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Background: In Moco biosynthesis, sulfur is transferred from L-cysteine to MPT synthase, catalyzing the conversion of
cPMP to MPT.
Results: The rhodanese-like protein YnjE is a novel protein involved in Moco biosynthesis.
Conclusion: YnjE enhances the rate of conversion of cPMP to MPT and interacts with MoeB and IscS.
Significance: To understand the mechanism of sulfur transfer and the role of rhodaneses in the cell.

In the second step of the molybdenum cofactor (Moco) bio-
synthesis in Escherichia coli, the L-cysteine desulfurase IscS was
identified as the primary sulfur donor for the formation of the
thiocarboxylate on the small subunit (MoaD) of MPT synthase,
which catalyzes the conversion of cyclic pyranopterin mono-
phosphate to molybdopterin (MPT). Although inMoco biosyn-
thesis in humans, the thiocarboxylation of the corresponding
MoaD homolog involves two sulfurtransferases, an L-cysteine
desulfurase, and a rhodanese-like protein, the rhodanese-like
protein in E. coli remained enigmatic so far. Using a reverse
approach, we identified a so far unknown sulfurtransferase for
the MoeB-MoaD complex by protein-protein interactions. We
show that YnjE, a three-domain rhodanese-like protein from
E. coli, interactswithMoeBpossibly for sulfur transfer toMoaD.
The E. coli IscS protein was shown to specifically interact with
YnjE for the formation of the persulfide group on YnjE. In a
defined in vitro system consisting of MPT synthase, MoeB,
Mg-ATP, IscS, and L-cysteine, YnjE was shown to enhance the
rate of the conversion of added cyclic pyranopterin monophos-
phate to MPT. However, YnjE was not an enhancer of the cys-
teine desulfurase activity of IscS. This is the first report identi-
fying the rhodanese-like protein YnjE as being involved inMoco
biosynthesis inE. coli.Webelieve that the role ofYnjE is tomake
the sulfur transfer from IscS for Moco biosynthesis more spe-
cific because IscS is involved in a variety of different sulfur trans-
fer reactions in the cell.

The biosynthesis of the molybdenum cofactor (Moco)2 is an
evolutionarily conserved pathway present in bacteria, archaea,

and eukaryotes (1). In Escherichia coli, Moco biosynthesis is
divided into four steps: 1) conversion of GTP into cyclic pyr-
anopterin monophosphate (cPMP); 2) insertion of two sulfur
atoms into cPMP by molybdopterin (MPT) synthase; 3) inser-
tion of molybdenum to form Moco; and 4) additional modifi-
cation by covalent addition of GMP or CMP to the C4� phos-
phate of MPT, forming either the molybdopterin guanine
dinucleotide cofactor or the molybdopterin cytosine dinucle-
otide cofactor (2, 3). Two molybdopterin guanine dinucleotide
cofactor moieties are ligated to the molybdenum atom and
form the bis-molybdopterin guanine dinucleotide cofactor (4),
which is characteristic for the majority of molybdoenzymes in
E. coli, like nitrate reductase. For the formation of MPT from
cPMP, two sulfur atoms are incorporated to the C1� and C2�
positions of cPMP, a reaction catalyzed by MPT synthase (5).
TheE. coliMPTsynthase is a heterotetrameric enzyme consist-
ing of two MoaE and two MoaD subunits (5, 6). MoaD shares
structural similarities with ubiquitin, and in its active form, it
contains a C-terminal thiocarboxylate group that acts as a
direct sulfur donor for the synthesis of the dithiolene group of
Moco (5, 7, 8). For the synthase to act catalytically, it is neces-
sary to regenerate its transferable sulfur, a reaction for which
the MoeB protein and ATP are required (5). MoeB exhibits
significant sequence similarities to two segments of the activat-
ing enzyme (E1) for ubiquitin (Uba1). However, biochemical
data and the crystal structure of the MoeB-MoaD complex
revealed that the interaction of MoeB with MoaD resembles
only the first step of the ubiquitin-targeted degradation of pro-
teins (8, 9). It was shown that MoeB solely activates the C ter-
minus ofMoaD by formation of an acyl-adenylate, and no thio-
ester intermediate betweenMoaD andMoeBwas identified (9).
Subsequently, the activated MoaD acyl-adenylate is converted
to a thiocarboxylate by action of a persulfide-containing pro-
tein (10). Recently, the L-cysteine desulfurase IscS in its persul-
fide-bound form was identified as the primary physiological
sulfur-donating enzyme for the generation of thiocarboxylate
onMPT synthase (11). Proteins homologous to E. coliMoeB in
eukaryotes, including humans, named MOCS3 (12), and some
bacteria contain an additional C-terminal domain exhibiting
homologies to rhodaneses (13). Recently, in humans, the L-cys-
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teine desulfurase Nfs1 was shown to act as a direct sulfur donor
for the formation of a persulfide group on MOCS3 (14). Thus,
the sulfur transfer for Moco biosynthesis in humans involves
two sulfurtransferases, an L-cysteine desulfurase and a rhoda-
nese-like protein (14). In general, rhodaneses are widespread
enzymes that catalyze in vitro the transfer of a sulfur atom from
thiosulfate to cyanide via a protein-bound persulfide interme-
diate. Rhodanese-like proteins are either composed of a single
catalytic rhodanese domain or fusions of two rhodanese
domains, with their C-terminal domains containing the cata-
lytic cysteine (15). Furthermore, catalytic or inactive rhodanese
domains are also found in other proteins, such asThiI (16), or in
Cdc25 phosphatases (17). In the E. coli genome, eight genes
have been identified coding for proteins containing a rhoda-
nese-like protein domain bearing a conserved cysteine residue
as a potential active site for persulfide formation (15, 18). Three
of them code for the proteins GlpE, PspE, and YgaP that are
composed of only a single rhodanese domain. ThiI, YbbB, and
YceA contain a single rhodanese module in the context of a
larger protein construct. SseA (3-mercaptopyruvate sul-
furtransferase) is composed of two rhodanese domains,
whereas YnjE contains three rhodanese domains. In each case,
only the C-terminal domain contains the catalytic cysteine res-
idue. The crystal structure of YnjE has been solved recently
(19). YnjE can efficiently be persulfurated by IscS while having
only a residual activity with thiosulfate as substrate (19). The
role of YnjE so far remained enigmatic for E. coli. In total, with
the exception of ThiI and YbbB, which are required for thia-
mine/thiouridine and selenouridine biosynthesis (18, 20),
respectively, little is known about the in vivo role of the other
rhodaneses. It was of interest to identify whether, by analogy to
Moco biosynthesis in humans, a rhodanese-like protein acts as
a mediator between IscS and MoaD for the formation of the
thiocarboxylate group of MPT synthase in conjunction with
MoeB.
In this report, the tandem affinity purification (TAP)method

was used to identify proteins that interact with MoeB in E. coli.
This approach revealed that the three-domain rhodanese-like
protein YnjE interacts with TAP-taggedMoeB. Further charac-
terization of YnjE showed that IscS is the sulfur donor for YnjE.
Surface plasmon resonance studies showed that IscS, MoaD,
andMoeB specifically bind to YnjE. In a defined in vitro system
consisting of MPT synthase, MoeB, Mg-ATP, IscS, and L-cys-
teine, YnjE was shown to enhance the rate of the conversion of
added cPMP to MPT. This is the first report identifying the
rhodanese-like protein YnjE to be involved inMoco biosynthe-
sis in E. coli. Our studies suggest that YnjE has a mediator role
in the thiocarboxylation reaction of MoaD in Moco biosynthe-
sis and makes the sulfur transfer from IscS to MoaDmore spe-
cific because IscS is involved in a variety of different sulfur
transfer reactions in the cell.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, Media, and Growth Conditions—
Strains and plasmids used in this study are listed in Table 1.
E. coli strain BL21(DE3) (Novagen) was used for homologous
expression of the proteins YnjE, SufE, CsdE, IscS,MoeB,MoaD,
MoaE, and MPT synthase. The DE3 lysogens of E. coli strains

