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Abstract

The maturation of bacterial molybdoenzymes is a complex process leading to the insertion

of the bulky bis-molybdopterin guanine dinucleotide (bis-MGD) cofactor into the apo-

enzyme. Most molybdoenzymes were shown to contain a specific chaperone for the inser-

tion of the bis-MGD cofactor. Formate dehydrogenases (FDH) together with their molecular

chaperone partner seem to display an exception to this specificity rule, since the chaperone

FdhD has been proven to be involved in the maturation of all three FDH enzymes present in

Escherichia coli. Multiple roles have been suggested for FdhD-like chaperones in the past,

including the involvement in a sulfur transfer reaction from the L-cysteine desulfurase IscS to

bis-MGD by the action of two cysteine residues present in a conserved CXXC motif of the

chaperones. However, in this study we show by phylogenetic analyses that the CXXC motif

is not conserved among FdhD-like chaperones. We compared in detail the FdhD-like homo-

logues from Rhodobacter capsulatus and E. coli and show that their roles in the maturation

of FDH enzymes from different subgroups can be exchanged. We reveal that bis-MGD-

binding is a common characteristic of FdhD-like proteins and that the cofactor is bound with

a sulfido-ligand at the molybdenum atom to the chaperone. Generally, we reveal that the

cysteine residues in the motif CXXC of the chaperone are not essential for the production of

active FDH enzymes.

Introduction
Molybdoenzymescomprisealargegroupof redoxenzymespresentin all kingdomof life [1].
Generally,molybdoenzymesareclassifiedinto threedifferentfamiliesaccordingto theligands
presentat themolybdenumatom[2], namelythexanthineoxidase(XO) family,thesulfiteoxi-
dase(SO)familyanddimethylsulfoxide(DMSO)reductasefamily.While enzymesof theXO
andSOfamiliesarepresentin pro- andeukaryotes,enzymesof theDMSOreductasefamily
areexclusivelypresentin prokaryotes.Themolybdenumcofactor(Moco) in thesegroupof
enzymesispresentin theform of thebis-molybdopteringuaninedinucleotide(bis-MGD)
cofactor[3], generallycoordinatingtwo molybdopteringuaninedinucleotidemoietiesin
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addition to asulfido-/oxo-/or selenidoligandandanaminoacidligandfrom theprotein
whichcanbeaserine,cysteine,selenocysteineor aspartate.Further,theenzymescancontain
additionalcofactorssuchasiron-sulfur (Fe-S)clusters,cytochromesor flavin nucleotidecofac-
tors[4]. Well-characterizedexamplesof theDMSOreductasefamily includesubfamily
enzymessuchasDMSOreductases,trimethylamine�-oxide (TMAO) reductases,formate
dehydrogenases(FDH) or nitratereductases(NR) [1]. Thecrystalstructuresof theseenzymes
revealedthat thebis-MGDcofactorisdeeplyburiedinsidetheproteins,at theendof afunnel-
shapedpassagegivingaccessonly to thesubstrate[5]. Thelocalizationof thecofactorwithin
theenzymesuggestedthatchaperonesarerequiredto facilitatetheinsertionof thecomplex
bis-MGDcofactorinto their activesitesby theinvolvementof afinal folding stepof thetarget
enzymeafterbis-MGDinsertion[6±13].Forenzymesof theDMSOreductasefamily,these
chaperonesarealsoreferredto asredoxenzymematurationproteins(REMPs)[14]. In general,
thesechaperonesarehighlyspecificfor their targetenzyme[15]. Thechaperonesfor the
DMSOreductasefamilyenzymesweredividedinto differentsubfamilies:theNarJ-likechaper-
onesfor nitratereductases,theDmsD-likechaperonesfor periplasmicDMSOreductases,the
TorD-like chaperonesfor TMAO reductases,theYcdY-likechaperonesfor maturationof the
YcdXproteins,andtheFdhD-likechaperonesfor thematurationof severaldistinctFDHs[13,
16±18].

For theFdhD-subfamily,well-characterizedrepresentativescomprise����������	 �
�� FdhD
and��


�	���� �	����	��� FdsC[19±21].FdhDdisplaysanexceptionof thegeneralproposed
rule thatall molybdochaperonesarespecificfor onetargetmolybdoenzyme[14], sincethe
FdhDisessentialfor thematurationof all three�. �
�� FDHs,namelyFdhF,FdoGHI,and
FdnGHI [20]. Thethree�. �
�� FDH enzymeshavein commonthat their catalyticsubunits
coordinatethebis-MGDcofactorwith aselenocysteineligandandasulfido-ligand,andas
additionalcofactora[4Fe-4S]clusterthat ispresentin vicinity of thebis-MGDmoiety[22,
23].Additional subunitsandthelocalizationof theenzymeswithin thecellvary.FdnGHI and
FdoGHIshowhighsequencesimilarities,bothenzymesaretrimersfacingtheperiplasmthat
aremembrane-boundviatheI-subunit [24,25].Theelectronsaretransferredfrom thesub-
strateconvertedin thecatalyticsubunit(FdnGor FdoG)viathefiveFe-Scluster-containing
subunit(FdnH or FdoH) to themembraneanchoringcytochrome-containingsubunit(FdnI
or FdoI) finally to thequinone-pool[26]. FdnGHI expressionis inducedin thepresenceof
nitrateunderanaerobicconditions.In contrast,FdoGHI isalsopresentat low levelsunder
aerobiosis,during fermentativeconditionsandduring nitraterespiration[26,27].Thethird
FDH in �. �
��, FdhFis facingthecytoplasmandformstheformatehydrogenlyase(FHL)
complextogetherwith thehydrogenase-3(encodedby ���������) [28]. TheFHL complexis
membraneboundandproducesH2 andCO2 underfermentativeconditions[29]. Theexpres-
sionof thegeneis repressedby thepresenceof nitrate[29]. Recently,theroleof thespecific
chaperoneFdhDwasinvestigatedin detailfor FdhFmaturation,andit wasshownthatFdhD
isessentialfor theinsertionof theterminalsulfido-ligandpresentat thebis-MGDcofactorof
FdhFin addition to FdnGandFdoG[19,20].FdhFwasinactivewhenFdhDwasabsentduring
expression,but afterpurification theenzymecouldbeactivatedbychemicalsulfuration[20].
Forsulfurationof bis-MGD,FdhDspecificallyinteractswith theL-cysteinedesulfuraseIscSin
�. �
�� [20]. It hasbeensuggestedthat IscStransfersthesulfur from L-cysteineto FdhDin form
of apersulfide.Thecysteines121and124locatedin aconservedCXXCmotif of FdhDwere
proposedin thestudiesbyThomeÂetal.[20] andArnoux etal.[19] to beinvolvedin thesulfur
transferprocessfrom IscSto bis-MGD.Cysteineto alaninevariantsin theseresidueswere
shownto produceaninactiveFdhFenzyme.FdhDwasco-crystallizedin complexwith GDP
anddirectbinding of bis-MGDto FdhDwassuggested[19], but it hasnot beenprovensofar
that thecofactorisboundin anactiveform.

