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ABSTRACT: Cysteine is the major sulfur donor for thio cofactors in bacterial and eukaryotic systems. The first
step in sulfur mobilization involves a PLP-dependent enzymatic mechanism. During catalysis, free cysteine is
converted into alaninewith the concomitant formationof a persulfide bondwith the catalytic cysteine residue, thus
forming a covalent enzyme intermediate. Cysteine desulfurases in their persulfurated forms serve as donors at the
intersection of various cellular sulfur-requiring pathways.MostGram-positive bacteria, includingBacillus subtilis,
contain a cysteine desulfurase gene sufS located adjacent to the gene encoding the proposed Fe-S cluster scaffold
SufU. In this work, we identified the participation of SufU as a substrate in the SufS catalytic mechanism.
Development of a sensitive method for detection of alanine formed in the SufS reaction enabled the identification
of its associated mechanistic features. Steady-state kinetic analysis of alanine formation provided evidence of a
double-displacement mechanism (ping-pong) of the cysteine:SufU sulfurtransferase reaction catalyzed by SufS.
Results from site-directedmutagenesis of the catalytic cysteine (SufSC361A) and iodoacetamide alkylation of SufU
support the occurrence of persulfide sulfur transfer steps in the mechanism of SufS.

Sulfur-containing cofactors are widely distributed in nature and
participate in essential biochemical reactions (1, 2). While the
biological significance of sulfur’s versatile chemistry is widely
recognized, the mechanisms responsible for its mobilization and
incorporation into protein cofactors are far from understood.
However, cysteine is well-established as the major source of sulfur
for thio cofactors (3), and the initial step in sulfur mobilization uses
a pyridoxal 5-phosphate (PLP)1 enzymatic mechanism. Free
cysteine binds to the cysteine desulfurase PLP cofactor, to form a
PLP-cysteine adduct. The sulfur atom of the substrate cysteine is
attacked by the thiolate group of a cysteine residue at the enzyme’s
active site. This event results in the activation of the sulfur through
formation of a persulfide bond (R-S-SH) and the release of alanine.
Cysteine desulfurases in their persulfurated forms serve as sulfur
carriers and donors to various cellular targets. This sulfur activation
process is an elegant metabolic strategy for trafficking sulfur in
nontoxic forms and for the provision of SH- or So at the interface
of several metabolic pathways, including the synthesis of several
thio cofactors such as Fe-S clusters, molybdenum cofactor,
thiamin, biotin, lipoic acid, and thionucleosides (3, 4).

Sequence analysis of cysteine desulfurases has identified signa-
turemotifs and conserved residues involved in catalysis. To date, all
cysteine desulfurases contain a conserved lysine that forms a Schiff
base with the PLP cofactor in the resting state and a conserved
catalytic cysteine involved in transient persulfide formation. On the
basis of sequence alignments, Mihara and Esaki identified two
distinct groups of cysteine desulfurases: group I (NifS and IscS) and
group II (SufS and CsdA) (5). Group-specific signature motifs in
their tertiary structural contexts provide a rationale for their

catalytic differences and for their specific interactions between cys-
teine desulfurases and sulfur acceptors. For example, the IscS
includes a conserved sequence motif that forms a flexible loop con-
taining the catalytic cysteine unique to only group I (6). This
structural feature allows for the molecular movement of the persul-
fide sulfur away from the PLP active site to favor interactions with
various sulfur partners.Alternatively, group II cysteine desulfurases
have been shown to contain a shorter, more structurally defined
loop as found in the Escherichia coli and Synechocystis SufS
enzymes (7, 8).

The rate-limiting step in the group II cysteine desulfurase
reaction has been proposed to be the cleavage of theC-S bond of
the cysteine substrate (8). This step involves concomitant forma-
tion of the persufide bond with the catalytic cysteine thiol
group (9). The shorter and structured loop present in group II
cysteine desulfurases may potentially hinder the nucleophilic
attack of the catalytic cysteine onto the cysteine substrate thiol.
Additionally, the lack of loop flexibility is hypothesized to
perturb the subsequent delivery of the sulfur to acceptor mole-
cules. The low specific activity of E. coli SufS (15-25 nmol of
S2-min-1 mg-1) (10, 11) may be explained by the stiffness of this
structural loop during cleavage of the C-S bond and/or the
transfer of sulfur to acceptor molecules.

Interestingly, in most members of group II of cysteine desul-
furases, the activity is enhanced in the presence of a specific E-type
sulfur acceptor [e.g., SufE (10) and CsdE (12) enhanced 8- and 2.5-
fold the activity of SufS andCsdA, respectively]. Themechanismby
which E-type acceptors enhance the activity of group II enzymes is
not fully understood. This feature appears to be enzyme-specific as
cross-reactivity among sulfur donors and acceptors has not been
observed. That is, SufE was unable to stimulate the activity of IscS
or NifS (10), nor was CsdE able to stimulate SufS or IscS (12).
Nevertheless, sulfur acceptor activity enhancement does not appear
to be limited to group II of cysteine desulfurases, because it has been
shown that 1 equiv of IscU can stimulate the activity of the group I
IscS 6-fold (∼100-600 nmol of S2- min-1 mg-1) (13).
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Despite the similarities in structure and in general chemistry
involving the cysteine-PLP-dependent formation of a persulfide
bond, cysteine desulfurases are markedly distinct in their sub-
sequent sulfur transfer reactions. Substantial progress has been
made in the identification of immediate sulfur acceptors and
other pathway components involved in the synthesis of sulfur-
containing cofactors. However, the unique features of cysteine
desulfurases that dictate acceptor specificity and their distinct
sulfurtransferase mechanisms have not been fully explored.

Structural and functional studies of group I and group II
enzymes have identified key residues that participate in sulfur
transfer. Insights into specific sites of interactionbetween cysteine
desulfurases and sulfur acceptors have been identified through an
amino acid substitution approach with IscS (14-16). These
studies targeted the identification of specific residues that interact
with sulfur acceptors as well as the effects of substitutions
on tRNA thiolation and Fe-S cluster formation. Because of
the involvement of IscS in many sulfur transfer reactions, its
inactivation causes pleiotropic metabolic defects that pose a
technical challenge for the study of intracellular IscS-protein
interactions (17-19).

