


underlying mucin glycan chain. These data further support that the GH repertoire of R. gna-

vus strains enable them to colonise different nutritional niches in the human gut and has

potential applications in diagnostic and therapeutics against infection.

Introduction

Thegutmicrobiotaplaysamajor role in humanhealthandanalterationin its structureand
function hasbeenimplicatedin severaldiseases(for areview,see[1]). In thecolon,mucus
coveringtheepitheliumiscritical to maintainahomeostaticrelationshipwith thegutmicro-
biotabyharbouringamicrobialcommunityatsafedistancefrom theepitheliumsurface[2].
Themucin glycanscomposingthemucuslayerprovidebinding sitesandasustainablesource
of nutrientsto thebacteriainhabitingthemucusniche[3±5].Mucinsarelargeglycoproteins
with ahighcarbohydratecontentof up to 80%.Mucin-typeO-glycansconsistof N-acetylgalac-
tosamine(GalNAc),GalandN-acetylglucosamine(GlcNAc)containingglycanchainsusually
cappedby fucose(Fuc)and/orsialicacid,givingriseto bloodgroupsA, B,andH andsialyl-
Lewisepitopes[6±9].Theperipheralterminalepitopesshowconsiderablevariationwith a
decreasinggradientof FucandABH bloodgroupexpressionandanincreasinggradientof
sialicacidfrom theileumto thecolon[7]. Forexample,bloodgroupH andA antigenicdeter-
minantswereshownto bepresentexclusivelyin theileumandcecum,whereasbloodgroup
Sd(a)/Cad-relatedepitopeswerefound to increasealongthelengthof thecolon[6,7].These
gradientsarereversedin mice,wherethesmallintestineisdominatedbysialylatedstructures
andthecolonwith thoseterminatingin Fuc[10].

Accessto theseglycanchainsrequireacomplementof glycosidehydrolases(GHs)pro-
ducedbybacteriaacrossthephylaconstitutingthehumangutmicrobiota[4]. A smallnumber
of microbialGH familieshavebenshownto beactiveon bloodgroupantigens[11±21].
Amongthese,theGH109family includesexoglycosidasesthat removethenonreducingtermi-
nalA or Bantigen-determiningGalNAcor Galresidues,respectively,convertingtheantigen
to theH-type(O-type)[11], whereastheGH98family includesendo-β-1,4-galactosidasesact-
ing on thegalactosyl-β-1,4-N-acetylglucosaminelinkagefound in type2 carbohydrateblood
groupantigenscontaining(Fucα1±2)Galβ1-4GlcNAc.TheGH98enzymescharacterisedto
dateareE-ABasefrom Clostridium�$�8: �3�O�H�D�V�H�F�R�Q�I�L�U�P�W�K�D�W�W�K�H�H�[�S�D�Q�V�L�R�Q�P�D�G�H�W�R�W�K�H�D�E�E�U�H�Y�L�D�W�H�G�J�H�Q�H�U�D�Q�D�P�H�R�I“�&:�S�H�U�I�U�L�Q�J�H�Q�V”�D�Q�G“�6:�S�Q�H�X�P�R�Q�L�D�H”�L�Q�W�K�H�V�H�Q�W�H�Q�F�H“�7�K�H�*�+98�H�Q�]�\�P�H�V�F�K�D�U�D�F�W�H�U�L�V�H�G�W�R�G�D�W�H�D�U�H�(� �$�%�D�V�H�I�U�R�P:::”�D�U�H�F�R�U�U�H�F�W; �D�Q�G�D�P�H�Q�G�L�I�Q�H�F�H�V�V�D�U�\:perfringens ATCC10543andSp3GH98from Streptococcus
pneumoniae TIGR4whicharecapableof liberatingGalNAcα1-3(Fucα1±2)GalandGalα1-3
(Fucα1±2)Galtrisaccharidesfrom glycoconjugatescontainingbloodgroupA andBglyco-
topes,respectively,whereasSp4GH98displaysspecificityfor Fucα1-2Galof theLewisY anti-
gen[14,16].

Ruminococcus gnavus isaprevalentmemberof thegutmicrobialcommunitybelongingto
theFirmicutesdivision[22,23].R. gnavus isanearlycoloniserof thehumangut [24] but per-
sistsin healthyadultsasoneof the57speciesdetectedin morethan90%of humanfaecalsam-
plesbymetagenomicsequencing[22]. Interestingly,anincreasingnumberof studiesare
reportingadisproportionaterepresentationR. gnavus in diseasessuchasinflammatorybowel
disease[25]. In our previouswork,weshowedthat themucin-foragingstrategyof R. gnavus is
strainspecific[26] andassociatedwith theexpressionof specificGHsactiveagainstterminal
epitopes,includingGH33intramoleculartrans-sialidase(IT-sialidase)[27±29]andGH29or
GH95fucosidases[30]. Interestingly,ageneencodingfor apredictedGH98blood-group
endo-β-1,4-galactosidasewasfound to beexclusivelypresentandinducedin R. gnavus strains
grownon mucins[26,28].SinceR. gnavus ATCC29149but not E1containedaGH98encod-
ing geneandwasableto growon mucin assolecarbonsource,wehypothesisedthatGH98
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couldbeacritical moleculardeterminantin conferingmucin glycanutilisationcapacityto R.
gnavus strains.In orderto testthishypothesis,wedeterminedtheexpression,geneticorganisa-
tion, andsubstratespecificityof R. gnavus ATTC 29149GH98enzyme(RgGH98)andshowed
thatmucin treatmentwith RgGH98conferedR. gnavus E1straintheability to growon mucins
byenablingE1to metaboliseBgAandaccesstheunderlyingmucin glycanchain.Thesefurther
datasupporttheroleof GHsin theadaptationof R. gnavus strainsto distinctnutrional niches.

Results

R. gnavus GH98 displays substrate specificity for blood group A antigen

and mucin

Sequencesimilarity network(SSN)analysisof GH98familymembersrevealed3majorclusters
with functionallycharacterisedGH98enzymesfrom theCAZydatabase(www.cazy.org).The
GH98sequencefrom R. gnavus ATCC29149wasfoundoutsidethe3mainclusters(Fig 1A),
whichmaysuggestdifferencesin substratespecificity.R. gnavus ATCC29149putativeGH98,
RgGH98,ispredictedto beamodularproteinof 1,366aminoacids(aa)includingapredicted
N-terminal43aapeptidesignaltypicalof gram-positivebacteria.RgGH98modularstructure
consistsof anN-terminalgalactose-binding-likedomain(N-term GBLD)(52±260aa),acen-
tral/catalyticdomain(Cd) covering274±589aa,aC-terminal(C-term)domain(592±876aa),a
C-termGBLD(894±986aa),andaC-termfibronectintype3domain(1,099±1,366aa)(Fig 1B).

Fig 1. In silico analysis of RgGH98. (A) SSNanalysisof GH98family.Amino acidsequenceswerefrom theCAZydatabase(www.cazy.
org).A totalof 355GH98sequenceswereanalysedbySSNwith analignmentscoreof 120.Eachnode(bluedot) representsoneprotein
sequence.Thefunctionally characterised enzymesarecolourcoded.(B) Domainorganisation of RgGH98encompassingtheN-term
GBLD(52±260aain blue),theCd(274±589aain red),theC-termdomain(592±876aain green),theC-termGBLD(894±986aain
turquoise), andtheC-termFN3domain(1,099±1,366aain amber).(C). Schematic representation of RgGH98constructs.Recombinant
RgGH98(44±946aa)encompassing theN-term GBLD(blue),Cd (red),andC-term(green)domains; theindividual N-term GBLD
domain(blue);Cd-C-termdomain(red-green); andC-termdomain(green).GraphsweremadeusingCytoscapev3.4.0(A) andIBSv1.0
(ref = https://doi.org/10.1093/bioinformatics/btv362) (B andC). aa�$�8: �$�E�E�U�H�Y�L�D�W�L�R�Q�O�L�V�W�V�K�D�Y�H�E�H�H�Q�F�R�P�S�L�O�H�G�I�R�U�W�K�R�V�H�X�V�H�G�L�Q�)�L�J�V1� 9:�3�O�H�D�V�H�Y�H�U�L�I�\�W�K�D�W�D�O�O�H�Q�W�U�L�H�V�D�U�H�F�R�U�U�H�F�W:, aminoacid;Cd,central/catalytic domain;C-term,C-terminal; C-
termFN3,C-terminalfibronectin type3;C-termGBLD,C-terminalgalactose-binding-likedomain;N-term GBLD,N-terminal
galactose-binding-likedomain;SSN,sequencesimilarity network.

https://doi.org/10.1371/journal.pbio.3001498.g001
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Sequencealignmentswerecarriedout with functionallycharacterisedGH98enzymes,
namelytheGH98endogalactosidaseE-ABasefrom C. perfringens [16] andtheGH98enzymes
from S. pneumoniae TIGR4(Sp4GH98)andSP3-BS71(Sp3GH98)[14].RgGH98Cdshows
36%aminoacididentity with thecatalyticdomainsof C. perfringens E-ABase,34%with
Sp3GH98,and30%with Sp4GH98.RgGH98C-termshares31%aminoacididentity with the
C-termdomainsof C. perfringens E-ABase,30%with Sp3GH98,and26%with Sp4GH98.The
sequencesimilarity betweenC-termdomainsacrossGH98enzymes[31] mayalsoreflectits
closespatialinteractionwith thecatalyticdomain,asreportedfor Sp4GH98[14]. The
sequencesof N-term GBLDandC-termGBLDshare26%identity.Additionally,RgGH98N-
term GBLDis23%identicalto CBM51-1of Sp3GH98,while theC-termGBLDisabout25%
identicalto theCBM47-1of Sp4GH98.Guidedbyaminoacidsequence-basedcomparison,we
clonedtheRGna_RS10325geneencompassingtheN-term GBLD,Cd,andC-termdomains
(whichwereferredto asRgGH98in therestof thestudy)aswellastheN-term GBLD,C-term,
andCd-C-termdomainsindividually (Fig 1C). Thesignalpeptide(1±43aa),theC-term
GBLD(894±986aa),andC-terminalfibronectintype3 domain(1,099±1,366aa)werenot
includedin anyof theexpressionconstructs.Escherichia coli TunerDE3pLacIsstrainwascho-
senasheterologoushostasit doesnot displayanyendogenousβ-galactosidaseactivity(dueto
thedeletionof theLacZgene)thatmayinterferewith theenzymaticcharacterisationof the
recombinantenzymes.

