glass beads. The beads were washed with 5% w/v TCA and
the wash solutions were combined with the protein solution. The TCA-precipitated protein
was pelleted by centrifugation and the pellet washed three times with 5 ml acetone. The
pellets were air-dried and then resuspended in 5-10 ml buffer containing 100 mM Tris (pH
8), 1% SDS, and 75 mM IAA and reacted in the dark for 20-90 min at 37 °C. The insoluble
protein was pelleted by centrifugation, resuspended in 3-5 ml IAA buffer, incubated in the
dark for 10-20 min at 37 °C, spun, and the soluble fractions were combined. The protein
was diluted 1:3-1:5 with buffer A (50 mM sodium phosphate (pH 8), 300 mM NaCl, 10 mM
imidazole, 10% glycerol) and imidazole was added to the diluted extract to give a final
concentration of 10 mM imidazole. The sample was applied to a 5 ml HisTrap FF Ni2*-
affinity column (GE Healthcare) on an AKTA purifier FPLC system (Amersham
Biosciences) and washed with 10 column volumes buffer A and 10 column volumes 9%
buffer B (50 mM sodium phosphate (pH 8), 300 mM NacCl, 250 mM imidazole, 10%
glycerol). The bound protein was eluted with 100% buffer B. Protein concentration was
determined by the BCA assay (Pierce). The protein samples were concentrated with an
Amicon Ultra-4 centrifugal device (5-10-kDa cutoff), and when necessary, further
concentrated by precipitation with methanol and chloroform. The purified samples were
analyzed with reducing and nonreducing SDS-PAGE (8% (37.5:1) acrylamide gels were
constructed for Fig. 3B and C whereas a pre-cast acrylamide gradient gel (Bio-Rad Ready
Gel, 4-15% Tris-HCI) was used for Fig. 4A), and the gels were either stained with
Coomassie Brilliant Blue (CBB) (GelCode Blue, Pierce) or transferred to nitrocellulose
membranes. CsdE-(His)g was visualized with HRP-linked anti-Hisg antibodies (Clontech)
and a FujiFilm LSA-3000 imaging system.

In-gel Proteolysis

Protein bands of interest were excised from the SDS-PAGE gel using a sterile blade. Bands
were destained with two washes of 0.5 ml 50/50 0.1 M NH4HCOs/methanol over a period of
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1 h at 30 °C. Bands were washed with 0.5 ml 0.1 M NH4HCO3 for 1 h at 30 °C followed by
0.5 ml 50/50 acetonitrile (ACN)/0.1 M NH4HCO3 for 60-80 min at 30 °C. Bands were
shrunk with 50-100 pl ACN for 10-15 min at 25 °C and then dried at 50 °C. The bands
were reswelled with 10-20 pl 25 mM NH4HCO3 containing 0.02 pg/pl reductively
methylated 4! trypsin (Worthington Biochemical Co.) for 10 min at 25 °C. 25 mM
NH4HCO3 was added to completely cover the bands, and they were incubated overnight at
37 °C. The following day, the supernatant (SUP1) was transferred to a clean tube. Peptides
were extracted by addition of 30-60 pl 50/50 ACN/5% trifluoroacetic acid (TFA) to the
bands followed by 10 min of sonication. This extraction solution was combined with SUP1.
30-60 pl 95/5 ACN/5% TFA was added to the bands and sonicated as before. This second
extraction solution was added to SUP1, and the bulk solution concentrated with a SpeedVac
to near-dryness (~5 pl). The peptides were resuspended in 20-30 pl 0.1% TFA.

Protein Identification by MALDI-TOF/TOF MS

Peptides were desalted with C1g ZipTips (Millipore). ZipTips were wetted with 50/50 ACN/
0.1% TFA and equilibrated with 0.1% TFA, after which the peptides were bound to the tip
with five passes of the peptide solution through the ZipTip. The ZipTip was washed 2X with
0.1% TFA, and the peptides were eluted with 3-5 passes of 3 pl 50/50 ACN/0.1% TFA.
Two 0.5 ul aliquots of the peptide solution were spotted on a MALDI target (Applied
Biosystems), with the first aliquot left to dry before the next was spotted, and then 0.5 ul of
6 mg/ml a-cyano-4-hydroxycinnamic acid (Applied Biosystems 4700 Proteomics Analyzer
Mass Standards Kit) in 50/50 ACN/0.1% TFA was spotted. Applied Biosystems 4700
Proteomics Analyzer Mass Standards Kit calibration standard was diluted 1:10 with 6 mg/ml
a-cyano-4-hydroxycinnamic acid (Applied Biosystems 4700 Proteomics Analyzer Mass
Standards Kit) in 50/50 ACN/0.1% TFA, and 2 x 0.5 ul was spotted on each calibration
spot. The MALDI target was analyzed using Applied Biosystems 4000 Series Explorer
software and an Applied Biosystems 4700 Proteomics Analyzer (Applied Biosystems Inc.,
Foster City, CA) with TOF/TOF Optics. MALDI-MS data were collected in the m/z range of
700-4000 using 1125 shots per spectrum, and where possible, trypsin autolysis peaks of m/z
842.510, 1045.600, 2211.105, and 2239.136 Da were used as internal calibrants. The top 10
precursor peptides (excluding trypsin autolysis peaks) above a S/N threshold of 10 were
selected for MS/MS. Data were analyzed with Applied Biosystems GPS Explorer Software v
3.6 using a Gel-based Workflow, with a precursor tolerance of 100 ppm, MS/MS fragment
tolerance 0.3 Da, variable modifications: carbamidomethyl (C) and oxidation (M), a peptide
charge of +1 and a maximum of two missed trypsin cleavages. Precursor peptides resulting
from trypsin autolysis were excluded from the analysis. MSDB (September 2006, 7078992
total entries) database searches of the E. coli proteome were performed on all MS and MS/
MS data sets using GPS Explorer Workstation v3.6 software, and a probability-based
Mascot score >57 (equivalent to p < 0.05) was considered statistically significant.