MC1061 (21), CL100 (�iscS) (21), JLD42301 (�ynjE), and PJ18
(�iscS/�ynjE), were used for various assays. Bacterial cultures
were generally grown in LB medium under aerobic conditions
at 30 °C.When required, 150 �g/ml ampicillin, 25 �g/ml kana-
mycin, or 50 �g/ml chloramphenicol were added to the
medium.
Construction of �ynjE Strains—A plasmid in which the ynjE

gene was replaced by a kanamycin resistance cassette was con-
structed by cloning DNA fragments that flank ynjE into
pFRT-K (18) on either side of the Kmr FRT cassette. The
5�-flanking (0.3 kb) and 3�-flanking regions (0.7 kb) of ynjEwere
obtained by PCR using the appropriate primers and cloned into
the BamHI-EcoRI and HindIII-XhoI sites of pFRT-K, respec-
tively, yielding pPJ20 in which codons 4–445 of the ynjE gene
were deleted. The 2.5-kb BamHI-XhoI fragment of pPJ20 con-
taining�ynjE::Kmr FRTwas cloned into pKO3 (yielding pPJ24),
and the method of Link et al. (22) was used for replacing the
wild-type ynjE allele of strain TL524 (18) with the �ynjE::Kmr

FRT allele to create strain PJ2. The ynjE deletion was verified by
PCR using chromosomal DNA of strain PJ2 as template. In
addition, the Kmr cassette was mapped to the expected chro-
mosomal location by demonstrating that it was 85% cotrans-
ducible with the zdj-276::Tn10 allele of strain CAG18464 and
19% cotransducible with the zea-225::Tn10 allele of strain
CAG18465 during phage P1-mediated transduction. These
Tn10 insertions are located �3 kb counterclockwise and �32
kb clockwise from ynjE, respectively (23). Bacteriophage
P1-mediated transduction (24) was used to introduce the
�ynjE::Kmr FRT into strains MC1061 and CL100 (�iscS) by
using strain PJ2 as the P1 donor and selection for kanamycin
resistance. The resulting strains were named JLD42301 and
PJ18, respectively (Table 1). Strains containing multiple muta-
tions affecting the other sulfurtransferases were constructed by
cloning appropriate DNA fragments on either side of the Kmr

cassette of pFRT-K. Mutations were introduced into the chro-
mosome using a strain expressing � Red recombinase (25).
Intermediate kanamycin-sensitive strains were obtained by
excising the resistance cassette with FLP recombinase, as
described for glpE and pspEmutations (26, 27).
Expression and Purification of Proteins—His6-YnjE�1–21

and His6-YnjE�1–21C385A were expressed and purified as
described previously (19). YnjE-His6 was expressed from plas-
mid pPJ15 and purified by nickel-NTA chromatography.
For measurement of various enzyme activities, the E. coli

proteins MoaDE (MPT synthase), MoaD, MoaE, MoeB, IscS,
CsdA, and SufS were expressed and purified as described pre-
viously (7–10). SufE and CsdE were expressed from plasmids
pET-Ehis and pLEC-E, respectively, and purified using pub-
lished procedures (28–30).
TAP with TAP-MoeB and TAP-YnjE�1-21—The TAP tag

consists of two IgGbinding domains of proteinA and a calmod-
ulin binding (CB) peptide separated by a tobacco etch virus
protease cleavage site, which allows the purification of proteins
under mild conditions so that protein complexes are retained.
For purification of proteins that interact with MoeB, themoeB
gene was cloned into the SalI-HindIII site of vector pEB327
(31), resulting in a fusion ofMoeB with anN-terminal TAP tag,
and the plasmid was named pAF41. N-terminal TAP-tagged
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MoeB was expressed in E. coli strain CL100(DE3) (�iscS) in 2
liters of LB medium. For purification of proteins that interact
with YnjE, 5�-truncated ynjE was cloned into the XhoI site of
vector pEB327 (31), resulting in a fusion of YnjE�1–21 with an
N-terminal TAP tag, which was named pAU1. N-terminal
TAP-tagged YnjE�1–21 was expressed in the �ynjE mutant
strain JLD42301(DE3) in 2 liters of LB medium. Expression of
TAP-MoeB or TAP-YnjE�1–21 was induced by the addition of
100 mg/liter arabinose. Cells were grown at 30 °C for 4 h, and
purification was achieved as described previously (31) using
IgG-Sepharose 6 Fast Flow and calmodulin-Sepharose 4B (GE
Healthcare). Eluted protein complexes were analyzed by SDS-
PAGEand/or immunodetection usingYnjE andMoeB antisera.
Specific protein bandswere excised from the gels, digestedwith
trypsin, analyzed by MALDI-peptide mapping, and confirmed
by MS/MS analyses. In addition, for test of functionality of the
TAP method, the E. coli moaD gene was cloned into the SalI-
HindIII sites of vector pEB327, resulting in plasmid pAF40.
N-terminal TAP-tagged MoaD was expressed in an E. coli
moaDmutant strain (9) in 2 liters of LBmedium. Expression of
TAP-MoaD and its purification were achieved as described
above for TAP-YnjE. Eluted protein complexes were analyzed
by SDS-PAGE and immunodetection withMoeB antisera. Spe-
cific protein bandswere excised fromSDS-PAGE, digestedwith
trypsin, analyzed by MALDI-peptide mapping, and confirmed
by MS/MS analyses.
Co-purification of Proteins Interacting with a YnjE Antibody

Coupled to Protein G-Sepharose—A polyclonal murine YnjE
antibody was bound to Protein G-Sepharose (GE Healthcare),
and the columnwas subsequentlywashedwith 100mMTris, pH
7.2. A mixture of 40 �M YnjE�1–21, 50 �M IscS, 50 �M MoeB,
50 �M MoaD, 50 �M MoaE, 2.5 mM ATP, and 2.5 mM MgCl2 in
100 mM Tris, pH 7.2, was added and incubated overnight at
4 °C. After washing with 100 mM Tris (pH 7.2), bound protein

complexes were eluted with 500 mM sodium citrate (pH 2).
Eluted proteins were separated by 15% SDS-PAGE and
detected by staining with Coomassie Brilliant Blue.
Enzyme Assays—Nitrate reductase activity was determined

as described by Jones and Garland (32). The strains MC1061,
CL100 (�iscS) (21), JLD42301 (�ynjE), and PJ18 (�iscS/�ynjE)
were grown anaerobically for 10 h in 15 ml of LB medium at
37 °C in the presence of 20 mM KNO3. A 4.5-ml portion of the
culture was harvested, resuspended in 50 mM Tris-HCl (pH
7.5), and sonified. Aliquots of 200�l of cell lysate were analyzed
for NR activity in a total volume of 4 ml of an assay mixture
containing 0.3 mM benzylviologen, 10 mM KNO3, and 20 mM

Tris-HCl (pH 6.8). The reaction was initiated by the addition of
sodium dithionite. The change in absorbance at 600 nm was
measured for 1 min, and the units of activity were in mmol of
nitrate reduced/min/A600 (33).
For a test of functional complementation, plasmids pAU2

(His6-YnjE�1–21), pACYCDuet1, pPJ15 (YnjE-His6), and
pET15b, respectively, were transformed into PJ18(DE3) (�iscS
�ynjE), and nitrate reductase activity was determined as
described above.

L-Cysteine desulfurase activity of IscS, CsdA, and SufS was
measured by determination of the rate of sulfide production as
described previously (34). L-Cysteine desulfurases (0.5–2 �M)
weremixed in a 1:2 ratiowith SufE,CsdE,MoeB-MoaD, orYnjE
in a total volume of 800 �l containing 50mMTris-HCl, 200mM

NaCl, 10 �M pyridoxal phosphate, and 2 mM dithiothreitol, pH
8.0, and incubated for 10 min at 30 °C. The reactions were
stopped by the addition of 100 �l of 20 mM N,N-dimethyl-p-
phenylenediamine in 7.2MHCl and 100�l of 30mMFeCl3 in 1.2
MHCl. After an incubation time of 20min, precipitated protein
was removed by centrifugation, and methylene blue was mea-
sured at 670 nm. A standard curve was generated using known
amounts of sodium sulfide.