R. capsulatus FdsC and E. coli FdhD have exchangeable and exclusive roles in FDH maturation
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Previously,thebinding of bis-MGDto theFdhD-likechaperoneFdsCfrom �. �	����	���
hasbeeninvestigatedin detail[21]. Using�. �	����	��� FdsCassourceof bis-MGDcofactor
in adirectreconstitutionassay,it wasshownthatanintactbis-MGDcofactorwasinserted
into �. �
�� TMAO reductase(TorA) that reconstitutedTorA activity[21]. In contrastto �.
�
��, �. �	����	��� harborsonly oneFDH enzymethat isencodedby the�
������ operon
[30]. Theenzymewasshownto bestructurallydifferentfrom the�. �
�� FDH enzymes,sincea
soluble(FdsGBA)2 heterodimeris formedthat is locatedin thecytoplasm.Thepurified
enzymewasshownto beoxygentolerantusingNAD+ asterminalelectronacceptor.However,
thephysiologicalroleof thisenzymehasnot beencharacterizedto date.Previousstudies
showedthat the(FdsGBA)2 enzymeexpressedin theabsenceof FdsCcontainedabis-MGD
cofactorthat lackedtheterminalsulfidogroup[31,32].However,in contrastto �. �
�� FdhD,
thecysteines104and107in FdsC(correspondingto Cys121andCys107in FdhD)werenot
essentialfor theproductionof anactive�. �	����	��� FDH [21]. In �. �	����	���, threeL-cyste-
inedesulfurasesarepresent:NifS2,NifS3andNifS4[33]. While thespecificroleof all three
enzymeshasnot beencharacterizedin detailsofar,NifS4wasshownto beinvolvedin the
mobilizationandtransferof sulfur to theMocopresentin �. �	����	��� xanthinedehydroge-
nase[33].

In thisstudy,wecomparedtherolesof FdhDandFdsCin thematurationof FDH enzymes
andinvestigatedtherolesof theconservedcysteinesin theconservedCXXCmotif in thispro-
cess.SinceFdhDandFdsCshareanaminoacidsequencesimilarity of 46.3%andanidentity
of 32.4%,bothchaperonesweresuggestedto befunctionalhomologues.WeshowthatFdhD
andFdsChaveacommonrolethat isnot only specificto theFDH enzymespresentin the
respectiveorganism.FdsCandFdhDcanbeinterchangedon structurallyverydistinctFDH
enzymes.Further,wedemonstratethat thecysteineresiduesin themotif CXXCarenot essen-
tial for theproductionof activeFDH. Solely,FdhD-C121wasrevealedto haveaparticularrole
in stimulatingtheactivityof �. �
�� IscSexclusively.No similareffectwasidentifiedfor �. �	��
���	��� FdsC.WesuggestthatFdhD-Cys121isassistingthespecificinteractionwith �. �
��
IscSandenhancesits L-cysteinedesulfuraseactivity.Bythisprocessahighersulfurationand
transferefficiencyof bis-MGDisobtained,whichmight beonly requiredfor the�. �
�� system,
since�. �
�� IscShasnumerousinteractionpartners.

Results

A phylogeneticviewof the FdhD family of molecularchaperonesfor FDH
enzymes
Analysisof bacterialandarchaealgenomesequencedatain 5 phylaand33taxonomicfamilies
revealedawidedistribution of homologuesto the�. �
�� FdhDprotein (referredto asFdhD
familyof chaperones)(Fig1). In bacterialike �. �
��, wherethreeFDH enzymesarepresent,
only oneFdhD-homologuehasbeenidentified.Wealigned41FdhD-likesequences,which
presentanoveralllevelof identity of about18±34%.Fromtheaminoacidsequencealignment,
anunrootedphylogenetictreehasbeenconstructed(Fig1).Overall,thephylogenetictreecan
bedividedinto threegroups.In groupI only ��-, ��- and�
-proteobacterialFdhDsarepresent,
including theonesfrom �. �
�� and�. �	����	���. GroupII containsmainlyFdhDsfrom Acti-
nobacteria,but alsofrom Cyanobacteria,Archaeaand�
- or ��-Proteobacteria.GroupIII con-
tainsalargergroupof archaealFdhDsin addition to FdhDproteinsfrom Bacilliand
Clostridiaor �
-, ��-, and��- Proteobacteria.Overall,Firmicutes,ProteobacteriaandActinobac-
teriaareknownto containahigh to mediumnumberof respiratorymolybdoenzymes[34]
whichisobviousby thedistribution of FdhDhomologuesin theseorganisms.Interestingly,�
-
Proteobacteriaarerepresentedin all threegroups.Manypathogensbelongto thisclassof

R. capsulatus FdsC and E. coli FdhD have exchangeable and exclusive roles in FDH maturation
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Fig 1. Phylogenetictreeof FdhD-like proteins.Proteinphylogeny of FdsC/FdhDhomologuesbasedon afull lengthmultiplesequencealignmentbyMuscle[50]. The
treewasconstructed usingtheMaximumLikelihoodmethodbasedon theDayhoffmatrix basedmodel[51][57]. Thetreeisdrawnto scale,with branchlengthsin the
sameunitsasthoseof theevolutionary distancesusedto infer thephylogenetictree.TheevolutionarydistanceswerecomputedusingtheDayhoffmatrix basedmethod
andarein theunitsof thenumberof aminoacidsubstitutionspersite[52].Thescalebarindicates0.2substitutionspersite.Numbersnearbranchesindicatethebootstrap
proportion for 100replicasusingthesamemethod.Theanalysisinvolved41aminoacidsequences.All positionscontaininggapsandmissingdatawereeliminated. There
wasatotalof 174positionsin thefinal dataset.Evolutionaryanalyseswereconductedin MEGA7[53].Domainsandclassesof prokaryotesaremarkedin blue:��-
Proteobacteria, ��-Proteobacteria,�
-Proteobacteria,��-Proteobacteria,��-Proteobacteria.Therearethreemainbranches:groupI, II andIII. FdsC/FdhDhomologuesin
groupI andII harbortheconservedCXXC-motif, whichisnot presentin groupIII (�A- CC-motif, �‘ - only secondcysteine, �‘ - CXXXCXC-motif, �Ê- no cysteine).

R. capsulatus FdsC and E. coli FdhD have exchangeable and exclusive roles in FDH maturation
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bacteriawhichareknownto harborahighnumberof molybdoenzymesrepresentingahigher
metabolicflexibility [34]. Thus,awidedistribution of FdhD-likechaperonesis foundhere.To
providemoredetails,wealsotried to includethedifferenttargetFDH enzymesin thephyloge-
netictree,to analyzewhetherFdhDhasevolvedtogetherwith its proteinpartner[14]. Here,
wedividedtheFDH enzymesinto membrane-boundFdhF-type,dimericFdhAB-type,and
cytosolicNAD+-dependentFDHs.Unfortunately,alot of FDHsarenot characterizedto date
sothatour division ismainlybasedon aminoacidsequencehomologiesof characterizedFDH
enzymes.Theoveralldistribution revealedthat theFdhDhomologuesfor NAD+-dependent
FDHsaremainlypresentin groupI, whilegroupII predominantlycontainsFdhDsrequired
for monomericFdhF-typeenzymes.GroupIII canbedividedinto two subgroups,whileone
subgroupcontainsmainlyFdhD-homologuesfor FdhF-typeenzymes,thesecondsubgroup
predominantlycontainsFdhDproteinsfor FdhAB-typeFDHs.A previousstudyreportingon
theevolutionof thechaperonesfor theDMSOreductasefamilyenzymessuggestedthat the
molecularchaperonesevolvedtogetherwith its molybdenumpartnerprotein [14]. However,a
division into FdhDsfor Mo-or W-containingFDHswasnot possible,andFdhDproteinsact-
ing on eitherMo- or W-containing(or both)FDHsaredistributedin all threegroupsof the
phylogenetictreewithout anyobviousdivision.

It hasbeenreportedpreviouslythatFdhDproteinsarecharacterizedbyahighlyconserved
CXXCmotif that ispresenton adisorderedloopof theprotein [19]. In �. �
�� FdhD,thecyste-
ines121and124of thismotif havebeenreportedto befunctionallyimportant for thecatalytic
sulfur transferringactivityfrom IscSfor theformationof asulfuratedbis-MGDcofactor[20].
However,asobviousfrom thedatain thephylogenetictree,adetailedanalysisof theamino
acidsequenceof theFdhD-likeproteinsshowedthat theCXXCmotif isnot highlyconserved.
FdhDproteinscontainingtheCXXCmotif aremainlypresentin groupI andgroupII of the
phylogenetictree.GroupIII, in contrast,containsmainlyFdhDsequencesin whicheither
only thesecondcysteineof themotif isconserved,whichhaveaCC-motif insteador haveno
cysteines.Thus,thispuzzlingpoint encouragedusto understandtheimportanceof thecyste-
inesfor theroleof FdhD-likeproteinsfrom �. �
�� and�. �	����	���.

