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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 presentin
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

Molybdoenzymesomprisealargegroupof redoxenzymegpresenin all kingdomof life [1].
Generallymolybdoenzymeareclassifiednto threedifferentfamiliesaccordingto theligands
presentatthe molybdenumatom[2], namelythe xanthineoxidasgXO) family, the sulfite oxi-
dasgSO)family anddimethylsulfoxide(DMSO) reductasdéamily. While enzyme®f the XO
and SOfamiliesarepresentn pro- andeukaryotesenzyme®of the DMSOreductasdamily
areexclusivelyresentn prokaryotesThe molybdenumcofactor(Moco) in thesegroup of
enzymess presentin theform of the bis-molybdopteringuaninedinucleotide(bis-MGD)
cofactor[3], generallycoordinatingtwo molybdopteringuaninedinucleotidemoietiesin
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addition to asulfido-/oxo-/ or seleniddigandandanaminoacidligandfrom the protein
which canbeaserine cysteineselenocysteiner aspartatel-urther,the enzymesancontain
additionalcofactorssuchasiron-sulfur (Fe-S)clusterscytochrome®r flavin nucleotidecofac-
tors[4]. Well-characterizeg@xample®f the DMSO reductasdamily includesubfamily
enzymesuchasDMSOreductasegrimethylamine -oxide (TMAO) reductasedprmate
dehydrogenasg§DH) or nitratereductaseéNR) [1]. Thecrystalstructuresof theseenzymes
revealedhatthebis-MGD cofactoris deeplyburiedinsidethe proteins,atthe end of afunnel-
shapedhassaggiving accessnly to the substratd5]. Thelocalizationof the cofactorwithin
theenzymesuggestethat chaperonearerequiredto facilitatetheinsertion of the complex
bis-MGD cofactorinto their activesitesby theinvolvementof afinal folding stepof the target
enzymeafterbis-MGD insertion [6+13].For enzyme®f the DMSOreductasdamily, these
chaperonesrealsoreferredto asredoxenzymematurationproteins(REMPs)14]. In general,
thesechaperonearehighly specificfor their targetenzymd15]. The chaperonefor the
DMSOreductasdéamily enzymesveredividedinto differentsubfamiliesthe NarJ-likechaper-
onesfor nitrate reductaseshe DmsD-like chaperone$or periplasmiddMSOreductaseghe
TorD-like chaperone$or TMAO reductaseghe YcdY-likechaperone$or maturationof the
YcdXproteins,andthe FdhD-like chaperone$or the maturationof severadlistinct FDHs[13,
16£18].

For the FdhD-subfamilywell-characterizedepresentativesomprise FdhD
and FdsC[19+21].FdhDdisplaysan exceptionof the generaproposed
rule thatall molybdochaperonearespecificfor onetargetmolybdoenzymgl14], sincethe
FdhDis essentialor the maturationof all three . FDHs,namelyFdhF,FdoGHI,and
FdnGHI [20]. Thethree . FDH enzymedavein commonthattheir catalyticsubunits
coordinatethe bis-MGD cofactorwith aselenocysteinkgandandasulfido-ligand,andas
additionalcofactora[4Fe-4Sklusterthatis presentn vicinity of the bis-MGD moiety[22,
23].Additional subunitsandthelocalizationof the enzymesvithin the cellvary.FdnGHI and
FdoGHIshowhigh sequencsimilarities,both enzymesretrimersfacingthe periplasmthat
aremembrane-boundsiathel-subunit[24,25]. Theelectronsaretransferredrom the sub-
strateconvertedn the catalyticsubunit(FdnGor FdoG)viathe five Fe-Scluster-containing
subunit(FdnH or FdoH) to the membraneanchoringcytochrome-containingubunit(Fdnl
or Fdol)finally to the quinone-pool[26]. FdnGHI expressiornsinducedin the presencef
nitrate underanaerobiconditions.In contrastFdoGHlI is alsopresentatlow levelsunder
aerobiosisduring fermentativeconditionsand during nitrate respiration[26, 27]. Thethird
FDHin . , FdhFisfacingthecytoplasmandformstheformatehydrogenlyase(FHL)
complextogethemwith the hydrogenase-gncodedy ) [28]. TheFHL complexis
membraneboundand producesH, and CO, underfermentativeconditions[29]. Theexpres-
sionof thegeneisrepressetby the presencef nitrate [29]. Recentlythe role of the specific
chaperond-dhD wasinvestigatedn detailfor FdhFmaturation,andit wasshownthat FdhD
isessentialor theinsertionof the terminal sulfido-ligandpresentat the bis-MGD cofactorof
FdhFin additionto FdnGandFdoGJ[19, 20]. FdhFwasinactivewhenFdhD wasabsenduring
expressionut afterpurification the enzymecould beactivatedoy chemicalkulfuration[20].
For sulfurationof bis-MGD, FdhD specificallyinteractswith the L-cysteinedesulfuraséscSin

[20]. It hasbeensuggestethatIscStransferghe sulfur from L-cysteingo FdhDin form
of apersulfide Thecysteined2land 124locatedin aconservedCXXC motif of FdhDwere
proposedn the studiesby ThomAetal.[20] and Arnoux etal.[19] to beinvolvedin the sulfur
transferprocesgrom IscSto bis-MGD. Cysteingo alaninevariantsin theseresiduesvere
shownto produceaninactiveFdhFenzymeFdhD wasco-crystallizedn complexwith GDP
anddirectbinding of bis-MGD to FdhD wassuggestefil 9], but it hasnot beenprovensofar
thatthe cofactoris boundin anactiveform.
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Previouslythe binding of bis-MGD to the FdhD-like chaperond-dsCfrom .
hasbeeninvestigatedn detail[21]. Using . FdsCassourceof bis-MGD cofactor
in adirectreconstitutionassayit wasshownthatanintactbis-MGD cofactorwasinserted
into . TMAO reductas€TorA) thatreconstitutedl orA activity[21]. In contrastto .

harborsonly oneFDH enzymethatis encodedby the operon
[30] Theenzymewasshownto bestructurallydifferentfrom the . FDH enzymessincea
soluble(FdsGBA) heterodimeris formedthatis locatedin the cytoplasmThe purified
enzymewasshownto beoxygentolerantusingNAD ™ asterminal electronacceptorHowever,
the physiologicalole of this enzymehasnot beencharacterizedio date.Previousstudies
showedhatthe (FdsGBA) enzymeexpresseth the absencef FdsCcontainedabis-MGD
cofactorthatlackedthe terminal sulfidogroup[31,32]. However,n contrastto . FdhD,
thecysteine404and107in FdsC(correspondingo Cys12landCys104n FdhD)werenot
essentialor the productionof anactive . FDH [21].1In . , threeL-cyste-
ine desulfurasearepresentNifS2,NifS3and NifS4[33]. While the specificrole of all three
enzymedasnot beencharacterizedh detailsofar, NifS4wasshownto beinvolvedin the
mobilizationandtransferof sulfurto the Moco presentn . xanthinedehydroge-
nasg33].