The Gram-positive model organism Bacillus subtilis does not
contain the canonical ISC system, composed of IscS and other Isc
partners (IscU, IscA, HscBA, and Fdx). Instead, its genome
encodes four group I cysteine desulfurases (YrvO, NifS, NifZ,
and YcbU) and one group II cysteine desulfurase (SufS). Their
genomic locations suggest their functional participation in spe-
cific sulfur-dependent biochemical pathways. For example, the
only group II cysteine desulfurase gene is located in the essential
sufCDSUB transcriptional unit. Antibiotic insertional disruption
of B. subtilis sufU dramatically affects the activity of the Fe-S
enzymes aconitase and succinate dehydrogenase (20). Because of
its ability to accumulate transient labile Fe-S species and to
activate a eukaryotic Fe-S enzyme (Leu1), SufU has been
proposed to be an Fe-S cluster scaffold. The involvement of
SufU in Fe-S metabolism and the apparent absence of genes
encoding an additional Fe-S biosynthetic system led to the
proposal that SufU is involved, alongwith SufC, SufD, SufS, and
SufB, in the housekeeping formation of Fe-S clusters. In this
system, SufC, SufD, and SufB show high levels of sequence
identity to the SufBCD complex of E. coli, the function of which
has been implicated in sulfur mobilization via interaction with
SufE (21), and in Fe-S cluster assembly (22). Lastly, it has been
shown that SufS is a cysteine desulfurase and that its activity is
enhanced in the presence of SufU (20).

Genome scanning of 100 Gram-positive bacterial species has
revealed that 81 species contain gene products that have sequence
similar to that of sufU (P. C. Dos Santos, unpublished results).
In all these cases, sufS was the preceding gene. For Bacilli
(sufCDSUB), Actinobacteria [sufRBD(fdx)CSU], and Clostridia
species (sufRSU-mnmA), the sufSU gene pair is located adjacent
to other Fe-S or sulfur cofactor biosynthetic genes. Although
several members of group II of cysteine desulfurases work in a
specific and concertedmannerwithE-type proteins, none of these
Gram-positive species contain a locus encoding either SufE or
CsdE. Conversely, the genes encoding this subtype of group II
cysteine desulfurases found in Gram-positive organisms show a
pattern of coevolution with sufU. This observation led to the
hypothesis that SufU is the specific sulfur acceptor of SufS in
Gram-positive bacteria. In this study, we investigate the interac-
tions and reactivity of B. subtilis SufS and the participation of
SufU as a substrate in the catalytic ping-pong mechanism of the

SufU:cysteine sulfurtransferase reaction of SufS. Additionally, a
sensitive and affordable method for detection of enzymatically
produced alanine was developed.

EXPERIMENTAL PROCEDURES

Materials. Restriction enzymes were purchased from New
England Biolabs. Reagents were purchased from Fisher, unless
specified. B. subtilis PS832 (23) was a gift from D. Popham, and
E. coli CL100 (24) was a gift from T. J. Larson.
Plasmid Construction and Site-Directed Mutagenesis.

All genes were amplified from B. subtilis PS832 chromosomal
DNA. The PCR products were all previously cloned into the
TopoTA vector (Invitrogen) for subcloning purposes. The correct
sequences of all plasmids used in this studywere confirmedbyDNA
sequencing (Wake ForestDNASequencing Laboratory). The 1690
bp sufSU fragment engineered with 50 NdeI and 30 BamHI was
cloned into the 50 NdeI and 30 BglII sites of pDB1588 (25), previ-
ously digested with the same enzymes, yielding pDS2. Plasmid
pDS2 was digested with 50 NcoI and 30 KpnI, and the isolated
fragment was cloned into the NcoI andKpnI sites of pBad, placing
sufSU under arabinose control, and yielding pDS34. Plasmid
pDS63 is the 50 NcoI and 30 XhoI engineered 444 bp fragment of
sufU ligated into pET28A(þ) (Novagen) in frame for histidine tag
expression at the 30 end and puts sufU under lactose control.
Plasmid pDS69 contains a codon substitution on pDS34 at position
361 of the sufS gene, Cys (TGT)fAla (GTC). Plasmid pDS72was
obtained by a codon substitution on pDS34 at position 128 of the
sufU gene, Cys (TGT)fAla (GTC). The amino acid substitutions
were performed with a QuickChange site-directed mutagenesis kit
(Stratagene) as specified by the manufacturer.
Protein Expression and Purification. We expressed con-

structs pDS34 (SufSU), pDS69 (SufSC361AU), and pDS72
(SufSUC128A) by transforming each plasmid into E. coli CL100
competent cells and selecting them on LB agar plates containing
50 μg/μL ampicillin. Single colonies were used to inoculate 500
mL of LB medium with the same antibiotic concentration as the
solid medium and outgrown overnight (16 h) at 30 �C in the
presence of L-arabinose (0.2%). The cells were then harvested by
centrifugation at 6000g for 10 min and stored at -20 �C.

Cells were resuspended (3 mL/g of cell wet weight) in 25 mM
Tris-HCl (pH 8) (buffer A), then lysed by a single passage
through a high-pressure cell disrupter (French Press) at 12000
psi, and centrifuged at 12800g for 20 min to remove cell debris.
The supernatant containing soluble protein was incubated with
1% (w/v) streptomycin sulfate for 30 min and centrifuged at
12800g for 20min. The treated supernatant was then loaded onto
a fast protein liquid chromatography (FPLC) system (GE
Healthcare) equipped with a Q-Sepharose fast flow column
(GE Healthcare) pre-equilibrated with buffer A. The column
was washed with 5 column volumes of buffer A, and the bound
material was eluted with a linear gradient (from 0 to 70%) of
20 column volumes of 25 mM Tris-HCl (pH 8) and 1 M NaCl
(buffer B). The required amount of buffer B to displace the protein
from the column was 30% for SufSU and SufSC361A-SufU and
45% for SufS. The fractions containing the desired protein(s) were
pooled and concentrated prior to gel filtration using Sephacryl
S-200 (GE Healthcare). For concentration purposes, the sample
was diluted 5-fold with buffer A and then passed through a
Q-Sepharose fast flowcolumnpre-equilibratedwith the samebuffer
and quickly eluted from the column with 50% buffer B, which
removed all bound sample at once.The samplewas instantly loaded
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onto a gel-filtration column, pre-equilibrated with buffer A. Pure
sample fractions were pooled, frozen in liquid nitrogen, and stored
at -80 �C. SufSU (pDS34) and SufSC361AU (pDS69) were both
isolated as a complex. SufS was isolated and purified from SufU
when expressed via the modified plasmid pDS72 (SufSUC128A).

