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ABSTRACT. The molybdenum cofactor (Moco) containing enzymes aldehyde oxidase and xanthine
dehydrogenase (XDH) require for activity a sulfuration step that inserts a terminal sulfur ligand into
Moco. XdhC was shown to be essential for the production of active XDRhadobacter capsulatusit

is itself not a subunit of the purified enzyme. XdhC binds stoichiometric amounts of Moco and is further
able to transfer its bound Moco to XDH. Previous work suggested that XdhC particularly stabilizes the
sulfurated form of Moco before the insertion into XDH. In this work, we identiffRaicapsulatus-cysteine
desulfurase, NifS4, which is involved in the formation of the #® ligand of Moco. We show that
NifS4 interacts with XdhC and not with XDH. NifS4 mobilizes sulfur frantysteine by formation of a
protein-bound persulfide intermediate and transfers this sulfur further to Moco. This reaction was shown
to be more effective than the chemical sulfuration of Moco using sulfide as sulfur source. Further studies
clearly showed that Moco is sulfurated before the insertion into XDH, while it is bound to XdhC.
Conclusively, XdhC has a versatile role i capsulatus binding of Moco, interaction with NifS4 for

the sulfuration of Moco, protection of sulfurated Moco from oxidation, and further transfer to XDH.

Xanthine dehydrogenase (XDHEC 1.17.1.4) is a com-  xanthine oxidase family the sulfurated form of Moco is
plex molybdo/iror-sulfur flavoenzyme that belongs to the essential for catalysis, where the equatorial of the two oxygen
xanthine oxidase family of molybdoenzymeg).( The ligands is exchanged by sulfur. This M& sulfur was shown
enzyme catalyzes the hydroxylation of hypoxanthine to by Gutteridge et al. §) to be the cyanolyzable sulfur
xanthine and xanthine to uric acid, with the concomitant identified by Massey and Edmondsad).(
reduction of NAD" to NADH. A water molecule is used as In R. capsulatusmutational analysis identified a third gene

the ultimate source of oxygen incorporated into the product that is cotranscribed witkdhAand xdhB which has been

(2). XDH is present in a broad range of eukaryotic and designatekdhC (7). The gene product ofdhCis essential

prol_<ary0t.ic organisms, with the enzymes isolated from for XDH activity; however, XdhC is not a subunit of active
bovine milk andRhodobacter capsulatuseing structurally XDH (4, 7). XDH purified from anR. capsulatus xdhetrain

and functionally best characterize}] 4). R. capsulatuXDH . . ]
is composed of two subunits, XdhA and XdhB, which form ponS|sts of andj5), heterodimer with a fu.II complement of
iron—sulfur clusters and FAD but no inserted Moco or

an ). heterodimer, containing a flavin adenine dinucle- )
. : : ) molybdopterin (MPT) 7). A system for heterologous expres-
otide (FAD), two nonidentical [2Fe-2S] clusters bound to sion of R. capsulatus xdhAB® Escherichia colihas been

the XdhA subunit, and a molybdenum cofactor (Moco . e ; .
bound to the XdhB subunit4]. yFor all members oE‘ the ) reported 8, 9), enabling the purification of active XDH with
a full complement of Moco harboring the equatorial #8
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Table 1: E. coli Strains and Plasmids Used in This Work

description ref or source
strain or plasmid
BL21(DE3) F ompT hsdDRrs"mg~) gal dcm(DE3) Novagen
ER2566(DE3) F A~ fhuA2 [lon] ompT lacZ::T7 genel gal sulA11l D(mcrC-mrr)114::1S10 New England Biolabs
R(mcr-73::miniTn10--TetS)2 R(zgb-210::Tn10) (TeeddAL [decm]
RK5200 RK435%hlA::Mu cts [moaA} 23
TP1000 MC410\(mobAB 24
BHT101 F', cya-99, araD139, galE15, galK16, rpsL1(StrhsdR2, mcrAl, mcrB1l 25
BHT10Imoa BHT101moa254::Tn10 26
expression vectors
pTG818 pTrcHis based expression vector for the His-tagged Moco domain of hSO 24
pSL207 pTrcHis based expression vector for XDH 8
pAK20 pTYB2 based expression vector for intein-tagged XdhC 10
pET28a T7 RNA polymerase based expression vectoR Km Novagen
pMN19 pET28a, His-tagged NifSRdd —Sal this work
pMN20 pET28a, His-tagged NifSANdd —Xhad this work
pMN51 pET28a, His-tagged NifS8/hd —Xhad this work
pMN52 pET28a, His-tagged NifSA1—188,Ndd —Sal this work
two-hybrid vectors
pT18-zip pUC19 derivative, leucine zipper fused to T18 fragment of Cya," Amp 29
pT25-zip pPACYC184 derivative, leucine zipper fused to T25 fragment of Cy& Cm 29
pMN49 pT18, NifS2-T18 fusion proteitspnl —Kpnl this work
pMN42 pT18, NifS3-T18 fusion proteipnl —Kpnl this work
pMN33 pT18, NifS4-T18 fusion proteitspnl —Kpnl this work
pMN39 pT18, XdhC-T18 fusion proteitKpnl—Kpnl this work
pPMN45 pT18, XdhAB-T18 fusion proteirkKpnl —Kpnl this work
pMN48 pT25, T25-NifS2 fusion proteiispnl —Kpnl this work
pMN47 pT25, T25-NifS3 fusion proteifkpnl —Kpnl this work
pPMN35 pT25, T25-NifS4 fusion proteiispnl —Kpnl this work
pMN34 pT25, T25-XdhC fusion proteitKpnl —Kpnl this work
pMN43 pT25, T25-XdhAB fusion proteirkpnl—Kpnl this work

into XDH (10). In prokaryotes, a specific protein involved into group | members (e.g., IscS fron coli) and group Il
in the insertion of the M&S ligand of Moco has not been members (e.g., CsdB and CsdA frdi coli) of the NifS
identified to date. family (21). DNA analysis revealed thaR. capsulatus