Protein Identification by LC-MS/MS

Peptides were submitted to the Genome Center Proteomics Core at the University of
California, Davis, for mass spectrometry (LC-MS/MS) based protein identification. Protein
identification was performed using a Michrom Paradigm HPLC and CTC Pal autosampler
(Michrom, Auburn, CA) coupled to an LTQ ion trap mass spectrometer (Thermo-Scientific,
San Jose, CA) through a Michrom ADVANCE Plug and Play Nano Spray Source. Peptides
were desalted onto an Agilent nanotrap (Zorbax 300SB-C18, Agilent Technologies) and
then eluted from the trap and separated by a 200 mm x 15 cm Michrom Magic C18 AQ
column. Peptides were eluted using a 40 min gradient of 2-80% buffer B (buffer A = 0.1%
formic acid, buffer B = 95% ACN/0.1% formic acid). The top 10 ions in each survey scan
were subjected to automatic low-energy CID. Tandem mass spectra were extracted by
BioWorks version 3.3. Charge state deconvolution and deisotoping were not performed. All
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MS/MS samples were analyzed using X! Tandem (www.thegpm.org; version TORNADO
(2008.02.01.2)). X! Tandem was set up to search Uniprot Protein Knowledgebase
Organism# 83333 (E-coli Strain K12) (May 2009, 4383 entries) assuming the digestion
enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 0.4 Da and
a parent ion tolerance of 1.8 Da. lodoacetamide derivative of cysteine was specified in X!
Tandem as a fixed modification. Deamidation of asparagine and glutamine, oxidation of
methionine and tryptophan, sulphone of methionine, tryptophan oxidation to
formylkynurenin of tryptophan and acetylation of the N-terminus were specified in X!
Tandem as variable modifications. Scaffold (version Scaffold_2_02_03, Proteome Software
Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications.
Peptide identifications were accepted if they could be established at greater than 95.0%
probability as specified by the Peptide Prophet algorithm 42, Protein identifications were
accepted if they could be established at greater than 95.0% probability and contained at least
2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm
43. Proteins that contained similar peptides and could not be differentiated based on MS/MS
analysis alone were grouped to satisfy the principles of parsimony.

RESULTS AND DISCUSSION
Analysis of the pKa of the CsdE Cysteine Sulfhydryl

Since CsdE C61 accepts sulfur via nucleophilic attack on the persulfide intermediate of
CsdA 29, we hypothesized that it would have a lowered pK,. To determine the pK of the
CsdE C61 sulfhydryl we used a thiol reactivity assay described previously for cysteine
sulfhydryl pK, determination 39 40, Briefly, the chemical PDT-bimane is reacted with a
protein containing a single cysteine residue over a range of pH values 38. The course of the
reaction is monitored at 343 nm and the resulting curves are fit to a first or second order
exponential decay function. We performed this analysis on purified CsdE protein over a
range of pH values from 5 to 9 (Fig. 2A). These data show that the initial rate of the reaction
between C61 and PDT-bimane increases as the pH increases and C61 is deprotonated. The t;
values for the curves were plotted as a function of pH (Fig. 2B), fit to the Henderson-
Hasselbalch equation, and a pK of 6.5 was determined. This value is almost two pH units
lower than the pK, of free cysteine and shows that >88% of C61 would be in the negatively
charged and highly nucleophilic thiolate form at physiological pH. Given the high degree of
sequence and structural conservation in the active sites of CsdE and SufE, it is not surprising
that this value is nearly identical to the pK, value of 6.3 determined for the homologous
SufE C51 (Bolstad and Wood, 2010, submitted). These lowered pK, values serve the basis
for the propensity of the active site cysteines to make a nucleophilic attack on the persulfide
of the corresponding cysteine desulfurase. Several factors can contribute to a lowered pKj. It
was hypothesized that an ion pair between SufE C51 and the sole charged residue in the
SufE active site - R119 (R129 in CsdE) — serves to stabilize the thiolate anion 37. However,
mutation of R119 did not affect the pK, of SufE C51 (Bolstad and Wood, 2010, submitted),
supporting the idea that this conserved arginine residue instead mediates binding between
the active site surfaces of CsdE/SufE and CsdA/SufS through charge-charge interactions 36:
37.