The pDS63 (SufUHis6) plasmid was transformed into E. coli
BL21(DE3) cells and selected onLBagar plates containing 40μg/
μL kanamycin. Single colonies were used to inoculate 500 mL of
LB medium with the same antibiotic concentration as the solid
medium and grown at 37 �C until the OD600 reached 0.7. Lactose
(0.2%) was added for further growth at 30 �C for 4 h. Cells were
harvested by centrifugation at 6000g for 10 min and stored at
-20 �C. The cell pellets were resuspended in 25 mM Tris-HCl
(pH 8) and 0.2 M NaCl (buffer C) and disrupted as described
above, followed by centrifugation at 12800g for 20min to remove
the cell debris. The supernatant was loaded onto a FPLC IMAC-
Ni2þ (GEHealthcare) column andwashedwith 5 column volumes
of buffer C. The bound proteins were eluted through a step
gradient (5 and 15%) of 25mMTris-HCl (pH8), 0.2MNaCl, and
500 mM imidazole (buffer D). SufU was displaced from the
column at 15% buffer D. Fractions containing SufU were pooled,
diluted 5-fold, and then loaded onto a FPLC Q-Sepharose fast
flow column, which was pre-equilibrated with buffer A. The
column was washed with 5 column volumes of buffer A, and
the bound sample was eluted via a linear gradient (from 0 to 70%)
of 20 column volumes of buffer B. SufU was displaced from the
column when the concentration of B reached 45%. The pure
sample fractions were pooled, frozen in liquid nitrogen, and stored
at -80 �C. Elution profiles were followed at 280 nm. All of the
protein purifications were monitored by SDS-PAGE (26), and
the protein concentrations were determined by the method of
Bradford et al. (27), using the Bio-Rad protein assay kit and
bovine serum albumin as the standard. Pyridoxal 50-phosphate
bound to SufS was quantified as described previously (28).
Determination of the Native Molecular Mass. The mo-

lecular masses of the native homogeneous proteins were esti-
mated by gel-filtration chromatography on a Superose 12 10/300
GL column (GE Healthcare). Samples were eluted from the
columnwith 25mMTris-HCl containing 0.2MNaCl (pH 7.4) at
a flow rate of 0.4 mL/min. The eluted samples were monitored at
280 nm, and the columnwas calibratedwith the following protein
standards (GEHealthcare): aprotinin (6500 Da), ribonuclease A
(13700 Da), carbonic anhydrase (29000 Da), ovalbumin (43000
Da), and conalbumin (75000Da). BlueDextran 2000was used to
determine the void volume (V0). TheKav value was calculated for
each protein using the equation Kav = (Ve - V0)/(Vt - V0),
where Ve is the elution volume for the protein and Vt is the total
bed volume, and Kav was plotted against the logarithm of
standard molecular masses.
Cysteine Desulfurase Assay. Cysteine desulfurase activity

was determined by quantifying the amount of sulfide and alanine
produced in the assay. Sulfide production was determined with
N,N-dimethyl-p-phenylenediamine sulfate (DMPD) and FeCl3
as previously described (29, 30). Assays (800 μL) were conducted
in the presence of 0.01 mg of SufS (final concentration of 0.27
μM) in 50 mMMops (pH 7.4). Substrate saturation curves were
determined by varying concentrations of cysteine (0.0125-0.5
mM) against a fixed concentration of SufU (1.3 μM) and varying
concentrations of SufU (0.0013-0.020 mM) against a fixed
concentration of cysteine (0.05 mM). The initial velocity was
derived from the slope of a plot of product concentration versus
time using four time points (0, 3, 6, and 9 min).

Alanine production was assessed through high-performance
liquid chromatography (HPLC) (Waters) coupled with a fluores-
cence detector, using the assay mixture described above. For every
timepoint, 100μLaliquots from the assayweremixedwith 20μLof
10% trichloroacetic acid (TCA), and then 1 mL of a fresh mix that
contained 0.1 mM naphthalene 2,3-dicarboxaldehyde (NDA)
(AnaSpec Inc.) and 1 mM KCN in 100 mM borate buffer (pH 9)
was added. After a 1 h incubation, the samples were analyzed
by HPLC and the alanine was detected by fluorescence. Ten
microliters of sample was injected onto a Zorbax SB C18 column
(Agilent) at a flow rate of 0.5 mL/min with an isocratic solvent
system of 55% methanol with 45% ammonium acetate (10 mM,
pH 6) for 8min, with the alanine-NDApeak eluting at 6min. The
Ala-NDA fluorescence peak was integrated, and a standard curve
was used to convert the area under the peak to the concentration of
alanine produced. In these assays, at least three time points (1, 2,
and 4 min) were used to calculate the cysteine desulfurase activity
given by slopes of nanomoles of alanine produced over time. The
steady-state kinetic parameters were determined by varying con-
centrations of cysteine (0.0125-0.5 mM) against several fixed
concentrations of SufU (0.0013-0.020 mM).

Assays in the absence of the second substrate (SufU) were also
performed. The experiment consisted of individual reaction
mixes that contained 2.7 μM SufS and 0.5 mM L-cysteine,
conducted in the presence and absence of 5 mM DTT. Time
points were measured throughout the experiment (10-1500 s),
and time zero was determined via addition of 20 μL of 10%TCA
prior to 0.5 mM cysteine.