In contrast, proteins with a specific Moco sulfurase activity contains four coding regions with homologiesLtaysteine
were identified in a number of eukaryotes. The first report desulfurases. One of them, encoded by tif$ gene, is
was given by Wabhl et al.1{l) describing a mutation in the  located in the nitrogenase operon and is essential for activity
Drosophila melanogaster marodike locus (na-l) which of the MoFe nitrogenase&®). The specific role of NifS for
impaired the activity of XDH and aldehyde oxidase (AO), the synthesis of FeMoco for nitrogenase made it likely that
while the activity of sulfite oxidase remained unaffected. one of the three remaining NifS-like proteins catalyzes the
Since it was possible to reconstitute XDH and AO activity L-cysteine desulfurase reaction required for XDH activity.

by the addition of dithionite and sulfide tma-| extracts, This report describes the identification of a specic
they concluded that a gene coding for a Moco sulfurase wascapsulatusNifS-like protein involved in the formation of
mutated inma-Iflies (11), which was cloned and character- ne sylfurated form of Moco bound to XdhC. In vivo

ized in further studiesl). Proteins with homologies tD. interaction studies between XdhC and tRe capsulatus
melanogasteMA-L were also identified in humans [HMCS | _cysteine desulfurases NifS2, NifS3, and NifS4 were
(13)], cattle [MCSU (4], fungi [HxB (12, 15)], and plants  performed, using ak. coli two-hybrid system. In addition,
[ABA3 (16)]. Eukaryotic Moco sulfurases are two-domain e purified and characterized the threecysteine des-
proteins with an N-terminal domain showing homologies to fyrases after heterologous expressiog.iroliand carried
bac;enah_—cysteme Qesulfurasgs (E.C. 2.1.8.7) of_the NifS out surface plasmon resonance (SPR) experiments. In vivo
family and a C-terminal domain of unknown function. The  anq in vitro interaction studies identify NifS4, a class I
currently best characterized Moco sulfurase is ABA3 from member of -cysteine desulfurases, as the tightest interactant
Arabidopsis thaliand17). Recombinant ABA3 was used for - of xdhC. Moreover, the sulfuration reaction mediated by
in vitro sulfuration of the Moco site of purified. thaliana  the| -cysteine desulfurase is significantly higher when Moco
AO, showing that the conserved Cys430 residue in the js hound to XdhC rather than XDH. These results show that
N-terminal NifS-like domain is involved in this reactioh8). R. capsulatusNifS4 acts as a Moco sulfurase which in

The C-terminal domain of ABA3 lacks homologies to other conjunction with XdhC sulfurates Moco before its insertion
functionally described proteins in eukaryotes but contains jntog XDH.

an annotated [2Fe-2S] binding sited.

In general, L-cysteine desulfurases are homodimeric ExXpPERIMENTAL PROCEDURES
proteins that utilize pyridoxal’sphosphate (PLP) to catalyze
the reductive elimination of sulfur fromcysteine, resulting Bacterial Strains, Plasmids, Media, and Growth Condi-
in the formation of alanine and an enzyme-bound cysteine tions The bacterial strains and plasmids used in this work
persulfide intermediate2(). Due to sequence differences in  are listed in Table 1E. coliBL21(DES3) cells were used for
the persulfuration site,-cysteine desulfurases are classified expression of th&. capsulatus-cysteine desulfurases NifS2,
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NifS3, and NifS4. XdhC was expressedkn coli ER2566- L-cysteine desulfurase activities were determined with vary-
(DE3) and purified as described previousl0). Moco-free ing concentrations af-cysteine by estimating the initial rate
apo-XDH was obtained after expressionEncoli RK5200 of hydrogen sulfide production quantified as methylene blue
(23) and was purified as described by Neumann etH). ( using the assay parameters described by Zheng e2@l. (
The Moco domain of human sulfite oxidase (hSO) was and Urbina et al.48). Assay mixtures in a total volume of
expressed ifE. coli TP1000 cells and purified after the report 0.8 mL contained 25 mM Tris, 100 mM NaCl, 1281 DTT

of Temple et al. 24). For E. coli two-hybrid analyse&. (pH 7.4), and either 8 nmol of NifSA1—188, 40 nmol of
coli BHT101 and its derivative BHT10hoawere usedZ5, NifS3, or 40 nmol of NifS4. The reactions were initiated by
26). Bacterial cultures were generally grown in LB medium addition of L-cysteine (26-200 uM) and incubated for 10
under aerobic conditions at 3@. When required, 1 mM  min at 30°C before the reactions were stopped by addition
sodium molybdate, 150g/mL ampicillin, 50u4g/mL chloram- of 100 uL of 20 mM N,N-dimethylp-phenylenediamine in
phenicol, or 25g/mL kanamycin was added to the medium. 7.2 M HCI. One hundred microliters of 30 mM Fe@h 1.2

For E. coli two-hybrid assays, the LB medium was supple- M HCI was added, and methylene blue was determined at

mented with 100ug/mL ampicillin, 50 ug/mL chloram- 670 nm after an incubation time of 20 min. The standard

phenicol, and 5@M IPTG, and cultures were grown without  curve was recorded with sodium sulfide as sulfur source.

agitation. Moco/MPT Analysis The Moco or MPT content of
Cloning, Expression, and Purification of NifS2, NifS2- purified XDH was quantified after conversion to Form A as

188, NifS3, and NifSDNA sequences of thR. capsulatus  described previouslyl(Q).