In this study,wecomparedherolesof FdhD and FdsCin the maturationof FDH enzymes
andinvestigatedherolesof the conservedysteinesn the conservedCXXC motif in this pro-
cessSinceFdhD and FdsCsharean amino acidsequencsimilarity of 46.3%andanidentity
of 32.4%bpoth chaperonesveresuggestetb befunctionalhomologuesWe showthat FdhD
andFdsChaveacommonrolethatis not only specificto the FDH enzymegpresentn the
respectiverganism FdsCand FdhD canbeinterchangedn structurallyverydistinct FDH
enzymesFurther,wedemonstratehat the cysteinaesiduesn the motif CXXCarenot essen-
tial for the production of activeFDH. Solely FdhD-C121wasrevealedo haveaparticularrole
in stimulatingthe activity of . IscSexclusivelyNo similar effectwasidentifiedfor .

FdsC We suggesthat FdhD-Cys121s assistinghe specifianteractionwith .
IscSandenhanceds L-cysteinadesulfurasectivity. By this process highersulfurationand
transferefficiencyof bis-MGD is obtained which might beonly requiredfor the . system,
since. IscShasnumerousinteractionpartners.

Results

A phylogeneticview of the FdhD family of molecularchaperonedor FDH
enzymes

Analysisof bacterialand archaeajenomesequenceéatain 5 phylaand 33taxonomicfamilies
revealedwidedistribution of homologuego the . FdhD protein (referredto asFdhD
family of chaperonesjFig 1). In bacteridike . , wherethreeFDH enzymesrepresent,
only oneFdhD-homologuéhasbeenidentified. We aligned41 FdhD-like sequencesyhich
presenian overalllevelof identity of about18+34%Fromtheaminoacidsequencalignment,
anunrootedphylogenetidreehasbeenconstructed Fig 1). Overall,the phylogenetidreecan
bedividedinto threegroups.n groupl only -, -and -proteobacteriaFdhDsarepresent,
including the onesfrom . and . . Groupll containsmainly FdhDsfrom Acti-
nobacteriaput alsofrom Cyanobacteriadrchaeaand - or -ProteobacteriaGrouplll con-
tainsalargergroupof archaeaFdhDsin additionto FdhD proteinsfrom Bacilliand
Clostridiaor -, -,and - ProteobacteriaDverall,Firmicutes,Proteobacteriand Actinobac-
teriaareknown to containahighto mediumnumberof respiratorymolybdoenzymef34]
whichis obviousby the distribution of FdhD homologuesn theseorganismsinterestingly, -
Proteobacteriarerepresentedh all threegroups.Many pathogendelongto this clasof
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Fig 1. Phylogenetictree of FdhD-like proteins. Proteinphylogery of FdsC/FdhDhomologusbasedn afull lengthmultiple sequencalignmentby Muscle[50]. The
treewasconstructel usingthe Maximum Likelihoodmethodbasedn the Dayhoffmatrix basednodel[51][57]. Thetreeis drawnto scalewith branchlengthsin the
sameunits asthoseof the evolutionay distancesisedto infer the phylogeretictree. The evolutionarydistancesverecomputedusingthe Dayhoffmatrix basednethod
andarein the units of the numberof aminoacidsubstitutionsper site[52]. The scalebarindicates).2substitutiongper site.Numbersnearbranchesndicatethe bootstrap
proportion for 100replicasusingthe samemethod.The analysisnvolved41aminoacidsequencesll positionscontaininggapsandmissingdatawereeliminated. There
wasatotal of 174positionsin thefinal datasetEvolutionary analysesvereconductedn MEGA7[53]. Domainsandclassesf prokaryoesaremarkedin blue: -
Proteobactea, -Proteobateria, -Proteobactria, -Proteobateria, -Proteobateria. Therearethreemainbranchesgroupl, Il andlll. FdsC/FdhDhomologuesn
groupl andll harborthe conservedCXXC-motif, whichis not presenin grouplil ( A- CC-motif, * - only seconctysteine * - CXXXCXC-motif, E- no cysteine).
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ExistingFDHsarelistedasdescriledin the boxon theleft andbasedn genomicanalyss usingwww.ncbi.nimnih.govor  img.jgi.doe.ge. If alreadydescribedn
literature,the corresponéhg activesitemetal(Mo or W) isdisplayed.

https://da.org/10.1371durnal.pon®201935.g0D

bacteriawhich areknown to harborahigh numberof molybdoenzymesepresenting higher
metabolicflexibility [34]. Thus,awidedistribution of FdhD-like chaperoness found here.To
providemoredetails wealsotried to includethe differenttargetFDH enzymesn the phyloge-
netictree,to analyzeavhetherFdhD hasevolvedogethemwith its protein partner[14]. Here,
wedividedthe FDH enzymesnto membrane-bound-dhF-typedimeric FdhAB-typeand
cytosolicNAD *-dependenfFDHs.Unfortunately,alot of FDHsarenot characterizedo date
sothatour divisionis mainly basedn aminoacidsequencédomologieof characterizedrDH
enzymesTheoveralldistribution revealedhat the FdhD homologuesor NAD*-dependent
FDHsaremainly presentin groupl, while groupll predominantlycontainsFdhDsrequired
for monomericFdhF-typeenzymesGroup il canbedividedinto two subgroupsyhile one
subgroupcontainsmainly FdhD-homologue$or FdhF-typeenzymesthe secondsubgroup
predominantlycontainsFdhD proteinsfor FdhAB-typeFDHs. A previousstudyreportingon
the evolutionof the chaperoneor the DMSO reductasdamily enzymesuggestethatthe
molecularchaperonegvolvedogethemwith its molybdenumpartnerprotein[14]. Howevera
divisioninto FdhDsfor Mo-or W-containingFDHswasnot possibleand FdhD proteinsact-
ing on eitherMo- or W-containing(or both) FDHsaredistributedin all threegroupsof the
phylogenetidreewithout anyobviousdivision.

It hasbeenreportedpreviouslythat FdhD proteinsarecharacterizedby a highly conserved
CXXCmaotif thatis presenion adisorderedoop of theprotein[19]. In . FdhD,thecyste-
ines121and124of this motif havebeenreportedto befunctionallyimportant for the catalytic
sulfurtransferringactivity from IscSfor the formation of a sulfuratedbis-MGD cofactor[20].
However asobviousfrom the datain the phylogenetidree,adetailedanalysiof theamino
acidsequencef the FdhD-like proteinsshowedhatthe CXXC maoitif is not highly conserved.
FdhD proteinscontainingthe CXXC motif aremainly presenin group| andgroupll of the
phylogenetidree.Grouplll, in contrast,containsmainly FdhD sequenceim which either
only the seconccysteineof the motif is conservedwhich havea CC-motif insteador haveno
cysteinesThus,this puzzlingpoint encouragedisto understandhe importanceof the cyste-

inesfor therole of FAhD-like proteinsfrom . and .