TherecombinantRgGH98enzymeshowedno activityagainstthesyntheticsubstrate
GlcNAc-pNP.Theactivityof RgGH98wasthentestedagainsttetraandpentabloodgroup
antigensincludingBgAI (GalNAcα1±3[Fucα1±2]Galβ1-3GlcNAc),BgAII (GalNAcα1±3
[Fucα1±2]Galβ1-4GlcNAc),BgAIV (GalNAcα1±3[Fucα1±2]Galβ1-3GalNAcβ1-3Gal),BgAV
(GalNAcα1±3[Fucα1±2]Galβ1-4Glc),BgBII (Galα1±3[Fucα1±2]Galβ1-4GlcNAc),BgBIV
(Galα1-3(Fucα1±2)Galβ1-3GalNAcβ1-3Gal),BgH(Fucα1-2Galβ1-4GlcNAc),aswellasLeY
(Fucα1-2Galβ1±4[Fucα1±3]GlcNAc),LeA(Galβl-3[Fucα1±4]GlcNAc),LeX(Galβ1±4[Fucα1±
3]GlcNAc),andLacNAc(Galβ1-4GlcNAc)(seestructuresin Fig 2). SpBgg98Afrom S. pneu-
moniae wasusedascontrol andtheproductsof thereactionsanalysedbyHPAEC-PAD(Fig

2). Amongall theoligosaccharidestested,BgAII tetrasccharidewasthesolesubstratehydro-
lysedbyRgGH98.Thechromatogramsclearlyshowedtheappearanceof peakscorresponding
to GlcNAcandBgAtri (GalNAcα1±3(Fucα1±2)Gal) andadecreasein thepeakcorresponding
to BgAII (Fig 2A), in line with thecleavageof Galβ1-4GlcNAcglycosidicbond.In contrast,
no reactionproductwasdetectedwhenothertypesof bloodgroupA, bloodgroupantigenB
or H, LacNAcor lewisantigenswereusedassubstrates(Fig 2B–2L). RgGH98wasfurther
testedon arangeof Fuc-containingoligosaccharidesincluding20FL(Fucα1,2Galβ1,4Glc),3FL
(Galβ1±4[Fucα1±3]Glc),DFL (Fucα1-2Galβ1-4(Fucα1±3)Glc),Fucα1-6GlcNAc,andα-
1,6-fucosylatedbiantennaryN-glycan(FA2G2)aswellason xyloglucanandarabinoxylan,
whichwereshownbesusbtratesof GH98enzymes[32], but no activitywasdetectedby
HPAEC-PADfor anyof thesecompounds(S1 Fig).

RgGH98susbstratespecificitywasfurther confirmedbyLC-FD-MS/MSanalysisindicating
thatRgGH98liberatestheterminalBgAtri of theA antigenwhileno reactionproductswere
detectedwhenBgBII or FA2G2wereusedassubstrate(Fig 3). Kineticsandoptimum pH
analyseswerethenperformedusingBgAII asasubstrate.ThepH optimum wasfound to be
pH 5 (S2A Fig). Thekineticparametersweredeterminedat theoptimum pH bycalculating
theinitial rateof reactionwith increasingBgAII concentrations(S2B Fig). Therecombinant
enzymeshowedakcatof 0.17min−1 andaKM of 516.9μM againstthissubstrate(Table 1).

RgGH98alsoshowedactivityagainstpurified pig gastricmucin (pPGM),with HPAEC
analysisshowingapeakcorrespondingto BgAtri asalsoobservedusingSpBgg98Aasacontrol
(Fig 4A). Confirmationof theBgAtri structurewasobtainedbyMALDI-ToF MSanalysis
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followingdialysisof theenzymaticreaction,andreductionandpermethylationof thedialysate.
TheMSspectrumshowedadominantpeakat708Da,correspondingto apermethylated,
sodiatedtrisaccharidecomposedof adeoxy-hexose,ahexose,andanN-acetyl-hexosamine.
Fragmentationof thisspeciesshowedthat thedeoxy-hexosewaslinked to thehexoseat the
reducingend,asdeterminedby thecharacteristicfragmentsat431and449Da(Fig 4B).
Together,theHPAEC-PADandMS/MSanalysesconfirmedthatBgAtri wasreleasedfrom
mucin followingRgGH98hydrolysisof theGalβ1-4GlcNAcglycosidiclinkagein BgAII.

Structural basis of R. gnavus GH98 substrate specificity

RgGH98wasfirst crystallisedastheabsenceof ligandshowingelectrondensityfor residues49
to 893(seeTable 2 for datacollectionandrefinementstatistics).Asexpectedfrom thecon-
struct,RgGH98adoptsamodularstructurewith 3 domains.TheN-term domainidentifiedas
GBLD,residues55to 260,presentsaβ-sandwichfold (Fig 5A). Two loops,comprisingresi-
dues79to 105and138to 163,extendfrom theGBLDandwraparoundtheCd.Cd,residues
274to 589,adoptsan(α/β)8 barrelfold with similarity to Sp3GH98(1.14rmsd,pdb2WMI,
4D71)andSp4GH98(1.31rmsd,pdb2WMG) from S. pneumoniae [14,34].Structural

Fig 2. HPAEC-PAD analysis of RgGH98 against complex oligosaccharides. BgAII (A), BgBII (B), BgH(C), BgAI
(D), BgAIV (E), BgAV (F), BgBIV (G), LacNAc(H), LeY(I), LeA(J), LeX(K), αGal-LeX(L). Theoligosaccharide
structuresareprovidedin thelowerpanel.Monosaccharidesymbolsfollow theSymbolNomenclaturefor Glycans
system[33].αGal-LeX,α1,3Gal-LewisX; BgAI, bloodgroupA tetrasaccharidetypeI; BgAII, bloodgroupA
tetrasaccharidetypeII; BgAIV, bloodgroupA tetrasaccharidetypeIV; BgAV, bloodgroupA tetrasaccharidetypeV;
BgBII, bloodgroupB tetrasaccharidetypeII; BgBIV, bloodgroupB tetrasaccharidetypeIV; BgH,bloodgroupH
trisaccharide;HPAEC-PAD, high-pH anionexchangechromatographywith pulsedamperometric detection;LacNAc,
N-Acetyllactosamine;LeA,LewisA; LeX,LewisX tetrasaccharide;LeY,LewisY tetrasaccharide.

https://doi.org/10.1371/journal.pbio.3001498.g002
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alignmentto homologousGH98enzymesidentifiedthebinding pocketandthegeneralacid
catalyticresidueasGlu 411(seeS3 Fig), whichispresentin acleftin thecentreof theCd.The
C-termdomain,residues592to 876aa,with acentralβ-sandwichmodulefollows.

Incubationof RgGH98crystalswith BgAtri producedacomplexwith clearelectrondensity
for theBgAtri in thebinding pocketnearGlu 411(Fig 5B and 5D, S4A Fig). RgGH98makes
hydrogenbondinteractionswith eachof the3sugarresiduespresentin BgAtri (GalNAcα1-3
(Fucα1±2)Gal-):Tyr 289,His 330,andThr 371with Fuc;Lys513with Gal;andGln 305,Asn
332,andLys788with GalNAc,respectively.No largemovementsin sidechainpositionswere
observeduponligandbinding (S4A Fig). ThedifferencebetweenBgAandBgBis thepresence
of terminalGalNAcandGalat thenonreducingendof A andBantigens,respectively.GalNAc
hasanN-acetylmoiety(-NHCOCH3) at theC2positionwhereasGalhasasmaller±OHat this
position.Lys788,presenton anextensionfrom theC-termdomain,formspartof ahydrogen
bondingnetworkwith theGalNAcN-acetylmoietyandaring hydroxyl,forming astable
structure(Fig 5D and 5E). Thisresidueisconservedin Sp3GH98(asLys927)(S4B Fig), aGH
thatdoesnot demonstratepreferenceof BgA>BgB.However,uniqueto RgGH98,Gln 305and
Trp 528provideadditionalinteractions,bringing theterminalGalNAcinto alocationcondu-
civeto hydrogenbondwith Lys788.In concert,theseresiduesareproposed,to providethe
observedBgA>BgBspecificity.Gln 305,Trp 528,andtheGalNAcbinding siteareuniqueto

Fig 3. LC-FD-MS/MS analysis of RgGH98 against complex oligosaccharides. Chromatogramsof theenzymatic
reactionbetweenRgGH98andBgAII (A), BgBII (B), andFA2G2(C). Thelowerchromatogramcorrespondsto the
reactionwith no enzyme(substrateonly),whiletheupperlanecorrespondsto thereactionwith RgGH98.
Monosaccharidesymbolsfollow theSymbolNomenclaturefor Glycanssystem[33]. BgAII, bloodgroupA
tetrasaccharidetypeII; BgBII, bloodgroupBtetrasaccharidetypeII; LC-FD-MS/MS,liquid chromatography with
fluorescencedetectionandmassspectrometric detection.

https://doi.org/10.1371/journal.pbio.3001498.g003

Table 1. Kinetic parameters of RgGH98 on BgA II.

Enzyme Substrate Vmax (μM�min−1) KM (μM) kcat (min−1) Kcat/Km (μM−1min−1)

RgGH98 BgAII 1.702± 0.08 516.9± 71 0.17± 0.008 3.310−4 ± 4.810−5

https://doi.org/10.1371/journal.pbio.3001498.t001
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RgGH98ascomparedto Sp3GH98(S4B Fig), Sp4GH98(S4C Fig), EabC,Cpe0329[16], and
BACOVA_03433[32]. Gln 305correspondsto aTrp residuein theseGH98enzymesand
Trp528iseitherAspor Asnapartfor Sp4GH98,whereit isaMet.

WegeneratedanRgGH98E411Amutantandobtainedacomplexwith theunprocessed
carbohydratefollowing incubationof RgGH98E411Acrystalswith BgAII (GalNAcα1±3
[Fucα1±2]Galβ1-4GlcNAc)(Fig 5C and 5E). Whenthecomplexeswith BgAtri (trisaccharide)
andBgAII (tetrasaccharide)wereoverlaid,theGlcNAcresiduewasfound to beverycloseto
Glu 411at<2 Å in thetetrasaccharidecomplex(S4D Fig). TheGlcNAcspatialarrangementis
in contrastto theSp3GH98complex,in whichtheGlcNAcresidueispivotedwith respectto
Gal(S4E Fig). It isproposedthatGlu 411adoptsadifferentrotamerin thepresenceof sub-
strate.Changesin conformationof catalyticglutamatesidechainsin GHshavebeenobserved
usingneutroncrystallography,alternatingbetweenupwardanddownwardconformations
with theprotonatedform beingin thedownwardorientation[35]. Aswellasbringing theside
chaininto apositionfrom whichastericclashisavoided,thisshift alsoprovidesachangein
localenvironment,whichmayalterresidue'spKa, promotingcatalysis.

Densityfor anadditionalBgAII tetrasaccharidewasobservedat theC-termdomain(Fig

5F). Interactionsareprimarily with theterminalGalNAcof BgAII, specificallywith Lys713,
Glu734,Glu814,Arg816,Thr817.Additionaly,hydrogenbondinginteractionsareformed
with theFucresiduebyGlu814,Leu815,andGln866.It isproposedthat this identifiestheN-
term domainasacarbohydratebinding domainof RgGH98.Definitivedataidentifyinga
definitivebinding partnerfor theN-term proposedGBLDhasnot yetbeencaptured.