Copurification of �. ���� FdhD and �. ���	
���
	 FdsCvariantswith bis-
MGD
For �. �
�� FdhD,it hasbeenreportedthatespeciallythefirst cysteineof thetwo cysteinesin
theconserved121CXXC124motif isessentialfor its role in transferringthesulfur from IscSto
thebis-MGDcofactor,whileCys124isadditionallyrequiredfor theproductionof anactive
FdhFenzyme[20]. In contrast,it hasbeenshownfor �. �	����	��� FdsCthat thetwo con-
servedcysteineresiduesarenot essentialfor producinganactivesulfido-containing
(FdsGBA)2 enzyme[21]. To testwhethertheroleof thecysteinesisspecificfor the�. �
�� FDH
enzymes,whicharestructurallyandfunctionallydifferentfrom thesoluble�. �	����	���
(FdsGBA)2 enzyme,weconstructedsingleanddoublecysteinevariantsof �. �
�� FdhD
(C121A,C124A,C121A/C124A)andcomparedtheir characteristicsto �. �	����	��� FdsC.For
�. �	����	��� FdsCthecorrespondingcysteinevariantswerealreadyavailable(C104A,C107A,
C104A/C107A)[21]. To directlycomparetheroleof thetwo chaperones,thethreecysteine
variantsof bothFdsCandFdhDin addition to thewild-typeproteinwerepurified from an�.

ExistingFDHsarelistedasdescribedin theboxon theleft andbasedon genomicanalysisusingwww.ncbi.nlm.nih.govor � img.jgi.doe.gov. If alreadydescribedin
literature,thecorresponding activesitemetal(Mo or W) isdisplayed.

https://doi.org/10.1371/journal.pone.0201935.g001
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�
�� �ï�
�� strain.An aminoacidsequencealignmentof bothproteinsisshownin Fig2,
highlightingthepositionof thecysteineswithin theproteinsequences.

Theproteinswerepurified byNi-NTA chromatographyandtheCoomassiestainedSDS-
gelsshowedthatall eightproteinswerepurified with apurity of morethan90%.His6-tagged
FdhDhasamolecularmassof 32.7kDa,whileHis6-taggedFdsChasamolecularmassof 28.6
kDa(Fig3A and3B).Sizeexclusionchromatographyconfirmedthatall FdsCandFdhDvari-
antswerepurified asadimer in solution(datanot shown).ForFdsCit hasbeenshownbefore
that theproteinwascopurifiedwith boundbis-MGDcofactorunderour expressioncondi-
tions[21]. To analyzethebis-MGDcontentfor all FdsCandFdhDvariants,thebis-MGD
cofactorwasextractedfrom therespectiveprotein,oxidizedby I2/KI overnightat room tem-
perature,andtheobtainedfluorescentderivativeFormA-GMPwasquantifiedafterseparation
on areversed-phaseC18HPLCcolumn.Theresultsin Fig3Cshowthatall FdsCandFdhD
variantswerecopurifiedwith thebis-MGDcofactor,however,thebis-MGDcontentof the
FdsCwild typeandvariantswasin averagetwiceashigh in comparisonto theFdhDproteins.
Thebis-MGDbinding ability therebywasnot influencedby thecysteineto alanineexchanges
in thevariants.

Reconstitutionof TMAO reductaseactivity with bis-MGD provided by
FdsCor FdhD
An �� ����
 assaysystemhasbeenestablishedpreviouslybywhichthedirect insertionof the
bis-MGDcofactorboundto FdsCinto apo-TorAcanbemonitored[21]. Veryrecentresults
showedthatTorA isonly activewhenthebis-MGDcofactorcontainsaterminalsulfidogroup
[35]. Thus,the�� ����
 reconstitutionof TorA activitycanbeusedto determinethesulfuration
levelof thebis-MGDcofactorboundto FdhDor FdsC.

For the�� ����
 reconstitutionassay,8 �M of Moco-deficientapo-TorAwereincubated
with 50�M of theFdhDor FdsC-variantsandincubatedfor 2 hoursat37ÊCunderanaerobic
conditionswithout anyfurther supplementations.Theresultsin Fig4showthatactiveTorA
wasobtainedfor both theFdhDandFdsCvariants.Unexpectedly,while theTorA activityvar-
iedaround60±80U/mg whenFdsCwild-typeor theC104A,C107Aor C104A/C107Avariants
wereusedasbis-MGDsource,almost2-foldhigherTorA activitieswereobtainedwith FdhD
andthevariantsC121A,C124Aor C121A/C124Awith valuesaround130±150U/mg. No clear

Fig 2. Amino acidsequencealignment of �. ���� FdhD and �. ���	
���
	 FdsC.Theaminoacidsequencealignmentwas
generatedusingClustalW.Identicalaminoacidsandsimilaraminoacidsaremarkedwith ablackandagreybox,respectively.
Theconservedcysteineresiduesarelabelledwith redarrows.ThebluebaroverthealignmentindicatestheN-terminaldomain
(blue),thelinker region(yellow)andtheC-terminal domain(green)basedon thestructureof FdhD(PDB:4pde)[19].

https://doi.org/10.1371/journal.pone.0201935.g002
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differencesin activitywereobtainedbetweenFdsCandthecysteinesubstitutionvariantsor
FdhDandthecysteinesubstitutionvariants.

Sincetheresultsin Fig3Cshowedthatoverall,FdhDandtheC121A,C124Aor C121A/
C124Avariantswereloadedwith lowerlevelsof bis-MGD,wecomparedthebis-MGDcontent
of thereconstitutedTorA proteinsusingFdhDor FdsCproteins.Weanalyzedonly thebis-
MGD loadingof TorA afterreconstitutionusingFdsCandFdhDwild-typeproteins,sincethe

Fig 3. Characterization of cysteinevariantsof FdsCandFdhD. FdsCandFdhDandtheir cysteinevariantswere
expressedin �. �
�� �ï�
�� strainandpurified byNi-NTA chromatography asdescribedfor FdsCpreviously[21].A)
15�g of purified FdsC,FdsC-C104A,FdsC-C107AandFdsC-C104/C107AwereseparatedbySDS-PAGE. B)15�g of
purified FdhD,FdhD-C121A, FdhD-C124AandFdhD-C121/C124AwereseparatedbySDS-PAGE.C) 200±300�M of
proteinwastreatedwith I2/KI-HCl to isolateFormA-GMP asdescribedpreviously[47]. FormA-GMP wasseparated
byHPLC.Thecorresponding peakareawasnormalizedfor proteinconcentration. Theresultsrepresentthemean
valuesfrom threeindependent measurements(�S.D.).

https://doi.org/10.1371/journal.pone.0201935.g003
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analysisrequiresalot of sourceTorA protein for bis-MGDquantificationanddifferenceswere
not expectedbetweenthewild-typeandthecysteinevariantsaccordingto Fig3.FdsC-recon-
stitutedTorA containedabouttwo-timestheamountof bis-MGDin comparisonto FdhD-
reconstitutedTorA (Fig5A).However,whentheobtainedspecificTMAO reductaseactivities
from Fig4 of FdsCandFdhDwild-typewererelatedto their bis-MGDlevels(detectedasFor-
mA-GMP), it becameobviousthatabout5-foldhigherrelativeTorA activityin relationto bis-
MGD boundto theproteinwasobtainedwith FdhDin comparisonto FdsC.Sincebothpro-
teinsbind thebis-MGDcofactor,thedifferencesin activitycanonly beexplainedbyadifferent
saturationlevelof thesulfido-ligandat themolybdenumatom.In arecentreportbyKaufmann
etal.[35], it wasshownthat thepresenceof aterminalsulfido-ligandat theactivesiteof TorA
contributedto a20-foldincreasedTorA activity.In contrast,enzymepreparationscontaining
anoxo-ligandinsteadweremainly inactive.Therefore,it hasto beconcludedthat thebis-
MGD cofactoron FdhDismoresaturatedwith thesulfido-ligandthanthecofactorpresenton
FdsC,whichof coursecanonly bequalitativelyspeculatedfrom thisassay.