Copurification of . FdhD and . FdsCvariantswith bis-
MGD

For . FdhD, it hasbeenreportedthat especiallyhefirst cysteineof the two cysteinesn

the conserved?'CXXC***motif is essentialor its role in transferringthe sulfur from IscSto
thebis-MGD cofactor while Cys124s additionallyrequiredfor the production of anactive
FdhFenzymd?20]. In contrast,it hasbeenshownfor . FdsCthatthe two con-
servedtysteingesiduesarenot essentiafor producinganactivesulfido-containing
(FdsGBA) enzymd?21]. To testwhethertherole of the cysteiness specificfor the . FDH
enzymeswhicharestructurallyandfunctionally differentfrom the soluble .
(FdsGBA) enzymewe constructedsingleanddoublecysteinevariantsof . FdhD
(C121AC124A,C121A/C124Apnd comparedheir characteristicto . FdsC.For
FdsCthe correspondingcysteinevariantswerealreadyavailablg C104A,C107A,
C104A/C107A]J21]. To directly comparetherole of thetwo chaperoneghethreecysteine
variantsof both FdsCand FdhDin addition to the wild-type protein werepurified from an .
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Fig 2. Amino acid sequencalignment of . FdhD and . FdsC.Theaminoacidsequencalignmentwas
generatedisingClustalW.Identicalaminoacidsandsimilaraminoacidsaremarkedwith ablackandagreybox,respectiviy.
Theconservedysteingesidusarelabelledwith red arrows. Thebluebaroverthe alignmentindicatesthe N-terminal domain
(blue),thelinker region(yellow)andthe C-termind domain(green)basedn the structureof FdhD (PDB:4pde)[19].

https://doi.0g/10.1371Hurnal.pon®201935.g002

T strain.An aminoacidsequencalignmentof both proteinsis shownin Fig 2,

highlightingthe position of the cysteinesvithin the protein sequences.

Theproteinswerepurified by Ni-NTA chromatographyandthe CoomassistainedSDS-
gelsshowedhatall eightproteinswerepurified with apurity of morethan 90% Hiss-tagged
FdhD hasamoleculamassof 32.7kDa, while Hisg-tagged-dsChasa molecularmassof 28.6
kDa (Fig 3A and 3B).Sizeexclusionchromatographyonfirmedthat all FdsCand FdhD vari-
antswerepurified asadimerin solution(datanot shown).For FdsCit hasbeenshownbefore
thatthe protein wascopurifiedwith boundbis-MGD cofactorunderour expressiortondi-
tions[21]. To analyzahe bis-MGD contentfor all FdsCand FdhD variants the bis-MGD
cofactorwasextractedrom the respectivgrotein, oxidizedby 1.,/KI overnightatroom tem-
perature andthe obtainedfluorescentlerivativeFormA-GMP wasquantifiedafter separation
on areversed-phasg18HPLC column. Theresultsin Fig 3C showthatall FdsCand FdhD
variantswerecopurifiedwith the bis-MGD cofactor howeverthe bis-MGD contentof the
FdsCwild typeandvariantswasin averageawiceashighin comparisorto the FdhD proteins.
Thebis-MGD binding ability therebywasnot influencedby the cysteindo alanineexchanges
in thevariants.

Reconstitution of TMAO reductaseactivity with bis-MGD provided by
FdsCor FdhD
An assapystenmhasbeenestablishegreviouslyby which thedirectinsertionof the

bis-MGD cofactorboundto FdsCinto apo-TorAcanbemonitored[21]. Veryrecentresults
showedhat TorA is only activewhenthe bis-MGD cofactorcontainsaterminal sulfidogroup

[35]. Thus,the reconstitutionof TorA activity canbeusedto determinethe sulfuration
levelof the bis-MGD cofactorboundto FdhD or FdsC.
Forthe reconstitutionassay3 M of Moco-deficientapo-TorAwereincubated

with 50 M of the FdhD or FdsC-variantsindincubatedfor 2 hoursat 37EQunderanaerobic
conditionswithout anyfurther supplementationsTheresultsin Fig 4 showthatactiveTorA
wasobtainedfor both the FdhD and FdsCvariants Unexpectedlywhile the TorA activity var-
ied around60+80U/mg whenFdsCwild-type or the C104A,C107Aor C104A/C107Avariants
wereusedasbis-MGD source almost2-fold higherTorA activitieswereobtainedwith FdhD
andthevariantsC121A,C124Aor C121A/C124Awith valuesaround130+£15QJ/mg. No clear
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Fig 3. Characterization of cysteinevariants of FdsCand FdhD. FdsCandFdhD andtheir cysteinevariantswere
expressedh . T strainandpurified by Ni-NTA chromatograpy asdescribedor FdsCpreviously[21]. A)
15 g of purified FdsCFdsC-CD4A,FdsC-C1074ndFdsC-C1042107Awereseparatedhy SDS-PAGEB) 15 g of
purified FdhD,FdhD-C121AFdhD-C124Aand FdhD-C121/C124Avereseparatethy SDS-PAGEC) 200+300M of
proteinwastreatedwith 1,/KI-HCI to isolateForm A-GMP asdescribegreviously{47]. Form A-GMP wasseparated
by HPLC.Thecorresponihg peakareawasnormalizedfor protein concentraion. Theresultsrepresenthemean
valuedrom threeindependethmeasurerants( S.D.).

https://abi.org/10.1371durnal.por.0201935.408

differencesn activity wereobtainedbetweerF-dsCandthe cysteinesubstitutionvariantsor
FdhD andthe cysteinesubstitutionvariants.

Sincetheresultsin Fig3Cshowedhatoverall,FdhDandthe C121A,C124Aor C121A/
C124Avariantswereloadedwith lowerlevelsof bis-MGD, wecomparedhe bis-MGD content
of thereconstitutedT orA proteinsusingFdhD or FdsCproteins.We analyzednly the bis-
MGD loadingof TorA afterreconstitutionusingFdsCand FdhD wild-type proteins,sincethe
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Fig 4. Reconstitution of . apo-TMAO reductaseusing FdsCor FdhD asbis-MGD source 50 M of each
purified chaperonevariantwasincubatedwith apo-TMAOreductas€8 M) to reconstiute enzymeactivity.After 2
hoursTMAO reductasectivitywasmeasued underanaerobiconditionsfollowing the oxidation of reducedbenzyl
viologenat600nm in thepresencef 0.1 M TMAO. Kinetic Dataaremeanvaluedrom threeindependenh
measurerents( S.D.).

https://abi.org/10.1371durnal.por.0201935.d04

analysigequiresalot of sourceTorA proteinfor bis-MGD quantificationanddifferencesvere
not expectedetweerthe wild-typeandthe cysteinevariantsaccordingto Fig 3. FdsC-recon-
stitutedTorA containedabouttwo-timesthe amountof bis-MGDin comparisorto FdhD-
reconstitutedlorA (Fig 5A). However whenthe obtainedspecificTMAO reductasectivities
from Fig 4 of FdsCand FdhD wild-type wererelatedto their bis-MGD levelqdetectedasFor-
mA-GMP), it becamebviousthat about5-fold higherrelativeTorA activityin relationto bis-
MGD boundto the protein wasobtainedwith FdhD in comparisorto FdsC.Sinceboth pro-
teinsbind the bis-MGD cofactor the differencesn activity canonly beexplainedoy adifferent
saturationlevelof the sulfido-ligandat the molybdenumatom.In arecentreportby Kaufmann
etal.[35], it wasshownthat the presenc®f aterminal sulfido-ligandat the activesiteof TorA
contributedto a20-foldincreasedr orA activity.In contrastenzymepreparationsontaining
anoxo-ligandinsteadweremainly inactive.Thereforejt hasto beconcludedhatthe bis-
MGD cofactoron FdhDis more saturatedvith the sulfido-ligandthanthe cofactorpresenton
FdsCwhich of coursecanonly bequalitativelyspeculatedrom this assay.