L-cysteine desulfurases were obtained from the ERGO E. coli Two-Hybrid Assayd$-or the construction of C- and
database with the accession numbers RRC01303, RRC01538\-terminal adenylate cyclase fusions, fRecapsulatus xdhC
and RRC01545 (www.ergo-light.com). The DNA fragments nifS2 nifS3 andnifS4 genes were amplified by PCR and
containing the coding regions f&. capsulatusifS2, nifS3, cloned into theKpnl sites of vectors pT25-zip and pT18-
and nifS4 were amplified by polymerase chain reaction zip, respectivelyZ9). BHT101 and BHT10doastrains were
(PCR), and flanking restriction sites were introduceifiS2 cotransformed with the pT18- and pT25-based plasmids listed

and nifS2A1—-188 were cloned into theNdd —Sal sites, in Table 1 and incubated overnight at 30 in LB medium
nifS3into the Nhd—Xhd sites, andnifS4 into the Ndd — supplemented with 5@M IPTG. 5-Galactosidase activity
Xhd sites of pET28a (Novagen), resulting in plasmids was assayed as described by Magalon et 26) @nd
pMN19, pMN20, pMN51, and pMN52, respectively. expressed in Miller units (MU)30). Plasmids containing a
For expression of NifS2, NifSA1—-188, and NifS3E. leucine zipper encoding counterpart were used as negative

coli BL21(DE3) cells were transformed with the plasmids controls.

PMN19, pMN20, and pMN52, respectively. One liter of LB Surface Plasmon Resonance Measuremd3itgling ex-
was inoculated with 10 mL of an overnight culture and periments were performed with the SPR-based instrument
incubated at 30°C until an ORQygonm Of 0.3—0.5. The Biacore 2000 on CM5 sensor chips at a temperature of 25
expression was induced with 1001 IPTG and harvested  °C and a flow rate of 1@&L/min, using the control software
after 5 h. The pellet was resuspended in phosphate buffer2.1 and evaluation software 3.0 (Biacore AB, Uppsala,
(50 mM NaHPO,, 300 mM NaCl, pH 8.0). The cells were  Sweden). XdhC and bovine serum albumin were immobilized
lysed by several passages through a French pressure cellia amine coupling at 570650 resonance units (RU) per
and the cleared lysate was applied to 1 mL of Ni-nitrilotri- flow cell. Briefly, flow cells were activated with a mixture
acetate (NTA; Qiagen) resin per liter of cell culture. The containing 200 mMMN-(3-dimethylaminopropyI)N'-ethyl-
column was washed with 20 column volumes of each carbodiimide hydrochloride (EDC) and 50 mNthydroxy-
phosphate buffer containing 10 or 20 mM imidazole. The succinimide (NHS) for 7 min. Proteins were injected for 5
protein was eluted with buffer containing 250 mM imidazole min at 20ug/mL in 10 mM acetate, pH 5 (XDH) or 4 (BSA).
and dialyzed against 100 mM Tris, pH 7.2 (pH 7.4 for NifS2- The running buffer contained 10 mM Hepes, 150 mM NacCl,

A1-188). 3.4 mM EDTA, and 0.005% Tween-20, pH 7.4. The flow
For the expression of NifS3g. coli BL21(DE3) was cells were regenerated by injection of 20 mM HCI. The
transformed with plasmid pMN51, dnl L of LB supple- successful, native immobilization of XdhC was validated by

mented with 2QuM IPTG was inoculated with 2 mL of an  the binding of XDH (0). As a control, the sensorgrams
overnight culture and incubated at 30 for 22 h. The cells obtained with the bovine serum albumin were subtracted
were harvested and resuspended in phosphate buffer. Thérom the ones obtained with immobilized XdhC.
cells were lysed by several passages through a French In Vitro Sulfuration.In vitro sulfuration was carried out
pressure cell, and the cleared lysate was applied to 0.2 mLanaerobically using a Coy anaerobic chamber (Coy Labora-
of Ni-tris(carboxymethyl)ethylenediamine (TED; Macherey tory Products Inc.). Three hundred fifty microliters of 100
& Nagel) resin per liter of culture. The column was washed uM L-cysteine desulfurases was preincubated witpy50f
with 40 column volumes of phosphate buffer containing 10 1 M L-cysteine at 4°C for 10 min before an excess of
mM imidazole. The protein was eluted with the same buffer L-cysteine was removed by gel filtration using Nick columns
containing 250 mM imidazole and dialyzed against 100 mM (GE Healthcare). The persulfuration rate of 10of each
Tris, pH 7.2. L-cysteine desulfurase (7@M) was determined by the
Enzyme AssaysXDH activity was assayed following  production of methylene blue as described above. Free Moco
NADT reduction at 340 nm as described previouslf)( was obtained by denaturation of Moco-hSO as described
XDH activities obtained were compared to thg: of wild- previously (0). Moco sulfuration by different-cysteine
type XDH reported previouslydj, and for comparison, this  desulfurases was determined in mixtures containing 0
value was set to 100% activity. Appareky,; values for L-cysteine desulfurase, 1QoM sodium dithionite, 2uM
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Ficure 1: Genomic organization dR. capsulatus-cysteine desulfurases and purification of NifS2, NifS3, and NifS4 after heterologous
expression irE. coli. (A) The localization of genes and open reading frames are given by horizontal arrows carrying their respective gene
designations. Black horizontal arrows emphasize the conserved genes codingyfteine desulfurases NifS2, NifS3, and NifS4Rn
capsulatus(B) 12% SDS-PAGE of NifS2 after Ni-NTA chromatography: lane 1u5 of protein eluted after Ni-NTA chromatography;

lane 2, 5ulL of protein after dialysis overnight against 100 mM Tris, pH 7.2. (C) 12% SBAGE of purification stages of NifSA1—

188, NifS3, and NifS4: lane 1, AL of E. coli BL21(DE3)xpMN52 extract after cell lysis; lane 2.4 of NifS2-A1—188 after Ni-NTA
chromatography; lane 3,4L of E. coli BL21(DE3)xpMN51 extract after cell lysis; lane 448 of NifS3 after Ni-TED chromatography;

lane 5, 1uL of E. coli BL21(DE3)xpMN20 extract after cell lysis; lane 6,4 of NifS4 after Ni-NTA chromatography.