TABLE 1
E. coli strains and plasmids used in this study

Plasmid or strain Genotype or relevant characteristics Source or reference

Plasmids
pJD10 sufS gene cloned into NdeI and BglII sites of pACYCDuet1, CMR This study
pJD11 csdA gene cloned into NdeI and BglII sites of pACYCDuet1, CMR This study
pJD12 sufS gene cloned into NdeI and BamHI sites of pET11b, AmpR This study
pJD13 csdA gene cloned into NdeI and BamHI sites of pET11b, AmpR This study
pAU1 ynjE gene cloned into XhoI and XhoI sites of pEB327, AmpR This study
pAU2 ynjE gene without its periplasmic leader sequence (YnjE�1-21)

cloned into BamHI and NotI sites of pACYCDuet1, CMR
Ref. 19

pAU3 ynjE�1-21C385A cloned into BamHI and NotI sites of pACYCDuet1, CMR Ref. 19
pPJ15 ynjE cloned into EcoRI and XhoI sites of pT7-7 This study
pAF40 moaD gene cloned into SalI and HindIII sites of pEB327, AmpR This study
pAF41 moeB gene cloned into SalI and HindIII sites of pEB327, AmpR This study
pET-Ehis pET22b expressing SufE-His6, AmpR Ref. 30
pLEC-E pET22b expressing CsdE-His6, AmpR Ref. 29
pSL209 iscS gene cloned into NcoI and BamHI sites of pET15b, AmpR Ref. 10
pSL213 sufS gene cloned into NdeI and BamHI sites of pET15b, AmpR Ref. 10
pSL215 csdA gene cloned into NdeI and BamHI sites of pET15b, AmpR Ref. 10
pSL219 iscS gene cloned into BamHI and BglII sites of pACYC184, CmR This study
pGG110 moaE gene cloned into NcoI and BglII sites of pQE60, AmpR Ref. 7
pMW15eB moeB gene cloned into NcoI and BamHI sites of pET15b, AmpR Ref. 10
pMW15aD moaD gene cloned into NcoI and BamHI sites of pET15b, AmpR Ref. 49
pMW15aDaE moaDE genes cloned into NcoI and BamHI sites of pET15b, AmpR Refs. 9 and 49

Strains
MC1061(DE3) F� araD139 �(ara leu)7696 �(lacY74) galU galK hsdR hsdM� rpsL150(DE3) Ref. 21
JLD42301 MC1061 �ynjE This study
CL100(DE3) MC1061 �iscS Ref. 21
PJ18(DE3) MC1061 �ynjE �iscS This study
BL21(DE3) F� ompT hsdSB(rB�mB

�) gal dcm (DE3) Novagen
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MPT Synthase Reaction—MPT synthase reactions were per-
formed at room temperature in a total volume of 400 �l of 100
mM Tris-HCl (pH 7.2). The MPT produced was oxidized to
FormAand quantified following published procedures (35, 36).
The reaction mixtures contained a 5 �M concentration of the
inactive form of MPT synthase, 5 �M cPMP, 5 �M MoeB, 2.5
mMMg-ATP, 0.5 mM L-cysteine, and 2.5 �M IscS dimer. L-Cys-
teine desulfurase, His6-YnjE�1–21, or His6-YnjE�1–21C385A
was added in increasing concentrations as indicated in the leg-
end to Fig. 4 (active site ratio between 1:1 and 1:10). The reac-
tion was initiated with the addition of cPMP, which was puri-
fied by using published procedures (37).
Detection of the TotalMPTContent—The totalMPT content

in E. coli cell extracts of the strains MC1061, CL100 (�iscS),
JLD42301 (�ynjE), and PJ18 (�iscS/�ynjE) was determined as
follows. 50-ml LB cultures of each strain were grown to station-
ary phase, harvested by centrifugation, and resuspended in 3ml
of 100 mM Tris-HCl, pH 7.2. The lysate was obtained by sonifi-
cation.MPTwas converted to its fluorescent derivative FormA
by adjusting the pH of the supernatant to 2.5 with HCl and
heating at 95 °C for 30min in the presence of iodine (35). Excess
iodine was removed by the addition of 55 �l of 1% (w/v) ascor-
bic acid, and the sample was adjusted with 1 M Tris to pH 8.3.
FormAwas obtained from FormA-phospho by the addition of
40 mM MgCl2 and 1 unit of calf intestine alkaline phosphatase.
Form A was isolated with 10 mM acetic acid on a QAE ion
exchange column (Sigma), which was equilibrated in H2O.
Form A was identified and quantified by HPLC analysis with a
C18 reversed phaseHPLC column (4.6� 250-mmODSHyper-
sil; particle size 5 �m)with 5mM ammonium acetate, 15% (v/v)
methanol at an isocratic flow rate of 1 ml/min. In-line fluores-
cence wasmonitored by anAgilent 1100 series detector with an
excitation at 383 nm and emission at 450 nm.
Surface Plasmon Resonance (SPR) Measurements—All bind-

ing experiments were performed with the SPR-based instru-
ment BiacoreTM 2000 on CM5 sensor chips at a temperature of
25 °C and a flow rate of 10 �l/min, using the control software
2.1 and evaluation software 3.0 (Biacore AB, Uppsala, Sweden).
Immobilization of YnjE�1–21, MoaD, MoeB, and BSA on a
CM5 sensor chip was performed according to the surface thiol
method. Proteins (1 mg/ml in PBS buffer) were incubated with
0.5mg of phosphodimethylethanolamine and 5�l of 0.4 M EDC
for 1 h on ice to introduce reactive disulfides. Afterwards, mod-
ified proteins were dialyzed in 10mM acetate, pH 4.0 (forMoeB
and MoaD) and pH 5.7 (for YnjE�1–21), respectively. Briefly,
the biosensor surface was primed with PBS buffer and then
activated by a 3-min injection of a solution of 0.2 M EDC and
0.05 M NHS. Cystamine dihydrochloride (40 mM in 0.1 M boric
acid (pH 8.5)) was then injected (1.5 min) to introduce disul-
fides, followed by a 1.5-min injection of 0.1 M DTT-reducing
solution (in 0.1 M boric acid, pH 8.5) to reduce the dithio-
bridges of the immobilized cystamine. The proteins were then
injected over the modified biosensor surface of the measuring
cell (3 min) in order to immobilize them. A 2-min injection of
phosphodimethylethanolamine/NaCl solution (20 mM phos-
phodimethylethanolamine and 1MNaCl in 0.1M acetate buffer)
followed to block remaining unreacted active thiol groups in
the flow cells. The autosampler racks containing the sample

vials were cooled to 4 °C. Immobilization of proteins yielded the
following resonance units (RU) per flow cell: BSA, 194 RU;
YnjE�1–21, 190 RU; MoeB, 198 RU; MoaD, 183 RU.
As running buffer, 20 mM phosphate, 150 mM NaCl, 0.005%

(v/v) Tween 20, pH 7.4, was used. YnjE�1–21, MoeB, MoaD,
MoaE, IscS, SufS, and CsdAwith concentrations of 0.8, 1.6, 3.1,
6.3, 12.5, and 25�Mwere injected for 4.5min at a flow rate of 30
�l/min followed by 15 min of dissociation using the kinject
command and regeneration of the sensor surface with 50 mM

HCl for 1 min. As a control, BSA was used as ligand. Binding
curves were corrected by subtraction of buffer injection curves
for all four flow cells.
Detection of the Persulfide Group on YnjE with