Influence of FdhD and FdsCvariants on the maturation of FDH enzymes
from different classes

Sofar, theresultsshowedhatthe cysteinesubstitutionsn eitherFdsCor FdhD did not influ-
encethe bis-MGD binding ability or transferof the cofactorto TorA. For . FdhD,how-
ever it hasbeenreportedbeforethat Cys12land Cysl24areessentialor the productionof an
activeFdhFenzymg20]. In contrastfor the correspondingC104Aand C107Asubstitution
variantsof . FdsC o effecton (FdsGBA) activitywasreported,usingaheterolo-
gousexpressiorsystemn . [21]. To differentiatewhetherthe observedlifferencesn the
role of thecysteingesidues basedn differencesn the chaperoner thetypeof FDH enzyme
usedweanalyzedhe effectof . FdhDon . (FdsGBA) activityandof .
FdsCon . (FdoGHI); activity.
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Fig 5. Characterization of . apo-TMAO reductasereconstitutedwith FdsCor FdhD. For thereconstituton of
enzymeactivity,50 M of eachFdhD,FdsCor their variantswasincubatel with apo-TMAO reductas€8 M) in a
total volumeof 8 ml. After 7 hours,the samplesvereconcentrate to 500 | beforesizeexclusionchromatograpy.
Theresultsrepresenthe meanvaluedrom threeindeperdentmeasuements( S.D.). A) Relative=orm A-GMP
content(MGD in LU spermg TMAO reductasgof3 M TMAO reductasevasanalyzedyHPLC.B) Activity of the
fraction containng TMAO reductasevasmeasuredinderanaerobiconditionsfollowing the oxidationof reduced
benzylviologenat600nm in thepresencef 0.1 M TMAO. TMAO reductasectivitywasnormalizedfor the MGD
content.

https://abi.org/10.1371durnal.por.0201935.906

Fig 6 showsheresultson . (FdsGBA) activity aftercoexpressiomwith .

FdhD wild-typeor the cysteinevariantsin an . T deletionstrain. Theresultsshow
thatactive . (FdsGBA) enzymesvereobtained showingthat . FdhDcan
replace=dsCin its function. Surprisingly the FDH activitywaseven2.6-foldhigherwith
FdhDwild-typein comparisonto FdsCwild-type.Whenthe cysteinevariantsC121A,C124A
or thedoublevariantC121A/C124/0f FdhD werecoexpressethstead a 1.4timeslower
activitywasobtainedin comparisorto FdhD wild-type,showingthat the cysteinesubstitu-
tionsindeedhavean effecton therole of FdhD for the maturationof (FdsGBA). However,
theresultsshowthat FdhD-C121or FdhD-C124arenot essentialor the maturationof the .

enzymesinceFDH activitywasobtained Rather the presencef both cysteines
wasrequiredto obtainthe highest-DH activity.

For comparisontherolesof the cysteinesn FdhD wereadditionallyanalyzedor .
(FdoGHI); activity. Here,wemadeuseof anin-gel activity assayhat directly detectghe activ-
ity of (FdoGHI); afterseparatiorin nativegels.To suppresshe activity of (FAnGHI), cells
weregrownwith 0.2%sodiumformatein the absencef nitrate. The gelwasincubatedat 37EC
underaerobicconditionswith astainingsolutioncontainingsodiumformate,NBT andPMS.
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Fig 6. Influence of FdsCand FdhD on FDH activity. A) . (FdsGBA) wasexpressdin i strainin
thepresencef FAhDWT (pNB14),FdhD-C121ApNB15),FdhD-C124A(pNB16),FdhD-C121A/C124ApNB17)or
FdsCWT (pTHfds03)andpurified by Ni-NTA affinity chromatograpy asdescribecpreviously{21]. .

(FdsGBA) activitywasdetectedhotometricallyby theincreasen NADH recordedat 340nm and1 U/mg is defined
asthereductionof 1 mol NAD*/min/m g of enzymeatroom temperatire. Kinetic Dataaremeanvaluesrom three
indeperdentmeaswements( S.D.). Theenzymeexpresseth theabsencef FdsCor FdhD wasnot active(datanot
shown) asreportedpreviously{21]. B) 55ml culturesof eachstrainweregrownanaerobicallyt 37EJor 16hoursin
LB mediain thepresencef20 M IPTG,10 M sodiummolybdateandantibioticasneededEquivalenamounts
(40£609) of Triton-X100treatedcrudeextractavereappliedto eachaneandseparatethy non-denatuing PAGE.
Thegelswerestainedwith 1 mM NBT,0.5mM PMSand50mM formatein 50mM potassiunphosphag,pH 6.8.
Lanedrom leftto right: BW251B,7 , i , +pFdhD:i deficientstraincomplematedwith plasmid
pNB14+pFdhD-C121A:i deficientstraincomplemenedwith plasmidpNB15,+pFdhD-CR4A: i
deficientstraincomplementedvith plasmidpNB16,+pFdhD-C12A/C124A:1 deficientstraincomplemated
with plasmidpNB15,+pFdsC:i deficientstraincomplementedwith plasmidpTHfds14 +pFdsC-C18A: i
deficientstraincomplementedvith plasmidpNBfds04;+pFdsC-C10A: i deficientstraincomplematedwith
plasmidpNBfds05+pFdsGC104A/C1TA: T deficientstraincomplematedwith plasmd pNBfds®.

https://i.org/10.1371durnal.por.0201935.406

The (FdoGHI); activity obtainedafterexpressiorof FdhD wild-typeor the C121A,C124A,
C121A/Cl124Avariantsin an . T strainshowedhat the highestactivity wasobtained
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with the FdhD wild-type protein (Fig 6A). In contradictionto previousreports,weobtained
an (FdoGHlI); activitywhenthe FdhD variantsC121A,C124Aor the doublevariantC121A/
C124Awereused[19,20]. While thein-gel activitiesof the FdhD-C124Aandthe
FdhD-C121A/C124Aariantswerecomparablethe FdhD-C121Avariantshowedaslightly
reducedactivity (Fig 5A). However sincethe FdhD-C121A/C1214/Moublevariantwasactive,
theresultsshowthat Cys121is not essentialor FdoGHI activity.