Influenceof FdhD andFdsCvariantson the maturation of FDH enzymes
from different classes
Sofar, theresultsshowedthat thecysteinesubstitutionsin eitherFdsCor FdhDdid not influ-
encethebis-MGDbinding ability or transferof thecofactorto TorA. For �. �
�� FdhD,how-
ever,it hasbeenreportedbeforethatCys121andCys124areessentialfor theproductionof an
activeFdhFenzyme[20]. In contrast,for thecorrespondingC104AandC107Asubstitution
variantsof �. �	����	��� FdsC,no effecton (FdsGBA)2 activitywasreported,usingaheterolo-
gousexpressionsystemin �. �
�� [21]. To differentiatewhethertheobserveddifferencesin the
roleof thecysteineresidueisbasedon differencesin thechaperoneor thetypeof FDH enzyme
used,weanalyzedtheeffectof �. �
�� FdhDon �. �	����	��� (FdsGBA)2 activityandof �. �	��
���	��� FdsCon �. �
�� (FdoGHI)3 activity.

Fig 4. Reconstitution of �. ���� apo-TMAO reductaseusingFdsCor FdhD asbis-MGD source.50�M of each
purified chaperonevariantwasincubatedwith apo-TMAOreductase(8 �M) to reconstituteenzymeactivity.After 2
hoursTMAO reductaseactivitywasmeasuredunderanaerobicconditionsfollowingtheoxidationof reducedbenzyl
viologenat600nm in thepresenceof 0.1�M TMAO. KineticDataaremeanvaluesfrom threeindependent
measurements(�S.D.).

https://doi.org/10.1371/journal.pone.0201935.g004
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Fig6showstheresultson �. �	����	��� (FdsGBA)2 activityaftercoexpressionwith �. �
��
FdhDwild-typeor thecysteinevariantsin an�. �
�� �ï�
�� deletionstrain.Theresultsshow
thatactive�. �	����	��� (FdsGBA)2 enzymeswereobtained,showingthat �. �
�� FdhDcan
replaceFdsCin its function.Surprisingly,theFDH activitywaseven2.6-foldhigherwith
FdhDwild-typein comparisonto FdsCwild-type.WhenthecysteinevariantsC121A,C124A
or thedoublevariantC121A/C124Aof FdhDwerecoexpressedinstead,a1.4timeslower
activitywasobtainedin comparisonto FdhDwild-type,showingthat thecysteinesubstitu-
tionsindeedhaveaneffecton theroleof FdhDfor thematurationof (FdsGBA)2. However,
theresultsshowthatFdhD-C121or FdhD-C124arenot essentialfor thematurationof the�.
�	����	��� enzyme,sinceFDH activitywasobtained.Rather,thepresenceof bothcysteines
wasrequiredto obtainthehighestFDH activity.

Forcomparison,therolesof thecysteinesin FdhDwereadditionallyanalyzedfor �. �
��
(FdoGHI)3 activity.Here,wemadeuseof anin-gelactivityassaythatdirectlydetectstheactiv-
ity of (FdoGHI)3 afterseparationin nativegels.To suppresstheactivityof (FdnGHI)3, cells
weregrownwith 0.2%sodiumformatein theabsenceof nitrate.Thegelwasincubatedat37ÊC
underaerobicconditionswith astainingsolutioncontainingsodiumformate,NBT andPMS.

Fig 5. Characterization of �. ���� apo-TMAO reductasereconstitutedwith FdsCor FdhD. For thereconstitution of
enzymeactivity,50�M of eachFdhD,FdsCor their variantswasincubated with apo-TMAO reductase(8 �M) in a
totalvolumeof 8ml. After 7hours,thesampleswereconcentrated to 500�l beforesizeexclusionchromatography.
Theresultsrepresentthemeanvaluesfrom threeindependentmeasurements(�S.D.). A) RelativeFormA-GMP
content(MGD in LU� spermgTMAO reductase) of 3 �M TMAO reductasewasanalyzedbyHPLC.B)Activity of the
fractioncontainingTMAO reductasewasmeasuredunderanaerobicconditionsfollowingtheoxidationof reduced
benzylviologenat600nm in thepresenceof 0.1�M TMAO. TMAO reductaseactivitywasnormalizedfor theMGD
content.

https://doi.org/10.1371/journal.pone.0201935.g005
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The(FdoGHI)3 activityobtainedafterexpressionof FdhDwild-typeor theC121A,C124A,
C121A/C124Avariantsin an�. �
�� �ï�
�� strainshowedthat thehighestactivitywasobtained

Fig 6. Influenceof FdsCandFdhD on FDH activity. A) �. �	����	��� (FdsGBA)2 wasexpressedin �ï�
�� strainin
thepresenceof FdhDWT (pNB14),FdhD-C121A(pNB15),FdhD-C124A(pNB16),FdhD-C121A/C124A(pNB17)or
FdsCWT (pTHfds03)andpurified byNi-NTA affinity chromatography asdescribedpreviously[21]. �. �	����	���
(FdsGBA)2 activitywasdetectedphotometricallyby theincreasein NADH recordedat340nm and1U/mg isdefined
asthereductionof 1 �mol NAD+/min/mgof enzymeatroom temperature.KineticDataaremeanvaluesfrom three
independentmeasurements(�S.D.).Theenzymeexpressedin theabsenceof FdsCor FdhDwasnot active(datanot
shown),asreportedpreviously[21].B)55ml culturesof eachstrainweregrownanaerobicallyat37ÊCfor 16hoursin
LBmediain thepresenceof 20�M IPTG,10�M sodiummolybdateandantibioticasneeded.Equivalentamounts
(40±60�g) of Triton-X100treatedcrudeextractswereappliedto eachlaneandseparatedbynon-denaturing PAGE.
Thegelswerestainedwith 1mM NBT,0.5mM PMSand50mM formatein 50mM potassiumphosphate,pH 6.8.
Lanesfrom left to right: BW25113,�ï�

�, �ï�
��, +pFdhD:�ï�
�� deficientstraincomplementedwith plasmid
pNB14,+pFdhD-C121A:�ï�
�� deficientstraincomplementedwith plasmidpNB15,+pFdhD-C124A:�ï�
��
deficientstraincomplementedwith plasmidpNB16,+pFdhD-C121A/C124A:�ï�
�� deficientstraincomplemented
with plasmidpNB15,+pFdsC:�ï�
�� deficientstraincomplementedwith plasmidpTHfds14,+pFdsC-C104A: �ï�
��
deficientstraincomplementedwith plasmidpNBfds04,+pFdsC-C107A: �ï�
�� deficientstraincomplementedwith
plasmidpNBfds05, +pFdsC-C104A/C107A: �ï�
�� deficientstraincomplementedwith plasmid pNBfds06.

https://doi.org/10.1371/journal.pone.0201935.g006
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with theFdhDwild-typeprotein (Fig6A). In contradictionto previousreports,weobtained
an(FdoGHI)3 activitywhentheFdhDvariantsC121A,C124Aor thedoublevariantC121A/
C124Awereused[19,20].While thein-gelactivitiesof theFdhD-C124Aandthe
FdhD-C121A/C124Avariantswerecomparable,theFdhD-C121Avariantshowedaslightly
reducedactivity(Fig5A).However,sincetheFdhD-C121A/C1214Adoublevariantwasactive,
theresultsshowthatCys121isnot essentialfor FdoGHIactivity.