1,5-I-AEDANS—For coexpression of YnjE-His6, the L-cysteine
desulfurases CsdA and SufS were cloned into the NdeI/BglII
restriction sites of pACYC-Duet1 (Novagen), resulting in plas-
mids pJD10 (SufS) and pJD11 (CsdA). For the co-expression
with His6-YnjE�1–21, CsdA and SufS were cloned into the
NdeI/BamHI restriction sites of pET11b (Novagen), resulting
in plasmids pJD12 (SufS) and pJD13 (CsdA). Different protein
pairs were coexpressed in E. coli strain CL100 (�iscS) (DE3).
YnjE was purified by nickel-NTA chromatography and ana-
lyzed for its sulfuration level by a procedure that was described
earlier (38, 39). 10 �M YnjE was incubated with 0.2 mM 1,5-I-
AEDANS for 1 h on ice. The excess of unbound 1,5-I-AEDANS
was removed by buffer exchange using a Centricon concentra-
tor with a 30-kDa molecular mass cut-off (Millipore) to avoid
nonspecific fluorescence. The addition of 2.5mMDTT resulted
in the release of 1,5-I-AEDANS molecules from proteins con-
taining an YnjE-bound cysteinyl persulfide. The released 1,5-I-
AEDANS molecules were identified and quantified by HPLC
analysis on a ZORBAX-G250 gel filtration HPLC column (Agi-
lent) equilibrated in 100mMTris-HCl, 200mMNaCl, pH 7.5, at
a flow rate of 1 ml/min. In-line fluorescence was monitored by
an Agilent 1100 series detector with excitation at 337 nm and
emission at 498 nm.
Cellular Localization of YnjE—The cellular localization of

endogenous YnjE or His6-YnjE�1–21 from plasmid pAU2 was
determined in strain BL21(DE3) grown on LBmedium. In addi-
tion, endogenous YnjE and the periplasmic maltose-binding
protein (MBP) were determined in strainMC1061(DE3) grown
on LB medium supplemented with 0.2% (w/v) maltose. The
cytoplasmic and periplasmic subcellular fractions were isolated
according to Rouvière andGross (40). The cell pellet was resus-
pended in 20 mM Tris, pH 7.5, 100 mM NaCl containing 20%
(w/v) saccharose. The outer membrane was broken by incuba-
tion with 20 �g/ml lysozyme and 20 �M MgSO4. After centrif-
ugation in 50% (w/v) sucrose, the spheroplasts were separated
from the periplasmic fraction. The spheroplasts were thor-
oughly washed with 20 mM Tris, resuspended in 100 mM Tris,
pH7.2, and lysed by sonification. The volumeof the periplasmic
fraction was reduced until a comparable concentration of total
protein was obtained. To localize YnjE, cytoplasmic and
periplasmic fractionswere analyzed by immunodetection using
polyclonal YnjE antisera. As a control, the periplasmic MBP
was detected with a monoclonal MBP antibody (Sigma) in the
same periplasmic and cytoplasmic fractions.
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In-gel Tryptic Digestion of Protein Bands—Gel bands were
excised, washed, reduced, carboxamidomethylated, and trypti-
cally digested using standard protocols.
MALDI-TOF MS—Peptide mapping was performed on a

Bruker ULTRAFLEX time-of-flight (TOF/TOF) instrument in
the positive mode using the reflectron for enhanced resolution
and a matrix of �-cyano-4-hydroxycinnamic acid. For MS/MS
analyses, selected parent ions were subjected to laser-induced
dissociation, and the resulting fragment ions were separated by
the second TOF stage of the instrument. Samples of 1�l and an
approximate concentration of 1–10 pmol/�l were mixed with
equal amounts of matrix. This mixture was spotted onto a
stainless steel target and dried at room temperature before
analysis.

RESULTS

Co-purification of MoeB Protein Complexes by TAP—To
identify protein interaction partners for MoeB, we chose the
TAP method, which has been successfully used for the purifi-
cation of native protein complexes from E. coli extracts (31).
Biochemical purification in combination with mass spectros-
copy allows identification of interacting partners. Using the
TAP method with MoaD fused to an N-terminal TAP tag, we
were able to co-purify MoeB (data not shown), which provided
the first co-purification of this complex from E. coli cells and
demonstrated that the method is suitable for our purposes. To
purify proteins that interact with MoeB, we constructed a TAP
fusion to the N terminus of MoeB, and MoeB-associated pro-
teins were purified from a 2-liter culture of the E. coli
CL100(DE3) (�iscS) mutant strain. Co-purified proteins were
concentrated, fractionated by SDS-PAGE, and visualized by
Coomassie Blue staining (Fig. 1A). The bands indicated were
excised from the gel, and the proteins were identified by
MALDI peptide fingerprinting. The two protein bands around
26 kDa were found to contain native MoeB and CB-fused
MoeB, so that endogenous MoeB was co-purified by the TAP-
tagged MoeB and obviously formed heterodimers. The protein
band around 47 kDa was found to contain YnjE, an E. coli rho-
danese-like protein of unknown function. The bands with a
higher molecular mass were identified as GroEL, EF-TU, cold
shock-like protein, glyceraldehyde-3-phosphate dehydrogen-
ase, or with a smaller molecular mass as 30 S ribosomal subunit
proteins that are generally co-purified by this method.We thus
considered these interactions to be nonspecific. To verify the
interaction of YnjE withMoeB, anN-terminal fusion of YnjE to
the TAP tag was also constructed. Because YnjE contains an
N-terminal leader peptide for export to the periplasm, the first
21 amino acids were deleted before fusion to the N-terminal
TAP tag. YnjE-associated proteins purified from a 2-liter cul-
ture of an E. coli ynjE-deficient strain were concentrated, frac-
tionated by SDS-PAGE, and detected by Coomassie Blue stain-
ing (Fig. 1B). The bands indicated were excised from the gel,
and the proteins were again identified by MALDI peptide fin-
gerprinting. Additionally, we detected the proteins by immu-
nodetection using YnjE (Fig. 1C) and MoeB (Fig. 1D) antisera.
As shown in Fig. 1, byWestern blotting and immunodetection,
the 47 kDa protein band was detected as TAP-tagged YnjE
using YnjE antisera (C), and the 26 kDa protein band was

detected as MoeB using MoeB antisera (D). This result,
together with the reverse approach, shows that MoeB interacts
with YnjE in vivo.
Co-purification of Proteins That Interact with an YnjE Anti-

body Bound to Protein G-Sepharose—It had been suggested
before that IscS acts as primary sulfur donor for the sulfuration
of YnjE (19). The TAP purification method showed that YnjE
also interacts with MoeB in Moco biosynthesis. To analyze
these interactions further, a coimmunoprecipitation approach
was employed. Evidence for the formation of a complex
between IscS, YnjE, MoeB, and MoaD was obtained from co-
purification experiments using purified IscS, MoeB, MoaD,
MoaE, His6-YnjE�1–21, and a YnjE antibody (Fig. 2). The YnjE
antibodywas bound to ProteinG-Sepharose.Whenmixtures of
MoeB, IscS, His6-YnjE�1–21, MoaD, and MoaE were incu-
bated in the presence of Mg-ATP and applied to the YnjE anti-
body-coupled Protein G-Sepharose, His6-YnjE�1–21, MoeB,
IscS, MoaD, andMoaE were co-purified as shown after separa-
tion on SDS-polyacrylamide gels (Fig. 2A, lane 1). When
Mg-ATPwas omitted from themixture,MoaD andMoaEwere
not coeluted with the other proteins, showing thatMoaD binds
to MoeB only in the presence of ATP (Fig. 2A, lane 2). The
binding ofMoaE was dependent on the presence ofMoaD (Fig.
2A, lane 4), and IscS was not essential for the binding of MoeB
to YnjE. Co-purifications of combinations of YnjE-IscS and
YnjE-MoeB showed that IscS andMoeB bind independently to
YnjE (Fig. 2B). Control experiments showed thatMoaD,MoaE,
MoeB, or IscS alone did not interact with the Protein G-Sep-
harose (data not shown).