In contrastto FdhD,the cysteinevariantsof . FdsC,C104A,C107Aandthe
doublevariantC104A/C107Ashowedho differenceon FdoGHI activityin comparisorto
FdsCwild-type (Fig 6B).Additionally, thein-gel activitieswereoverallcomparabldo the
FdhD cysteinevariants. Theseresultsrevealhat differencesn the maturationof FdoGHI exist
betweerFdsCand FdhD wild-type proteins.However whenthe cysteinesn FdhD were
substitutedthe maturationefficiencyof the FdhD variantswascomparabléo FdsC.This
impliesthatthe cysteinesn FdhD havearolethatis specificto the FdhD protein.

Influence of FAhD and FdsCon the L-cysteinedesulfuraseactivity of .
IscS

Theresultsshownaboveindicatedthat the enhanced FdoGHI); activity by FdhD wild-
typein comparisornto its cysteinevariantsmight bebasedn an enhancingeffectof FdhD
ontheL-cysteinedesulfurasectivity of IscS.IscSwasshownbeforeto providethe sulfur
for theformation of the sulfidoligandon the bis-MGD cofactor.lt hasbeenreportedpre-
viouslythat FdhD stimulateshe activity of IscSwhile this stimulatingeffectwaslostin
the FdhD-C121AsingleandFdhD-C121A/C124Adoublevariants[19, 20]. We wereable
to reproducetheseresults(Fig 7A), howeverwhenwetestedhhe effectof .
FdsCon IscSactivity,wedid not observea stimulatingeffect(Fig 7A). Further,wetested
the effectof both FdhD and FdsCon the L-cysteinedesulfuraseroteinspresentn .
containsthethreeL-cysteinedesulfuraseslifS2,NifS3andNifS4as
house keepmg cysteinedesulfurasesyhile afourth one,NifS,wasshownto bespecific
for nitrogenasd33]. Theresultsin Fig 7B showthatneitherFdhD nor FdsCcould stimu-

latetheL-cysteinedesulfuraseactivity of anyof thethree . L-cysteinedesul-
furaseNifS2,NifS3or NifS4.A truncatedversionof Nfs2wasused sincethe full-length
proteinwasshownto beunstablg33]. As positivecontrol, weusedthe . SufkE

protein,the physiologicapartnerof NifS4that wasableto stimulatethe activity of NifS4
but not of the otherL-cysteinedesulfurasesl heresultsimply that FdhD-C121is specifi-
callyrequiredfor stimulatingthe activity of . IscS.

Interaction of FdhD and FdsCwith L-cysteinedesulfurases

It hasbeenreportedpreviouslythat FdhD formsacomplexwith IscSthat canbecopurified
[19,20]. To analyzevhetherthe FdhD-C121A/C124Aarianteffectghe interactionwith IscS,
weperformedanalyticalsizeexclusionchromatographyFor comparisonwealsoanalyzedhe
complexformation of IscSwith FdsCandthe FdsC-C104A/C107 Aariant.
Thechaperone&dhD or FdsCwereincubatedwith IscSand complexformation wasana-
lyzedafterseparatioron a Superdex00column.WhenacomplexbetweeriscSandoneof
the chaperoness formed,the complexelutesmorerapidly from the sizeexclusioncolumndue
toitsincreasen moleculamassA 1:1complexbetweerthelscSdimerand FdhDis expected,
asreportedpreviously[19,20]. Theresultsin Fig 8A showthat FdhD andIscSreadilyformed
acomplexthat co-elutedat 11 ml afterseparatioron a Superdex00column. The peakfrac-
tions eluting 10+12ml wereseparatedby SDS-PAGENd showedhe presencef both pro-
teins,confirming the formation of a protein-complexThe complexformation wasnot
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Fig 7. Influence of FdsCand FdhD on L-cysteinedesulfuraseactivity. L-cysteinedesulfuraeactivity wasmeasuredy determinaton of total sulfide
produced48].A) 1 M IscSfrom . wasmixedwith either2 M FdhD/FdhDvariantsor FdsC/Fd€ variantsandincubatel for 10min in the presence
of 1 mM L-cysteineat 30ECTheactivity of IscSalonewassetto 1. B) L-cysteinadesulfuraséscS(1 M) from . or NifS4,NifS3andNifS2- i1+18&rom

(2 M) weremixedin a1:2ratio with FdsC FdhD or SufE respectivelandincubatedfor 10min in the presencef 1 mM L-cysteineat 30EC.
Thefold induction of IscSNifS4,NifS3or NifS2- i1+188ctivity by incubaton with FdsCFdhD or SufEis relativeto the activity of theL-cysteine
desulfurasalone respectivelyKinetic Dataaremeanvaluesrom threeindependetmeasurerants( S.D.).

https://da.org/10.137 1§urnal.pong201935.g0D
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Fig 8. Interaction of FdhD with IscS.Complexformationof (A) 40 M FdhD+ 20 M IscS(B)40 M FdhD-C121AC124A+20 M IscS{C)40 M FdsC+20 M IscS
and(D) 40 M FdsC-CD4A/C107A+20 M IscSwereanalyzedy sizeexclusionchromatagraphyon a Superdexncrease200column (GE Healthcareequilibraedin
100mM potassiim phosphatéuffer,pH 8.0,100mM NaCl,10mM -mercatoethanol Theelution of proteinswasfollowedat 280nm. Indicatedfractionsin arangeof
10.5+15.5nl (0.5ml fractions) wereanalyzedor their protein contentby 15%SDS PASE.

https://da.org/10.1371durnal.pon®201935.g08

impairedwhenusingthe FdhD-C121A/C124Avariantshowingthatthe two cysteinesrenot
essentialor complexformation, sinceacomparableslution volumeof 11 ml wasobtained
(Fig 8B).In contrast,no complexformation wasdeterminedbetweerlscSand FdsCor the
FdsC-C104A/C107Aariant(Fig 8Cand8D), asobviousfrom the elution profile andthe cor-
respondingractionsseparatedy SDS-PAGEsinceno peakwith adifferentelutiontime was
obtainedaftercoincubationof the proteins.Theresultsthereforereveathat FdhD forms com-
plexwith IscSthat canbecopurified,in contrastto FdsC whereno stablecomplexwith IscS
wasformed.
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Discussion

FdhD-like chaperonearefoundin avastnumberof prokaryotesTheyareoftenencodedn

the sameoperontogetherwith the structuralgenedor FDH enzyme®r in vicinity to genes

involvedin Moco biosynthesi$22]. Sofar, the bestcharacterizegdhaperoneareFdhD from
andFdsCfrom . [19£21].