XdhC, and 454M Moco and incubation fol h at 4°C in latus genome, designatedfS (22), nifS2 (31), nifS3 and
a total volume of 35QuL of 100 mM Tris (pH 7.2). Fifty nifS4(Figure 1A). Amino acid sequence alignment revealed
microliters of 5uM apo-XDH was subsequently added, and that NifS3 belongs to class | af-cysteine desulfurases,
the mixtures were incubated for additiéi2ah before XDH showing a sequence identity of 28%Ho coli IscS. NifS2
activity was determined. As controls, samples without XdhC and NifS4 both belong to class Il ofcysteine desulfurases,
addition were used. For determination of the background showing sequence identities in the range 0f49% toE.
sulfuration by dithionite, samples were incubated without coli CsdB. In total, NifS2, NifS3, and NifS4 share only few
L-cysteine desulfurase. Chemical sulfuration was tested bysequence identities among each other, with 12% identity
addition of 75uM sodium sulfide. For each experiment between NifS2 and NifS3, 17% identity between NifS3 and
independently purified XdhC was used. NifS4, and 30% identity between NifS2 and NifS4 (Figure
For comparison of the sulfuration of Moco before and after S1; see Supporting Information).
insertion into apo-XDH, the ratio of Moco to XdhC was R. capsulatus nifshutants showed a specific phenotype
changed to excess XdhC to ensure the complete binding offor MoFe nitrogenase with no influence on XDH activity
Moco. Moco was sulfurated before insertion into apo-XDH (22, 32), while NifS3 and NifS4 appear to be essential for
by incubation of 11.e«M NifS4, 4 uM dithionite, 2 uM the viability of R. capsulatussince the construction of
Moco, and 1QuM XdhC for 1 h at 4°C. One micromolar  interposon mutants were so far not successfihe role of
apo-XDH was added afterward to a total volume of &00 the putative ABC transporter located in betweasf$3and
of 100 mM Tris (pH 7.2), and samples were incubated for 2 nifS4is currently unknown. Additional studies on NifS2 and
h. As control, a mixture without XdhC addition was used. the taurine transportetauUABQ located directly downstream
Free Moco was inserted into XDH and sulfurated by of nifS2 which is transcribed in the opposite direction,
incubation of 1uM apo-XDH with 2uM Moco and 4uM showed that expression &f. capsulatus tauAB@ndnifS2
sodium dithionite for 1 h. Either 11,6M NifS4 or 10 uM is inhibited by sulfate, suggesting that the genes might belong
sodium sulfide was added to a total volume of 600 of to the same regulor8(). Genomic analysis suggested that
100 mM Tris, pH 7.2, and samples were incubated addition- nifS2is cotranscribed wittsrpl and cysE a serine acetyl-
ally for 2 h. Four hundred microliters of each sample was transferase involved in cysteine metabolis3)( However,

used to determine the MPT/Moco content, and L0Q0of interposon mutants afifS2 did not give rise to a specific

the samples were assayed for XDH activity. phenotype with respect to xanthine utilizatin.
Heterologous Expression, Purification, and Characteriza-

RESULTS tion of Three R. capsulatusCysteine DesulfuraseSince

Genomic Organization of Genes Coding foCysteine  interposon mutants in the genes coding focysteine
Desulfurases in R. capsulatualhile Moco sulfurases were ~ desulfurases ifR. capsulatusvere apparently either lethal
identified in a number of eukaryotes, a specific protein O did not show any effect on xanthine utilization, we purified
involved in the sulfuration of Moco remained yet unknown and characterized the three remaining prOtelnS with homolo-
in prokaryotes. Since the N-terminus of Moco sulfurases 9dies to the specific NifS protein for MoFe nitrogenase. For
ShOWS amino acid Sequence homo'ogies;__ttysteine des_ purification of N|f82, N|f83, and N|fS4, fusion proteins were
ulfurases, we suggested that a separate NifS-like protein isyenerated, each containing an N-terminalgtiag) for metal
involved in this reaction ifR. capsulatusFour genes coding
for L-cysteine desulfurases were identified in tRecapsu- 2B. Masepohl, unpublished data.
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Table 2: Spectrophotometric and Kinetic Characteristics of the A 5507
L-Cysteine Desulfurases __ 500
NifS  absorption 2 4501 :
family maximun® Kw(cysteine) kea{Cysteiney e e []with Moco
group (nm) (M) (min~?) 2 4007 [ without Moco
NifS2 [ 425  NDA ND £ 350
NifS2-A1-188 Il 424 53+ 3 8.4+0.1 T 3004
NifS3 | 415 94+ 7 5.0+0.1 2 1
NifS4 I 421 130+18  4.1+0.2 i
a Classification by homology té&. coli L-cysteine desulfurases as § iy
described by Mihara et al2{). ® Second peak beside the 280 nm peak < 150
of eachL-cysteine desulfurase based on absorption of Plkhetic w© 100_‘
parameters determined as apparent values by quantification of formed @ |
methylene blue at varying cysteine concentrations after the procedure il 2
described by Urbina et al28). ¢ ND, none determined. i

affinity chromatography purification (Experimental Proce- &V il e
dures). Amino acid sequence analysis showed that NifS2 S +© S i
contains an N-terminal extension of 188 amino acids in