FIGURE 1. Tandem affinity purification. Lane A, tandem affinity purification
with TAP-tagged MoeB. N-terminal TAP-tagged MoeB was expressed from
pAF41 in strain CL100(DE3) (�iscS). Extracts were purified as described under
“Experimental Procedures.” Eluted protein complexes were analyzed by 12%
SDS-PAGE. The indicated bands were excised from the gel, digested with
trypsin, and analyzed by MALDI peptide mapping. The 47 kDa band was iden-
tified as YnjE, the 26 kDa band was identified as MoeB, and the 31 kDa band
was identified as calmodulin-binding peptide CB-MoeB (indicated by arrows).
Lanes B–D, tandem affinity purification with N-terminal TAP-tagged YnjE�1–
21. N-terminal TAP-tagged YnjE�1–21 was expressed from pAU1 in strain
JLD42301(DE3) (�ynjE). Extracts were purified as described under “Experi-
mental Procedures.” Eluted protein complexes were analyzed by SDS-PAGE
followed by Coomassie Blue staining (B) and immunodetection after transfer
to a PVDF membrane (C and D). Lane B, 12% SDS-polyacrylamide gel of the
eluted proteins after IgG-Sepharose and calmodulin-Sepharose. The stained
bands were excised from the gel, digested with trypsin, analyzed by MALDI
peptide mapping, and confirmed by MS/MS analyses. The 47 kDa band was
identified as TAP-tagged YnjE�1–21, and the 26 kDa band was identified as
MoeB (indicated by arrows). Lane C, TAP-tagged YnjE�1–21 detected with
polyclonal YnjE antiserum. Lane D, MoeB detected with a polyclonal MoeB
antiserum.
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Analysis of Protein-Protein Interactions by Surface Plasmon
Resonance Measurements—To further confirm the formation
of a complex of IscS, YnjE, MoeB, and MPT synthase in Moco
biosynthesis in vitro and to determine their dissociation con-
stants, SPR measurements were employed for real-time detec-
tion of specific interactions using the purified proteins. His6-
YnjE�1–21, MoeB, and MoaD were immobilized on the CM5
chip via surface thiol coupling. Successful coupling was con-
firmed by analysis of the interaction betweenMoaD andMoaE
(KD of 0.29�M) in addition toMoeB andMoaD (KD of 8.71�M),
which generally confirmed the values reported before by iso-
thermal titration calorimetry measurements (36).
The results obtained by SPR measurements for the protein

pairs listed inTable 2 showed the strongest interaction between
His6-YnjE�1–21 and MoeB, with a KD value of 0.58 �M. IscS
bound to immobilized His6-YnjE�1–21 with a KD value of 1.36
�M, whereas there was no apparent interaction between His6-
YnjE�1–21 and the other two E. coli L-cysteine desulfurases,
SufS and CsdA. The same result was obtained forMoaD, which
interacted with His6-YnjE�1–21 (KD of 1.49 �M) and IscS (KD
of 0.54 �M) but not with SufS or CsdA, confirming the data of
Zhang et al. (11) reported previously. Immobilized His6-
YnjE�1–21 interacted only with MoaE and not with MoaD,
showing that His6-YnjE�1–21was immobilized in a conforma-
tion that inhibited this interaction but not the interaction with
MoeB. In general, the results obtained from the coimmuni-
precipitation analysis were confirmed by SPR, showing that
IscS, YnjE, MoeB, and MPT synthase form a complex.
Analysis of the Activity of Nitrate Reductase and Detection of

MPT Levels in ynjE-deficient E. coli Strains—So far, we
obtained evidence for a role of YnjE in Moco biosynthesis by
analysis of in vivo and in vitro protein-protein interactions. To
further analyze the influence of YnjE in this pathway, the activ-
ity of nitrate reductase and the overall MPT level were deter-
mined in ynjE-deficient E. coli strains.

The mutant strains JDL42301(DE3) (�ynjE), CL100(DE3)
(�iscS), and PJ18(DE3) (�iscS�ynjE) were grown anaerobically
in the presence of 20 mM nitrate and tested for the activity of
nitrate reductase. As shown in Fig. 3, nitrate reductase activities

were the same in lysates of the�ynjE andwild-type strain.How-
ever, the nitrate reductase activity decreased by 58% in the
�iscS strain. In the �iscS�ynjE double mutant strain, the activ-
ity of nitrate reductase was even lower, decreasing by 81% rel-
ative to the wild type (Fig. 3).
In addition, the overall MPT levels were analyzed in these

mutant strains by conversion ofMPT to its fluorescent derivate
Form A using the cell extracts. As shown in Fig. 3, the overall
MPT levels correlated well with the obtained nitrate reductase
activities. The �ynjE strain showed the same MPT levels as
the corresponding wild-type strain, whereas in the �iscS
strain, theMPT level was 69% decreased, and in the�iscS�ynjE
strain, the MPT level was 84% decreased in comparison with
the wild type extract. These results are consistent with previous
results, which showed that the �iscS strain contained only a
level of 10%Moco in comparison with the corresponding wild-

FIGURE 2. Co-purification of proteins that interact with YnjE�1–21 by purification using Protein G-Sepharose coupled with a YnjE antibody. A
polyclonal antibody raised against YnjE�1–21 was bound to Protein G-Sepharose (GE Healthcare). A, His6-YnjE�1–21 (40 �M) was incubated with 50 �M MoaD,
50 �M IscS, 50 �M MoeB, 50 �M MoaE, and 100 �M Mg-ATP (lane 1); Mg-ATP was omitted (lane 2); MoaE was omitted (lane 3); MoaD was omitted (lane 4); and IscS
was omitted (lane 5). B, His6-YnjE�1–21 (40 �M) was incubated with 30 �M MoeB (lane 1); 30 �M MoeB and 30 �M IscS (lane 2); and 30 �M IscS (lane 3). The
mixtures in 100 mM Tris-HCl, pH 7.2, were applied to the beads, and after extensive washing steps, proteins were eluted with 500 mM citrate buffer, pH 2. Eluted
proteins were concentrated and separated by 15% SDS-PAGE.

TABLE 2
Analysis of protein-protein interactions between YnjE and different
protein partners by SPR measurements

Immobilized proteina RUb Protein partnerc KD
d c2

�M

YnjE�1–21 190 BSA NDe —f

YnjE�1–21 190 IscS 1.36 1.89
YnjE�1–21 190 SufS ND —
YnjE�1–21 190 CsdA ND —
YnjE�1–21 190 MoeB 0.58 0.91
YnjE�1–21 190 MoaE 10.6 0.31
YnjE�1–21 190 MoaD ND —
MoaD 183 BSA ND —
MoaD 183 YnjE�1-21 1.49 0.38
MoaD 183 MoaE 0.29 2.00
MoaD 183 IscS 0.54 0.74
MoaD 183 SufS ND —
MoaD 183 CsdA ND —
MoeB 198 MoaD 8.71 0.27
MoeB 198 IscS 0.16 0.46
MoeB 198 BSA ND —

a Proteins were immobilized via surface thiol coupling (see “Experimental
Procedures”).

b Resonance units.
c Proteins were injected using the KINJECT protocol, injecting samples in a con-
centration range of 0.8–25 �M. Cells were regenerated by injection of 20 mM
HCl.

d KD values were obtained by global fitting procedures for a 1:1 binding.
e ND, no binding detectable.
f —, not calculated.
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type strain (10), and confirm involvement of IscS in the sulfu-
ration of MoaD (11). However, the results also show that the
effect of the deletion of ynjE is only visible in conjunction with
the absence of IscS, implying that IscS can fully substitute for
the role of YnjE in a�ynjEmutant and suggesting that YnjE can
only partially take over the role of IscS in the �iscS mutant
strain. This also shows that both proteins work in conjunction
in Moco biosynthesis.
YnjE Has an Enhancing Effect on the Synthesis of MPT in