Here,weaddressethe questionsvhetherFdsCfrom . andFdhDfrom .
arefunctionalhomologues@nd haveexchangeablmles.Both chaperonesreessentiafor
their corresponding-DH enzyme(s)but sofar, their exchangeablmleshavenot beeninvesti-
gatedin detail. Thecrystalstructureof dimeric . FdhDin complexwith GDPshowedwo
symmetricabinding sitesfor nucleotidecomingfrom thearmin the N-terminal domain of
onemonomerandfrom the C-terminaldomainof the adjacenmonomer(Fig 2) [19]. Based
on the GDPbinding sitesthe bis-MGD binding sitewasmodeledon FdhD [19].

In this study,we comparedhe copurificationof the chaperonesvith boundbis-MGD
directly. We concludedhatthe bis-MGD cofactorboundto FdhDis presentin aform with a
highersaturationof the terminal sulfido-ligand.This wasconfirmedby a higheractivity of
TorA obtainedafterreconstitutionwith the cofactorboundto FdhDin comparisorto FdsC.
Recenthjt wasshownthat TorA containsaterminal sulfidoligandatthe molybdenumatom
thatis essentiafor obtainingafully activeenzymg35]. Thus,our conclusionsseentfeasible,
sincethe higheractivity wasnot basedn abettertransferof the bis-MGD cofactorfrom
FdhDto TorA.

Wefurther investigatedhe rolesof the cysteinesn the conservedCXXC motif presentn
groupsl andll of FdhD-like chaperonesThis motif is not presenir is modifiedin enzymes
of grouplll (Fig1). We showedhatthe cysteineslid not impactthe copurificationof FdhD
or FdsCwith bis-MGD (Fig 3). However both cysteine®f FdhD hadanimpacton the activity
of either . (FdoGHI)sor . (FdsGBA) (Fig6).For . FdsC,in con-
trast,no differencein FDH activitywasobservedvhenthe cysteinevariantswereusedfor the
maturationof either . (FdoGHI) or . (FdsGBA) (Fig6Bandreferencd21]).
Sinceno differencesn bis-MGD transferto arecipientprotein wasobtainedbetweerthe
FdhD-like chaperoneandits cysteinevariants(Fig 4), weinvestigatedhe interactionand sul-
fur transferasactivity with IscStheinteractionpartnerprotein from which the sulfuratom
for bis-MGD sulfurationis obtained.

While FdhD wild-type wasableto enhancehe L-cysteinedesulfuraseactivity of IscS this
effectwasabsenin the cysteinesubstitutionvariants(Fig 7) [20]. Further,this stimulating
effectis an exclusivecharacteristidor FdhDwith its partnerprotein IscS sinceFdhDwas
unableto stimulatethe L-cysteinedesulfuraseactivity of the threeL-cysteinedesulfurasepres-
entin . . Moreover the . FdsCchaperonaloesnot providethis stimu-
lating effectneitherwith the L-cysteinedesulfurasefom its own organismnor with the IscS
proteinfrom . . StudiesntheinteractionsbetweerFdhD and FdsCandthedifferentL-
cysteinedesulfurasesevealedhat FdhD andIscSform tight complexthat canbe copurified
(Fig8).Cys121n . FdhD seemdo haveanadditionalexceptionatolein enhancinghe
L-cysteinedesulfuraseactivity exclusivelyof IscS This role might beespeciallyequiredfor the

IscSprotein, for whichnumerousinteractionpartnershavebeenidentified. IscSwas
additionallyshownto interactwith anumberof acceptomproteinsfor deliveryof sulfurinclud-
ing theinvolvementof  IscU,CyaY,FdxandlIscXfor Fe-Sclusterformation,  TusAfor
eitherthe (c)mnm>s°U34 modificationsof tRNA or the biosynthesi®f Moco,and Thil
for the synthesi®f thiamineor the s'U8 modification of tRNA [36, 37]. Differentbinding sites
for someof thesemoleculesveremapped38], ensuringeitherthe simultaneousinding or a
competitivebinding on overlappingbinding sites While the binding siteof FdhD on IscShas
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not beenmappedsofar, the stimulatingeffecton the activity of IscSmight ensurethat the sul-
fur is shuttledin the direction of bis-MGD sulfurationafterbinding of FdhD. It is possiblehat
the stimulationof the L-cysteinedesulfurasactivity of IscSis triggeredby aspecifidnteraction
with the disorderedoop atthe activesiteof Isc§39]. This hasto beinvestigatedn detailin
future studies, . . by solvingthe co-crystaktructureof IscSwith FdhD. Thereasorwhy other
FdhD-like chaperoneslo not comprisethe enhancingeffecton the L-cysteinedesulfurase
activity might bebasedn differencesn theinteractionsite.As shownfor . FdsC
in this study,theinteractionbetweerboth enzymess weakersinceprotein complexesvere
not copurified (Fog8). However sincethe bis-MGD cofactoron FdsCwasidentifiedto be
presenin its sulfuretedform, . IscSis ableto deliverthe sulfurto FDsC.Sincein .

threeL-cysteinadesulfurasearepresentwhichin total might havealowernumberof
interactingproteins[33], amoretransientinteractionmight besufficientto shuttlethe sulfur
directlyin thedirection of bis-MGD sulfuration.Sincethe specificrolesof the threeL-cysteine
desulfurasebavenot beencharacterizedh . sofar, this assumptioris of course
speculativeln the organismsan whichthe CXXC maotif is completelyabsenin the FdhD-like
chaperonethe sulfurtransferpathwayandthe involvementof the corresponding -cysteine
desulfurasenight differ. In organismdike , humerous.-cysteinedesulfurases
wereidentified with aspecificrole for the synthesiof one sulfur-containingmolecule
[40]. Sincetheseproteinsareconsequentlyot involvedfor sulfurtransferto severahccep-
tor proteinsandarespecificfor oneparticularpathway|41], the modeofinteractionand
theinvolvementof anadditionalcysteineon FdhD might serveadifferentrole. Thus,for
eachorganismtheinteractionof the FdhD-like chaperonewith its partnerL-cysteinedesul-
furaseneeddo beinvestigatedn detail.Unfortunately,sofarin manyorganismghe
FdhD-likeenzymethe partnerFDH enzymesndthe corresponding.-cysteinedesul-
furasesarelargelyuncharacterized.

In total, weconcludethatthe chaperone$dsCand FdhD haveexchangeablmles.
BothFdsCandFdhD cansubstituteeachotherin the maturationof the FDH partner
enzyme(s)Fig9). Thiswasnot expectedsinceit hasbeensuggesteteforethatthe sys-
tem-specifichaperoneoevolvedvith its correspondingpartnermolybdoenzyme..
FdhD wasshownbeforeto bethe chaperondor all three . FDH enzymesFdhF,
(FAnGHI)3; and (FdoGHI)3 [20]. Thecrystalstructuresof FdhFand (FAnGHI); were
solvedandrevealedo behighlyidentical[28,42]. Thecrystalstructureof .