comparison to other-cysteine desulfurases, which did not B 1100+
show any similarities to proteins of known function in the H1000_—I—
database. As shown in Figure 1B, this N-terminal extension 2 L Ll

is cleaved rapidly from the holoprotein during affinity €
purification by Ni-NTA. The remaining C-terminal parthad 2 %97
a size of 40 kDa (Figure 1B), and analysis by MALDI/TOF %5 7001
mass spectrometry showed that the cleavage site is locatec g 600 -
after amino acid 188 of NifS2 (data not shown). The & 5004
instability allowed no purification of the complete protein. 2 400
On the basis of these results an N-terminal deletion mutant g o
of NifS2 was constructed containing a deletion of amino .3
acids 1188 (NifS2A1—188). After heterologous expression @ 2007
in E. coli, the soluble fractions of NifSA1—188, NifS3, < 1004
and NifS4 were purified by affinity chromatography (Ex- [55] g e 50 ) cm vm ) 6) com c |

' ' ' & RGPS RS PG ARG PR
p_erlmental Procedures). After elution one major _band was s“\a}"o \‘*ﬁ‘v‘x\{\_ (;ﬁ& 6‘&.,\\‘\\, %w‘" x\{\+&&- Q,»*g\
displayed for each protein on Coomassie brilliant blue & &N Q&%eg & é\&b‘cg & ‘xﬁ\@@%w it ¥
R-stained SDSpolyacrylamide gels with sizes of 43, 42, il il ol e Al

and 46 kDa (Figure 1C). This procedure yielded about 20 Ficure 2: Protein-protein interactions betweencysteine des-
mg of protein/L ofE. coli culture for NifS2A1-188, 0.4 ulfurases and XdhC detected by Bn coli two-hybrid approach.
mg/l of E. coli culture for NifS3, and 19 mg/L oE. coli Light gray bars represent results from t&ecoli strain BHT101;
culture for NifS4. The elution profiles of NifSA1—188, dark gray bars represent results obtained in the BHTri@limutant

. . . . impaired in Moco biosynthesis. Interaction partners fused to the
NifS3, and NifS4 from a size exclusion column revealed that 11g fragment are listed first and proteins fused to the T25 fragment
each protein existed as a dimer in solution (data not shown).second f-Galactosidase activities are expressed in Miller units

The purifiedL-cysteine desulfurases were also character- (MU). (A) Pairwise combinations of-cysteine desulfurases and

ot . 1, L-cysteine desulfurase. As a control for protein multimerization,
characteristic PLP peak between 415 and 425 nm, which self-interaction of NifS2, NifS3, or NifS4 was assayed. Background

could be reduced by the addition of 10 mMysteine (Table  jnteractions with the leucine zipper were performed with pT18-zip
2). To determine the kinetic constants of eachysteine and pT25-zip, but only the results for the pT25-zip interaction are
desulfurase, steady-state kinetics were performed with ~ shown.
cysteine using the assay described by Urbina et24). (
ApparentKy and ket values were determined for each XdhC interacted specifically with the Moco-containing
L-cysteine desulfurase and are listed in Table 2. NitS2- subunit XdhB of XDH (0). To identify the in vivo protein-
188 showed both the lowesty value of 53+ 3 uM and protein interactions between NifS2, NifS3, NifS4, and XdhC
the highest turnover number of &#40.1 min . ThisKy is or XDH, a bacterial two-hybrid system was used, originally
very close to the apparel, obtained forA. thalianaABA3 described by Karimova et al29). Among the pairwise
of 50 uM (18). In comparison, NifS3 had a lower turnover combinations examined, only the combinations of XdhC and
number of 5.0+ 0.1 min! but a significantly higheKy NifS4 gave significant values above background (Figure 2A).
value of 94+ 7 uM. NifS4 showed the lowest turnover A weak interaction between XdhC and NifS2 was obtained,
number of the three proteins of 44 0.2 min! and the showing g5-galactosidase activity twice above background,
highestKy value of 130+ 18 uM (Table 2). while no interaction was seen between XdhC and NifS3
Analysis of Proteir-Protein Interactions Using the E. coli ~ (Figure 2A). Also, ng3-galactosidase activity above back-
Two-Hybrid System and Surface Plasmon Resonance Meaground was identified for XdhAB and NifS2, NifS3, or NifS4
surementsProtein-protein interactions play a major role (Figure 2B), showing the specificity of the NifSKdhC
in biological networks. In previous work, we showed that interaction. In general, background activity is due to an
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Ficure 3: Analysis of protein-protein interactions between the purifieatysteine desulfurases and XdhC by surface plasmon resonance
experiments. Biacore sensorgrams of varying concentrations of (A) Mifi52188, (B) NifS3, or (C) NifS4 and immobilized XdhC (570

650 RU) on a CM5 chip. The sensorgram for the control cell (immobilized bovine serum albumin) was subtracted from the sensorgram for
the experimental flow cells. Cells were regenerated by injection of 20 mM HClisteine desulfurase concentrations were as follows: 6.4

uM (1), 3.2 uM (11), 1.6 uM (Ill), 0.8 uM (IV), 0.4 uM (V), 0.2 uM (VI), and 0.1uM (VII).