In theRgGH98E411A-BgAII complex,2metalionsweremodelled(Fig 5A, S4F and S4G

Fig). Thefirst, amagnesiumion, in theGBLDN-term,coordinatedby thesidechainsof Asp
79,Tyr 84,andGlu 255andthebackbonecarbonylsof Leu76andMet 254.Thesecond,acal-
cium ion, in theC-termdomain,coordinatedbyAsp812,Asn813,andGln 846,with addi-
tional watermodelsfilling theoctahedralgeometry.Additional calciumandmagnesiumions

Fig 4. RgGH98 enzymatic activity against mucin. (A) HPAEC-PAD analysisof RgGH98againstpPGM.(B) MS
analysisof thereleasedglycanaftertreatmentof pPGMwith RgGH98.Inlay:fragmentation of theglycanpeakat708
Da.TheresultsshowthatFucisboundonto thegalactoseat thereducingend,supporting theidentification of this
glycanasBgAtri.Monosaccharidesymbolsfollow theSymbolNomenclaturefor Glycanssystem[33].BgAtri,BgA
trisaccharide;Fuc,fucose;HPAEC-PAD, high-pH anionexchangechromatographywith pulsedamperometric
detection;MS,massspectrometry; pPGM,purified piggastricmucin.

https://doi.org/10.1371/journal.pbio.3001498.g004
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weremodelledin theRgGH98±BgAtricomplexandRgGH98apocrystalstructures.However,
in theseexperimentsboth ionswerepresentataconcentrationof 50mM, increasingthelikeli-
hoodof nonspecificbinding.To confirm thepresenceof metalsin solution,RgGH98wasana-
lysedby inductivelycoupledplasmamassspectrometry(ICP-MS).Thehighestamountof
metalion detectedin theproteinwascalcium(Ca2+ = 115.3μmoles),followedbyZinc (Zn2+ =
21.88μmoles)andmagnesium(Ca2+ = 19.57μmoles)(S1 Table). Theratio of calciumto
RgGH98wasestimatedto beapproximately1.5:1.

Basedon thecrystalstructuresof RgGH98in complexwith BgAoligosaccharidesand
sequencealignmentswith structurallycharacterisedGH98enzymes(S3 Fig), RgGH98site-
directedmutants,K788A,W528A,W528D,Q305A,andQ305W,wereproduced(S5A Fig)
andtestedagainstBgAII. K788A,W528A,W528D,andQ305Wlosttheenzymaticactivity
towardsthissubstrate,whereasQ305Aremainedactive(39.70%)(S5B Fig). To investigatethe
potentialimpactof themutationson RgGH98stability,therecombinantenzymesweresub-
jectedto differentialscanningfluorimetry (DSF)analysis.K788Ashowedsimilarmeltingtem-
perature(Tm) valuesasRgGH98whiletheTm valuesof theothermutantswererelatively
lower(S5C Fig), indicatingthat,for K788A,thelossof activitymaybeattributedto theinter-
actionof Lys788with BgAII. Wenextusedisothermaltitration calorimetry(ITC) to

Table 2. RgGH98 crystal structures: Data collection, statistics, and refinement.

RgGH98 RgGH98-BgAtri RgGH98 E411A-BgA II

Datacollection

Spacegroup P21 P21 P212121

Celldimensions

a, b, c (Å) 104.94,85.57,112.62 107.60,86.95,110.20 78.26,103.66,113.28

α, β, γ (Ê) 90,99.10,90 90,100.33,90 90,90,90

Resolution 103.9±2.20(2.23±2.20) 108.41±1.95(1.98±1.95) 76.47±1.65(1.68±1.65)

Rmeas 0.149(0.717) 0.172(1.748) 0.196(3.608)

I/σI 5.8(1.7) 5.8(1.1) 6.6(0.7)

Completeness(%) 99.5(92.2) 99.9(97.7) 100(99.1)

Redundancy 3.5(3.5) 5.4(5.4) 8.8(8.0)

Total reflections 353,294(16,100) 788,430(37,745) 980,070(43,087)

Uniquereflections 100,422(4,614) 145,680(37,745) 111,311(5,397)

Refinement

Resolution 103.9±2.20 108.41±1.95 76.47±1.65

No. reflections 100,402 145,485 111,181

Rwork/Rfree(%) 0.183/0.209 0.178/0.215 0.171/0.200

No. atoms

Protein 13,458 13,360 6,700

Ion 6 8 2

Carbohydrate 72 100

Water 1,127 834 708

B-factors(Å2)

Protein 16.7 18.4 25.8

Ion 40.2 43.8 21.3

Carbohydrate 24.0 46.9

Water 42.5 42.9 32.1

r.m.sdeviations

Bondlengths(Å) 0.01 0.007 0.04

Bondangles(Ê) 1.4 1.4 1.20

https://doi.org/10.1371/journal.pbio.3001498.t002
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determinethebinding kineticparametersof RgGH98E411Amutant towardsbloodgroupA,
B,andH antigens(Fig 6, S2 Table). TheUEA I lectinwith affinity to ABObloodgroupwas
usedasacontrol.RgGH98E411Aboundto BgAII with aKd of 490.3μM (Fig 6A, S2 Table).
No binding wasobservedbetweenRgGH98E411AandBgBII or BgHwhereasUEA I bound
to BgHwith aKd of 10.3μM (Fig 6B, 6C and 6D). Thevalueof Kd is in thesamerangeasKM

(516.9μM), indicatingk−1 >> kcat(KM = (k−1+kcat)/k1, Kd = k−1/k1), i.e.,dissociationismuch
fasterthancatalysis,in line with RgGH98low kcat.

In orderto gainfurther structuralinsightsinto RgGH98uniqueligandspecificityto blood
groupA, saturationtransferdifferencenuclearmagneticresonancespectroscopy(STDNMR)

Fig 5. Crystal structures of RgGH98. (A) Cartoonrepresentation of RgGH98.N-term GBLDin pink, Cd in green,andC-termdomainsin light cyan.
BgAII moleculesareshownin stickrepresentation.Fuciscolouredpink, Galin orange,GlcNAcin cyan,andGalNAcin yellow.Theyellowandgreen
spheresrepresentboundcalciumandmagnesium ions,respectively. Fo-Fcomit mapelectrondensityfor (B) BgAtri and(C) BgAII boundin the
activesite(σ levelof 3).(D) Activesitewith BgAtri boundandnearbyresidueshighlighted.Putativehydrogen bondinginteractionsareshownwith
blackdashedlines.(E) RgGH98E411Awith BgAII bound.(F) BgAII boundto theC-termdomain.Fo-Fcomit mapelectrondensityfor thebound
carbohydrate isshownwith aσ levelof 3.BgAII, bloodgroupA tetrasaccharidetypeII; BgAtri,BgAtrisaccharide;Cd,central/catalytic domain;C-
term,C-terminal; Fuc,fucose;GalNAc,N-acetylgalactosamine;GlcNAc,N-acetylglucosamine;N-term GBLD,N-terminalgalactose-binding-like
domain.

https://doi.org/10.1371/journal.pbio.3001498.g005

Fig 6. ITC analysis of proteins binding to blood group antigens. ITC isothermsof RgGH98E411AagainstBgAII
(A), BgBII (B), BgH(C). ITC isothermsof UEA I lectinagainstBgAII (D), BgBII (E), BgH(F). BgAII, bloodgroupA
tetrasaccharidetypeII; BgBII, bloodgroupBtetrasaccharidetypeII; BgH,bloodgroupH trisaccharide;DP,
differential power;ITC, isothermaltitration calorimetry.

https://doi.org/10.1371/journal.pbio.3001498.g006
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studies[36] wereconductedwith RgGH98E411Amutant in thepresenceof BgAII, BgBII
(Fig 7), andBgH(S6 Fig). Transferof magnetizationassaturationfrom theprotein to the
ligandwasobservedfor BgAII (Fig 7). Themaincontactwasat theGalNActerminalring, in
agreementwith RgGH98activityon thissubstrateandwith thecrystalstructuresof thecom-
plexesof RgGH98andRgGH98E411Awith BgAtri andBgAII, respectively.In bothstruc-
tures,theterminalGalNAcmakesthelargestnumberof contactswith theprotein,followedby
theFucring, in excellentagreementwith theexperimentalmappingof thebinding epitopeof
BgAII determinedbyNMR (Fig 7A), confirming theobservationof specificbinding under
theSTDNMR experimentalconditions.Furthermore,no binding couldbedetectedto the
recombinantindividual N-term or C-termdomains(S6 Fig, left panel). STDNMR also
showedbinding of RgGH98to BgBII but with highly reducedaffinity in comparisonto BgAII

Fig 7. STD NMR spectroscopy of the interactions of blood group antigens with RgGH98. (A) STDNMR bindingepitopemappingof BgAII
uponits interactionwith RgGH98EA411A,basedon normalisedsaturationtransferintensities(0%±100%)from initial slopesof thecorresponding
STDNMR build-up curves;selectiveprotein irradiation at0.0ppm.Colour indicatesweak(blue),medium (yellow)andstrong(red) intensities.
LargenormalisedSTDintensitiesindicatecloserligandcontactswith thesurfaceof theprotein in theboundstate.R� − CH2CH2N3.Initial slopes
andnormalisedSTDvaluesarereportedin S5Table.(B) Zoomedregionsof STDNMR competitionexperimentsfor bindingof BgBII to RgGH98
EA411A.TheSTDNMR intensitiesof BgBII werehighlyreducedwhenaddingBgAII in equimolarconcentration to BgBII (1 mM). Theselected
regionshighlight theeffectfor the2bestresolvedsignalsof BgBII in thefinal mixture.An averagereductionof ca.75%in BgBII intensities
demonstrated amuchhigheraffinity of BgAII towardstheprotein,demonstrating thepreferenceof RgGH98for this ligand.BgAII, bloodgroupA
tetrasaccharidetypeII; gBII, bloodgroupBtetrasaccharidetypeII; STDNMR,saturationtransferdifferencenuclearmagneticresonance
spectroscopy.

https://doi.org/10.1371/journal.pbio.3001498.g007

PLOS BIOLOGY Blood group antigen utilisation by Ruminococcus gnavus

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001498 December 22, 2021 10 / 32

https://doi.org/10.1371/journal.pbio.3001498.g007
https://doi.org/10.1371/journal.pbio.3001498


asthebinding wasalmostabolishedwhenBgAII wasaddedto thesample(Fig 7B). No bind-
ing to BgHwasdetectedbySTDNMR (S6 Fig, right panel). Addition of BgAII to theBgH/
RgGH98E411Areactionledto strongSTDNMR signalscharacteristicof thebinding to BgA,
supportingthespecificityof therecognition(S6 Fig, right panel).

To explorethefull ligandspecificityof RgGH98,E411Aandindividual C-termandN-term
GBLDwerescreenedagainst585glycansfrom theCoreH glycanmicroarrayat theConsor-
tium for FunctionalGlycomics(CFG)(S7 Fig). Theproteinsboundwith low intensityto a
rangeof ligandswith apreferencefor glycanID389,whichhastheepitopeof αGal-LeA(Gal-
α1,3-Gal-β-1,3(Fuc1,4)GlcNAc)(ID = 389)(S7 Fig). However,thelow relativefluorescence
units (RFUs)(<150) obtainedagainstthesesugarsdo not allowusto infer conclusiveresults
regardingglycan-bindingspecificity.