(FdsGBA}is not availablesofar. From aminoacidsequencalignmentshowever jt
becomeglearthatthe bis-MGD binding domain of FdsAis highly conservecand might
provideasimilarfold asthe . enzymesDueto the high conservatiorof the bis-MGD
containingdomainof all FDH enzyme$oth FdhD and FdsCareexpectedo bind to a
commonmotif presentin all FDH enzymeswhichthen providesthe basisof the
exchangeablmlesof both chaperonesThespecifichinding siteof the FdhD-like chaper-
oneon its FDH targetenzymein addition to the mechanisnof bis-MGD insertionneeds
to beclarifiedin moredetailin future studies.

Materials and methods

Bacterialstrains, plasmids,mediaand growth conditions

Bacteriaktrains plasmidsand primersarelistedin Tablel. . BW25113i cellswere
obtainedfrom the Keio collection[43]. Cellsweregrown at 30EQunderanaerobiconditions
in LB mediumcontainingl mM molybdate20 M isopropyl -D-1-thiogalactopyranoside
(IPTG), 150 g/mL ampicillin for 24 h. For site-directednutagenesiand constructionof the
FdhDvariantsC121A,C124AandC121A/C124Athe expressiovectorpNB10[21] wasused
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Fig 9. Model for bis-MGD sulfuration andinsertion into the targetenzymes by involvementof FdsCand FdhD. FdsCand FdhCbind the bis-MGD cofacta
synthesizethy the Moco biosyntresismachineryand providethe sulfuratel bis-MGD for the FDHsof . and . , respectivly. Bothchaperonesre
involvedin the sulfurationof bis-MGD. FdhDinteractswith the L-cysteinedesulfuraséscS Thecorresponihg L-cysteinedesulfurasfor . hasnot
beenidentifiedto date.FdsCand FdhD arefunctional homologus sincethe canreplacesachotherin the maturation of the respectivé-DH.

https://cbi.org/10.1371durnal.por.0201935.¢09

asatemplateandbase-paiexchangewereintroducedby polymerasehainreactionmuta-
genesisin generalfo guaranteeomparableyrowth conditionsfor the . and .
used andprotein expressiomwasgenerallycarriedout at 30EC.

Expressionand purification of recombinantproteins

FdsCits variants(from plasmidspTHfds02 pNBfds07 pNBfds08 pNBfds09,Tablel), FdhD
andits variants(from PlasmidpNB10,0,NB11,pNB12 pNB13,Tablel) werepurified as
describedeforefor FdsC[21]. For co-expressionf . FDH (FdsGBA+ FdsD)
with FdsC FdhD or its cysteinevariants, . BW25113i cellsweretransformedwith
pTHfds15andeitherpTHfds14pNB14,pNB15pNBfdsl6or pNBfdsl7..

(FdsGBA) wasexpressednd purified asdescribedreviously{30]. Apo-TorA waspurified
from solubleextractof RK5200straintransformedwith pTorA grown at 30ECL30rpm by Ni-
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Tablel. Bacterialstrainsand plasmidsusedin this study.

genotype/ctaracterization refs
plasmids
pNBfdsC@ C104Ageneclonedinto I/ | siteof pTrcHis, AmpR [21]
pNBfdsC® C107Ageneclonedinto I/ | siteof pTrcHis, AmpR [21]
pNBfdsC® C104A/C107Ayaneclonedinto I/ | siteof pTrcHis, AmpR [21]
pNBfdsCT C10%Ageneclonedinto I/ | siteof pTrcHis, expressig N-terminally tagged this
Hise.FdsC10%4 AmpR work
pNBfdsC® C07Ageneclonedinto I/ | siteof pTrcHis, expressig N-terminally tagged this
Hise.FdsC1074 AmpR work
pNBfdsC® C104AIC107Ayanecionedinto I/ | siteof pTrcHis, expressig N-terminally this
taggedHise FdsCLO4VC107A AmpR work
pNB10 geneclonedinto I/ 1 siteof pTrcHis, expressingN-terminally taggedHisg- this
FdhD,AmpR work
pNB11 C12Ageneclonedinto I/ | siteof pTrcHis, expressig N-terminally tagged this
Hise-FdhD®*2A AmpR work
pNB12 C124Ageneclonedinto I/ | siteof pTrcHis, expressig N-terminally tagged this
Hise-FdhD®2#%, AmpR work
pNB13 C121A/C124  aneclonedinto I/ | siteof pTrcHis, expressig N-terminally this
taggecHiss-FdhDC12IAC12IA AmpR work
pNB14 geneclonedinto I/ | siteof pTrcHis, AmpR this
work
pNB15 C121Ageneclonedinto I/ | siteof pTrcHis, AmpR this
work
pNB16 C124Ageneclonedinto I/ |  siteof pTrcHis, AmpR this
work
pNB17 C121A/C124 aneclonedinto I/ | siteof pTrcHis, AmpR this
work
pMN20 geneclonedinto  I/! | siteof pET28aKmR [33]
pMN51 " geneclonedinto I/! | siteof pET28aKmR [33]
pMN54 #is%3$&&geneclonedinto I/ | siteof pET28aKmR [33]
pSL209 geneclonedinto I/ 'HI sitesof pET15b Amp® [54]
pTHfds@ geneclonedinto I/ 1 siteof pTrcHis, expressig N-terminally tagged [30]
Hisg.FdsC AmpR
pTHfds14 geneclonedinto (/ |  siteof pTrcHis, AmpR this
work
pTHfds15 gene<lonedinto () ( site(MSCl)and geneclonedinto  ()! ( [21]
(MSCII) siteof pACYC-duel, co-expressig N-terminally taggeHiss-FdsGBAand
FdsD,Cm"®
pTorA geneclonedinto ! 1/* 11l siteof JF119EHAmpR [55]
strains
i JW38663, i +,-, T.-& o ", , 08 0 &, i [43]
(DE3) +,&, +$ "
) JW38652, , i1 +,-, TL-& ", A A T [43]
+,&, +$
BL21(DE3) | ompT galdcmlon hsdSB(rBmB-) (DE3) Novagen
RK5200 F-araD139 iargFlac)U169deoC1flbB521gyrA219relAlrpsL150non-9 ptsF25 [56]

chlA200:Mucts imoaA::Km
https://abi.org/10.1371djurnal.por.0201935.t00

NTA chromatographysdescribedpreviously{44,45]. Expressiorand purification of IscS
(pSL209)NifS2 11+188pNM54), NifS3(pNM51), and NifS4(pNM20) wereperformedas
describedpreviously[33,46].
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Interaction study by sizeexclusionchromatography

20 M IscSwasmixedwith 40 M FdhD or FdsCandincubatedin 100mM potassiunphos-
phatebuffer,pH 8.0for 30min atroom temperatureThe proteinswereloadedonto a Super-
dex200columnequilibratedin the samebuffer. Proteinswereseparateet aflow rateof 1 mL/
min, andthe elution profile wasrecordedat 280nm. Theproteinsin the elution fractionswere
separatedby 15%SDS-PAGE.