In Vivo Characterization of Protein-Protein Interactions Involving CsdE and Identification
by MALDI-TOF/TOF

Disulfide-mediated complex formation between CsdE and other proteins was examined in
vivo with a large-scale trapping and purification procedure (Fig. 3A) that was previously
used to identify protein interactions within the SUF system of E. coli (Bolstad and Wood,
2010, submitted). This procedure allows for the identification of proteins that bind to a Hisg-
tagged protein of interest and potentially members of multiprotein complexes containing the
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protein of interest. In the aforementioned manuscript we demonstrate the method’s ability to
identify physiologically relevant interactions, though interactions that are likely nonspecific
are identified as well. It is important to note, however, that the method does not reveal
whether the identified interactions are functional, inhibitory, or nonspecific. The value of the
method is therefore in its use as a screening tool to reveal potentially novel interactions,
which must then be further characterized by biochemical methods.

As CsdA and CsdE are expressed from an operon, and CsdE is likely to interact with other
proteins via transfer of the transiently bound sulfur atom derived from CsdA 29, we created
an E. coli strain in which both proteins are expressed and CsdE bears a C-terminal myc-Hisg
tag. Note that since CsdA is also overexpressed, it may transfer multiple sulfur atoms to
CsdE C51, and the subsequent reaction of this polysulfide CsdE species with another Cys-
containing protein may result in a polysulfide linkage rather than a disulfide bond. L-
arabinose was used to induce overexpression of CsdAE in E. coli and disulfide-bonded
protein complexes were trapped by treatment of the cells with TCA. TCA-prepared protein
extracts were purified with Ni2* affinity chromatography and resolved by nonreducing and
reducing SDS-PAGE, after which gels were transferred to nitrocellulose for immunoblotting
with anti-Hisg antibodies (Fig. 3B) or stained with CBB (Fig. 3C). The fully reduced CsdE
monomer is observed at ~16.5 kDa and the disulfide-bonded CsdE dimer can be observed at
~32.5 kDa under nonreducing conditions. The immunoblot shows the complexes containing
CsdE (Fig. 3B). Trace amounts of CsdE monomer are evident in the uninduced lanes,
evidence that minimal ara promoter activity exists under basal conditions. In the induced
lanes under nonreducing conditions, there were observable disulfide-bonded complexes
between CsdE and unknown proteins (Fig. 3B). These complexes disappeared under
reducing conditions, demonstrating that the protein complexes were formed via disulfide
bonds. The complex composed of native CsdA and CsdE-myc-Hisg is predicted to be ~62
kDa, and thus the intense band at ~62 kDa is predicted to be the CsdA-CsdE complex. The
presence of the other complexes suggests that CsdE interacts with other unknown proteins.
One of these is predicted to be the recently identified 29 kDa CsdL protein, which was
shown to interact with CsdE and to receive sulfur from CsdA 17. Whether CsdL participates
in a CsdAEL complex, as proposed by Trotter et al. 17, or a CsdEL complex, is unknown,
and thus the complex containing CsdL may be ~48 kDa (CsdEL) or ~91 kDa (CsdAEL).
The CBB-stained gel (Fig. 3C) shows the proteins that copurify with CsdE. The bands in the
uninduced lanes represent proteins that bind nonspecifically to the column. The dark band at
~16.5 kDa in the uninduced lanes appears to be the CsdE monomer, but is in fact the dye
front and contains unresolved low molecular weight proteins (<16.5 kDa). This is confirmed
by the immunoblot (Fig. 3B), in which the uninduced lanes contain only a slight amount of
CsdE monomer. Upon induction, the intensity of the 16.5 kDa band increases, confirming
the expression of CsdE. The 32.5 kDa CsdE dimer is also evident in the induced lane under
nonreducing conditions, as is the predicted CsdA-CsdE complex at ~57 kDa. The bands that
are unique to the induced, nonreducing lane or found at greater levels when compared to the
uninduced lane represent complexes containing CsdE. This is demonstrated by the fact that
the unique and upregulated bands in the induced, nonreducing lane are also present in the
induced, nonreducing lane of the immunoblot (Fig. 3B). The only exception is the band at
~40 kDa, which is not observed on the immunoblot. The complexes disappear under
reducing conditions, indicating that the complexes are formed by disulfide bonds. Similarly,
those bands that are unique to the induced, reducing lane or found at greater levels when
compared to the uninduced lane represent proteins that copurify with CsdE when CsdAE is
expressed. The latter proteins were identified (p < 0.05) by in-gel proteolysis and MALDI-
TOF/TOF mass spectrometry and are shown in bold (see Sl Table S1 for more information).
As a positive control, the 32.5 kDa band, predicted to be the CsdE dimer, was indeed
identified as CsdE. CsdA was identified at ~40 kDa, and therefore it was CsdA that was
present at ~40 kDa in the induced, nonreducing CBB lane but was not evident on the
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immunoblot. Due to reduction of the CsdA-CsdE complex, the intensity of the CsdA band is
greater in the reducing lane as compared to the nonreducing lane. Tryptophanase (TnaA)
was identified at ~47.5 kDa (see discussion below). The ~70 kDa band (marked with an #)
contained the following proteins: dihydrolipoyllysine-residue acetyltransferase component
E2 of the pyruvate dehydrogenase complex (AceF), threonyl-tRNA synthetase (ThrS),
transketolase 1 (TktA), the general stress response gene protein BolA (see discussion below)
44 the uncharacterized protein Ydfw in the Qin prophage region, and hypothetical protein
Q1RE36_ECOUT. The band containing these proteins is not believed to represent a single
multiprotein complex but rather contains multiple unresolved bands. The copurification of
most of these proteins likely results from nonspecific interactions with CsdE. Multiple
proteins which also likely represent nonspecific interactions were identified at ~114 kDa,
including oxoglutarate dehydrogenase (SucA), aldehyde-alcohol dehydrogenase (AdhE),
pyruvate dehydrogenase subunit E1 (AceE), the putative virulence protein/transposase
hypothetical protein ECs3276, hypothetical protein QBFGG9_ECOLS6, hypothetical protein
Q1RBX2_ECOUT, and hypothetical protein QIRCI6_ECOUT. SucA is a recognized
contaminant of immobilized metal affinity chromatography 45, and nonspecific interactions
with CsdE C61 may be explained by the presence of a pair of redox active cysteines in the
active site of AceF 46 and the nucleophilic active site cysteine of aldehyde dehydrogenase.