Vitro—To verify the role of YnjE for Moco biosynthesis, we
used a fully defined in vitro system, in which the thiocarboxy-
lated form of MPT synthase can be formed by incubation of
MoeB, Mg-ATP, IscS, and L-cysteine as sulfur source (10). The
activity of MPT synthase was determined by testing its influ-
ence on the conversion of cPMP to MPT. MPT formation was
monitored after its conversion to the stable fluorescent degra-
dation product Form A (35). The addition of His6-YnjE�1–21
to this incubation mixture resulted in 61% increased levels of
MPT production (IscS dimer/YnjE ratio, 1:2; active site ratio,
1:1) in comparisonwith the incubationmixture containing only
IscS (Fig. 4). However, the same result was obtained using the
His6-YnjE�1–21C385A variant, in which the catalytically
active cysteine residue was exchanged by an alanine. This
shows that YnjE has an effect onMoco biosynthesis in conjunc-
tion with IscS, a role that is based on making the interaction of
both proteins tighter rather than having a direct influence on
the sulfur transfer to MoaD when IscS is present.
YnjE Is Not an Enhancer of L-Cysteine Desulfurase Activity—

SufE and CsdE act as sulfur transfer proteins that accept sulfur
from the E. coli L-cysteine desulfurases SufS and CsdA, thereby
stimulating their activities. SufSE and CsdAE consequently
form L-cysteine desulfurases with two different subunits (28,
29). To determine if YnjE has a similar stimulating effect on the

L-cysteine desulfurase activity for IscS, the L-cysteine desul-
furase activity of IscSwas analyzed in the presence or absence of
His6-YnjE�1–21.As controls, the influence ofHis6-YnjE on the
activity of SufS and CsdA was analyzed and compared with the
enhancers SufE andCsdE. As shown in Fig. 5, YnjE was not able
to enhance the L-cysteine desulfurase activity of IscS, SufS, or
CsdA, even when MoeB and MoaD were included. In compar-
ison, SufE and CsdE were able to enhance the activity of SufS
andCsdA, respectively, but not of IscS, as shownbefore (28, 29).
Thus, the effect of YnjE on Moco biosynthesis shown above is

FIGURE 3. Nitrate reductase activity and total MPT content of different E. coli sulfurtransferase mutant strains. Nitrate reductase activity was determined
by using cell lysates of the mutant strains CL100 (�iscS), JLD42301 (�ynjE), and PJ18 (�iscS/�ynjE), which were grown anaerobically in the presence of 20 mM

nitrate (white bars). Reduced benzyl viologen was used as electron donor. The activity of the wild type strain was set to 100%. Shown is total MPT content of the
strains CL100 (�iscS), JLD42301 (�ynjE), and PJ18 (�iscS/�ynjE). MPT was quantified after conversion to its fluorescence derivative Form A and is shown as
relative fluorescence quantified from the peak areas (black bars). The fluorescence obtained from the wild type strain was set to 100%. Fluorescence was
monitored with excitation at 383 nm and emission at 450 nm. Nitrate reductase activities and fluorescence were normalized to the optical density of cell
suspensions determined at 600 nm. Error bars, S.E.

FIGURE 4. Effect of YnjE on the sulfur transfer from IscS for in vitro forma-
tion of MPT. Mixtures containing a 5 �M concentration of the inactive form of
MPT synthase, cPMP (in excess), 5 �M MoeB, 2.5 mM Mg-ATP, 0.5 mM L-cys-
teine, and 2.5 �M IscS dimers were incubated in the absence and presence of
2.5, 5, and 25 �M His6-YnjE�1–21 (white bars) and His6-YnjE�1–21C385A
(black bars) as indicated. Mixtures were incubated for 15 min at room temper-
ature, and the amount of MPT formed during the reaction was quantified as
Form A using the peak area. Fluorescence was monitored with excitation at
383 nm and emission at 450 nm. Error bars, S.E.
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not based on an enhanced IscS activity but rather based on a
better rate of conversion of cPMP to MPT.
IscS Is the Preferred Sulfur Donor for YnjE in Vivo—Because

YnjEwas shown to be efficiently persulfurated by the L-cysteine
desulfurase IscS in vitro (19), we wanted to elucidate whether
IscS or one of the other cysteine desulfurases, SufS or CsdA,
serves as the sulfur donor for YnjE in vivo. YnjE was co-ex-
pressed with IscS, SufS, or CsdA in a �iscS strain, and the sul-
furation level of YnjE was then determined. Because YnjE con-
tains an N-terminal leader peptide for the Sec-dependent
transport to the periplasm, we coexpressed N-terminal His6-
taggedYnjE�1–21 (His6-YnjE�1–21) in addition to a construct
of YnjE with a C-terminal His6 tag, where the Sec-leader pep-
tide was present (YnjE-His6).
After purification of YnjE from CL100(DE3), the sulfuration

level of YnjE was analyzed in a defined in vitro assay for the
conversion of cPMP to MPT, consisting of YnjE, MoeB, MPT
synthase, and cPMP. The produced MPT was quantified after
conversion to Form A. The results in Fig. 6A show that overall,
YnjE was purified in a sulfurated form from all strains, showing
that additional sulfur donors for YnjE exist, which might be
thiosulfate, as shown before (19). The results in Fig. 6A also
show that the lowest activity was obtained with YnjE purified
from the �iscSmutant strain. The activity increased about 52%
after coexpression with IscS. SufS also was able to substitute for
IscS in the �iscS mutant strain because the activity was 34%
increased using YnjE-His6 purified from this strain. Overall, the
same results were obtained with His6-YnjE�1–21 and
YnjE-His6.
Additionally, we analyzed the persulfide group present on

YnjE directly by using the fluorescent alkylating reagent 1,5-I-
AEDANS (38). 1,5-I-AEDANS is able to bind to exposed thiol
groups of protein cysteinyl residues, resulting in the formation
of either thioesters at free SH groups or disulfide bonds in the
case of persulfides. 1,5-I-AEDANS can only be released from

YnjE by reducing agents, such asDTT, when linked to the protein
by disulfide bonds. Analysis of the fluorescence of the persul-
fide-bound 1,5-I-AEDANS molecules purified from the differ-
ent strains showed the highest fluorescence for His6-
YnjE�1–21 or YnjE-His6 after coexpression with IscS. The
lowest sulfuration level was obtained from proteins expressed
in the �iscSmutant. Consistent with the data forMPT produc-
tion, YnjEwas purified in a sulfurated form from all strains (Fig.
6B). However, the position of the His6 tag seems to have an
influence on the sulfuration level.
The data also show that both YnjE variants are sulfurated by

IscS, including the construct with the N-terminal leader pep-
tide for export to the periplasm. Because IscS is a cytoplasmic
protein, sulfuration is only possiblewhenYnjE and IscS interact
in the cytoplasm. To confirm a role of YnjE in the cytoplasm,we
introduced the plasmids encoding cytoplasmic His6-
YnjE�1–21 and YnjE-His6 (containing Sec-leader peptide) into
the �iscS�ynjE double mutant and tested for functional com-
plementation of the nitrate reductase. As shown in Fig. 6C,
overexpression of both YnjE variants restored nitrate reductase
activities in the doublemutant (1.8-fold increased nitrate activ-
ity for overexpression of YnjE-His6 and 2.1-fold increased
nitrate activity for overexpression of His6-YnjE�1–21) to the
level of the �iscSmutant strain. Because the cytoplasmic His6-
YnjE�1–21 was able to functionally complement the
�iscS�ynjE double mutant to the same extent as the YnjE-His6
construct, this clearly shows that YnjE has a role in the
cytoplasm.
Cellular Localization of YnjE—Analyses of the amino acid

sequence of YnjE using prediction programs, such as SignalP
(41), showed that YnjE contains a Sec-type N-terminal signal
peptide for its export to the periplasm. Because Moco biosyn-
thesis in E. coli occurs in the cytosol, it was of interest to deter-
mine the cellular localization of YnjE. The periplasmic and the
cytosolic fractions of strains BL21(DE3) and MC1061(DE3)