Pyruvate formation was quantified through a reaction cata-
lyzed by lactate dehydrogenase in the presence of NADH (31).
The reaction was monitored at 340 nm (ε340 = 6220 M-1 cm-1),
and the amount of pyruvate present was determined by the
amount of consumed NADH.
Alkylated SufU Assays. SufU or BSA was incubated with

5mM iodoacetamide for 1 h in the dark. Five hundredmicroliters
of the reaction was then dialyzed for 2 h against 1.5 L of 25 mM
Tris-HCl (pH 8) to stop the reaction and to remove excess
reagent. Alkylated SufU or alkylated BSA was added to the
standard assay (800 μL) at different concentrations (0-5.5 μM),
in the presence of 0.27 μMSufS, 0.5 mM cysteine, and 13.75 μM
SufU. The activity was calculated and plotted versus the con-
centration of alkylated SufU.

RESULTS

Interactions between SufS and SufU. One-step copurifica-
tion of SufS and SufU was accomplished when pBAD-sufCD-
SUB (pDS40) or pBAD-sufSU (pDS34) was expressed in E. coli
CL100 cells (Figure 1A). Considerably higher levels of expression
were observed using the CL100 host strain compared to E. coli
TBI, BL21(DE3)-C41, or JM109 strains. Although the basis for
higher expression levels was not determined, it is worth noting that
CL100 has aΔiscS, Ara- genotype. Soluble extracts containing the
SufS-SufU fraction or SufCDSUB from expressing cultures were
subject to anion-exchange chromatography, resulting in coelution
of SufS and SufU. Because of the sequence similarities between
B. subtilis SufS and E. coli SufS, control experiments included
parallel purification from crude extracts of E. coli CL100 cells
containing pBad (empty vector) or the inactive SufSC361A-SufU
(pDS69). Using the same purification protocol as described for
isolation of the SufS-SufU fraction, the corresponding fractions
showed no cysteine desulfurase activity, indicating the absence of
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significant amounts of E. coli SufS contaminating the purified
sample (data not shown).

Subsequent gel-filtration chromatography resulted in a single
broad peak with a corresponding molecular mass of 108 kDa
(Figure 1A, lane 2, and Figure 1B). Because of the very similar
elution volumes of the SufS and SufS-SufU fractions, it is
possible that the SufS-SufU fraction contains excess free SufS.
No peak associated with free SufU was observed, indicating
that in the SufS-SufU fraction, all SufU was associated with
SufS. SDS-PAGE analysis using purified SufS, SufU, and
SufS-SufU fraction suggested an apparent stoichiometry of
2:1 for the SufS-SufU fraction.

The interaction between SufS and SufU was not disturbed by
various treatments of crude extracts prior to purification. Anae-
robic preincubation of SufS-SufU crude extracts with 1 mM
DTT, 5 mM cysteine, and 5 mM ferrous ammonium sulfate in
various combinations affected the overall Q-Sepharose chroma-
tography profile, but it did not change the elution or purity of the
SufS-SufU fractions after purification (Figure S1 of the Sup-
porting Information). Under anoxic conditions, incubation with
all three ingredients yielded dark blackish extracts prior to anion-
exchange chromatography, with no Fe-S cluster species being
trapped in the purified samples (data not shown). Albrecht and
collaborators showed the isolation of Fe-S cluster-loaded SufU
upon incubation with iron, cysteine, and catalytic amounts of
SufS, followed by isolation through a desalting column (20). In
our experiments, it is possible that the presence of crude extract
components or the excess SufS in the reaction mixture causes
dissociation of Fe-S species from SufU during purification
through a positively charged resin.

Although we observed coelution of SufS and SufU in several
independent purifications, the stoichiomety of this apparent
complex seemed to vary slightly among preparations, indicating
the dynamic nature of SufS-SufU interactions. When SufS and
SufUhis6 were expressed individually, they eluted as two distinct
peaks in the gel-filtration chromatogram corresponding to mass
values of 88 and 24 kDa, respectively. While the calculated mass
of SufS corresponded to a dimer (90 kDa), the estimated mass of
SufUwas between the expected size of a dimer (32 kDa) and that
of a monomer (16 kDa). The gel-filtration profile did not change
when the proteins were mixed prior to gel filtration (Figure 1B).
Whether the coexpression and copurification of SufS and SufU
was necessary for trapping the SufS-SufU complex or if the His

tag on SufU disturbed these interactions has not been deter-
mined. Nevertheless, cysteine desulfurase assays of the SufS-
SufU complex and SufS incubated with similar amounts of
SufUhis6 showed comparable activity (described below), indicat-
ing that SufU and SufUhis6 are both equally competent for
participation in the cysteine desulfurase reaction (Figure 2).

While coexpression of the wild-type SufS-SufU proteins re-
sulted in their copurification, coexpression of SufS with the variant
SufUC128A (E. coliCL100 transformedwith pDS72) resulted in two
distinct fractions for SufUC128A and SufS (lane 1 of Figure 1A
shows the SufS fraction). The complex dissociation caused by the
substitution at the conserved Cys 128 led to the hypothesis that the
complex may be held together through a reductively protected
disulfide bond between SufUC128 and SufSC361. However, this pro-
posal was ruled out by an experiment that involved the coexpres-
sion and copurification of the SufSC361A-SufU “complex”, in-
dicating that the dominant complex interactiondoes not involve the
SufS active site C361 residue.
SufU as a Substrate of SufS. The catalytic rate of cysteine

desulfurization by the SufS-SufU complex in the presence of
cysteine and DTT was determined to be 18 nmol of S2- min-1

mg-1. The addition of 5 equiv of SufU to the assay containing the
SufS-SufU complex showed a more than 10-fold increase in
activity (from 18 to 240 nmol min-1 mg-1) (Figure 2). This initial
observation prompted us to determine the activity levels of SufS in
the absence of SufU. In agreementwith a previous report (20), SufS
exhibited very modest activity (7 nmol min-1 mg-1) when incu-
bated in the presence of cysteine andDTT.Addition of 0.5 equiv of
SufU (approximately equivalent to the amount of SufU in the
SufS-SufU fraction) increased the SufS activity to 25 nmol of S2-

min-1 mg-1, indicating comparable activation of SufS by SufU
isolated with SufS (SufU-SufS fraction) or purified separately
(SufUhis6). The stimulation of SufS activity by SufU suggests that
SufU is an active participant in the catalytic mechanism of SufS.