In contrastto FdhD,thecysteinevariantsof �. �	����	��� FdsC,C104A,C107A,andthe
doublevariantC104A/C107Ashowedno differenceon FdoGHIactivityin comparisonto
FdsCwild-type(Fig6B).Additionally, thein-gelactivitieswereoverallcomparableto the
FdhDcysteinevariants.Theseresultsrevealthatdifferencesin thematurationof FdoGHIexist
betweenFdsCandFdhDwild-typeproteins.However,whenthecysteinesin FdhDwere
substituted,thematurationefficiencyof theFdhDvariantswascomparableto FdsC.This
impliesthat thecysteinesin FdhDhavearolethat isspecificto theFdhDprotein.

Influenceof FdhD andFdsCon the L-cysteinedesulfuraseactivity of �. ����
IscS
Theresultsshownaboveindicatedthat theenhanced(FdoGHI)3 activityby FdhDwild-
typein comparisonto its cysteinevariantsmight bebasedon anenhancingeffectof FdhD
on theL-cysteinedesulfuraseactivityof IscS.IscSwasshownbeforeto providethesulfur
for theformation of thesulfidoligandon thebis-MGD cofactor.It hasbeenreportedpre-
viouslythat FdhDstimulatestheactivityof IscS,while this stimulatingeffectwaslost in
theFdhD-C121AsingleandFdhD-C121A/C124Adoublevariants[19,20].Wewereable
to reproducetheseresults(Fig7A), however,whenwetestedtheeffectof �. �	����	���
FdsCon IscSactivity,wedid not observeastimulatingeffect(Fig7A). Further,wetested
theeffectof both FdhDandFdsCon theL-cysteinedesulfuraseproteinspresentin �. �	��
���	���. �. �	����	��� containsthethreeL-cysteinedesulfurasesNifS2,NifS3andNifS4as
house-keepingL-cysteinedesulfurases,whilea fourth one,NifS,wasshownto bespecific
for nitrogenase[33]. Theresultsin Fig7Bshowthat neitherFdhDnor FdsCcouldstimu-
latetheL-cysteinedesulfuraseactivityof anyof thethree�. �	����	��� L-cysteinedesul-
furasesNifS2,NifS3or NifS4.A truncatedversionof Nfs2wasused,sincethefull-length
protein wasshownto beunstable[33]. Aspositivecontrol,weusedthe�. �	����	��� SufE
protein, thephysiologicalpartnerof NifS4that wasableto stimulatetheactivityof NifS4
but not of theotherL-cysteinedesulfurases.Theresultsimply that FdhD-C121is specifi-
callyrequiredfor stimulatingtheactivityof �. �
�� IscS.

Interaction of FdhD andFdsCwith L-cysteinedesulfurases
It hasbeenreportedpreviouslythatFdhDformsacomplexwith IscSthatcanbecopurified
[19,20].To analyzewhethertheFdhD-C121A/C124Avarianteffectstheinteractionwith IscS,
weperformedanalyticalsizeexclusionchromatography.Forcomparison,wealsoanalyzedthe
complexformationof IscSwith FdsCandtheFdsC-C104A/C107Avariant.

ThechaperonesFdhDor FdsCwereincubatedwith IscSandcomplexformationwasana-
lyzedafterseparationon aSuperdex200column.WhenacomplexbetweenIscSandoneof
thechaperonesis formed,thecomplexelutesmorerapidly from thesizeexclusioncolumndue
to its increasein molecularmass.A 1:1complexbetweentheIscSdimer andFdhDisexpected,
asreportedpreviously[19,20].Theresultsin Fig8A showthatFdhDandIscSreadilyformed
acomplexthatco-elutedat11ml afterseparationon aSuperdex200column.Thepeakfrac-
tionseluting10±12ml wereseparatedbySDS-PAGEandshowedthepresenceof bothpro-
teins,confirming theformationof aprotein-complex.Thecomplexformationwasnot
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Fig 7. Influenceof FdsCandFdhD on L-cysteinedesulfuraseactivity. L-cysteinedesulfuraseactivitywasmeasuredbydetermination of totalsulfide
produced[48].A) 1 �M IscSfrom �. �
�� wasmixedwith either2 �M FdhD/FdhDvariantsor FdsC/FdsC variantsandincubated for 10min in thepresence
of 1mM L-cysteineat30ÊC.Theactivityof IscSalonewassetto 1.B) L-cysteinedesulfuraseIscS(1 �M) from �. �
�� or NifS4,NifS3andNifS2-�ï1±188from
�. �	����	��� (2 �M) weremixedin a1:2ratio with FdsC,FdhDor SufE,respectivelyandincubatedfor 10min in thepresenceof 1mM L-cysteineat30ÊC.
Thefold induction of IscS,NifS4,NifS3or NifS2-�ï1±188activityby incubation with FdsC,FdhDor SufEis relativeto theactivityof theL-cysteine
desulfurasealone,respectively.KineticDataaremeanvaluesfrom threeindependent measurements(�S.D.).

https://doi.org/10.1371/journal.pone.0201935.g007
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impairedwhenusingtheFdhD-C121A/C124Avariantshowingthat thetwo cysteinesarenot
essentialfor complexformation,sinceacomparableelutionvolumeof 11ml wasobtained
(Fig8B).In contrast,no complexformationwasdeterminedbetweenIscSandFdsCor the
FdsC-C104A/C107Avariant(Fig8Cand8D),asobviousfrom theelutionprofile andthecor-
respondingfractionsseparatedbySDS-PAGE,sinceno peakwith adifferentelution time was
obtainedaftercoincubationof theproteins.TheresultsthereforerevealthatFdhDformscom-
plexwith IscSthatcanbecopurified,in contrastto FdsC,whereno stablecomplexwith IscS
wasformed.

Fig 8. Interaction of FdhD with IscS.Complexformationof (A) 40�M FdhD+ 20�M IscS,(B) 40�M FdhD-C121A/C124A+ 20�M IscS,(C) 40�M FdsC+ 20�M IscS
and(D) 40�M FdsC-C104A/C107A+ 20�M IscSwereanalyzedbysizeexclusionchromatographyon aSuperdexIncrease200column(GEHealthcare)equilibratedin
100mM potassium phosphatebuffer,pH 8.0,100mM NaCl,10mM ��-mercaptoethanol.Theelutionof proteinswasfollowedat280nm. Indicatedfractionsin arangeof
10.5±15.5ml (0.5ml fractions)wereanalyzedfor their proteincontentby15%SDS�PAGE.

https://doi.org/10.1371/journal.pone.0201935.g008
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Discussion
FdhD-likechaperonesarefound in avastnumberof prokaryotes.Theyareoftenencodedin
thesameoperontogetherwith thestructuralgenesfor FDH enzymesor in vicinity to genes
involvedin Mocobiosynthesis[22]. Sofar, thebestcharacterizedchaperonesareFdhDfrom
�. �
�� andFdsCfrom �. �	����	��� [19±21].

Here,weaddressedthequestionswhetherFdsCfrom �. �	����	��� andFdhDfrom �. �
��
arefunctionalhomologuesandhaveexchangeableroles.Bothchaperonesareessentialfor
their correspondingFDH enzyme(s),but sofar, their exchangeableroleshavenot beeninvesti-
gatedin detail.Thecrystalstructureof dimeric �. �
�� FdhDin complexwith GDPshowedtwo
symmetricalbinding sitesfor nucleotidescomingfrom thearm in theN-terminaldomainof
onemonomerandfrom theC-terminaldomainof theadjacentmonomer(Fig2) [19]. Based
on theGDPbinding sitesthebis-MGDbinding sitewasmodeledon FdhD[19].