R. gnavus ATCC 29149 GH98 is part of an operon dedicated to mucin and

blood group A utilisation

Analysisof R. gnavus ATCC29149genomerevealedthat thegeneencodingRgGH98
(RGna_RS10325)ispartof a21.6-kbclustercontainingatotalof 13geneson thesameDNA
strand(RGna_RS10300to RGna_RS10360),7 upstreamand5 downstreamof theGH98gene.
Asshownin Fig 8A, 3GH-encodinggenes(RGna_RS10330,RGna_RS10315,and
RGna_RS10310codingfor GH73,GH95,andGH31,respectively)wereidentifiedin thisclus-
ter. In silicoanalysisof theintergenicregionsidentifedtranscriptionalterminators(stem-loop
structures)followedbyapromoterregion(−10and−35elements)andaribosomebinding site
(RBS)in 2 intergenicregions,betweenRGna_RS10350andRGna_RS10345,andbetween
RGna_RS10315andRGna_RS10310.Therewasno co-occurenceof distinctpromoterand
transcriptionalterminatorin otherintergenicregions.Thisanalysissuggeststhat theGH98
genebelongsto anoperonof 7 genescomprisingthegenesencodingGH73andGH95,while
theGH31geneappearsto belongto adifferentoperon(Fig 8A). In orderto validatethein sil-
ico analysis,weanalysedRNAseqdatafrom R. gnavus ATCC29149grownon mucin or glu-
cose(Glc)assolecarbonsource[28]. RNAseqdatashowedinducedtranscriptionof genes
RGna_RS10360to RGna_RS10315whenR. gnavus ATCC29149wasgrownwith mucin as
comparedto Glc,whereasadecreasedin transcriptionwasobservedfor RGna_RS10310to
RGna_RS10300genes(Fig 8B). Thisanalysisconfirmedthein silicopredictionthat
RGna_RS10310to RGna_RS10300arepresenton adifferentoperon(Fig 8A).

To further determinetheroleof theGH98operonin R. gnavus metabolismof bloodgroup
A antigens,thecDNA waspreparedfrom RNA extractedfrom R. gnavus ATCC29149grown
on BgAII, andaPCRwasperformedto amplify intergenicregionsbetweengenes
RGna_RS10360to RGna_RS10315.An ampliconwasobtainedfor all theintergenicregion
betweenRGna_RS10360andRGna_RS10315(S8 Fig). Thisanalysissuggeststhat theGH98
operonincludes10genes,from RGna_RS10360to RGna_RS10315included,andnot 7 aspre-
dictedin silicobut supportsthein silicopredictionthatbothGH73-andGH95-encoding
genesarepartof theoperon.It isworth noting that theGH98geneoperonisabsentfrom the
genomeof theR. gnavus E1strain,whichisunableto growon mucin [26], andno closehomo-
logueswerefound for theGH-encodinggenes(RGna_RS10325,RGna_RS10330and
RGna_RS10315),suggestingthepotentialinvolvementof GH98,GH73,andGH95in theabil-
ity of R. gnavus ATCC29149to degradebloodgroupA antigensfound in mucin.

RgGH98 confers R. gnavus strains the ability to grow on mucin

In orderto determinethecontribution of RgGH98in thecapacityof R. gnavus strainsto grow
on mucin,R. gnavus E1andATCC29149strainsweregrownunderanaerobicconditionsin
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mimimum mediumsupplementedwith RgGH98-treatedor untreatedmucin assolecarbon
source.Theeffectof RgGH98treatmenton mucin wasfirst confirmedbyMALDI-ToF MSfol-
lowingreductiveβ-eliminationandpermethylation.TheMSanalysisof untreatedpPGMand
RgGH98-treatedpPGMshowedahighdegreeof fucosylation(approximately38%and38.6%,
respectively)andverylow levelof sialylation(approximately3.8%and3.3%,respectively),in
agreementwith themucin glycosylationprofile of pPGM[37]. Theglycanpeakat708Da,cor-
respondingto atrisaccharidecomposedof Fuc,Gal,andGalNAcincreasedfrom 6.6nmol/mg
of pPGMto 9.6nmol/mg of pPGMfollowingRgGH98treatment(S9A Fig). Fragmentationof
thispeakshowedthat theglycanstructureboundon mucin in theuntreatedpPGMwasFuc-
Gal-GalNAc,whereas,in theRgGH98-treatedpPGM,fragmentationof the708Dapeakledto

Fig 8. Analysis of R. gnavus ATCC 29149 GH98 cluster. (A) In silicoanalysisof thepredictedGH98operonicstructure.Thirteengenes
(RGna_RS10360to RGna_RS10300)arelocatedon thesameDNA strand.Redcirclesabovethick verticallinesindicatepotentialstem-loop
structuresthatmight actasRho-independenttranscriptional terminators.Thefreeenergyof thethermodynamicensembles(in kcal/mol)is
marked in red.Blackarrowsshowpredictedpromoters.TheinsetsshowtheDNA sequencesbetweengenesRGna_RS10350and
RGna_RS10345andbetweengenesRGna_RS10315andRGna_RS10310;sequencesof thepotentialtranscriptional terminatorsareshownin
red,whilesequencesof thepredicted−35and−10regionsof thepromoter areunderlined.PotentialRBSsequencesarein boldandunderlined.
(B). RNAseqLog2of thefold changein genetranscription for RGna_RS10360to RGna_RS10300,whenR. gnavus ATCC29149wasgrown
with pPGMascomparedto Glcassolecarbonsource.It wascalculated usingaveragesof 4biologicalreplicatespergrowthcondition.
�Adjusted p-value<0.05.Underlyingdatacanbefound in S1Data.Glc,glucose;pPGM,purified piggastricmucin;RBS,ribosomebindingsite.

https://doi.org/10.1371/journal.pbio.3001498.g008
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theappearanceof apeakat449Da,correspondingto thefragmentof reducedFuc-Galactitol
found in BgAtri (S10B Fig). In addition,aglycanpeakcorrespondingto FucHexNAc4Gal3-
GalNActhatwasfound in theuntreatedpPGMdroppedbelowdetectionlevelsfollowing
pPGMtreatmentwith RgGH98,althoughthepresenceof BgAin thisstructurecouldnot be
confirmedbyMS/MS.Theremainingfucosylatedpeaksshowedamarginalreductionin abun-
dance(S9A Fig). Thisanalysisconfirmedthat theRgGH98treatmentof pPGMledto the
releaseof BgAtri, aspreviouslyshownbyHPAEC-PAD(Fig 4A). Theconcentrationof BgAtri
releasedbyRgGH98in themediumprior to thegrowthassaywasestimatedto be6.08± 0.51
nmol/mg of pPGMbyHPAEC-PAD(S10 Fig).

FollowingRgGH98enzymatictreatment,R. gnavus E1wasableto growon RgGH98-treated
pPGMat levelscomparableto thatof R. gnavus ATCC29149on untreatedmucin.After 48h,
theRgGH98enzymatictreatmentof mucin ledto anoverallincreasein R. gnavus E1and
ATCC29149celldensityascomparedto untreatedmucin,whichwassignificantfor R. gnavus
E1at9 h (p = 0.023)and48h (p = 0.033)(Fig 9A), asalsoconfirmedbyqPCRanalysis(S11

Fig). Growthof R. gnavus E1andATCC29149on RgGH98-treatedmucin ledto thedisap-
pearanceof theBgAtri peakafter9 h of growth(Fig 9C) asalsoshownafter48h (Fig 9D),
while thepeakisdetectedat0 h prior to growth(Fig 9B). In orderto determinewhetherR.
gnavus E1coulddirectlybenefitfrom thereleasedproductof theRgGH98-treatedmucin,R.
gnavus strainsweregrownon commercialBgAtri or BgAII assolecarbonsourceandthe
supernatantmonitoredbyHPAEC-PADduring 28h growth.BothR. gnavus ATCC29149
andE1strainscouldgrowon commercialBgAtri assolecarbonsourceat1.5mM and0.5mM
concentrations,whereasR. gnavus ATCC29149but not E1couldgrowat0.05mM concentra-
tion (S12A Fig). Only ATCC29149couldgrowon BgAII (S12B Fig). TheHPAEC-PADanal-
ysisshowedadecreaseof theBgAtri peak(S12C Fig) or BgAII peak(S12B Fig) after24h and
10h, respectively,whileno Fucpeakcouldbedetected.A comparativetranscriptomics

Fig 9. R. gnavus growth on mucin. (A) R. gnavus E1andR. gnavus ATCC29149growthon untreatedor RgGH98-treated mucin,followed
byHPAEC-PADanalysisof spentmediaat time= 0h (B), time = 9h (C), time = 48h (D). GrowthcurveswereperformedusingtheLAB
mediumsupplemented with RgGH98-treatedor untreatedpPGMwith R. gnavus E1or ATCC29149.Culturesweredonein 2biological
replicates.BgAtri, LABsupplementedwith pPGMandLABsupplementedwith RgGH98-treated pPGMwereusedascontrolsin the
HPAECanalysis.Underlyingdatacanbefound in S1Data.BgAtri,BgAtrisaccharide;HPAEC-PAD, high-pH anionexchange
chromatography with pulsedamperometric detection;pPGM,purified pig gastricmucin.

https://doi.org/10.1371/journal.pbio.3001498.g009
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analysisof thecomplementof fucosidasegenesencodedbyR. gnavus ATCC29149andE1
genomeswascarriedout byquantitativereversetranscriptionPCR(RT�$�8: �3�O�H�D�V�H�Q�R�W�H�W�K�D�W�5�7� �T�3�&�5�K�D�V�E�H�H�Q�G�H�I�L�Q�H�G�D�V�T�X�D�Q�W�L�W�D�W�L�Y�H�U�H�Y�H�U�V�H�W�U�D�Q�V�F�U�L�S�W�L�R�Q�3�&�5�D�W�L�W�V�I�L�U�V�W�P�H�Q�W�L�R�Q�L�Q�W�K�H�V�H�Q�W�H�Q�F�H�$�F�R�P�S�D�U�D�W�L�Y�H�W�U�D�Q�V�F�U�L�S�W�R�P�L�F�V�D�Q�D�O�\�V�L�V�R�I�W�K�H�F�R�P�S�O�H�P�H�Q�W�R�I�I�X�F�R�V�L�G�D�V�H�J�H�Q�H�V:::�3�O�H�D�V�H�F�R�U�U�H�F�W�L�I�Q�H�F�H�V�V�D�U�\:-qPCR)to further
investigatethemetabolismof bloodgroupA antigensby thesebacteriawhengrownon BgAII
andBgAtri, respectively.GH29-encodinggeneRGna_RS05890andGH95-encodinggene
RGna_RS14395werethehighestfucosidasegenestranscribedwhenR. gnavus ATCC29149
wasgrownon BgAII (S3A Table), whereasGH29-encodinggeneRUGNEv3_11127and
GH95-encodinggeneRUGNEv3_40027weremostlyexpressedwhenR. gnavus E1wasgrown
on BgAtri (S3B Table). Interestingly,RUGNEv3_40027proteinshows94.5%aaidentity with
WP_004841212.1(proteinproductof geneRGna_RS14395),whichwasshownin vitro to be
activeagainstBgAtri, theproductof RgGH98enzymaticreaction(S13 Fig), suggestingthat
BgAtri maybefurther degradedbyR. gnavus GH95fucosidasesRUGNEv3_40027or
WP_004841212.1throughcleavageof theFucα1,2-linkageaspartof its metabolismpathway
althoughthiswill needfurther investigation.