FIGURE 5. Influence of YnjE on L-cysteine desulfurase activity of CsdA, SufS, or IscS in comparison with the enhancers CsdE and SufE. L-Cysteine
desulfurase activity was measured by determination of total sulfide produced. L-Cysteine desulfurase CsdA, SufS, or IscS (1–2 �M) was mixed in a 1:2 ratio with
His6-YnjE�1–21, SufE, or CsdE, respectively, and incubated for 10 min at 30 °C, or 2 �M IscS was mixed in a 1:2 ratio with His6-YnjE�1–21, MoeB, or MoaD,
respectively, and incubated for 20 min at 30 °C. One unit is defined as the amount of enzyme producing 1 �mol of sulfide/min. Error bars, S.E.
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FIGURE 6. Detection of the sulfuration level of YnjE. To determine the sulfuration level of YnjE, His6-YnjE�1–21 (white bars) or YnjE-His6 (black bars) was
co-expressed with SufS, CsdA, or IscS in �iscS mutant strain CL100(DE3) and purified after nickel-NTA chromatography. A, the sulfuration level of YnjE was
analyzed in a defined in vitro assay for the conversion of cPMP to MPT, consisting of 5 �M YnjE, 5 �M MoeB, 5 �M inactive MPT synthase, 2.5 mM Mg-ATP, and
cPMP (in excess). After 45 min, the reactions were stopped by the addition of acidic iodine, and MPT was quantified as Form A. B, the persulfide group was
directly quantified by the fluorescence of 1,5-I-AEDANS. His6-YnjE�1–21 or YnjE-His6 (10 �M each, white or black bars, respectively) was incubated with 0.2 mM

1,5-I-AEDANS. After 1 h, the 1,5-I-AEDANS molecules bound to the persulfide group on YnjE were released by the addition of 2.5 mM DTT and quantified by
HPLC as described under “Experimental Procedures.” His6-YnjE�1–21 sulfurated by IscS with L-cysteine in vitro was set to 100%. C, functional complementation
of the strains PJ18(DE3) (�iscS�ynjE) and CL100 (�iscS) with plasmid pAU2 (encoding cytoplasmic His6-YnjE�1–21), or pPJ15 (encoding YnjE-His6), as indicated.
Cells were grown anaerobically in the presence of 0.4% (w/v) glucose, 100 �M isopropyl �-D-thiogalactopyranoside, and 20 mM nitrate. Nitrate reductase
activity of lysates from strains containing YnjE-His6 (black bars) and His6-YnjE�1–21 (white bars) was determined. Reduced benzyl viologen was used as electron
donor. The units of activity are calculated in mmol of nitrate reduced/min for each sample normalized to A600 nm. Error bars, S.E.
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were isolated, and YnjE was detected in the separate fractions
using an YnjE antiserum. Fig. 7,A (lanes 3 and 4) and B (lanes 1
and 2), shows that YnjE was readily detected both in the
periplasm and in the cytoplasm of both strains. As control for a
cytoplasmic protein, we used the His6-YnjE�1–21 protein,
where the N-terminal leader was replaced by a His6 tag. Fig. 7A
(lanes 1 and 2) shows that YnjE�1–21 was only detected in the
cytoplasmic fraction. As control for a periplasmic protein, the
E. coli MBP protein was detected using a monoclonal MBP
antibody. Fig. 7B (lanes 3 and 4) shows that MBP was only
detected in the periplasmic fraction. Localization of the two
control proteins in their expected fractions demonstrates that
the fractionation method effectively isolated the periplasmic
and cytoplasmic fractions with minimal cross-contamination.

DISCUSSION

The studies presented here identify the proteins involved in
the sulfur transfer for the formation of the dithiolene moiety of
Moco in E. coli. Earlier work demonstrated that any of three
NifS-like sulfurtransferases, namely IscS, CsdA, or SufS, is
capable of mobilizing and transferring sulfur from L-cysteine to
MoaD in vitro (10). However, IscS was identified recently as the
specific sulfur donor for Moco biosynthesis in vivo (11). Its
involvement in Moco biosynthesis added another biosynthetic
pathway to the versatile role of IscS, acting as sulfur donor for
the biosynthesis of FeS clusters, biotin, thiamine, lipoic acid,
and sulfur-containing bases in tRNA (42). Recent studies by Shi
et al. (43) showed that the binding sites for the different pro-
teins interacting with IscS are different and that the acceptor
proteins approach the active site Cys-328 from different direc-
tions, which suggested that the conformational plasticity of a
long loop containing this cysteine is essential for the ability of
IscS to transfer sulfur to multiple acceptor proteins. However,
this also provides a basis for competition of binding sites
around the active site loop and possibly directing sulfur transfer
to the right interaction partner when the sulfur-accepting pro-
tein is present in sufficient amounts.

Our studies identified a new interaction partner of IscS, the
rhodanese-like protein YnjE, which directs IscS toward Moco
biosynthesis. Several independent methods for detecting pro-
tein-protein interactions revealed that YnjE directly interacts
with IscS, MoeB, and MoaD, showing that these proteins form
a complex during Moco biosynthesis in the cell. MoaD subse-
quently interacts withMoaE, which is also part of the complex,
concomitantly converting cPMP to MPT (Fig. 8). However,
studies of Moco biosynthesis using a �ynjE stain revealed that
YnjE is not essential for Moco biosynthesis under the condi-
tions tested. An effect on Moco biosynthesis was only visible
when iscS and ynjE were both deleted. This implied that under
normal growth conditions in LB medium, IscS can fully substi-
tute for the role of YnjE, whereas YnjE can partially take over
the role of IscS in a �iscS mutant strain. We believe that the
effect of YnjE is likely to be more apparent under conditions
where one of the other sulfur-containing cofactors competes
for the role of IscS. To determine these conditions when YnjE is
required is planned for future studies. Our studies also showed
that YnjE does not directly enhance the sulfurtransferase activ-
ity of IscS, as previously reported for the enhancers SufE and

FIGURE 7. Cellular localization of YnjE. Strains BL21(DE3), pAU2 in
BL21(DE3), and MC1061(DE3) were used to determine the cellular localization
of YnjE. E. coli cells were grown in LB medium in the presence or absence of
0.2% (w/v) maltose. After centrifugation, the cells were separated into cyto-
plasmic and periplasmic fractions. A, BL21(DE3) (pAU2) cells were grown in LB
medium without isopropyl �-D-thiogalactopyranoside induction and frac-
tionated, and cytoplasmic and periplasmic fractions were loaded in lanes 1
and 2, respectively. BL21(DE3) cells were grown in LB and fractionated, and
cytoplasmic and periplasmic fractions were loaded in lanes 3 and 4, respec-
tively. His6-tagged YnjE�1–21 and endogenous YnjE were detected by using
polyclonal YnjE antisera. B, MC1061(DE3) cells were grown in LB medium
containing 0.2% (w/v) maltose, and YnjE and MBP (which is a periplasmic
protein) were detected using polyclonal YnjE (lanes 1 and 2) and MBP (lanes 3
and 4) antisera, respectively. Lanes 1 and 3, cytoplasmic fraction; lanes 2 and 4,
periplasmic fraction.