Cofactoranalysis

200 M of purified chaperongFdsC FdsC-C104AFdsC-C107AFdsC-C104A/C107A;dhD,
FdhD-C121AFdhD-C124AFdhD-C121A/C124Apr 2 M reconstitutedTMAOQO reductase
wereincubatedn acidicl /KI-HCI atroom temperaturdo releasendoxidizebis-MGD to its
fluorescentegradatiorproduct FormA-GMP.Form A-GMP wasseparatethy aC18
reversed-phadeigh pressurdiquid chromatographyolumn (4.6x 250-mmHypersilODS,5-
m particlesize)afterthe methoddescribedreviously{47]. Metalanalysisvasperformed
usingPerkinElmerLife Science®ptima2100DVinductivelycoupledplasmaopticalemission
spectrometeasdescribecdearlier[33].

reconstitution of apo-TorA

8 M apo-TorAwasincubatedwith 50 M FdsCFdsC-C104AFdsC-C107AFdsC-C104A/
C107A,FdhD,FdhD-C121AFdhD-C124Ap0r FdhD-C121A/C124An 100mM potassium
phosphatéufferfor 2 hoursatroom temperaturaunderanaerobiaonditions.TMAO reduc-
taseactivity wasmeasuredinderanaerobicondition following the oxidation of reducedben-
zylviologenin thepresencef0.1 M TMAO ( napn = 7,400M “cm™) asdescribedy
Kaufmannetal.[35]. For detailedanalysiof reconstitutedTMAO-reductasevith FdsCand
FdhD, TorA wasincubatedwith FdsCor FdhD for 7 hoursat 37ECand purified from the mix-
turesby gelfiltration on a Superdex20010/300GLcolumn (GEHealthcare)The containing
TorA werecombinedandusedfor cofactoranalysisandactivity measurements.

Enzymeassays

. (FdsGBA}) activitywasmeasuredvith 120+300WM enzymedn the assaypy
recordingthe productionof NADH at340nm ( napn = 6,220M cm™®) asdescribegrevi-
ously[30].

L-cysteinedesulfuraseactivity of IscS NifS2 i1+188NifS3,and NifS4wasmeasuredy
determinationof therateof sulfideproductionasdescribedreviously33,48].1 M L-cyste-
ine desulfurasevasmixedin al:2ratio with FdsC FdhD,and SufEin atotal volumeof 480 |
containing100mM potassiunphosphate200mM NaCl,10 M pyridoxalphosphateand 1
mM dithiothreitol, pH 8.0.After incubationfor 10min at30ECthereactionsverestoppecdby
theadditionof 60 | of 20mM N,N-dimethyl-p-phenyénediaminan 7.2M HCl and60 | of
30mM FeClin 1.2M HCI. After additionalincubationfor 20min at 30ECprecipitatedpro-
tein wasremovedby centrifugation,and methylenebluewasmeasurecgt670nm. A standard
curvewasgeneratedisingsodiumsulfidein arangeof 0£25 M.

In-gel staining of FAhO activity

For detectionof FdhOactivity,BW2511%ells,i 0 cells,T cellsand 1 cellscom-
plementedwith plasmidscodingfor FdhD and FdsCaswell asfor their cysteinevariants
(pPNB14,pNB15,pNB16,pNB17,pTHfds14,pNBfds04pNBfdsO5pNBfds06)weregrown
anaerobicallyn 55ml LB mediumsupplementedvith 10 M sodiummolybdate 0.2%sodium
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formateand20 M IPTG for 16hours(startingwith ODggo0f 0.05).After harvesting:ells
wereresuspendeth 1.5ml 50mM potassiunphosphatéuffer,pH 6.8containing1%(v/v)
Triton X-100andweredisruptedby sonication.Celldebriswereremovedby centrifugation
andthe protein concentrationof the supernatantvasmeasuredy the BCAmethodas
describedy the manufacturefMicro BCA Protein AssayReagenKit, Pierce)40£60g of
total proteinswereseparatedby non-denaturingPAGEusing Tris-Glycinwith 0.1%(v/v) as
running buffer.Detectionof FdhOactivitywasperformedasdescribedising5 mM sodium
formateassubstratel mM nitroblue tetrazoliumaselectronacceptoand0.5mM phenazine
methosulfateasmediatorin 50mM potassiunphosphatepH 6.8[49]. The gelswereincu-
batedin stainingsolutionfor 30min at37EQunderaerobicconditions.

Phylogeneticdataanalysis

Amino acidsequencesf 41FdhD-like sequenceom varioustaxa(bacteriaactinobacteria,
firmicutes,cyanobacteriand proteobacteriaandarchaeal able2) wereextractedrom
ENSEMBLEandaminoacidsequencalignmentsverecreatedwvith Muscle[50]. The FdhD/

Table2. Protein accessin numbersusedfor the phylogenetc tree. NCBI protein accessionumbersfor each
FdhD/fd$C aminoacidsequencé alphabeticabrder of the organisms.

AccessiorNumber Organism

ABR74626 1

KAJ3378 1

ELT44815

ACO76690 2

CAB15688

KHS5370

AFS7989 ' 3

CAF19235 ' 1 '

SCV0036

AGW1269 11

YP_00980 1 L * 1

AlZ537QL 43"

BAD74746 /

ACY127®
ADJ24264
AEB9494
AlS30994
ABQ86%0
ABQ8797
WP_04864104
ABR54454
ACK844®
ACT5047
CD0O4410
ACV7824
ACC79387
BAF60D1 8
ABG4135 8
ABR85479 8 1

*
Tk

g oo oo oo oo | X

~
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Table2. (Continued)

AccessiorNumber Organism

ETD874B

OPF9473

ABI706® 9 1

AAP18794 1 6

ADD40018

CAI8184L

BAG1799 ' 1

BAB6500 /

ABK1573 ' 6 580
YP_84533.1 ' 6 580
ACPO5777 :

WP_01187999 ; 1

https://cbi.org/10.1371djurnal.por.0201935.t0D

FdsCaminoacidsequencewereselectedrom differentorganismsncluding characterized
anduncharacterize@DH proteinsto haveabroadselectiorof sequencewhichwassupposed
to enablethe analysisvhetherasplitting in the differentgroupsof FDHsoccurs[22]. Thetree
wasconstructedusingthe Maximum Likelihood methodbasedn the Dayhoffmatrix based
model[51]Thetreeis drawnto scalewith branchlengthsin the sameunits asthoseof the evo-
lutionary distancesisedto infer the phylogenetidree. Theevolutionarydistancesverecom-
putedusingthe Dayhoffmatrix basednethodandarein the units of the numberof amino
acidsubstitutionsper site[52]. The scalebarindicatesD.2substitutionsper site.Numbersnear
branchesndicatethe bootstrapproportion for 100replicausingthe samemethod.All posi-
tions containinggapsand missingdatawereeliminated.Therewasatotal of 174positionsin
thefinal datasetEvolutionaryanalysesvereconductedwith the softwareMEGA7[53].
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