SinceweshowedthatR. gnavus E1couldonly growatBgAtri concentrationsabovethose
obtainedfrom theRgGH98-mucintreatmentwhenusedassolecarbonsource,it is likely that
thebacteriamayalsobenefitfrom facilitatedaccessto theunderlyingmucin glycanchainto
sustainits growth.In orderto testthishypothesis,growthmediawerecollectedafter24h of
cultureon RgGH98-treatedanduntreatedmucin,andfreeandO-linked glycanswereanalysed
byMS(S9A Fig). WhenR. gnavus E1wasgrownon untreatedpPGM,theabundanceof di-
fucosylatedstructuresdroppedbelowdetectionlevels,andtherewasareductionin glycans
composedof FucGalGalNAc,FucHexNAc2Gal2GalNAc,andFucHexNAcGal2(S9A Fig),
whichcouldcontributeto thebasalgrowth.However,whenR. gnavus E1wasgrownon
pPGMpretreatedwith RgGH98,therewasasignificantdecreasein theabundanceof glycans
composedof FucHexNAc2Gal3GalNAc,FucHexNAc3Gal2GalNAc,andFucHexNAcGalGa-
lANc (S9A Fig) ascomparedto growthon untreatedpPGM,suggestingthat thisstrainbene-
fits from theunderlyingglycanstructuresafterBgAtri release.No differencesin the
abundanceof fucosylatedglycansweredetectedbetweenuntreatedandRgGH98-treated
pPGMmediafrom theR. gnavus ATCC29149culture,asexpectedsinceR. gnavus ATCC
29149expressesRgGH98(S9A Fig).

Together,thesedatasupporttheroleof RgGH98in supportingthegrowthof R. gnavus
strainsin mucin byreleasingBgAtri thatcanbemetabolisedbyR. gnavus E1strainandbypro-
viding facilitatedaccessto theunderlyingmucin glycanchain.

Discussion

Gut bacteriahaveevolvedto expressawiderangeof GHswith distinct ligandspecificity,con-
tributing to their fitnessacrossnutritional niches[4,38].R. gnavus, ahumangutsymbiontof
theinfant andadultmicrobiota[22±24],encodesGH33sialidase[28,29,39]andGH29/95
fucosidases[30] activeagainstmucin glycanepitopes[26]. Here,weshowedthatR. gnavus
ATCC29149encodesaGH98enzymewith specificityfor BgAoverBgBandBgH(O) anti-
gens.TheA andBantigensarederivedfrom theH antigenthroughtheactionof anα-1,3-N-
acetylgalactosamyl-transferaseandα-1,3-galactosyltransferase,respectively,addingα-1,3
linkedGalNacor Galresidues,respectively,at thenonreducingendof Fucα1-2Galβ1-
4GlcNAc.Thepresenceof theseantigensin secretions,suchasin intestinalmucins,is regu-
latedby fucosyltransferase2 (FUT2),whichcatalysesthetransferof Fucto terminalGal
throughα1,2linkagessubstrates.About 80%of thepopulationhasaªnonsecretorºstatusand
expressesbloodgroupantigensin both thegastrointestinal(GI) tractandsecretion.Manybac-
terialandviral pathogensexploitthesehostcarbohydrateantigensfor adherenceasaprecursor
to colonisationor infection[40]. In addition,both theABOtypesandthesecretorstatushave
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beenshownto affectthecompositionof thegutmicrobiota,althoughgenome-wideassocia-
tion studiesbasedon microbiomeanalysisof faecalsampleshaveyieldedconflictingresults
andinformation on theimpactof bloodgroupantigenson biogeographicalcommunitiesin
thegut iscurrentlylacking[1,41±43].Basedon our preliminaryanalysis,thegene-encoding
GH98ispresentacross96%of genome-sequencedR. gnavus strains,while theGH98operon
occursacross68%of thestrains(S6 Table). Thespecificityof R. gnavus GH98for BgAanti-
gensmayprovideR. gnavus anadvantagein colonisingbloodgroupA individualswith secre-
tor statusin thepopulation.In line with astudyshowingthatbothsecretorstatusandblood
groupantigenexpressionaffecttheLachnospiraceaefamily of bacteriawithin thegutmicro-
biome,with lowerabundancesnotedin nonsecretorsandhigherabundancesin secretorsof
variousbloodgroups[42], it is temptingto speculatethat themucus-associatedmicrobiotaof
bloodgroupA individualswith secretorstatusmaybeenrichedin GH98-expressingR. gnavus
strains.In thegut,bloodgroupA antigensubstratesaremostlikely to befound in peripheral
terminalepitopesof humanintestinalmucinswith variationsalongtheGI tract.Although
structuralinformation isonly availablefor alimited numberof studiesbasedon different
methodologies,samplepreparationandoriginalmaterial[6,7,9,44],it ispossiblethat thepres-
enceof GH98confersregio-selectivityto R. gnavus strainsalongthelengthof thecolon,
althoughthiswouldneedto bevalidatedexperimentally.Thespecificityof R. gnavus GH98for
BgAantigensmayalsoinfluenceR. gnavus strainacquisitionin infantssincehumanmilk oli-
gosaccharide(HMO�$�8 : �3�O�H�D�V�H�Q�R�W�H�W�K�D�W�+�0�2�K�D�V�E�H�H�Q�G�H�I�L�Q�H�G�D�V�K�X�P�D�Q�P�L�O�N�R�O�L�J�R�V�D�F�F�K�D�U�L�G�H�D�W�L�W�V�I�L�U�V�W�P�H�Q�W�L�R�Q�L�Q�W�K�H�V�H�Q�W�H�Q�F�H�7�K�H�V�S�H�F�L�I�L�F�L�W�\�R�I�5:�J�Q�D�Y�X�V�*�+98�I�R�U�%�J�$�D�Q�W�L�J�H�Q�V�P�D�\:::�3�O�H�D�V�H�F�R�U�U�H�F�W�L�I�Q�H�F�H�V�V�D�U�\:) profile isdeterminedbybothsecretorandLewis(Le)status[45], andwe
previouslyshowedthatR. gnavus mucin-glycanforagingstrainsareableto consumeHMOs
[44]), perhapscontributing to theearlyadapatationof R. gnavus to theinfant gut [24].

AlthoughRgGH98sharesthecatalyticmachineryof GH98familymembersfunctionally
characterisedto date,its specificityto BgAappearsuniqueto thisenzyme,asalsosuggestedby
theSSNanalysis.BothE-ABasefrom C. perfringens ATCC10543andSp3GH98from S. pneu-
moniae TIGR4arecapableof liberatingtheterminal trisaccharide,GalNAcα1-3(Fucα1±2)Gal)
andGalα1-3(Fucα1±2)Galfrom glycoconjugatescontainingBgAandBgBglycotopes,respec-
tively.In contrast,Sp4GH98from S. pneumoniae TIGR4isactiveon theLewisY antigen,
whichisuniqueto thisenzyme[14]. BgAandBgBantigensbothcontaintheGalβ1-4GlcNAc
glycosidiclinkagetargetedbyGH98enzymesbut differ by thepresenceof GalNAcor Galin
thenonreducingendof BgAor BgB,respectively.WeshowedthatRgGH98specificityfor BgA
isachievedthroughtheprecisepositioningof aminoacidsidechainsaroundtheBgAGalNAc
moiety,asshownin thecrystalstructureof thecomplexbetweenRgGH98E411AandBgAII,
principally throughGln 305,Trp 528,andLys788.Of note,Lys788ispartof theC-term
domain,supportingearlieralignmentanalysessuggestingaclosespatialinteractionof this
domainwith thecatalyticdomainacrossGH98enzymes[31]. Theimportanceof this residue
wasconfirmedherebysite-directedmutagenesis,revealingthat theRgGH98K788Amutant
lostenzymaticactivityagainstBgAII whileretainingits thermostability.

TranscriptomicsanalysesshowedthatRgGH98ispartof anoperon,which isup-regulated
whenR. gnavus ATCC29149isgrownon mucin assolecarbonsource.In line with thespeci-
ficity of thepurified RgGH98enzymeto BgAII, RgGH98wasshownto beactiveon mucin,
releasingBgAtri asconfirmedbyHPAECandMS.Further,weshowedthatR. gnavus E1was
ableto growon RgGH98-treatedmucin andto metabolisethereleasedBgAtri.No Fucinter-
mediatecouldbedetectedduring growthof R. gnavus E1or ATCC29149on BgAtri or BgAII,
suggestingthatR. gnavus maybeableto transportandmetabolisethetrisaccharideor thatFuc
is readilytransportedandconsumedby thebacteria.Accordingto themolecularclusteranaly-
sis,apredictedGH95fucosidase(RGna_RS10315)aswellasaGH73(RGna_RS10330)with
putativeendo-β-N-acetylglucosaminidasespecificityappearto bepartof theGH98operon
andmayalsobeinvolvedin BgAII metabolism;also,this remainsto befunctionally
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demonstrated.In addition,our transcriptomicsanalysesrevealedfucosidasecandidates
encodedbyR. gnavus E1or ATCC29149outsidetheGH98operon,whichmaybeinvolvedin
BgAtri metabolism.Wedemonstratedthat therecombinantlyexpressedWP_004841212.1
GH95fucosidase(which ishighlysimilar to RUGNEv3_40027from R. gnavus E1)couldcleave
off theα1±2linkagein GalNAcα1±3[Fucα1±2]Galβ1-4GlcNAc,supportingtheir potential
contribution to BgAtri metabolism.FurtherHPAECandMSanalysesshowedthatR. gnavus
E1alsobenefitsfrom theuncappedmucin glycanchain,whichbecomesaccessibleto other
mucin-glycandegradingGHsencodedbyR. gnavus E1genomeincludingRUGNEv3_10180
(GH29),_10181(GH95),_10623(GH29),_10587(GH95),_30029(GH95),_30022(GH20),
and_30140(GH20)[26]. Together,thesedataindicatethatRgGH98conferedR. gnavus E1
straintheability to growon mucinsbyenablingE1to accessthereleasedBgAtri aswellas
accessingtheunderlyingmucin glycanchainandfurther supporttheroleof GHsin theadap-
tation of R. gnavus strainsto distinctnutritional niches.

Bloodgroupantigenscanplayadirect role in infectionbyservingasreceptorsand/orcore-
ceptorsfor microorganisms,parasites,andviruses[40]. In addition to ABO,virusbinding and
hostsusceptibilityarealsoheavilydependenton thesecretorstatus[40]. Forexample,norovi-
ruswasfound to bind to salivafrom groupO andA secretorsbut not to salivafrom nonsecre-
torsor groupB individuals[46] (seefor areview).SecretorandsalivaryABObloodgroup
antigenstatusmayalsocontributeto thepredictionof rotavirusvaccineprotection[47].
Recently,clinical reportssuggestedtheinvolvementof ABObloodgroupsin COVID-19sus-
ceptibilitywith bloodgroupA beingassociatedwith higherrisk of of SARS-CoV-2infection
[48±53].Thespecificityof RgGH98for bloodgroupA antigencouldthereforehavepotential
applicationfor diagnosticsor therapeutics.