FIGURE 8. Model for the biosynthesis of MPT in E. coli. The sulfur transfer
pathway for the formation of the thiocarboxylate group on MoaD involves
two sulfurtransferase proteins, IscS and YnjE, and L-cysteine as sulfur source.
Prior to the sulfuration, MoaD is adenylated by MoeB. After sulfur transfer,
thiocarboxylated MoaD dissociates from MoeB and reassociates with MoaE,
forming active MPT synthase, which in turn converts cPMP to MPT. We believe
that the proteins form a transient complex in the cell.
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CsdE for their partners SufS and CsdA, respectively (28, 29).
However, YnjE was shown to enhance the level of MoaD sulfu-
ration in an in vitro system containing IscS and L-cysteine as
sulfur source, possibly by making the interaction between the
MoeB and IscS more specific because IscS is also involved in
numerous sulfur transfer reactions in the cell. A protein com-
ponent similar to YnjE has been reported previously for the
biosynthesis of thiamine in E. coli. In thiamine biosynthesis,
ThiS, a protein that is structurally similar to MoaD, carries the
sulfur for synthesis of the thiazolemoiety in the formof aC-ter-
minal thiocarboxylate group (44). The minimum requirements
for the activation of ThiS in vitro were shown to be ThiF (a
protein similar in sequence toMoeB), IscS,Mg-ATP, and L-cys-
teine. ThiI, a protein possessing a C-terminal rhodanese
domain, was not essential in this assay, but it was reported that
ThiI stimulated the formation of ThiS-COSH, an effect that
was believed to be necessary for sufficient ThiS-COSH produc-
tion in vivo (21). Thus, mechanistically, the biosynthesis of
Moco and thiamine are very similar in E. coli.
The crystal structure of YnjE has been reported recently (19).

Amino acid sequence comparisons classified YnjE as a 3-mer-
captopyruvate sulfurtransferase (17). However, structural com-
parisons and activity analyses showed that YnjE acts as a thio-
sulfate:cyanide sulfurtransferase (19). IscS was shown to be the
likely primary sulfur donor toYnjE.However, because YnjEwas
purified in a sulfurated form from �iscS mutant strain, this
implies that other sulfur donors might exist for YnjE. This sul-
fur donor might either be another rhodanese-like protein or
thiosulfate as direct sulfur donor. We believe that backup sys-
tems for the sulfur transfer pathway exist in the cell. The�ynjE/
iscS double mutant also was able to produce residual amounts
ofMPT and an active nitrate reductase. Thus, other systems are
able to substitute weakly for YnjE and IscS in their specific roles
to provide the sulfur for the generation of the dithiolene group
in Moco. When IscS is absent, one of the two remaining NifS-
like L-cysteine desulfurases (CsdA or SufS) or one of the seven
rhodanese-like proteins might be able to transfer sulfur to YnjE
or directly to MoaD to ensure a low level of MPT formation in
the cell. Analysis of a mutant strain in which seven of the eight
rhodanese genes were deleted (ybbB was not deleted) revealed
that this strain showedMPT synthase activity comparable with
that of the wild-type strain (data not shown). Unfortunately, an
E. coli mutant strain lacking all L-cysteine desulfurases is not
viable, making it difficult to determine which protein is able to
replace the YnjE/IscS pair in its function. Because IscS is
involved in a variety of different sulfur transfer reactions in the
cell, we propose two different roles for YnjE in respect toMoco
biosynthesis: 1) YnjE acts as mediator to direct IscS toward
Moco biosynthesis, and 2) YnjE can act as sulfur donor because
it was found to be sulfurated in a �iscSmutant.
Phylogenetic analyses showed that in bacteria, two different

types of proteins homologous toMoeB exist; some bacteria, like
E. coli, contain solely a MoeB-like protein, some contain a
MoeB homologue with a fused C-terminal rhodanese-like
domain, and some contain both (13). In contrast, all eukaryotes
contain a MoeB homologue with the C-terminal rhodanese-
like domain. The well characterized human MOCS3 has been
shown to catalyze both the adenylation and the subsequent

generation of a thiocarboxylate group at the C terminus of
MOCS2A during Moco biosynthesis (12). The sulfur is mobi-
lized via a persulfide at the catalytic active site cysteine residue
of theMOCS3 rhodanese-like domain, transferring sulfur from
thiosulfate to MOCS2A in vitro. However, the low activity of
these proteins with thiosulfate as sulfur donor in addition to
mutagenesis studies of the active site loop of MOCS3 showed
that thiosulfate is not the physiological sulfur source for Moco
biosynthesis in eukaryotes (13). It was shown recently that in
humans, the L-cysteine desulfurase NFS1 acts as a direct sulfur
donor for MOCS3 in the cytosol (14). Thus, in humans and
E. coli, the same protein components participate in the sulfur
transfer pathway to MPT synthase during Moco biosynthesis
(Fig. 8); L-cysteine is the direct sulfur donor for an L-cysteine
desulfurase, which transfers the sulfur to the adenylated small
subunit of MPT synthase with the aid of a rhodanese-like pro-
tein. In total, there seems to be an evolutionary advantage for
eukaryotes to fuse the rhodanese-like protein to the C terminus
of MoeB, probably making this reaction more specific.
YnjE is an enigmatic protein because it appears to have a dual

role in E. coli; cytoplasmic YnjE is involved inMoco biosynthe-
sis, whereas the function of periplasmic YnjE still remains
obscure. So far, several examples for the dual localization of
proteins exist in eukaryotes (45). In eukaryotes, several pro-
teins, like Nfs1, were shown to be targeted to more than one
subcellular compartment. Consequently, these proteins partic-
ipate in different biochemical pathways and have several phys-
iological functions (45). One mechanism for dual localization
was suggested to be an incomplete translocation (e.g. the pro-
tein is folded before it is translocated) (45). Such a mechanism
also remains possible in prokaryotes. Proteins with periplasmic
leader sequences are transported to the periplasm either by the
Sec system (46) or by the Tat system (47) to perform a specific
role in the periplasm. In the case of YnjE, a 23-amino acid leader
peptide has been identified that is cleaved during expression of
the protein during its transport to the periplasm. Surprisingly,
we showed that a major part of YnjE remains in the cytoplasm
and presumably performs a specific role in the sulfur transfer
forMoco biosynthesis. The functional complementation of the
�iscS�ynjE mutant with YnjE where the Sec leader was trun-
cated clearly confirmed the role of YnjE in the cytoplasm and
also showed that YnjE is fully functional in the cell. The mech-
anism(s) that govern the dual localization of YnjE, along with
determination of the physiological role of YnjE in the
periplasm, must be investigated in future studies. It is possible
that a portion of YnjE escapes the SecB-specific targeting to the
membrane, if a part of YnjE is folded before SecB binds to it.
Because we performed our experiments with YnjE purified
from the cytoplasm, YnjE is correctly folded in this compart-
ment. Also, the crystal structure was solved of the protein puri-
fied from the cytoplasm (19). The role of YnjE is also compara-
ble with that of a protein identified recently in the formation of
2-thiouridine in tRNA of eukaryotes. The eukaryotic Tum1
protein was identified to be a two-domain rhodanese-like pro-
tein of the mercaptopyruvate sulfurtransferase family that pos-
sesses a mitochondrial leader sequence (48). By ribonucleome
analysis in Saccharomyces cerevisiae, Tum1pwas shown to par-
ticipate in thiolation of 5-carboxycarbonylmethyl-2-thiouri-
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dine in cytoplasmic tRNA. It was shown that Tum1p stimulates
the L-cysteine desulfurase activity of Nfs1p, the eukaryotic IscS
homologue that is located in mitochondria (48). Tum1p
accepts the persulfide sulfur from Nfs1p and is able to transfer
this sulfur further onto the rhodanese-like domain of the
MOCS3homologueUba4p in yeast, which is a cytoplasmic pro-
tein. Uba4p was also able to accept the sulfur directly from
Nfs1p but at a slower rate (48). A dual localization for Tum1p in
both mitochondria and the cytosol has been suggested. Thus,
Tum1p acts as a mediator in the sulfur transfer reaction from
Nfs1p to Uba4p to enhance the sulfur transfer rate in this reac-
tion. Both the dual role of Tum1p in sulfur transfer and the dual
localization of Tum1p correspond closely to the novel role of
the YnjE protein identified in this study. Future studies might
shed light on the dual localization of persulfide-containing pro-
teins in different compartments in the cells of eukaryotes and
prokaryotes and how these proteins are shuttled through the
different membranes.
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