In thisstudy,wecomparedthecopurificationof thechaperoneswith boundbis-MGD
directly.Weconcludedthat thebis-MGDcofactorboundto FdhDispresentin aform with a
highersaturationof theterminalsulfido-ligand.Thiswasconfirmedbyahigheractivityof
TorA obtainedafterreconstitutionwith thecofactorboundto FdhDin comparisonto FdsC.
Recentlyit wasshownthatTorA containsaterminalsulfidoligandat themolybdenumatom
that isessentialfor obtainingafully activeenzyme[35]. Thus,our conclusionsseemfeasible,
sincethehigheractivitywasnot basedon abettertransferof thebis-MGDcofactorfrom
FdhDto TorA.

Wefurther investigatedtherolesof thecysteinesin theconservedCXXCmotif presentin
groupsI andII of FdhD-likechaperones.Thismotif isnot presentor ismodifiedin enzymes
of groupIII (Fig1).Weshowedthat thecysteinesdid not impactthecopurificationof FdhD
or FdsCwith bis-MGD(Fig3).However,bothcysteinesof FdhDhadanimpacton theactivity
of either�. �
�� (FdoGHI)3 or �. �	����	��� (FdsGBA)2 (Fig6).For �. �	����	��� FdsC,in con-
trast,no differencein FDH activitywasobservedwhenthecysteinevariantswereusedfor the
maturationof either�. �
�� (FdoGHI)3 or �. �	����	��� (FdsGBA)2 (Fig6Bandreference[21]).
Sinceno differencesin bis-MGDtransferto arecipientproteinwasobtainedbetweenthe
FdhD-likechaperoneandits cysteinevariants(Fig4),weinvestigatedtheinteractionandsul-
fur transferaseactivitywith IscS,theinteractionpartnerprotein from whichthesulfuratom
for bis-MGDsulfurationisobtained.

While FdhDwild-typewasableto enhancetheL-cysteinedesulfuraseactivityof IscS,this
effectwasabsentin thecysteinesubstitutionvariants(Fig7) [20]. Further,thisstimulating
effectisanexclusivecharacteristicfor FdhDwith its partnerprotein IscS,sinceFdhDwas
unableto stimulatetheL-cysteinedesulfuraseactivityof thethreeL-cysteinedesulfurasespres-
ent in �. �	����	���. Moreover,the�. �	����	��� FdsCchaperonedoesnot providethisstimu-
latingeffectneitherwith theL-cysteinedesulfurasesfrom its ownorganismnor with theIscS
protein from �. �
��. Studieson theinteractionsbetweenFdhDandFdsCandthedifferentL-
cysteinedesulfurasesrevealedthatFdhDandIscSform tight complexthatcanbecopurified
(Fig8).Cys121in �. �
�� FdhDseemsto haveanadditionalexceptionalrole in enhancingthe
L-cysteinedesulfuraseactivityexclusivelyof IscS.Thisrolemight beespeciallyrequiredfor the
�. �
�� IscSprotein,for whichnumerousinteractionpartnershavebeenidentified.IscSwas
additionallyshownto interactwith anumberof acceptorproteinsfor deliveryof sulfur includ-
ing theinvolvementof ��� IscU,CyaY,FdxandIscXfor Fe-Sclusterformation,���� TusAfor
eitherthe(c)mnm5s2U34modificationsof tRNA or thebiosynthesisof Moco,and����� ThiI
for thesynthesisof thiamineor thes4U8 modificationof tRNA [36,37].Differentbinding sites
for someof thesemoleculesweremapped[38], ensuringeitherthesimultaneousbinding or a
competitivebinding on overlappingbinding sites.While thebinding siteof FdhDon IscShas
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not beenmappedsofar, thestimulatingeffecton theactivityof IscSmight ensurethat thesul-
fur isshuttledin thedirectionof bis-MGDsulfurationafterbinding of FdhD.It ispossiblethat
thestimulationof theL-cysteinedesulfuraseactivityof IscSis triggeredbyaspecificinteraction
with thedisorderedloopat theactivesiteof IscS[39]. Thishasto beinvestigatedin detailin
futurestudies,�.�. bysolvingtheco-crystalstructureof IscSwith FdhD.Thereasonwhyother
FdhD-likechaperonesdo not comprisetheenhancingeffecton theL-cysteinedesulfurase
activitymight bebasedon differencesin theinteractionsite.Asshownfor �. �	����	��� FdsC
in thisstudy,theinteractionbetweenbothenzymesisweaker,sinceproteincomplexeswere
not copurified(Fog8).However,sincethebis-MGDcofactoron FdsCwasidentifiedto be
presentin its sulfuretedform, �. �
�� IscSisableto deliverthesulfur to FDsC.Sincein �. �	����
�	��� threeL-cysteinedesulfurasesarepresentwhich in totalmight havealowernumberof
interactingproteins[33], amoretransientinteractionmight besufficientto shuttlethesulfur
directlyin thedirectionof bis-MGDsulfuration.Sincethespecificrolesof thethreeL-cysteine
desulfuraseshavenot beencharacterizedin �. �	����	��� sofar, thisassumptionisof course
speculative.In theorganismsin whichtheCXXCmotif iscompletelyabsentin theFdhD-like
chaperone,thesulfur transferpathwayandtheinvolvementof thecorrespondingL-cysteine
desulfurasemight differ. In organismslike �	������ ��������, numerousL-cysteinedesulfurases
wereidentifiedwith aspecificrole for thesynthesisof onesulfur-containingmolecule
[40]. Sincetheseproteinsareconsequentlynot involvedfor sulfur transferto severalaccep-
tor proteinsandarespecificfor oneparticularpathway[41], themodeof interactionand
theinvolvementof anadditionalcysteineon FdhDmight serveadifferentrole.Thus,for
eachorganismtheinteractionof theFdhD-likechaperonewith its partnerL-cysteinedesul-
furaseneedsto beinvestigatedin detail.Unfortunately,sofar in manyorganismsthe
FdhD-likeenzyme,thepartnerFDH enzymesandthecorrespondingL-cysteinedesul-
furasesarelargelyuncharacterized.

In total,weconcludethat thechaperonesFdsCandFdhDhaveexchangeableroles.
BothFdsCandFdhDcansubstituteeachother in thematurationof theFDH partner
enzyme(s)(Fig9).Thiswasnot expected,sinceit hasbeensuggestedbeforethat thesys-
tem-specificchaperonecoevolvedwith its correspondingpartnermolybdoenzyme.�. �
��
FdhDwasshownbeforeto bethechaperonefor all three�. �
�� FDH enzymes,FdhF,
(FdnGHI)3 and(FdoGHI)3 [20]. Thecrystalstructuresof FdhFand(FdnGHI)3 were
solvedandrevealedto behighly identical[28,42].Thecrystalstructureof �. �	����	���
(FdsGBA)2 is not availablesofar.From aminoacidsequencealignments,however,it
becomesclearthat thebis-MGD binding domainof FdsAis highly conservedandmight
provideasimilar fold asthe�. �
�� enzymes.Dueto thehigh conservationof thebis-MGD
containingdomainof all FDH enzymesboth FdhDandFdsCareexpectedto bind to a
commonmotif presentin all FDH enzymes,which thenprovidesthebasisof the
exchangeablerolesof both chaperones.Thespecificbinding siteof theFdhD-likechaper-
oneon its FDH targetenzymein addition to themechanismof bis-MGD insertionneeds
to beclarifiedin moredetailin future studies.