incomplete suppression of thiacZ promoter and was  XdhC (10). Thus, it was of interest to determine whether
obtained by testing the respective fusion proteins with the theR. capsulatus-cysteine desulfurases are able to perform
counterpart fused to the leucine zipper (Figure 2). Negative the same reaction. To compare the sulfur transfer efficiencies
controls using either pT18-zip or pT25-zip plasmids resulted of NifS2, NifS3, and NifS4 to XdhC, the sulfuration levels
in the same background values (pT18-zip data not shown).of isolated Moco were analyzed subject to the presence or
As a control for protein expression, stability, and correct absence of XdhC. Since NifS2, NifS3, and NifS4 showed
folding, the direct interactions of NifS2, NifS3, NifS4, and differentk., values withL-cysteine (Table 2), the-cysteine
XdhC with each other were also analyzed (Figure 2B). The desulfurases were persulfurated, and the persulfuration rate
pB-galactosidase activities obtained for each interaction pair was determined for each protein. The proteins showed a
showed that NifS2, NifS3, NifS4, and XdhC formed dimers/ persulfuration rate of 54% for NifSA1—-188, 59% for
multimers (Figure 2B), with the XdhC dimer giving the NifS3, and 77% for NifS4. To compare thecysteine
lowest values. To compare the influence of the presence ofdesulfurase activities in the following assay, the values for
Moco on the XdhC-NifS protein—protein interactions, the  each protein were normalized to a persulfuration grade of
interactions were analyzed in parallel in thecoliBHT101 100%. For the in vitro formation of the MeS ligand of
strain and in BHT10thoa being devoid of Moco. In general, Moco, the persulfurated-cysteine desulfurases were incu-
the sames-galactosidase values were obtained for all tested bated with excess dioxo Moco extracted from hSO and
interactions independent of the availability of Moco in the sodium dithionite either in the absence or in the presence of
cell, as shown in Figure 2A. Only the XdhAB and XdhC XdhC. Subsequently, Moco-free apo-XDH was added to the
pairs showed a higher interaction in the absence of Moco incubation mixtures, and the successful sulfuration of Moco
using strain BHT10moa (data not shown), confirming was determined by the reconstitution of XDH activity. As
previous results that only Moco-free XDH interacts with shown in Figure 4, the XDH activities obtained with either
XdhC (10). NifS2, NifS3, or NifS4 were comparable. As observed
To eliminate false negative results and to confirm the in previously, XdhC is essential for this reaction, facilitating
vivo interactions identified in the two-hybrid system between the sulfuration of Moco when it is protein-bound and
XdhC and NifS4, SPR measurements were employed for realstabilizing the sulfurated Mocol(). It has been shown
time detection of specific interactions using the purified previously that free sulfurated Moco loses the terminal sulfur
proteins. XdhC was immobilized via amine coupling to a ligand in solution {0, 33). The XDH activities using the
CM5 chip, and successful coupling was confirmed by L-cysteine desulfurases are significantly higher than by
analysis of the interaction between XdhC and XDH, which chemical sulfuration using sodium sulfide as sulfur donor,
has been reported previousl¥0j. The results obtained by even when a 3.5 times higher excess of sodium sulfide to
SPR confirmed nicely the results of the two-hybrid assay persulfurated.-cysteine desulfurase was used.
described above, since NifS4 showed the best interaction with  Further, it was of interest to determine whether the
immobilized XdhC (Figure 3C). NifSA1—-188 showed a  sulfuration of Moco by an -cysteine desulfurase is more
weaker interaction with XdhC (Figure 3A), and NifS3 did effective when the dioxo form of Moco is bound to XdhC
not interact with XdhC (Figure 3B). Global fitting revealed or is already inserted into XDH. In the first set of experi-
a heterogeneous binding of both proteins. For NifS4 a tight ments, isolated Moco was incubated with persulfurated NifS4
interaction with XdhC was observed, revealingsof 0.64 in the presence or absence of XdhC prior to its insertion
uM for the slow dissociating parjf = 1.02). The interaction  into apo-XDH (Figure 5A). In contrast to the incubation
for NifS2-A1—-188 was less tight, showingk& of 13 uM mixtures described aboya 5 times excess of XdhC was
for the slower dissociating parg{ = 0.34). This clearly used to ensure that free Moco is completely bound to XdhC
shows that the weaker interaction of NifS2 to XdhC and that only XdhC-bound Moco and not free Moco is
previously obtained by the two-hybrid assay is not due to transferred to apo-XDH. In the second set of experiments,
the instability of the N-terminal domain of NifS2. Moco was directly inserted into XDH before the addition of
In Vitro Sulfuration of Moco by-Cysteine Desulfurases. either persulfurated NifS4 or sodium sulfide for chemical
We showed previously that the coliL-cysteine desulfurase  sulfuration (Figure 5A). After Moco insertion, the XDH
CsdA is able to sulfurate reduced Moco which is bound to activity and the amount of Moco (quantified as form A) were
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and incubated fol h at 4°C. Subsequently, BM apo-XDH was : : t
added, and the mixtures were incubated for additi@nia before C 124

XDH activity was determined. For determination of the chemical 11—
sulfuration by 10QuM dithionite and 75:M sulfide, samples were
incubated without the addition of ancysteine desulfurase. The

8 -
XDH activities were normalized to the determined persulfuration 7+
grade of each-cysteine desulfurase, and the wild-type activity of
XDH published previously was set to 100% activig).(ND, none j:
detectable. 3+
determined. While the Moco saturation of reconstituted 1
XDHs was comparable in all incubation mixtures with values ) ; i t i = K