The increase in cysteine desulfurase activity upon incubation
with SufUmay be explained by at least three mechanisms: (1) the
formation of a heteromeric catalytic complex, (2) the involve-
ment of SufU as an allosteric regulator of SufS, and (3) the invol-
vement of SufU as a substrate of SufS in a bisubstrate reaction. If
the SufS-SufU complex forms a catalytic two-component
system (first model), titration of SufU would display first-order

FIGURE 1: Protein purification and native size determination. Panel
A shows the SDS-PAGE gel: lane 1, purified SufS from crude
extracts containing SufS and SufU128CA; lane 2, purified SufS-SufU
fraction from crude extracts containing SufS and SufU; lane 3,
purified SufUhis6. Lane M contained low-molecular mass standards
(Bio-Rad): phosphorylase b (97.4 kDa), bovine serum albumin (66.2
kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), soybean
trypsin inhibitor (21 kDa), and lysozyme (14.4 kDa). Panel B shows
the gel-filtration profile for SufS (;), SufUhis6 (- 3-), the SufSU
complex ( 3 3 3 ), and SufU his6 premixed with SufS (---).

FIGURE 2: SufS cysteine desulfurase activity. The cysteine desulfurase
activity was measured via the methylene blue assay. The assay con-
tained 0.5mMcysteine, 0.27μMSufSor SufSC361A, and 2mMDTT.A
plus indicates the presence of the corresponding component. SufU and
SufUalk at 1.3 and 20.6 μM, respectively, were added to the assay.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101358k&iName=master.img-000.jpg&w=239&h=102
http://pubs.acs.org/action/showImage?doi=10.1021/bi101358k&iName=master.img-001.png&w=232&h=168
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kinetic behavior up to the optimal complex stoichiometry,
followed by a zero-order kinetic profile. Alternatively, if SufU
acts as an allosteric regulator (second model), titration of SufU
would yield sigmoidal behavior. In the third model, if SufU is a
substrate of SufS, increasing concentrations of SufU could yield a
hyperbolic curve following the Michaelis-Menten steady-state
kinetic behavior. The SufU substrate saturation curve exhibited a
hyperbolic response (Figure 3) and a straight line in the double-
reciprocal Lineweaver-Burk plot (Figure 4). The apparentVmax

of sulfide release is comparable to maximal activity levels for
group II cysteine desulfurases (10, 32) when assayed in the
presence of their respective sulfur acceptor E-type proteins. As
previously described for IscS, apparent substrate inhibition
kinetics are observed with SufS when the cysteine concentration
is held above 1 mM (data not shown).
Kinetics of Formation of Alanine by SufS. The cysteine

desulfurase mobilizes sulfur from cysteine, forming alanine and a
persulfide sulfur. The reduction of the persulfide bond results in
the release of sulfide and regeneration of the catalytic cysteine.
Traditional cysteine desulfurase assays in the presence of DTT
yield sulfide products that are subsequently measured through
formation of methylene blue. Although this assay has been used
to study cysteine desulfurases for the past two decades, it has two
major limitations: low sensitivity (1 nmol of sulfide) and the need
to use sealed vials because of the transient formation of gaseous
hydrogen sulfide (H2S). We therefore developed a more sensitive
and safer assay for cysteine desulfurase activity.

Alternate methods of detecting alanine involving common tech-
niques for detecting amino acids would not be suitable for quanti-
fication of the SufS reaction product because of the cross reactivity
of both substrate (Cys) and product (Ala). Serendipitously, we
discovered that one of the limitations of an established technique
for amino acid detection involving derivatization with naphthalene
dialdehyde (NDA) was a fluorescence quenching phenomenon
observed in the detection of cysteine (33). Thus, the lack of fluores-
cence in the cysteine-NDA adduct and the high fluorescence

intensity associated with the alanine-NDA adduct appeared to
offer an ideal strategy for measuring the alanine generated in the
cysteine desulfurase assay. For this reason, we have adapted and
optimized theNDAderivatizationmethod as an end point assay to
quantify alanine formed in the cysteine desulfurase reaction
(described in detail in Experimental Procedures).

This assay allows for the direct measurement of fluorescence
intensity upon incubation of the SufS assaymixturewithNDA, cya-
nide, and borate buffer. Although high concentrations of cysteine
have an effect on the fluorescence background, cysteine does not
affect the rate of alanine formation over time. Fluorescence detec-
tion adds both convenience and sensitivity in detecting the activity of
enzymatic reactions for a broader spectrum of enzymes forming
primary amine products not just limited to cysteine desulfurases. It is
important to note that kinetic assays with varying substrate concen-
trations propagate small differences in baseline. Thus, to correct for
the variation in background, an alanine standard curve should be
generated in the presence of the same concentration of cysteine used
in the assay. Ultimately, the small variations in background asso-
ciated with different cysteine concentrations in the kinetic assays
led us to separate the Cys-NDA adduct background from the
Ala-NDAproduct prior to fluorescence detection. For detection of
the activities shown in this study, the assay solution was mixed with
theNDAcocktail and then applied to aC18HPLCcolumn coupled
with a fluorescence detector. The fluorescence detection of this
method is extremely sensitive, allowing the detection of as little as
0.1 pmol of Ala-NDA adduct during each run. This sensitivity
is approximately 10000-fold higher than that of the methylene
blue assay.

As a validation of this newly developed method, we conducted
kinetic measurements for alanine production by SufS and com-
pared them to those obtained with the sulfide assay (Figure 3).
The rate of alanine formation was very similar to those of sulfide,
suggesting that no other product is formed in this reaction; some
cysteine desulfurases have been known to form pyruvate as a
result of alanine deamination at the PLP site. Using a lactate
dehydrogenase coupled assay, we further confirmed that no

FIGURE 3: Substrate saturation curves characterizing a bisubstrate
reaction catalyzed by SufS. The bisubstrate characterization was
determined through quantification of sulfide (A and B) and alanine
(C and D). Unless indicated, assays (800 μL) were conducted in the
presence of 0.01 mg of SufS, 500 μM cysteine (A and C) or 13 μM
SufU (B and D), and 2 mMDTT. Catalytic rates were calculated by
the slopes of at least three time point reactions. The lines are the best
fits to the Michaelis-Menten equation using Kaleidagraph.