Identification of Protein-Protein Interactions Involving CsdE by LC-MS/MS

To enhance our ability to identify interactions between CsdE and low abundance proteins,
we used LC-MS/MS for protein identification instead of MALDI-TOF/TOF because the
former provides greater sensitivity. A large-scale purification was performed with cells
expressing CsdAE. The affinity purified extract was resolved by reducing SDS-PAGE and
stained with CBB (Fig. 4A). The CsdE monomer is observed at ~16.5 kDa. Two bands of
strong intensity and at least twelve bands of weak intensity were observed, just as in the
identically-prepared sample in Fig. 3C (reducing, + arabinose lane). However, the separation
among the bands is different between the figures because the sample in Fig. 4A was
resolved on an acrylamide gradient gel, whereas those in Fig. 3C were resolved on a fixed-
percentage gel. The gel was subsectioned (Fig. 4A), and in-gel proteolysis followed by LC-
MS/MS was performed on each section. SI Tables S2 and S3 list all 116 proteins that were
identified with a minimum of 2 peptides and 95% confidence in the subsections. Table 1
presents the proteins of particular interest that were identified. As evident in the tables, the
proteins identified perform a multitude of functions. The identification of CsdE, CsdA,
TnaA, AceF, ThrS, and AdhE by LC-MS/MS replicates the set of proteins identified by
MALDI-TOF/TOF (Fig. 3C), further confirming that CsdE interacts with CsdA (band 4) and
tryptophanase (band 5) in vivo. As summarized in Fig. 4B, some of the proteins identified
were also found to interact with SUfE (Bolstad and Wood, 2010, submitted), whereas others
are unique to CsdE. The differences in the CsdE and SufE interactomes and the associated
functions of the proteins may extend from their structural differences; though their structures
align very closely, the polypeptide segment of CsdE helix I1' does not adopt a helical
conformation in SUfE 36, Moreover, helices | and V1 have different orientations in the two
proteins.

One unique interaction that we identified is that between CsdE and the E1-like (ubiquitin-
activating-like) CsdL (formerly YgdL) protein. Interestingly, csdL lies directly downstream
of csdAE, yet is transcribed in the opposite direction. CsdL was completely uncharacterized
until, during preparation of this manuscript, it was independently shown to interact with
CsdE by both copurification and yeast two-hybrid procedures and to receive sulfur from
CsdA in a CsdE-independent manner 17. E. coli contains two other E1-like proteins, MoeB
and ThiF, which are necessary for incorporation of sulfur into the precursors of
molybdopterin and thiamin, respectively 39=34, It was therefore suggested that CsdE brings
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CsdA and CsdL together for synthesis of a currently unidentified sulfur-containing
molecule, or that CsdE serves as a sulfur relay between CsdA and CsdL, though the
biochemical data suggests that this role could be dispensable 17. A model was proposed in
which the CSD system engages in two sulfur transfer pathways, one dedicated to the
biosynthesis of Fe-S clusters and the other to biosynthesis of a putative thiolated metabolite
17 Our identification of the interaction between CsdE and CsdL — an interaction
independently confirmed and coupled with biochemical evidence for a functional interaction
between CsdL and CsdA — further demonstrates that our method has the ability to capture
physiologically relevant interactions.