Materials and methods

Materials

All chemicalswereobtainedfrom Sigma(StLouis,MO, USA)unlessotherwisestated.20-fuco-
syllactose(20FL),3-fucosyllactose(3FL)and20,3-difucosyllactose(DFL) and60-sialyllactose
(60SL)werefrom Glycom(EsbjergN, Denmark).LewisA (LeA),α1,3Gal-LewisX (αGal-LeX),
bloodgroupA tetrasaccharidetypeI (BgAI), bloodgroupA tetrasaccharidetypeII (BgAII),
bloodgroupA tetrasaccharidetypeIV (BgAIV), bloodgroupA tetrasaccharidetypeV (BgA
V), GalNAcα1±3(Fucα1±2)Galtrisaccharideof theA antigen(BgAtri, usedfor ITC, STD
NMR, andgrowthassays),bloodgroupB tetrasaccharidetypeII (BgBII), bloodgroupBpen-
tasaccharidetypeIV (BgBIV), andbloodgroupH trisaccharide(BgH)werefrom Elicityl
(Crolles,France).LewisX (LeX)andLewisY tetrasaccharide(LeY)werefrom DextraLabora-
tories(Reading,UK). FA2G2N-glycanwasfrom Ludger(Oxford,UK). GlcNAc-pNP,
Fucα1,6GlcNAc,andGalNAcα1±3(Fucα1±2)Galtrisaccharideof theA antigen(BgAtri, used
in enzymaticassays)werefrom CarbosynthLimited (Campton,UK). Xyloglucanfrom tama-
rind seedandarabinoxylanfrom wheatwerefrom Megazyme(Wicklow, Ireland).pPGMwas
obtainedaspreviouslydescribed[54]. Bloodgroupendo-β-galactosidase98Afrom S. pneumo-
niae (SpBgg98A)waspurchasedfrom NZYTech(Lisbon,Portugal).UnconjugatedUlex Euro-
paeus Agglutinin I (UEA I) wasfrom 2BScientificLimited (Oxfordshire,UK). Recombinant
fucosidaseWP_004841212.1(formerlyRUMGNA_00842)from R. gnavus ATCC29149was
producedin-houseaspreviouslyreported[30].

In silico analyses

Thedomainarchitectureof theputativeGH98in R. gnavus ATCC29149(WP_039959992.1)
wasanalysedviaInterProScan(InterPro82.0).TheanalysedWP_039959992.1protein
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sequencewas1,357aa,but thepresenceof analternativestartcodoncouldresultin aprotein9
aalonger.

Theclusterof genessurroundingthegenecodingfor theputativeGH98proteinwasana-
lysedusingthefollowing in silicotools.Proteinfunction predictionwasbasedon automatic
annotationandconfirmedbyBlastP[55] exceptfor predictedGHsidentifiedin our previous
work [26]. Intergenicregionswereanalysedin silico:(i) Putativetranscriptionalterminators
werepredictedusingtheRNAfoldprogramme(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.
cgi) [56]; and(ii) predictionof bacterialsigma70promoterswasperformedusingtheBPROM
onlinetool [57]. Whenpromoterswerefound,putativeRBSwereidentifiedmanuallyusing
thecanonicalShine-Dalgarnosequenceasareference.

ForSSNanalysis,thesequencesencodingGH98enzymeswereextractedfrom thethe
CAZydatabase(www.cazy.org)on 17April 2020.Theaminoacidsequenceswerethenusedto
generateaSSNusingtheEnzymeFunctionInitiative-EnzymeSimilarityTool (EFI-EST)[58].
After filtering sequenceslessthan250aafrom theCAZydatabase,atotalof 355GH98
sequenceswereanalysedbySSNwith analignmentscoreof 120.TheSSNdatawerevisualised
usingCytoscape3.6[59].

Sequencealignmentswith functionallycharacterisedGH98enzymeswereperformedusing
ClustalOmega[60] andmodularassignmentsestablishedbasedon Interpro database(Inter-
pro 80.0,18June2020).

Theoccurrenceof GH98acrossgenome-sequencedR. gnavus strains(84to date)wascar-
ried out usingStandardNucleotideBLAST(BLASTN).Thenucleotidesequenceof GH98
gene,RGna_RS10325,wasdownloadedfrom NCBI'sGeneresourcesasaFASTAfile along
with the10genesthatmakeup theGH98operon,includingRGna_RS10315,RGna_RS10320,
RGna_RS10325,RGna_RS10330,RGna_RS10335,RGna_RS10340,RGna_RS10345,
RGna_RS10350,RGna_RS10355,andRGna_RS10360.These10geneswereconcatenatedinto a
singleFASTAfile.Thenucleotidesequenceof theGH98geneandtheconcatenatedFASTAfile
containingthenucleotidesequencesof theGH98operonwereeachsubmittedasquerysequences
in theBLASTNprogramme.Genomesof R. gnavus strainsweredownloadedasFASTAfilesfrom
theNCBI RefseqGenomesFTPsiteandindividuallysubmittedassubjectsequencesin the
BLASTNprogramme.Thestrainwasconsideredpositivefor GH98whenthepredictedoperonor
GH98proteinhadapercentidentity andpercentquerycoverageof 80%andabove.

Cloning, expression, site-directed mutagenesis, and purification

R. gnavus ATCC29149genomicDNA waspurified from thecellpelletof abacterialovernight
culture(1 mL) followingcentrifugation(5,000g,5 min) usingtheGeneJETGenomicDNA
PurificationKit (ThermoFisher,UK) accordingto themanufacturer'sinstructions.The
sequenceof RgGH98(44±946aa)excludingthesignalsequence,theC-termgalactose-bind-
ing-like domain(GBLD)andC-termfibronectintype3 (FN3)domain(seeFig 1C) wasampli-
fiedbyPCRandclonedinto thepET-28a(+) vector(Novagen)usingNdeI andXhoI
restrictionsites(NewEnglandBiolabs,USA).TheRgGH98E411Amutantwasproducedby
NZYTech(Lisbon,Portugal).TheotherRgGH98mutants,K788A,W528A,W528D,Q305A,
andQ305W,weregeneratedusingtheNZYMutagenesiskit (NZYTech,Portugal)according
to themanufacturer'sinstructions.Theindividual regionencodingRgGH98N-term GBLD
(Ala44-Gly272)andC-termdomain(Val689-Val881)wereamplifiedbyPCRandclonedinto
pET-28aby in-fusioncloning(Takara,Japan).ThecatalyticandC-termdomains(Cd-C-term,
Phe253-Phe880)wasamplifiedfrom RgGH98or E411AmutantbyPCRandclonedinto pET-
28ausingBamHIandXhoI restrictionsites(NewEnglandBiolabs,USA).All constructswere
designedto containanN-terminal poly (x6)histidinetag(His6-tag).Primersusedfor PCRare
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shownin S4 Table. DNA manipulationwascarriedout in E. coli XL10-Goldcells(Stratagene,
USA).SequenceswereverifiedbyDNA sequencingatEurofinsMWG (Ebersberg,Germany).

Therecombinantproteinswereexpressedin E. coli Tuner(DE3)aspreviouslydescribed
[30]. Briefly,E. coli Tuner(DE3)cellswereculturedin LBbroth to exponentialphase(OD600

of 0.6)at37ÊCandinducedwith 0.2mM isopropyl-β-D-thiogalactopyranoside(IPTG).For
theproductionof RgGH98andRgGH98mutants,E411A,K788A,W528A,W528D,Q305A,
Q305W,andRgGH98N-term GBLDandC-termaswellasRUMGNA_00842,cellswerefur-
therculturedfor 48h at16ÊCandlaterharvestedbycentrifugationat7,000× g for 10min.
TheHis-taggedproteinswerepurified by immobilisedmetalaffinity chromatography(IMAC)
andfurther purified bygelfiltration (Superdex75and200columns)on anAkta system(GE
HealthCareLifeSciences,Little Chalfont,UK). ForRgGH98Cd-C-termandRgGH98E411A
Cd-C-term,cellswereculturedovernightat16ÊCandlaterharvestedbycentrifugationat
4,000× g for 10min andtherecombinantproteinspurified by IMAC usingTALON resin
(TakaraBio).Theelutionbuffercontained20mM Tris±HCl,150mM NaCl(pH 8.0)with
increasingamountsof imidazolefrom 10mM to 100mM. Proteinpurification wasassessedby
standardSDS±polyacrylamidegelelectrophoresisusingtheNuPAGENovex4%to 12%Bis-
Tris (Life Technologies,Paisley,UK). Proteinconcentrationwasmeasuredwith aNanoDrop
(ThermoScientific,Wilmington, USA)andusingtheextinctioncoefficientcalculatedbyProt-
param(ExPASy-Artimo,2012)from thepeptidesequence.

Inductively coupled plasma mass spectrometry (ICP-MS) analysis

RgGH98(2.5mg)wasdialysed72h in ultrapurewater.Thedialysatewasthenfreezedriedand
2.2mgdigestedwith ultrapurenitric acidandhydrogenperoxide.Thedigestwasthendiluted
in RhodiuminternalstandardandMilli-Q water.Theelementalcontentof thesamplewas
determinedusingaThermoTQ triple quadspectrometerwith thefollowingoperatingcondi-
tions:coolingflow rate:14.0L/min; auxillarygasflow rate:0.8L/min; samplingdepth:5 mm;
additionalgasflow:75%;spraychamber:2.7degrees;nebuliserflow rate:1.144L/min; pump
speed:15rpm; RFpower:15,550W).

Activity assays and kinetics

RgGH98(2 μM) wasincubatedwith GlcNAc-pNP(16mM) in 50mM citratebuffer(pH 6.0)
for 1 h. Thereactionwasstoppedwith 1.8M Na2CO3 andtheabsorbanceof pNPmeasuredat
405nm usingausinga96-wellplatereader(BMG Labtech,Ortenberg,Germany).

To determineRgGH98substratespecificity,1 μM enzymewasincubatedwith 100μM oli-
gosaccharides(20FL,3FL,DFL,LeA,LeX,αGal-LeX,LeY,Fuc1,6GlcNac,N-Acetyllactosamine
(LacNAc),BgH,BgAI, BgAII, BgAIV, BgBII andBgBIV) or 1 mg/mL polysaccharide(xylo-
glucanandarabinoxylan)or 11.1mg/mL pPGMin 50mM citratebufferatpH 6,37ÊCfor 24
h or 48h for pPGM.About�$�8: �3�H�U�3�/�2�6�V�W�\�O�H; �Q�X�P�H�U�D�O�V�D�U�H�Q�R�W�D�O�O�R�Z�H�G�D�W�W�K�H�E�H�J�L�Q�Q�L�Q�J�R�I�D�V�H�Q�W�H�Q�F�H:�3�O�H�D�V�H�F�R�Q�I�L�U�P�W�K�D�W�W�K�H�H�G�L�W�V�W�R�W�K�H�V�H�Q�W�H�Q�F�H�$�E�R�X�W10m�0�H�Q�]�\�P�H�Z�D�V�X�V�H�G�W�R�W�H�V�W�5�J�*�+98�D�F�W�L�Y�L�W�\:::�G�L�G�Q�R�W�D�O�W�H�U�W�K�H�L�Q�W�H�Q�G�H�G�W�K�R�X�J�K�W�R�I�W�K�H�V�H�Q�W�H�Q�F�H:10μM enzymewasusedto testRgGH98activityagainst5 ng/μL
FA2G2.SpBgg98Afrom S. pneumoniae (NZYTech)wasusedasacontrol.TheoptimalpH
weredeterminedwith 10μM enzymeagainst100μM BgAtetraat37ÊCfor 30min in 50mM
citratebufferwith pH 4.5to 6.