FIGURE 4: Double-reciprocal plots of alanine formation. Steady-
state rates of alanine formation were determined with varying concen-
trations of cysteine (0.0125-0.5 mM) against several fixed concentra-
tions of SufU (0.0013-0.020 mM). (A) Variable concentrations of
cysteine in the presence of 1.37 ([), 2.06 (2), 4.12 (b), and 13.7 μM
SufU (9). (B) Variable concentrations of SufU in the presence of
25 ([), 75 (2), 120 (b), and 500 μM cysteine (9). The insets show
replots of 1/Vmax,app vs 1/[Cys]. The lines in the plots are the linear fits to
the Lineweaver-Burk equation. The inset in panel A shows the replot
of they-interceptofpanelA [Vmax,app=1/Vmax(1þKmSufU)/[SufU]] vs
1/[SufU] fitted toa linear equation.The inset inpanelB shows the replot
of the y-intercept of panel B [Vmax,app = 1/Vmax(1 þ KmCys)/[Cys]] vs
1/[Cys] fitted to a linear equation. Thex-intercepts of the insets give-1/
KmSufU and -1/KmCys, respectively. The y-intercepts of the insets give
the Vmax values. Kinetic constants are listed in Table 1.
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pyruvatewas formed in the absence or presence of SufU (data not
shown).
Mechanism of Cysteine-SufU Sulfurtransferase Activ-

ity of SufS. The characterization of the transfer of sulfur from
cysteine to SufU was determined through two-substrate kinetic
analysis in which the concentration of one substrate was kept
constant while the second one varied (Figure 4). Double-
reciprocal plots generated with different SufU orCys concentrations
resulted in parallel lines, which are typical of a double-displacement
mechanism (ping-pong). A replot of the double-reciprocal plots
of apparent Vmax values versus SufU concentration (1/Vmax,app �
1/[SufU]) and Cys concentrations (1/Vmax,app � 1/[Cys]) (Figure 4,
inset) gave the SufS kinetic parameters Km and Vmax at the x- and
y-intersections, respectively (Table 1).

A double-displacement mechanism is also supported by kinetic
experiments in the absence of SufU (Figure 5). It has been shown
that the persulfide sulfur on the SufS catalytic cysteine can be
reductively cleaved in the presence of DTT (9); furthermore, free
cysteine can promote the removal of the sulfur from the cysteine-
PLP intermediate in the absence of DTT (8). Although DTT and
free cysteine can act as “alternative substrates”, their reactivities are
poor compared to that of SufU (Figure 5A). Rates of alanine
formation in the presence of cysteine are more than 200-fold
lower (4 nmol min-1 mg-1) than SufU-stimulated activity and are
100 times lower in the presence of cysteine andDTT (7 nmolmin-1

mg-1) (Figure 5B).
Additional kinetic experiments for monitoring alanine forma-

tion over time were conducted in the absence of SufU, but in the
presence of large amounts of SufS (2.7 μM, 10-fold higher than in
the standard assay). As shown in Figure 5, the steady-state
formation of alanine is preceded by an apparent exponential
burst phase. In the first turnover, the total amount of SufS is in its
free enzyme state, therefore resulting in the rapid formation of
alanine as seen in the pre-steady-state burst. During steady state,

the concentration of the enzyme is partitioned into free enzyme
and modified enzyme (SufS.S) and the rate of alanine formation
is slower. In these experiments, the use of poor substrates results
in the rapid formation of alanine followed by the slow cleavage of
the persulfide. Under these conditions, the persulfide cleavage
provides the rate-limiting step denoted by the slow linear steady-
state formation of alanine. Further characterization of the
apparent burst would require rapid chemical quench techniques,
as the burst occurs prior to the first time point of the assay (10 s).
Transfer of Persulfide Sulfur between SufS and SufU.

Previous studies of cysteine desulfurases described two possible
routes for sulfur transfer: (1) the strict requirement of catalytic
cysteine in the nucleophilic attack of substrate-cysteine thiol (9) or
(2) the direct formation of a persulfide bond on the acceptor
molecule bypassing the formation of the persulfide at the catalytic
cysteine residue (8). To access the participation of the catalytic
cysteine in sulfur transfer, a variant form of SufS containing a Cys-
361 f Ala (C361A) substitution was analyzed for its cysteine
desulfurase activity in the absence and presence of SufU (Figure 2).
While SufSC361A is able to interact with SufU (as described above)
and to equally bind cysteine (data not shown), it does not generate
alanine or sulfide in the presence of SufU, cysteine, and DTT.

In our proposed mechanism, the subsequent step in the route of
sulfur mobilization involves the transfer of the persulfide sulfur to
the acceptor molecule. It has been shown that cysteine residues in
IscU (34), SufE (10, 35), and CsdE (12) can receive one or more
sulfur atoms from cysteine desulfurases via persulfide sulfur
transfer. We thus hypothesize that SufU can also accept one or
more sulfurs via the transfer of persulfide sulfur from the SufS.S
intermediate (Scheme 1). To test this hypothesis, we performed
iodoacetamide alkylation of SufU (SufUalk) to eliminate its ability
to perform thiol chemistry. SufS incubated with SufUalk is inactive
even in the presence of nonalkylated SufU (Figure 2). The
inhibitory effect of SufUalk on SufS activity in the presence of
the substrate SufU was quantified by increasing concentrations of
SufUalk in the assay mixture (Figure 6). Six equivalents of SufUalk

was sufficient to inhibit SufS activity by 95%. No inhibition was
observed upon addition of alkylated or untreated bovine serum
albumin, indicating the specific inhibitory effect of SufUalk. The
concentration-response relationship of SufUalk with regard to the
activity of SufS when fitted into the Hill equation resulted in an
IC50 of 0.37( 0.01 μMwith an associated Hill coefficient of 1.9(
0.1. The inhibition pattern of SufUalk in saturation plots does not
show a competitive behavior as expected (Figure 6, inset). Because
of the high affinity of the inhibitor SufUalk for SufS, we tested
whether the mechanism of inhibition was reversible or dead-end.
Time of incubation and dilution experiments eliminated the
possibility of formation of a dead-end complex between SufS
and SufUalk. Collectively, these results are supportive of the first
proposed route of sulfur transfer, in which the formation of a
modified enzyme (SufS.S) is required for the subsequent transfer of
persulfide sulfur to a cysteine residue at the substrate acceptor
molecule SufU.