Another protein that is unique to the CsdE interactome is the uncharacterized YchN protein.
YchN contains a probable active-site region that harbors two conserved cysteine residues in
a C-X-X-C motif*’. YchN also shares the same three dimensional fold as the DsrE protein,
which is essential for the oxidation of reduced sulfur compounds in photo- and
chemolithoautotrophic bacteria 48, and the TusD protein, which is part of the sulfur relay
system that synthesizes 2-thiouridine in bacterial tRNAs 4°. The Dsr proteins have been
suggested to be part of a sulfur trafficking system, in which the cysteine residue of DsrE that
is conserved in both YchN and TusD plays a pivotal role 48: 50, In the Tus system, IscS
provides the sulfur atom to TusA, which transfers it to TusD in the TusBCD complex 4.
YchN may therefore play a sulfur transfer role within the CSD system, and by analogy with
the Tus system, the sulfur atom would be transferred from CsdA to CsdE and then to YchN.
The identification of YchN provides further credence to the proposal by Trotter et al. that
the CSD system participates not only in Fe-S cluster biogenesis but also in a sulfur transfer
pathway dedicated to biosynthesis of an as yet unknown thiolated metabolite 17.

Several Fe-S and Fe-S cluster assembly proteins were identified, supporting the other arm of
the two-pathway hypothesis. The Fe-S proteins identified are NADH:ubiquinone
oxidoreductase, chain F (NuoF) 51, NADH:ubiquinone oxidoreductase, chain | (Nuol) 52,
and the predicted Fe-S protein L-serine dehydratase 2 (SdaB) 53. NuoF and SdaB were also
found to interact with SufE (Bolstad and Wood, 2010, submitted), whereas Nuol was not.
The identification of these proteins may suggest a role for the CSD system in the
biosynthesis of their Fe-S clusters. As a member of the dehydratase enzyme family, SdaB
contains a particularly labile [4Fe-4S] cluster, in which a solvent-exposed, noncysteine-
liganded Fe atom binds and activates substrate. This makes the cluster unusually vulnerable
to oxidation and loss of the Fe atom 54757, and would necessitate cluster repair and/or de
novo synthesis under both oxidative stress and basal conditions, possibly explaining an
interaction with the Csd proteins. Another protein that we identified, and which is unique to
CsdE, is the recently discovered A-type Fe-S protein ErpA 23. ErpA is essential for E. coli
growth under both aerobiosis and anaerobiosis due to its role in the maturation of the Fe-S
proteins IspG/H 23, which synthesize the quinone precursor molecule isopentenyl
diphosphate 58: 9. ErpA was found to assemble [2Fe-2S] and [4Fe-4S] clusters and to
transfer the clusters to apolspG. Unlike the other ATCs of E. coli (IscA and SufA), ErpA
maps at a distance from any other Fe-S cluster biogenesis-related gene, and thus there is
interest in determining the Fe-S cluster assembly system with which it associates.
Furthermore, the erpA gene is in a chromosomal region that is particularly rich in iron
uptake-related genes and IScR represses its expression under anaerobic conditions 20,
suggesting a role for ErpA in iron homeostasis. ErpA has been proposed to act as an Fe-S
cluster shuttle for the SUF and ISC systems, transferring formed Fe-S clusters from these
systems to apoproteins 24. This model, however, does not consider the role of the CSD
system nor the potential for interaction between ErpA and this system. The present results
lead us to suggest that in addition to a role in the SUF and ISC systems, ErpA may serve as a
scaffold or shuttle protein for the CSD system. SufE and IscS were also identified. The
identification of SUfE may be due to a proposed interaction between SufE and CsdA 17 and
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the fact that CsdA forms a dimer 2. The CsdA dimer may bind one molecule each of SufE
and CsdE, the latter of which would bind to the Ni2* column. CsdE does not alter the
activity of IscS 29 and thus any interaction between the two is likely nonspecific.