To determineRUMGNA_00842fucosidaseactivity,1 μM enzymewasincubatedwith
100μM BgAtri or 1 mg/mL of pPGMat50mM citratebufferatpH 6,37ÊCfor 24h.

All enzymaticassaysweredoneat leastin duplicates.Reactionswerethenheatedat95ÊC
for 10min beforecentrifugedat17,000g,andsupernatantswerethenanalysedbyhigh-pH
anionexchangechromatographywith pulsedamperometricdetection(HPAEC-PAD)and/or
liquid chromatographywith fluorescencedetectionandmassspectrometricdetection
(LC-FD-MS/MS)asdecribedbelow.
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Forkinetics,RgGH98(10μM) wasincubatedin 50mM citratebuffer(pH 5) at37ÊCfor 30
min with BgAtetraatconcentrationvaryingfrom 25μM to 4 mM andtheactivitymeasuredat
5min intervalfor eachtime point. Thereactionswerestoppedbyheatingat95ÊCfor 5 min
andanalysedbyHPAEC-PAD.Fuc(20μM) wereaddedasinternalstandardto facilitatequan-
tification.A standardcurvewasmadewith arangeof GlcNAcfrom 5 to 100μM containing
20μM of Fuc.Kinetic parameterswerecalculatedbasedon theMichaelis±Mentenequation
usinganonlinearregressionanalysisprogramme(Prism5,GraphPad,SanDiego,USA).

ForHPAEC-PADanalysis,thesampleswerecentrifugedat17,000× g andthesupernatant
analysedon aDionexICS5000system(ThermoScientific,HemelHempstead,UK). Thesugars
wereseparatedon aCarboPacPA1columnprotectedwith aguardcolumnusingthefollowing
gradientconditions:0 min, 18mM NaOH;20to 35min, 100mM NaOH;35.1to 50min, 18
mM NaOH.

Forquantificationof BgAtri releasedfrom pPGM,aseriesof BgAtri standards6.25μM,
12.5μM, 25μM, 50μM, 75μM, and100μM wereusedto generatethestandardcurveandcal-
culatetheslope(nC�min/μM), theamountof BgAtri wasdeterminedusingthelinearcalibra-
tion. Experimentswereperformedin duplicates.

ForLC-FD-MS/MSanalysis,thereactionswerestoppedbyheating95ÊCfor 5min and
thendryeddownusingSavantSpeedVaccentrifugalevaporator(ThermoFisher,Wilmington,
USA),labelledat thereducingendwith procainamideusingtheglycanlabellingkit with
sodiumcyanoborohydridereductant(Ludger,Oxford,UK), andpurified usingS-cartridges
(Ludger,Oxford,UK) to removetheexcessdye.Thesamplesweredriedbyspeedvacuumand
resuspendedin 50μL of acetonitrile:watersolvent.Thesuspensionsweretheninjectedonto a
WatersACQUITY UPLCGlycanBEHamidecolumn(2.1× 150mm, 1.7μm particlesize,130
Å poresize)at40ÊCon aDionexUltimate3000UHPLCinstrumentwith afluorescencedetec-
tor (λex= 310nm,λem= 370nm) coupledto aBrukerAmazonSpeedETD.A 50-mM ammo-
nium formatesolution(pH 4.4)(Ludger,Oxford,UK) wasusedasmobilephaseA and
acetonitrile(Romil,UK) wasusedasmobilephaseB.A 70-mingradientwasusedwith mobile
phaseB from 70%to 62%for FA2G2,85%to 65%for BgAII/BgB II from 0 to 53.5min ata
flow rateof 0.4mL/min followedbymobilephaseB from 51%to 0%from 53.5min to 55.5
min at flow rateof 0.2mL/min, and2 min stabilisation,mobilephaseB from 0%to 70%from
57.5min to 59.5min ataflow rate0.2mL/min, andthenlastfor 6 min, from 65.5min to 66.5
min, theflow ratewaschangedbackto 0.4mL/min andthenequilibratedfor 3.5min.

Differential scanning fluorimetry (DSF) assay

DSFwasusedto analysethethermostabilityof RgGH98andRgGH98K788A,W528A,
W528D,Q305W,andQ305A.A�$�8: �3�H�U�3�/�2�6�V�W�\�O�H;�Q�X�P�H�U�D�O�V�D�U�H�Q�R�W�D�O�O�R�Z�H�G�D�W�W�K�H�E�H�J�L�Q�Q�L�Q�J�R�I�D�V�H�Q�W�H�Q�F�H:�3�O�H�D�V�H�F�R�Q�I�L�U�P�W�K�D�W�W�K�H�H�G�L�W�V�W�R�W�K�H�V�H�Q�W�H�Q�F�H�$�Y�R�O�X�P�H�R�I4m�/�R�I�S�U�R�W�H�L�Q�V�D�P�S�O�Hð1�P�J=�P�/Þ:::�G�L�G�Q�R�W�D�O�W�H�U�W�K�H�L�Q�W�H�Q�G�H�G�W�K�R�X�J�K�W�R�I�W�K�H�V�H�Q�W�H�Q�F�H:volumeof 4 μL of proteinsample(1 mg/mL) in 20mM Tris±
HCl, 150mM NaCl(pH 7.9)wasmixedwith 2 μL 500mM citratebuffer(pH 5),2 μL SYPRO
orange(100×),andmadeup to 20μL with milliQ water.Themeasurementwasperformedin
StepOnePlusPCRinstrumentfollowingtheprogramme:starttemperature25ÊC;endtempera-
ture80ÊC;temperatureslope2.0ÊC/min.TheTm wasdeterminedfrom theminimum of the
plot of derivativefluorescent-basedsignalagainsttemperature.

Glycan arrays

RecombinantHis6-taggedRgGH98E411A,RgGH98C-term,andRgGH98N-term GBLD
wereexpressedandpurified asdescribedabove.Threeproteinconcentrations(5,50,and
200μg/mL) werepreparedin binding buffer(20mM Tris±HCL(pH 7.4),150mM sodium
chloride,2 mM calciumchloride,2 mM magnesiumchloride,0.05%Tween20,1%BSA)and
screenedfor binding to CoreH glycanmicroarrayglycansat theCFG.Version5.4of the
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printed arrayconsistsof 585glycansin replicatesof 6.Proteinsamplesweredetectedon the
glycanarrayby fluorescence-labelledprimary antibodyagainstHis tag.Thescannerresponse
is linearto amaximumRFUvalueof about50,000.ThedataweresortedbyRFU(high to low)
andthehighestandlowestpoint from eachsetof 6 replicatesremovedto eliminatessomeof
thefalsehits thatcontainasingleveryhighor low point. TheaverageRFUvalue(of 4 repli-
cates),thestandarddeviation,and%CV(%CV= 100X Std.Dev/ Mean)for eachprotein
testedwasprovidedby theCFGandthegraphof glycannumberversusaverageRFUwith
standarderror of themean(SEM)plottedin theerror bars(standarddeviation/2= SEM).

Isothermal titration calorimetry (ITC)

ITC experimentswereperformedusingthePEAQ-ITCsystem(Malvern,Malvern,UK) with a
cellvolumeof 200μL. Prior to titration, RgGH98E411Awereexhaustivelydialysedinto 50
mM citratebuffer(pH 5).Theligandwasdissolvedin thedialysisbuffer.UEA I andtheligand
thereofweredissolvedin 10mM HEPESbufferedsaline(pH 7.5),0.1mM CaCl2.

ForRgGH98E411A,thecellproteinconcentrationwas260μM, andthesyringeligandwas
5mM for all ligandstested.ForUEA I, thecellproteinconcentrationwas100μM, andthe
syringeligandconcentrationwas5mM for all ligandstested.Threecontrolswith titrant
(sugar)injectedinto thebuffer,bufferinjectedto protein,bufferinjectedinto buffer,weresub-
tractedfrom thedata.TheanalysiswasperformedusingtheMalvernsoftware,usingasingle-
binding sitemodel.Experimentswerecarriedout in triplicatefor RgGH98E411Aanddupli-
catefor UEA I.

Crystallisation and structure resolution

Crystallisationexperimentswerecharacterisedbydiffraction usingtheVMXi in situbeamline
atDiamondLight Sourceprior to cryocoolingcrystalsfrom thebestconditions[61]. Apo crys-
talsweregrownin 20%PEG500MME, 10%PEG20K,0.1M sodiumHEPES/MOPS(pH 7.5)
in sittingdrop vapourdiffusionplatesusingRgGH98wild-typeprotein.Crystalsfor theBgAtri
complexweregrownin 12.5%MPD; 25%PEG1000;12.5%PEG3350,0.1M sodiumHEPES/
MOPS(pH 7.5),30mM magnesiumchloridehexahydrate,and30mM calciumchloridedihy-
drateusingRgGH98wild-typeprotein.Crystalsfor theBgAII complexweregrownin 20%
PEG500MME, 10%PEG20K,0.1M (pH 6.5)imidazole/MESmonohydrate(acid),30mM
sodiumfluoride,30mM sodiumbromide,and30mM sodiumiodideusingtheRgGH98
E411Amutantprotein.All dropsweresetup at10mg/mL with astartingproteinvolumeof
0.15μL andreservoirvolumeof 0.3μL. Soakswereshort,approximately1min with 10mM
compound.A 10%ethyleneglycolsolutionwasintroducedto aidwith cryoprotection.Crystals
in thepresenceof compoundwerecryocooledoncechangesin crystalmorphologywere
observed.Diffraction experimentswereperformedusingbeamlinesi03andi24atDiaamond
Light Sourceatawavelengthof 0.9763Å and0.97628Å, respectively.Datawereprocessed
usingDials,Xia2,andAimless[62±64].MolecularreplacementwasperformedusingMOL-
REPandpdb4D6Cwithin theCCP4package[34,65,66].Twomoleculeswerefound in the
asymetricunit. Automatedmodelbuilding wasperformedusingBUCCANEER[67] followed
by iterativecyclesof refinementusingusingcoot,REFMAC,andPDBredo[68±70].Modelval-
idation wasperformedusingMolprobity [71].