of 7--9% (Figure 5C), the XDH activities differed signifi- FIGURES: In vitro sulfuration of Moco before and after the insertion
cantly (Figure 5B). The highest XI.:)H activity was obtained into the épo-XDH. (A) Schematic representation of the incubation
when Moco was sulfurated when it was bound to XdhC and mixtures. (1+ I1) Mixtures contained 11.&M persulfurated NifS4,
prior to its insertion into apo-XDH (panel | in Figure 5B). 4 uM dithionite, 2 M Moco, and 10uM XdhC (I) or no XdhC
When XdhC was omitted from the incubation mixture, no S,”)}\ﬁ“l g_ V) thir):'turets con;tjain_ﬁ? MM;&O-XDHifZﬂl:/I (!I\Alc\)l(':f%4
XDH activity was obtained (panel Il in Figure 5B). This 4 #M sodium dithionite, and either persufiurated i
result is in agreement with previogs results, showing that Sg::)o%rs%i?u@g iogl'_fg (sjglffilr?:d(lzys).tfgS)rggﬁciie)?lcgfm?)cl:t(;\;l}\){:éihe
the sulfurated form of Moco loses its sulfur when Moco is  min-1 (mg of protein). The XDH activities were normalized to
free in solution L0, 33). It is also questionable whether free the determined persulfuration grade of NifS4, and the wild-type
Moco can be sulfurated in solution. When Moco was activity of XDH published previously was set to 100% activiy.(
sulfurated by NifS4 after its insertion into XDH, a 50% lower (C) Moco saturation of XDH as determined after conversion to
XDH activity was obtained (panel Ill in Figure 5B). This Form A (Experimental Procedures). ND, none detectable.
sulfuration reaction occurs by formation of free sulfide after
cleavage of the persulfide group on NifS4 so that the
sulfuration is possible without an interaction between NifS4
and XDH. Exchange of NifS4 by sodium sulfide as direct
sulfur donor resulted in a 50% lower XDH activity (panel
IV in Figure 5). These results show that Moco sulfuration
by an L-pysteine desulfurase is most effe_ct_i\_/e Wher_1 the piscussioN

cofactor is bound to XdhC. The low XDH activities obtained

in this experiment are consistent with a previous report, The crystal structures of several molybdoenzymes revealed
showing that the maximum of the achievable reconstitution that Moco is deeply buried inside the proteins, at the end of
level of XDH with Moco is 15% {0). This reconstitution a funnel-shaped passage giving access only to the substrate
efficiency is less than the in vitro insertion of Moco described (3, 4, 36, 37). This implied the requirement of specific

for hSO, where about 3660% levels could be achieved, chaperones for each molybdoenzyme to facilitate the inser-
depending on the assay conditiol4,(35). We interpreted  tion of Moco. ForR. capsulatusxDH, the XdhC protein

the lower amounts of Moco insertion into XDH in compari- has been identified to be involved in the maturation of apo-
son to hSO with the fact that XDH displays a 2.5 times higher XDH (10). In prokaryotes, a number of specific chaperones
molecular mass (275 kDa) than hS©110 kDa), so that  were identified, like TorD folE. coli trimethylamine oxide

the lower levels of in vitro Moco reconstitution might be (TMAO) reductase (TorA) or NarJ folE. coli nitrate

due to the complexity of the XDH structure and consequently reductase A (NarGHI)38—40). However, the role of XdhC

Moco saturation (%)
o
1

to a less stable conformation of the Moco-free apo-XDH. In
addition, when Moco was sulfurated while bound to XdhC,
it remains possible that, due to the in vitro conditions, the
Mo=S group gets lost at least to some extent during the
insertion reaction into XDH.
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Ficure 6: Model for the role of NifS4 in sulfuration of Moco bound
to XdhC. Moco is produced from MPT, by insertion of the
molybdenum atom by aid of MoeA and MogA. Previous results

showed that XdhC binds Moco and subsequently inserts it into apo-

XDH. The results reported here showed that NifS4 specifically
interacts with XdhC and sulfurates bound Moco.
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complemented by one of the other NifS-like proteins,
showing the high specificity of the protein for Moco
sulfuration. An important role in recognition of the respective
target protein has been designated for the C-terminal domain
of the Moco sulfurase. For ABA3 it was suggested that the
C-terminal domain coordinates the sulfur transfer from one
subunit of ABA3 to one subunit of AO or XDH, enhancing
the efficiency of the reactionl@). So far, the binding of
Moco has not been reported for the C-terminal domain of
Moco sulfurases in eukaryotes. We believe that XdhC, a
Moco binding protein, might have a role similar to that of
the C-terminal domain of eukaryotic Moco sulfurases;
however, no obvious amino acid sequence identities exist
between Moco sulfurases and XdhC. Additionally, chaper-
ones involved in binding and/or insertion of Moco seem to
be restricted to molybdoenzymes binding bis-MGD or the
sulfurated form of Moco. A chaperone seems not to be
required for the insertion of dioxo Moco into eukaryotic
sulfite oxidase, a protein located in the intermembrane space
of mitochondria 49). Here, a protein on the mitochondrial

seems to be different from the role of the other chaperones.outer membrane was postulated to act as a cofactor source
XdhC represented the first example of a system-specific of sulfite oxidase §0). However, this protein has not been

protein involved in the maturation of a molybdoenzyme, for
which Moco binding was identified1Q). In contrast, for

further characterized to date, and nothing is known about
the mechanism of insertion of dioxo Moco into sulfite

TorD or NarJ it was rather shown that these proteins stabilize oxidase.

a certain conformation of their target proteins. TorD was
shown to interact with TorA to generate a form of the protein

To identify the specificL-cysteine desulfurase for the
sulfuration of Moco inR. capsulatuswe used a direcE.

competent to accept a bismolybdopterin guanine dinucleotidecoli two-hybrid screen and verified the in vivo protein

cofactor (bis-MGD) and to prevent the export of immature
TorA (41—-43). NarJ is known to bind on two distinct sites

protein interactions with the purified proteins using SPR
measurements. A specific role for the threeysteine

of the aponitrate reductase: on the one hand, it facilitates desulfurases beside NifS, designated NifS2, NifS3, and
the correct membrane anchoring by avoiding the anchoring NifS4, had not been assigned so far. Interposon mutagenesis

of an immature NarGH complexX4), and on the other hand,
NarJ allows the Moco insertion through binding to NarG
and the Moco biosynthesis proteirtb). For both NarJ and
TorD, neither Moco nor bis-MGD binding has been dem-
onstrated to date. Since TorD and NarJ interact with
molybdoenzymes that contain the bis-MGD cofactor, their
role might be different from the role of XdhC for XDH,
binding the MPT form of Moco. It is believed that bis-MGD

of thenifS2 nifS3 andnifS4genes showed thaifS2strains
displayed no particular XDH phenotype and th#S3and
nifS4are apparently essential for the viability Rf capsu-
latus?