Glutaredoxin 3 (Grx3) and glutaredoxin 4 (Grx4), which were also found to interact with
SufE (Bolstad and Wood, 2010, submitted), and thioredoxin-A (TrxA), were identified.
Until recently, the observed stimulation of Fe-S cluster assembly and transfer by Grx and
Trx was thought to be via their reduction of protein and mixed protein-glutathione
disulfides, which would free up key cysteine residues so that they may bind iron, sulfur, and
intact clusters 60 61: 62. It was recently discovered, however, that homodimers of some
prokaryotic and eukaryotic Grx isoforms, including EcGrx4 and its homologs, coordinate
Fe-S clusters, and the eukaryotic EcGrx4 homolog Grx5 is necessary for Fe-S cluster
assembly 63770 (also reviewed in Rouhier et al., 2009; Bandyopadhyay et al., 2008; Herrero
and de la Torre-Ruiz, 2007) /1773, Data suggests that Grx5 has a role in the mitochondrial
ISC system, perhaps as a scaffold or Fe-S cluster transfer protein, and that its function is
conserved among its homologs, including EcGrx4 83: 66, 69, 70, 74=77 ' Among prokaryotes,
the phylogenetic profile of Grx5 homologues is similar to that of some ISC system proteins,
implying that prokaryotic Grx5 orthologues are also required for Fe-S cluster assembly 76.
Monothiol Grx like Grx5 are also found in or near putative microbial nif, suf, isc, and
molybdenum cofactor synthesis operons 73. Currently, the working hypothesis is that
monothiol Grx (e.g., EcGrx4) act as Fe-S cluster assembly scaffolds and/or transfer proteins,
whereas the clusters on dithiol Grx (e.g., ECGrx3) are sensors of oxidative stress, releasing
active monomeric Grx upon oxidative degradation of the cluster. Our results may therefore
suggest that EcGrx4 serves as a previously unidentified scaffold and/or transfer protein for
the SUF and CSD systems, and that the latter systems assemble a cluster on EcGrx3.
Interestingly, a genetic interaction was recently observed between EcGrx4 and ISC system
proteins, suggesting a role for EcGrx4 in the 1SC system 78. EcGrx4 may therefore have a
general role in Fe-S cluster assembly within E. coli, a role that is consistent with the
synthetic lethality of the grx4 null mutation and its upregulation by iron depletion 7°: €0,
Interestingly, the uncharacterized protein BolA was identified by MALDI-TOF/TOF (Fig.
3C). Bioinformatic data, including gene proximity and cooccurrence, predicts that BolA
proteins interact with monothiol Grxs, 73 81, 82 and indeed, yeast Grx3 and Grx4 were found
to interact with BolA 83. Chloroplast SUufE contains a C-terminal sequence homologous to
the conserved BolA sequence 84 and several proteobacteria contain a protein made up of
three domains: a Grx, an ATC-like domain that lacks the conserved Cys that bind Fe-S
clusters, and a sulfurtransferase 8°. Collectively, the available data points to a functional
interaction between BolA, Grx, and SufE-type proteins such as CsdE.

Tryptophanase (TnaA), which was also found to interact with Sufg (Bolstad and Wood,
2010, submitted), was identified. Metabolism of cysteine by tryptophanase produces
hydrogen sulfide 86, which could be transferred to the CsdE and SufE sulfur acceptor
proteins. Tryptophanase may therefore serve as an alternate source of sulfur for the CSD and
SUF systems. Like the cysteine desulfurases that provide sulfur for sulfur trafficking
systems, tryptophanase is a PLP-dependent enzyme, and based on its sequence, belongs to
the same family of PLP-dependent enzymes as NifS, the cysteine desulfurase responsible for
biosynthesis of the nitrogenase Fe-S clusters 87: 88. Furthermore, tnaA is one of the genes
most upregulated upon superoxide and hydrogen peroxide exposure 1% 89 making it
plausible that tryptophanase serves to augment the activity of the CsdA and SufS
desulfurases during oxidative stress, when demand for new Fe-S clusters is increased. We
are currently pursuing biochemical confirmation of this hypothesis.

It is possible that any accessible cysteine residue will react with the persulfide on CsdE,
forming a disulfide-bonded protein complex that would be purified using our method. For
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those proteins that do not contribute to the function of the CSD system, this interaction is
considered nonspecific and likely accounts for the identification of some of the proteins
reported in this study, including the following proteins that contain redox- or catalytically-
active cysteine residues: alkyl hydroperoxide reductase subunit C (AhpC) 90, methionine
sulfoxide reductase (MsrB) 91, Hsp31 (HchA) 92, glyceraldehyde-3-phosphate
dehydrogenase A (GapA) 93, and dihydrolipoyllysine-residue acetyltransferase component
E2 of the pyruvate dehydrogenase complex (AceF) 46. However, the fact that we identified
some proteins that interact only with CsdE and not SufE and vice versa is evidence that our
method is capable of identifying functional interactions and not just those between the
protein of interest and abundant proteins with accessible thiols. Furthermore, published
literature and homology helps to identify the interactions that are likely functional, weeding
out the interactions that are likely nonspecific and increasing the value of the method as a
screening tool for protein interactions within sulfur trafficking systems. Nevertheless,
indiscriminate disulfide bond formation may occur, but if this were the case we would
predict that more proteins with reactive cysteine residues would have been identified.
Examples include the peroxiredoxin Bcp, the glutathione peroxidase homolog BtuE, and the
organic peroxide sensor OhrR 94, none of which were identified in our study. It may be that
the expression level of these proteins precluded identification, whereas the abundance of the
peroxiredoxin AhpC facilitated its identification. In contrast, we predict that the protein(s)
that receives the persulfide sulfur on CsdE exhibits significant affinity for CsdE and would
effectively compete with proteins that do not contribute to the function of the CSD system
yet harbor an accessible cysteine thiol. For example, the homologous SufE protein
specifically interacts with SufB — the sulfur recipient - and not SufA, even though SufA also
has reactive cysteine residues 35. Furthermore, the surface surrounding the active site thiol
of CsdE/SufE homologs is highly conserved, as is the corresponding surface on CsdA/SufS
homologs 36, suggesting that the interacting surface on the recipient protein is also
conserved and mediates a tight interaction with CsdE. In the crystal structure of Sufk, which
Fig. 1 shows overlaps significantly with the solution structure of CsdE, it was observed that
the cavity containing the active site thiol is large enough to accommodate the perfsulfide
group in a solvent-sequestered environment 37. Therefore, sulfur transfer to the recipient
protein is likely mediated by a conformational change in SufE/CsdE that would likely be
triggered only by a specific interaction with the recipient protein. Such a conformational
change was predicted to to be required for SUfE to receive sulfur from SufS 37