DISCUSSION

Sulfur activation is the first step in Fe-S cluster biogenesis and
involves an enzymatic PLP-dependent desulfurization of cysteine
with concomitant release of alanine and persulfuration of a
cysteine residue at the enzyme’s active site (3). In vivo, the
persulfide sulfur is thought to be directly transferred to acceptor
molecules, thus regenerating the enzyme. In vitro, the persulfide

FIGURE 5: Rate of catalysis of alanine formation in the absence of
SufU. SufS (2.2 nmol) was incubated with 0.5 mM cysteine in the
absence (b) and presence (9) of 2 mM DTT. Panel A also shows the
reaction in the presence of 0.013mMSufU ([). Panel B shows a zoom-
in viewof panelA.The amplitude of the kinetic burst is calculated from
the extrapolation of the linear fit of steady-state formation of Ala from
10 to 600 s subtracted from time zero. In the absence and presence
of DTT, the values were 0.44 (0.47 - 0.03) and 0.44 (0.55 - 0.11),
respectively. The number of functional active sites when normalized by
the PLP occupancy was 0.95 active site per SufS dimer.

Table 1: Kinetic Constants of the SufS Cys-SufU Sulfurtransferase

Reaction

substrate Km (μM)

Vmax (nmol of

Ala min-1 mg-1) kcat (s
-1)

kcat/Km

(M-1 s-1)

Cys 86( 1 1157( 132 0.87 ( 0.09 10.1� 103

SufU 3.0( 0.3 2.9� 105
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bond is cleaved by reducing agents, whichmay also be considered
alternative substrates in the reaction. In some cases, anomalous
kinetic behaviors of cysteine desulfurases have been observed in
substrate saturation experiments (11, 36, 37). In these cases, it is
possible that the absence of physiological substrates in the
reaction mixture resulted in the accumulation of enzyme inter-
mediates, thus skewing steady-state kinetic measurements.

Previous studies have showed that the presence of sulfur acceptor
substrates can stimulate the rates of desulfurization in vitro. One
equivalent of IscU was enough to enhance the activity of IscS
6-fold (13). Likewise, SufS activity was stimulated by its partner
SufE, and the effect of this stimulationwas amplified in thepresence
of the SufBCD proteins (10). In addition, stoichiometric amounts
of CsdE resulted in a 2-fold increase in CsdA activity, which led to
the proposal that CsdA and CsdE form a catalytically competent
heteromeric pair (12). On the other hand,mechanistic studies of the
chloroplastic CpNifS showed concentration-dependent CpSufE
stimulation on the rates of desulfurization (32). While CsdE, SufE,
and CpSufE are specific sulfur acceptors that mediate sulfur
trafficking reactions, IscU has been shown to accept the persulfide
sulfur from IscS (34) and to assemble transient reductively labile
Fe-S clusters in the presence of Fe2þ (38). More recently, it was
shown that B. subtilis SufS activity is increased 40-fold in the
presence of SufU (20). Despite compelling evidence of the activa-
tion of cysteine desulfurases by sulfur acceptors, the mechanism of
such stimulation has not been characterized. In this report, we des-
cribe the participation of SufU as a sulfur acceptor molecule and
define its role as a substrate in the catalytic mechanism of SufS.

In the absence of SufU and in the presence of DTT, rates of
sulfide formation by SufS were very modest (7 nmol min-1

mg-1). This result is consistent with the activity of other cysteine
desulfurases [13 and 19 nmol min-1 mg-1 for CpNifS (32) and E.
coli SufS (35), respectively]. During catalysis, the E. coli SufS
persulfide bond is protected from reducing agents; the transfer of
persulfide sulfur to SufE occurred despite the presence of 10 mM
DTT (10). The structural location of the active site cysteine in a
rigid loop located away from the solvent-exposed surface may
account for this lack of efficiency in reductively cleaving the
persulfide bond. This structural feature is a signature of group II
cysteine desulfurases and implies the critical participation of
specific sulfur acceptors. In the case of B. subtilis SufS, our
analysis showed saturating concentrations of SufU resulted in
a>100-fold increase in the rates of sulfide and alanine formation.
To the best of our knowledge, SufU stimulation of SufS is the
strongest stimulation effect described for a cysteine desulfurase to
date. This observation perhaps denotes a sophisticated control
mechanism of sulfur transfer by this group of enzymes that may
protect against futile catalytic cycles and/or adventitious reac-
tions with nonphysiological targets. It is possible that protected
sulfur trafficking routes are crucial during challenging environ-
mental conditions. In biological systems facing oxidative chal-
lenges, such as plant chloroplasts or infectious Gram-positive
bacteria, group II cysteine desulfurases, along with their specific
sulfur acceptors, play essential metabolic roles in these life
settings. In the case of B. subtilis, SufS and SufU are essential
for cell survival.

The interactions between the sulfur donor SufS and its
acceptor SufU are supported not only by stimulation of SufS
catalytic properties but also by isolation of purified fractions
containing both proteins. Transient interactions between SufS
and SufU during the in vivo direct sulfur transfer process are
assisted by protein-protein interactions and are not limited to
disulfide or polysulfide linkages. The variation in the ratio of
SufS and SufU in the purification preparations, along with the
apparently substoichiometric amounts of SufU, supports the
hypothesis of their transient interactions in physiological envi-
ronments. In spite of that, gel-filtration experiments do not rule
out the presence of mixed SufS species, including free SufS and
SufU-bound SufS. Transient interactions between sulfur donors
and acceptors have also been observed from coexpression and
copurification of E. coli SufS (21) and E. coli and Azotobacter
vinelandii IscU (38), indicating the formation of transient com-
plexes in vivo. In the latter case, proteins expressed separately did
not result in copurification of IscS and IscU (39). Nevertheless,
the fact that the proteinmixtures containing similar ratios of SufS
and SufU display comparable activities indicates that in vivo
preformation of the SufS-SufU protein complex is not required
for the catalytic competence of the enzyme.