Our studies identified specific interactions of XdhC with
NifS4, displaying a dissociation constant of 0.6¥. A
significantly weaker interaction was identified between XdhC
and NifS2 Kp = 13 uM), while XdhC did not interact with

and Moco biosynthesis are parted at a stage in the cell, afteNifS3. Thus, we believe that NifS4 is the specificysteine

the insertion of the molybdenum atom into MPT (Figure 6).
The E. coli proteins MogA and MoeA were shown to be
involved in the insertion of molybdate into formed MP34(
46). At this stage the cofactor has to be divided; one part is
inserted into molybdoenzymes binding the MPT form of
Moco, and the other part is further modified by involvement
of MobA (47), adding an additional nucleotide, and forming
the bis-MGD cofactor for enzymes like nitrate reductase or
TMAO reductase 48). For enzymes like XDH, the Moco
has to be further modified by exchanging one oxo ligand of
the Mo center by sulfur, building the equatorial 8
ligand. So far, XdhC was shown to protect Moco from
oxidation, but a direct role in the sulfuration of Moco has
not been demonstrated. Also, a specific protein involved in
sulfur transfer to Moco remained unknown in prokaryotes.
In contrast, in eukaryotes a number of specific Moco

desulfurase for Moco sulfuration R. capsulatusHowever,
since interposon mutagenesis rifS4 was not successful,
the protein appears to have an additional role in another
essential sulfur transfer pathway in the cell. A weaker
interaction was identified between XdhC and NifS2 by SPR
and two-hybrid analyses. However, since interposon mutants
in nifS2had no influence on XDH activity, we suggest that
NifS2 is not involved in the specific sulfuration of Moco in
R. capsulatuor another protein is able to at least partly
compensate for the role of NifS2.

Our in vitro studies showed that alicysteine desulfurases
are able to sulfurate Moco to the same extent. Since this
sulfuration can be ascribed to the formation of sulfide after
cleavage of the persulfide group, it can be assumed that any
protein that releases sulfide is able to sulfurate Moco in vitro,
an observation which has also been described by Heidenreich

sulfurases were reported that are essential for the activity ofet al. (L8) for ABA3. However, our results showed that the

XDH and AO by sulfur transfer from their N-terminal NifS-
like domain, transferring sulfur from-cysteine for the
sulfuration of Moco 12—14, 17). Further, in plants it was
shown that a mutation in the Moco sulfurase is not

sulfuration of Moco by an-cysteine desulfurase is more
effective than adding free sulfide, revealing the specificity
of the reaction. While by chemical sulfuration with free
sulfide both oxo groups of Moco can be replaced by sulfur,
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the reaction using an-cysteine desulfurase has to be more parison toE. coli IscS, CsdB, and CsdA (Figure S1). This
specific, exchanging only the equatorial oxygen by sulfur. material is available free of charge via the Internet at http://
In addition, we addressed the question whether Moco is pubs.acs.org.

sulfurated before or after its insertion into XDH. So far it

was believed that, in eukaryotes, the sulfuration of Moco REFERENCES

occurs after its insertion into AO or XDH. Both the sulfurated
and the dioxo form of Moco were identified in AO and XDH
in D. melanogaste(11), showing that there is no system in
eukaryotes ensuring only the insertion of the #¥® form

of Moco into these enzymes. In plants it was believed that,
by control of the sulfuration status of these enzymes, the
organism is rapidly able to increase XDH and AO activities
without the de novo synthesis of these enzyni3. (This
implied that eukaryotic Moco sulfurases have a posttrans-
lational regulatory role for enzyme activity. Our studies
revealed a different mechanism for Moco sulfuration in
prokaryotes. We clearly show that the sulfuration of Moco
occurs before its insertion of Moco into XDH, while the
cofactor is bound to XdhC. A specific interaction of NifS4
with XdhC was identified, and it was shown that NifS4 does
not interact with XDH. In addition, the sulfuration of Moco
was more effective when it was bound to XdhC rather than
after its insertion into XDH. These results are consistent with
previous reports, showing that in Bx capsulatus xdh€train
XDH contained no Moco, revealing that only the sulfurated
form of Moco is specifically inserted into XDH irR.
capsulatug7). In addition, it was shown that XdhC stabilizes
the sulfurated form of Moco from oxidatioii@Q). The model

in Figure 6 summarizes our results, illustrating that, after
Mo insertion into MPT, Moco biosynthesis is parted, and
dioxo Moco is deducted from further modification to bis-
MGD by binding to XdhC. XdhC interacts with NifS4 which
specifically exchanges the equatorial oxo ligand of Moco
by sulfur. XdhC protects the sulfur ligand of sulfurated Moco
from oxidation and specifically inserts the cofactor into the
XdhB subunit of XDH. In total, we believe that the XdhC
NifS4 pair inR. capsulatuss the counterpart to eukaryotic
Moco sulfurases. In eukaryotes both proteins are fused and
have a highly specific role for the formation of sulfurated
Moco.
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APPENDIX

For the construction oR. capsulatus nifSand nifS4
mutants, various plasmids were constructed for plasmid

integration and interposon mutagenesis. So far, all attempts 16.

to obtain mutants imifS3 or nifS4 failed, pointing toward

an essential function of both genes, e.g., in irsaolfur
cluster biosynthesis. Bernd Masepohl agreed to describe the
data as unpublished results in the text.
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