Materials and methods

Bacterialstrains,plasmids,mediaandgrowth conditions
Bacterialstrains,plasmidsandprimersarelistedin Table1.�. �
�� BW25113�ï�
�� cellswere
obtainedfrom theKeiocollection[43]. Cellsweregrownat30ÊCunderanaerobicconditions
in LBmediumcontaining1 mM molybdate,20�M isopropyl��-D-1-thiogalactopyranoside
(IPTG),150�g/mL ampicillin for 24h. Forsite-directedmutagenesisandconstructionof the
FdhDvariantsC121A,C124AandC121A/C124A,theexpressionvectorpNB10[21] wasused
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asatemplateandbase-pairexchangeswereintroducedbypolymerasechainreactionmuta-
genesis.In general,to guaranteecomparablegrowthconditionsfor the�. �
�� and�. �	����	���
used,andproteinexpressionwasgenerallycarriedout at30ÊC.

Expressionandpurification of recombinantproteins
FdsC,its variants(from plasmidspTHfds02,pNBfds07,pNBfds08,pNBfds09,Table1),FdhD
andits variants(from PlasmidspNB10,pNB11,pNB12,pNB13,Table1) werepurified as
describedbeforefor FdsC[21]. Forco-expressionof �. �	����	��� FDH (FdsGBA+ FdsD)
with FdsC,FdhDor its cysteinevariants,�. �
�� BW25113�ï�
�� cellsweretransformedwith
pTHfds15andeitherpTHfds14pNB14,pNB15pNBfds16or pNBfds17.�. �	����	���
(FdsGBA)2 wasexpressedandpurified asdescribedpreviously[30]. Apo-TorA waspurified
from solubleextractof RK5200straintransformedwith pTorA grownat30ÊC130rpm byNi-

Fig 9. Model for bis-MGD sulfuration and insertion into the target enzymesby involvementof FdsCandFdhD. FdsCandFdhCbind thebis-MGDcofactor
synthesizedby theMocobiosynthesismachineryandprovidethesulfurated bis-MGDfor theFDHsof �. �	����	��� and�. �
��, respectively. Bothchaperonesare
involvedin thesulfurationof bis-MGD.FdhDinteractswith theL-cysteinedesulfuraseIscS.Thecorresponding L-cysteinedesulfurasefor �. �	����	��� hasnot
beenidentifiedto date.FdsCandFdhDarefunctionalhomologuessincethecanreplaceeachotherin thematuration of therespectiveFDH.

https://doi.org/10.1371/journal.pone.0201935.g009
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NTA chromatographyasdescribedpreviously[44,45].Expressionandpurification of IscS
(pSL209),NifS2�ï1±188(pNM54),NifS3(pNM51),andNifS4(pNM20)wereperformedas
describedpreviously[33,46].

Table1. Bacterialstrainsandplasmidsusedin this study.

genotype/characterization refs

plasmids

pNBfdsC04 �
�� C104Ageneclonedinto ��
I/�	�I siteof pTrcHis,AmpR [21]

pNBfdsC05 �
�� C107Ageneclonedinto ��
I/�	�I siteof pTrcHis,AmpR [21]

pNBfdsC06 �
�� C104A/C107Ageneclonedinto ��
I/�	�I siteof pTrcHis,AmpR [21]

pNBfdsC07 �
�� C104Ageneclonedinto �
�I/�	�I siteof pTrcHis,expressingN-terminally tagged
His6-FdsCC104A, AmpR

this
work

pNBfdsC08 �
�� C107Ageneclonedinto �
�I/�	�I siteof pTrcHis,expressingN-terminally tagged
His6-FdsCC107A, AmpR

this
work

pNBfdsC09 �
�� C104A/C107Ageneclonedinto �
�I/�	�I siteof pTrcHis,expressing N-terminally
taggedHis6-FdsCC104A/C107A, AmpR

this
work

pNB10 �
�� geneclonedinto �
�I/�	�I siteof pTrcHis,expressingN-terminally taggedHis6-
FdhD,AmpR

this
work

pNB11 �
�� C121Ageneclonedinto �
�I/�	�I siteof pTrcHis,expressingN-terminally tagged
His6-FdhDC121A, AmpR

this
work

pNB12 �
�� C124Ageneclonedinto �
�I/�	�I siteof pTrcHis,expressingN-terminally tagged
His6-FdhDC124A, AmpR

this
work

pNB13 �
�� C121A/C124Ageneclonedinto �
�I/�	�I siteof pTrcHis,expressing N-terminally
taggedHis6-FdhDC121A/C121A, AmpR

this
work

pNB14 �
�� geneclonedinto ��
I/�	�I siteof pTrcHis,AmpR this
work

pNB15 �
�� C121Ageneclonedinto ��
I/�	�I siteof pTrcHis,AmpR this
work

pNB16 �
�� C124Ageneclonedinto ��
I/�	�I siteof pTrcHis,AmpR this
work

pNB17 �
�� C121A/C124Ageneclonedinto ��
I/�	�I siteof pTrcHis,AmpR this
work

pMN20 ���� geneclonedinto �
�I/!�
I siteof pET28a,KmR [33]

pMN51 ����" geneclonedinto ���I/!�
I siteof pET28a, KmR [33]

pMN54 ����#�ï$%$&&geneclonedinto �
�I/�	�I siteof pET28a,KmR [33]

pSL209 ���� geneclonedinto ��
I/�	'HI sitesof pET15b,AmpR [54]

pTHfds02 �
�� geneclonedinto ���I/�	�I siteof pTrcHis,expressing N-terminally tagged
His6-FdsC,AmpR

[30]

pTHfds14 �
�� geneclonedinto ��
(/�	�I siteof pTrcHis,AmpR this
work

pTHfds15 �
���� genesclonedinto �	�(�)�	�( site(MSCI)and�
�� geneclonedinto �
�()!�
(
(MSCII) siteof pACYC-duet1,co-expressing N-terminally taggedHis6-FdsGBAand
FdsD,CmR

[21]

pTorA �
�� geneclonedinto !�	I/*��
III siteof JF119EH, AmpR [55]

strains

�ï�
��
(DE3)

JW3866-3, �ï�	�	��	�	��+,-, �ï�	�. -&-�::�����"�, ���, ����$, �ï�
��-+&::/	�, �ï���	��
��	��+,&, ��
�+$ �����"�

[43]

�ï�

� JW3865-2, ��, �ï�	�	��	�	��+,-, �ï�	�. -&-�::�����"�, ���, ����$, �ï�

�-+-::/	�, �ï���	��
��	��+,&, ��
�+$ 

[43]

BL21(DE3) ompTgaldcmlon hsdSB(rB- mB-) ��(DE3) Novagen

RK5200 F- araD139�ï(argFlac)U169deoC1flbB5201gyrA219relA1rpsL150non-9ptsF25
chlA200::Mucts�ïmoaA::Km

[56]

https://doi.org/10.1371/journal.pone.0201935.t001
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Interaction studyby sizeexclusionchromatography
20�M IscSwasmixedwith 40�M FdhDor FdsCandincubatedin 100mM potassiumphos-
phatebuffer,pH 8.0for 30min at room temperature.Theproteinswereloadedonto aSuper-
dex200columnequilibratedin thesamebuffer.Proteinswereseparatedataflow rateof 1 mL/
min, andtheelutionprofile wasrecordedat280nm. Theproteinsin theelution fractionswere
separatedby15%SDS-PAGE.

Cofactoranalysis
200�M of purified chaperone(FdsC,FdsC-C104A,FdsC-C107A,FdsC-C104A/C107A,FdhD,
FdhD-C121A,FdhD-C124A,FdhD-C121A/C124A)or 2 �M reconstitutedTMAO reductase
wereincubatedin acidicI2/KI-HCl at room temperatureto releaseandoxidizebis-MGDto its
fluorescentdegradationproductFormA-GMP.FormA-GMP wasseparatedbyaC18
reversed-phasehighpressureliquid chromatographycolumn(4.6x 250-mmHypersilODS,5-
�m particlesize)afterthemethoddescribedpreviously[47]. Metalanalysiswasperformed
usingPerkinElmerLifeSciencesOptima2100DVinductivelycoupledplasmaopticalemission
spectrometerasdescribedearlier[33].