Initial velocity studies of SufS showed a profile consistent with
a ping-pong kinetic mechanism, supporting a model for the
cysteine-SufU sulfurtransferase reaction in which the formation
of a modified enzyme and release of alanine precede the binding

Scheme 1: Kinetic Scheme of the SufS Cysteine-SufU Sulfurtransferase Reaction

FIGURE 6: Inhibitory effect of SufUalk on the sulfurtransferase reaction
of SufS. The assays of SufUalk inhibitionwere conducted in the presence
of 0.01mg of SufS, 0.013mMSufU, and 0.5 and 2mMDTT in 50mM
Mops (pH 7.4). Different concentrations of SufUalk (from 0 to 5.5 μM)
were added to measure each point. The line is the best fit for the Hill
equation-v=Vmax(1þ [SufUalk]/IC50)

nH obtained in Kaleidagraph.
The calculated v is the velocity at any given concentration of SufUalk.
Vmax (761( 58 nmol min-1 mg-1) is the maximal velocity in the assay.
IC50 (0.37(0.01μM) is the concentrationof the inhibitor thatdecreases
the Vmax to half. nH (1.9 ( 0.1) is the Hill coefficient. The inset shows
saturation curves in the presence (9) and absence (b) of 0.55 μM
SufUalk. The lines are the best fits for theMichaelis-Menten equation.
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of the substrate SufU.Rhodaneses, sulfurtransferases that do not
require PLP, also use a ping-pongmechanism through formation
of a persulfide-enzyme intermediate (40, 41). In the case of SufS,
it is possible that the catalytic cysteine dictates the ping-pong
mechanism in the same fashion as rhodaneses and that the PLP
cofactor plays a role in the activation of the substrate for
nucleophilic attack of the catalytic cysteine. The measured Km

of 3.1 μMfor SufUwasmore than 20 times lower than theKm for
cysteine (Km=83 μM), emphasizing the high specificity of SufS
for its acceptor SufU, and it is consistent with the hypothesis of
protected sulfur transfer reactions. Nevertheless, the assays
described in this study were conducted in the presence of DTT,
which regenerates the second reaction product, SufU.S (Scheme 1),
eliminating any product inhibition effects.

The rates of alanine formation were also determined in the
absence of SufU and DTT. Under these conditions, the enzyme
turned over at a very modest rate (4 nmol of alanine min-1

mg-1). The low specific activity may likely be due to the limited
reactivity of persulfurated enzyme and/or caused by the partici-
pation of free cysteine substrate in receiving a persulfide. In the
absence of the substrate SufU, the slow cleavage of the persulfide
bond dictates the overall reaction rate. Under these conditions,
the number of active sites can be estimated from extrapolation of
the steady-state formation of alanine over time. The amplitude of
the y-intercept (0.44 nmol of alanine/nmol of SufS) indicates the
number of active sites. Unexpectedly, our results suggest that, in
the first turnover, only half of the enzyme is active (44%). PLP
analysis of the purified enzyme revealed the presence of 0.93( 0.6
PLP/SufS, indicating that the substoichiometry of active sites on
SufS is not explained by low cofactor occupancy. In addition, 100
mMDTT enzyme treatment did not increase the amplitude of the
y-intercept and suggested that the purified enzyme is likely
homogeneous free SufS and does not include any mixed species
containing persulfurated forms (SufS.S). It is possible that the
activation of one active site elicits structural changes in the other
subunit, thus providing a rationale of negative cooperative
regulation between subunits of each dimer. On the basis of this
proposed model, only one subunit of the enzyme would be active
at a time. The occurrence of a negative cooperative behavior (flip-
flop mechanism) of dimers or tetramers of other PLP enzymes
has been proposed on the basis of either their patterns of
inhibition in the presence of suicide inhibitors (42) or activity
levels upon PLP titration of reconstituted enzymes (43). Negative
cooperative behavior of PLP enzymes provides a mechanistic
reason for the conservation of dimeric and tetrameric organiza-
tion among enzymes of this family. This proposed enzyme
behavior might result in another level of control of the sulfur-
protected transferase reaction of SufS.

The essential participation of the SufS catalytic cysteine and
SufU cysteine(s) in the mechanism, as evidenced by a lack of
activity of SufSC361A or SufUalk, is consistent with the proposed
catalytic scheme that involves the persulfide sulfur transfer
reaction. Interestingly, SufUalk had an inhibitory effect on SufS
activity in the absence and presence of nonalkylated SufU. The
mechanism of inhibition, although not fully characterized, did
not exhibit competitive behavior. The presence of several enzyme
intermediate states in the reaction scheme (Scheme 1) and
the possible interaction of SufUalk with more than one inter-
mediate may contribute to a noncompetitive inhibitory profile.
The inhibition of SufUalk showed a positive cooperative behavior
with aHill coefficient of 2, which suggests that the binding of one
molecule of SufUalk to one subunit of the SufS dimer also affects

the activity of the other subunit. This observation is also
consistent with the hypothesis of one functional active site at a
time, at which the binding of SufUalk to the “open” active site
would lock the dimer preventing the other subunit from being
functional.

Finally, we developed a sensitive fluorescence-based assay to
quantify alanine by derivatization with NDA. Detection of
alanine has an additional advantage; its formation in this reaction
is independent of the nature of the sulfur acceptor. That is, in
the detection of sulfide, the DTT reductant might compete with
the sulfur acceptor for cleavage and/or transfer of the persulfide
sulfur, which could perturb the kinetic assessment of these
enzymes’ reactivities.

In this work, we have identified unique mechanistic features of
SufS and the reaction’s dependence onSufU.The development of
a sensitive method for alanine detection and specific involvement
of the sulfur acceptormolecule in the catalytic scheme of SufS sets
the stage for future exploration of the specific mechanisms of
other known cysteine desulfurases. To date, studies have con-
centrated on the first half of the catalytic scheme, the binding of
cysteine followed by persulfide formation and alanine release.
The second half of the reaction, transfer of the persulfide sulfur to
acceptor molecules, has not been explored in detail. Our mecha-
nistic studies with B. subtilis SufS raise the question of whether
the sulfurtransferase mechanism is universal to all cysteine
desulfurases or specific to this subgroup. Mechanistic studies
of other known cysteine desulfurases are currently being pursued
by our group.
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