Proteins that are known to bind nonspecifically to Ni2* columns were also identified 4°,
including carbonic anhydrase 2 (Can), catabolite gene activator protein (Crp), host factor-I
protein (Hfq), FKBP-type peptidyl-prolyl cis-trans isomerase (SlyD), 30S ribosomal protein
S15 (RpsO), 60 kDa chaperonin (GroL), and dihydrolipoyllysine-residue succinyltransferase
component of 2-oxoglutarate dehydrogenase complex (SucB). These proteins bind to the
NiZ* column via native metal binding sites, surface histidine residues, or through an
uncharacterized mechanism. We previously found that the Yqjl protein - which was also
identified - binds nonspecifically to Ni2* columns (Bolstad and Wood, 2010, submitted),
most likely as a result of its predicted affinity for positively charged metalloids and
significant histidine content. The bands containing Yqjl (band 2) are present in both the
uninduced and induced samples (Fig. 3C), further evidence that Yqjl binds nonspecifically
to Ni2* columns. A heat shock-like response occurs during overexpression of recombinant
proteins 9, inducing the expression of chaperone proteins, which are common contaminants
of Ni2* affinity chromatography 4°. The chaperones identified therefore likely represent
nonspecific interactions, though the ISC system contains the HscBA chaperone pair, which
catalyzes the transfer of Fe-S clusters to apoproteins 22, and thus it’s possible that the CSD
system also employs chaperone proteins. Translation elongation factors, ribosomal proteins,
and aminoacyl-tRNA synthetases are often identified in proteomics work, and are likely an
artifact of protein overexpression.
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As mentioned previously, Trotter et al. first demonstrated the interaction between CsdE and
CsdL 7. In the same analysis, they also found that CsdE interacts, unsurprisingly, with
CsdA, as well as ribose-phosphate pyrophosphokinase (Prs) and DnaK (Hsp 70). Of these
four proteins, we identified all but DnaK, which may be due to differences in experimental
design. Trotter et al. expressed CsdE with an N-terminal TAP tag whereas we expressed
CsdAE in which CsdE had a C-terminal myc-Hisg tag. Thus, purification of the protein
complexes required different methods. Furthermore, Trotter et al. did not trap the cells with
acid nor alkylate free cysteine residues prior to purification, as we did. It is possible that
CsdE and DnaK interact via some mechanism other than a disulfide bond, and that the acid,
or the SDS in the alkylation buffer, disrupt this interaction, thereby preventing purification
of the CsdE-DnaK complex.

In conclusion, we have discovered potential new players in the CSD Fe-S cluster biogenesis
system of E. coli. Our results point to the value of our approach, in which recombinant
protein systems are screened in a high throughput manner for protein-protein interactions,
thereby revealing novel interactions that may then be confirmed by in vitro and in vivo
methods. Along this vein, we are currently pursuing biochemical confirmation of the
interactions involving tryptophanase and ErpA. The cloning and characterization of the
YchN protein, as well as confirmation of the interactions of YchN, Grx3, and Grx4 with
CsdE (and SufE where applicable) would help to further characterize the CSD system.
Though we have demonstrated that there is some overlap in the CsdE and Sufe
interactomes, it is the differences that likely enable the CSD and SUF systems to execute
unique functions and to possibly mature unique subsets of Fe-S proteins. Defining the
mechanism and biological role of the CSD system and the recipients of the Fe-S clusters
produced by the ISC, CSD, and SUF systems remain significant challenges.
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Refer to Web version on PubMed Central for supplementary material.