�
 ����� reconstitution of apo-TorA
8 �M apo-TorAwasincubatedwith 50�M FdsC,FdsC-C104A,FdsC-C107A,FdsC-C104A/
C107A,FdhD,FdhD-C121A,FdhD-C124A,or FdhD-C121A/C124Ain 100mM potassium
phosphatebufferfor 2 hoursat room temperatureunderanaerobicconditions.TMAO reduc-
taseactivitywasmeasuredunderanaerobiccondition following theoxidationof reducedben-
zylviologenin thepresenceof 0.1�M TMAO (��NADH = 7,400M-1cm-1) asdescribedby
Kaufmannetal.[35]. Fordetailedanalysisof reconstitutedTMAO-reductasewith FdsCand
FdhD,TorA wasincubatedwith FdsCor FdhDfor 7 hoursat37ÊCandpurified from themix-
turesbygelfiltration on aSuperdex20010/300GLcolumn(GEHealthcare).Thecontaining
TorA werecombinedandusedfor cofactoranalysisandactivitymeasurements.

Enzymeassays
�. �	����	��� (FdsGBA)2 activitywasmeasuredwith 120±300nM enzymein theassayby
recordingtheproductionof NADH at340nm (��NADH = 6,220M-1cm-1) asdescribedprevi-
ously[30].

L-cysteinedesulfuraseactivityof IscS,NifS2�ï1±188,NifS3,andNifS4wasmeasuredby
determinationof therateof sulfideproductionasdescribedpreviously[33,48].1 �M L-cyste-
inedesulfurasewasmixedin a1:2ratio with FdsC,FdhD,andSufEin atotal volumeof 480�l
containing100mM potassiumphosphate,200mM NaCl,10�M pyridoxalphosphate,and1
mM dithiothreitol, pH 8.0.After incubationfor 10min at30ÊC,thereactionswerestoppedby
theadditionof 60�l of 20mM N,N-dimethyl-p-phenylenediaminein 7.2M HCl and60�l of
30mM FeCl3 in 1.2M HCl. After additionalincubationfor 20min at30ÊC,precipitatedpro-
tein wasremovedbycentrifugation,andmethylenebluewasmeasuredat670nm. A standard
curvewasgeneratedusingsodiumsulfidein arangeof 0±25�M.

In-gel staining of FdhO activity
Fordetectionof FdhOactivity,BW25113cells,�ï�
�0 cells,�ï�
�� cellsand�ï�
�� cellscom-
plementedwith plasmidscodingfor FdhDandFdsCaswellasfor their cysteinevariants
(pNB14,pNB15,pNB16,pNB17,pTHfds14,pNBfds04,pNBfds05,pNBfds06)weregrown
anaerobicallyin 55ml LBmediumsupplementedwith 10�M sodiummolybdate,0.2%sodium
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formateand20�M IPTGfor 16hours(startingwith OD600of 0.05).After harvestingcells
wereresuspendedin 1.5ml 50mM potassiumphosphatebuffer,pH 6.8containing1%(v/v)
Triton X-100andweredisruptedbysonication.Celldebriswereremovedbycentrifugation
andtheproteinconcentrationof thesupernatantwasmeasuredby theBCAmethodas
describedby themanufacturer(Micro BCAProteinAssayReagentKit, Pierce).40±60�g of
totalproteinswereseparatedbynon-denaturingPAGEusingTris-Glycinwith 0.1%(v/v) as
running buffer.Detectionof FdhOactivitywasperformedasdescribedusing5 mM sodium
formateassubstrate,1 mM nitrobluetetrazoliumaselectronacceptorand0.5mM phenazine
methosulfateasmediatorin 50mM potassiumphosphate,pH 6.8[49]. Thegelswereincu-
batedin stainingsolutionfor 30min at37ÊCunderaerobicconditions.

Phylogeneticdataanalysis
Amino acidsequencesof 41FdhD-likesequencesfrom varioustaxa(bacteria:actinobacteria,
firmicutes,cyanobacteriaandproteobacteria,andarchaea,Table2) wereextractedfrom
ENSEMBLEandaminoacidsequencealignmentswerecreatedwith Muscle[50]. TheFdhD/

Table2. Protein accession numbersusedfor the phylogenetic tree. NCBI proteinaccessionnumbersfor each
FdhD/fdsC aminoacidsequencein alphabeticalorderof theorganisms.

AccessionNumber Organism

ABR74626 �����
�	������ ������
1����

KAJ33787 �1�
�	������' ��'��	�����

ELT44815 �����
�	���� ����
����
�����

ACO76640 �2
�
�	���� �����	�
��

CAB15688 �	������ ��������

KHS53770 ������	������' ������

AFS79899 ��
����
��' 	��
����� 3	

CAF19235 �
�����	������' 1���	'���'

SCV00736 ����	��
�� ���	�
�

AGW12659 ������
�����
 1�1	�

YP_009800 ������
�����
 ���1	��� ���. *��
���
�
�1�

AIZ53701 ����������	 �
�� 4$"

BAD74746 ��
�	������ /	���
������

ACY12706 *	��	�1��' 
���	���'

ADJ24264 *���
'���
���' 
���������	��

AEB94994 5��	��
���	��	 ������	

AIS30994 5���	�
�	������' �
�'�����'

ABQ86500 5���	�
������	���� �'�����

ABQ87597 5���	�
������	���� �'�����

WP_048064104 5���	�
�
���� '	���	��
��

ABR54454 5���	�
�
���� �	������� ��

ACK84408 5�����
�	������' �6�
�7���� �5+

ACT50427 5�����
�
��� 1���
����
����

CDO44190 5��
�	������' �
���

ACV78244 �	/	'�����	 '�����	����	

ACC79387 �
��
� �������
�'�

BAF60791 8��
�
'	����' ����'
��
��
����'

ABG41355 8���

	����
'
�	� 	��	����	

ABR85479 8���

'
�	� 	���1��
�	

(�
������
 )
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FdsCaminoacidsequenceswereselectedfrom differentorganismsincludingcharacterized
anduncharacterizedFDH proteinsto haveabroadselectionof sequenceswhichwassupposed
to enabletheanalysiswhetherasplitting in thedifferentgroupsof FDHsoccurs[22]. Thetree
wasconstructedusingtheMaximumLikelihoodmethodbasedon theDayhoffmatrix based
model[51]Thetreeisdrawnto scale,with branchlengthsin thesameunitsasthoseof theevo-
lutionarydistancesusedto infer thephylogenetictree.Theevolutionarydistanceswerecom-
putedusingtheDayhoffmatrix basedmethodandarein theunitsof thenumberof amino
acidsubstitutionspersite[52]. Thescalebar indicates0.2substitutionspersite.Numbersnear
branchesindicatethebootstrapproportion for 100replicausingthesamemethod.All posi-
tionscontaininggapsandmissingdatawereeliminated.Therewasatotalof 174positionsin
thefinal dataset.Evolutionaryanalyseswereconductedwith thesoftwareMEGA7[53].
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ETD87413 ��


�	���� �	����	���

OPF94773 ��


����

'
�	� �	�������

ABI70605 ���9	����	 ���1�
�'	���	

AAP18794 ���1���	 ���6����

ADD40018 ��	�/���	�
��	 �	��	������

CAI81841 ��	����
�
���� 	�����

BAG17950 ������
'���� 1������

BAB65040 ����
�
��� �
/

	��

ABK15737 �����
��
�	���� ��'	�
6�
	�� 580�

YP_845333.1 �����
��
�	���� ��'	�
6�
	�� 580�

ACP05777 :����
 ��
���	�

WP_011137999 ;
������	 ������
1����
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