Abbreviations

CSD cysteine sulfinate desulfinase
Fe-S iron-sulfur

ATC A-type carrier protein

1AA iodoacetamide

DTT dithiothreitol

BME beta-mercaptoethanol
PDT-bimane (2-Pyridyl)-dithiobimane
FPLC fast protein liquid chromatograph
TCA trichloroacetic acid

HRP horseradish peroxidase

CBB Coomassie Brilliant Blue
ACN acetonitrile

TFA trifluoroacetic acid
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Figure 1. CsdE and SufE display significant sequence and structural homology

A, primary sequence alignment of E. coli CsdE and SufE made using ClustalW2. Identical
residues are shaded. The bars indicate the residues that line the cavity containing the
conserved persulfide-forming Cys61 (CsdE) and Cys51 (SufE) (denoted with a star). B,
structural alignment of E. coli CsdE and SufE. The ribbon diagram shows CsdE in cyan and
SufE in green, with the side-chains of the conserved persulfide-forming Cys61 (CsdE) and
Cysb1 (SufE) presented in stick representation with carbon and sulfur atoms colored green
and yellow, respectively. The CsdE solution structure (PDB 1N17) 36 and the SufE crystal
structure (PDB 1MZG) 37 were aligned with MacPyMOL. The structures superimpose with
a root-mean-square deviation of 2.0 Angstroms for 132 Ca atoms. C, the active site
containing the conserved persulfide-forming Cys61 (CsdE) and Cys51 (SufE) is formed by a
loop and a-helices 3 and 6.
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Figure 2. pKy determination of CsdE C61 with PDT-bimane

A, reaction of CsdE with PDT-bimane was monitored at 343 nm at pH values ranging from 5
to 9. The increase at 343 nm results from the release of pyridyl-2-thione from PDT-bimane.
Each curve was fit to either a first or second order exponential function (solid black line),
and the rate constants were determined. B, inverse of the initial rate constant (t;) was plotted
as a function of pH. The results were fit to the Henderson-Hasselbalch equation, and from
these curve fits a sulfhydryl pK, value of 6.5 was determined for CsdE C61.
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Figure 3. Determination of protein interactions involving CsdE

A, Schematic representation of the methodology used to trap, purify, and identify protein
complexes containing CsdE-(His)g. Disulfide-bound protein complexes form when a
cysteine thiol on an interacting protein makes a nucleophilic attack on the bridging sulfur of
the CsdE persulfide. Complexes formed within E. coli cells expressing CSdAE-(His)g are
trapped and extracted in the presence of TCA, free sulfhydryls are alkylated with 1AA, and
the extract is applied to a Ni2* affinity column. The eluted proteins are concentrated,
separated by reducing and nonreducing SDS-PAGE, digested by in-gel proteolysis, and
analyzed with either MALDI-TOF/TOF or LC-MS/MS. The mass spectrometry data is
searched against an E. coli proteomic database to identify the proteins that interact with
CsdE. B and C, characterization of protein complex formation and identification of proteins
that interact with CsdE. Arabinose was used to induce protein expression in the CsdAE-
(His)g E. coli strain and protein extracts were prepared as described above, resolved by
nonreducing and reducing SDS-PAGE, and then transferred to nitrocellulose for
immunoblotting with anti-Hisg antibodies (B) or stained for total protein (C). The CsdE
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monomer is observed at ~15 kDa, and under nonreducing conditions the CsdE dimer can be
observed at ~32.5 kDa and the predicted CsdE-CsdA complex can be observed at ~62 kDa.
Under nonreducing conditions, complexes containing CsdE are observed in the immunoblot
(B). These complexes disappear under reducing conditions, indicating that the complexes are
bound by disulfide bonds. When stained for total protein (C), the proteins that copurify with
CsdE are observed. These proteins were identified by in-gel digest and MALDI-TOF/TOF
mass spectrometry (bold). #=pyruvate dehydrogenase (AceF), threonine-tRNA ligase
(ThrS), transketolase 1 (TktA), BolA, Ydfw, and Q1RE36_ECOUT. The dehydrogenases
include SucA, AdhE, AceE, hypothetical proteins ECs3276, Q8FGG9_ECOLS,
Q1RBX2_ECOUT, and Q1RCI6_ECOUT.
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Figure 4. Identification of CsdE interactome by LC-MS/MS mass spectrometry and comparison
with SufE interactome

A, TCA-prepared protein extracts from cells expressing CsdAE-(His)g were purified by Ni2*
affinity chromatography, resolved by reducing SDS-PAGE, and stained with CBB. The
CsdE monomer is observed at ~16.5 kDa. The gel was subsectioned and in-gel proteolysis
followed by LC-MS/MS was performed on each section. CsdA was identified in section #4.
Sl Tables S2 and S3 list all 116 proteins that were identified with a minimum of 2 peptides
and 95% confidence in the subsections. Table 1 presents the proteins of particular interest
that were identified. B, Comparison between the CsdE and SufE interactomes (SufE
interactome presented in Bolstad and Wood, 2010, submitted). Proteins were identified by
LC-MS/MS. Only those proteins that represent interactions of predicted significance are
shown.
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