Saturation transfer difference nuclear magnetic resonance (STD NMR)

analysis

ForSTDNMR, all proteinswerebufferexchangedusinganamiconcentrifugefilter unit with
a10-kDaMW cutoff in 25mM d19-2,2-bis(hydroxymethyl)-2,20,2@-nitrilotriethanolpH� 7.4
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(uncorrectedfor thedeuteriumisotopeeffecton thepH glasselectrode)D2O bufferand50
mM NaCl.Theligandsweredissolvedin 25mM d19-2,2-bis(hydroxymethyl)-2,20,2@-nitrilo-
triethanolpH� 7.4,50mM NaCl.LigandNMR assignmentwasperformedbyacquiringaset
of 2D experiments(COSY,HSQC,TOCSY)using1 mM ligand.To detectbinding andfor
binding epitopedetermination,aconcentrationof 25μM wasusedfor eachproteindomain
(RgGH98E411A,RgGH98N-term GBLD,RgGH98C-term)and1mM for theligands.The
on- andoff-resonancespectrawereacquiredusingatrain of 50msGaussianselectivesatura-
tion pulsesusingavariablesaturationtime,with on-resonancefrequencyat0.0ppmandoff-
resonancefrequencyat40ppm.Bindingexperimentswereperformedat2-ssaturationtime.
Residualprotein resonanceswerefilteredout usingaT1rho filter of 40ms.TheSTDNMR
experimentswereperformedwith aspectralwidth of 10kHz and32,768datapointsusing256
or 512scanson aBrukerAvance800.23MHz at278K.

Bindingepitopemappingwasobtainedfrom theinitial slopesof STDbuild-up curves
(incrementalsaturationtime from 0.5to 5 s),calculatedbyperformingaleast-squaresfitting
of thefollowingmono-exponentialcurve:

STDðtsatÞ ¼ STDmax ð1� expð� ksat � tsatÞÞ

whereSTD(tsat) is theSTDintensityfor asaturationtime tsat, STDmaxis themaximumSTD
intensity,andksatis therateconstantfor saturationtransfer.In thelimit tsat!0 (initial slope,
STD0):

STD0 ¼ STDmax � ksat:

Importantly,STD0 givesavaluethat is independentof anyrelaxationor rebindingeffects,
allowingfor anaccuratebinding epitopemappingdetermination.To thisend,everyvalueof
STD0 wasnormalisedagainsttheproton with thelargestintensityto givevaluesin therangeof
0%to 100%,whichwerethenmappedonto theligandstructure.

ForcompetitionSTDNMR experimentsbetweenBgAII andBgBII, STDNMR experi-
ments(tsat2 s,512transients)werefirst run on 50μM RgGH98E411Ain thepresenceof 1
mM BgBII, andin asecondexperiment,1mM BgAII wasaddedto thereaction,monitoring
thedisplacementof BgBII by theintensityreductionon isolatedwell-resolvedSTDNMR sig-
nalsof BgBII.

RgGH98 mucin treatment in vitro

PurifiedpPGM(10mg/mL) wasincubatedwith RgGH98(2 μM) in 50mM citratebuffer(pH
5.0)for 24h or 48h. Thereactionwasstoppedbyheatingat50ÊCfor 5min, areactionvolume
(0.2mL) containing2 mgof digestedpPGManalysedbyHPAEC-PAD,therestwasdialysed
againstwaterusinga7-kDamembrane.Thesamplesinsidethedialysiscassette(containing
thetreatedpPGM)wererecoveredandfreezedriedandthedialysate(containingtheenzymat-
icallyreleasedoligosaccharides)wereconcentratedbycompletedistillationandrecovered
with deionisedwater,followingbydesaltingwith agraphitisedcarboncolumn(SupelcleanTM
ENVITM-Carb SPETubes(Pennsylvania,USA)),elutedin 10%acetonitrilewith 0.1%trifluor-
oaceticacidandin 25%acetonitrilewith 0.1%trifluoroaceticacid,freezedried thendissolved
in dionisedwaterbeforeanalysingbyHPAEC-PADandMALDI-ToF MS.

R. gnavus growth assays

R. gnavus ATCC29149[72] andE1[73] strainsweregrownin ananaerobiccabinet(Don
Whitley,Shipley,UK) in 14ml tubesor in a96-wellplate,at37ÊCwith 85%N2, 10%H2, and
5%CO2. Thegrowthwasmonitoredbyspectrophotometrywith anUltrospec10celldensity
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metrefrom GEHealthcare(Chicago,IL, USA)at600nm or anInfinite F50platereaderfrom
Tecan(MaÈnnedorf,ZuÈrich, Switzerland)at595nm.

Starterculturesweregrownin BHI-YH aspreviouslydescribed[26]. Growthon singlecar-
bonsourcesutilisedaminimum medium,eitherthesemidefinedYCFAmedium[74] or the
definedLAB medium[75] asindicated.

Forgrowthassayswith pPGM,10g/L pPGMwasaddedto themediumandautoclaved.
WhenpPGMwaspretreatedwith RgGH98,therecombinantenzymewasdiluted in LAB
medium,filter sterilised,andaddedto theLAB+pPGMmediumatafinal concentrationof
1.3μM 48h beforeinoculationwith thebacteria.

Forgrowthassayswith Glc,Fuc,or BgAtri, filter-sterilisedstocksolutionsof thesugars
wereaddedto theLABmediumatafinal concentrationof 0.5%(w/v), 0.46%(w/v), and0.09%
(w/v), respectively.

MALDI-ToF MS analysis of mucin glycosylation from growth cultures

Spentgrowthmedia(100μL containing1mgof pPGM)wereusedfor glycananalysis.60SLwas
usedasinternalstandardat10μg/mgof pPGM.Boundglycanswerereleasedfrom mucinsby
reductiveβ-elimination in NaBH4 0.5M dissolvedin NaOH50mM at45ÊCfor 16h.Freeglycans
in thegrowthmediawerealsoreducedduring thisprocess.Thereactionwasquenchedwith drop-
wiseadditionof glacialaceticacid.Thesamplesweredesaltedon anin-housepreparedcolumnof
DOWEX50Wx8H+ cationexchangeresin,andboratewasremovedbycoevaporationwith
methanolundernitrogen.Thedriedglycanswerepermethylatedbytheadditionof 200μL
DMSO,300μL of NaOHbasein DMSO(preparedasdescribedin [76] and150μL iodomethane
undervigorousshakingfor 30min atroom temperature.Thereactionwasquenchedbyaddition
of 1mL of H2O andexcessof iodomethanewasremovedundernitrogen.Permethylatedglycans
werepurified on SWIFTHLB cartridges(Sigma,StLouis,MO, USA),wherecontaminatingsalts
wereremovedwith H2O andpermethylatedglycanselutedwith methanol.Thepermethylated
sampleswereanalysedbyMALDI-ToF MSon aBrukerAutoflex(BrukerDaltonics).Peakscorre-
spondingto glycanswith asignal-to-noiseratio >3 wereconsideredfor theanalysis.Twotechni-
calreplicatesfrom 2biologicalreplicateswerecarriedout in total.

Bacteria quantification by qPCR

Cellsfrom a2-mLaliquotof culturewereharvestedbycentrifugation(10,000g,5 min, 4ÊC),at
differenttimesof growth(0 h, 9h, and48h). Thecellpelletwaskeptfrozenat−20ÊCuntil
DNA extraction.TheDNA extractionwascarriedout usingGeneJETGenomicDNA Purifi-
cationkit (ThermoFisherScientific)followingsupplier'sprocedurefor gram-positivebacteria,
exceptfor theelutionstep,whichwasperformedwith 50μL of EBbufferinsteadof 200μL.
DNA qualityandquantitywereassessedusingtheNanoDrop2000spectrophotometer
(ThermoFisherScientific)andQubit dsDNAHSassayon Qubit 2.0fluorometer(Thermo
FisherScientific).Dilutions at1ng/μL werepreparedin watercontaining5 μg/ml Salmon
SpermDNA (Sigma-Aldrich).

ThestandardwasaPCRfragmentobtainedbyamplificationof R. gnavus ATCC2914916S
rRNA gene,aspreviouslydescribedin [77]. Briefly,thePCRwascarriedout usingtheHotStar-
TaqPlus MasterMix Kit (Qiagen)accordingto thesupplier'sadvice.A totalof 35cyclesof 3
stepswereperformedwith anoptimisedannealingtemperaturefor theprimersused(S4

Table) anda2-min extension,following thesupplier'sinstructions.ThePCRproductwas
purified,quantified,anddiluted in waterto aconcentrationof 16.4ng/uL,whichequalsto
1010copies/μL.A seriesof 10-foldor 20-folddilutionswasthenperformedfrom 1010copies/
μL to 102 copies/2μL using5 μg/mL salmonspermDNA.
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TheqPCRwascarriedout in anAppliedBiosystems7500Real-TimePCRsystem(Life
Technologies)with qPCRprimerstargetingspecificallyR. gnavus 16SrRNA gene(S4 Table).
EachqPCRreaction(10μL) wasperformedin triplicateswith 2 μL of DNA matrix (standards
at102 copies/2μL to 107 copies/2μL or DNA at1 ng/μL) and0.2μM of eachprimer usingthe
QuantiFastSYBRGreenPCRkit (Qiagen)accordingto supplier'sadvice(exceptfor thecom-
binedannealing/extensionstep,whichwasextendedto 35sinsteadof 30s).Thestandard
curvesshowedalinearrelationshipof log input genecopynumberversusthethresholdcycle
(CT), with acceptablevaluesfor theslopesandtheregressioncoefficients(R2). Thedissociation
curveswerealsoperformedto checkthespecificityof theamplicons.

Genecopynumber/mLof culturewascalculatedin eachsampleusingtheCt valueobtained,
thestandardcurveequation(Ct = a× Log(genecopies/well)+ b) andtheamountof DNA
extracted/mLof culturein thesample(β): genecopies/mLof culture= (β × 10((Ct− b)/a)) / 2.

RNA extraction from R. gnavus ATCC 29149 growth cultures

TotalRNA wasextractedfrom 3 to 5 mL of mid- to lateexponentialphaseculturesof R. gna-
vus in YCFAsupplementedwith either0.5%Glcor 10g/L pPGMor LAB supplementedwith
1mM of BgAtri or BgAII. Fourbiologicalreplicateswereperformedfor eachcarbonsource.
TheRNA wasstabilisedprior to extractionbyadding1/5vol of phenol(pH 4.3):ethanol(1:9)
mixture to 1 vol of culturethenincubating30min on iceandcentrifugingfor 5min at10,000g
at4ÊC.Cellpelletswerestoredat−80ÊCbeforeextraction.Extractionwasperformedusing
phenolandchloroformaspreviouslydescribed[78]. GenomicDNA contaminationwas
removedbyDNAsetreatmentusingTURBODNA-freekit (Life Technologies,Paisley,UK)
accordingto supplier'srecommendations.

Thepurity, quantity,andintegrity of theDNase-treatedRNA wereassessedwith Nano-
Drop 2000Spectrophotometer,with Qubit HSRNA assayon Qubit 2.0Fluorometerandwith
AgilentRNA 600Nanokit on Agilent2100Bioanalyzeror with High-SensitivityRNA Screen-
Tapeon Agilent4200TapeStation(AgilentTechnologies,Stockport,UK).

RNAseq transcriptomics analysis

Sequencingof RNA extractedfrom R. gnavus ATCC29149grownin Glcor pPGMwasprevi-
ouslydescribed[28]. To comparethetranscriptexpressionlevelsacrosssamples,theRNAseq
readsweremappedonto theR. gnavus ATCC29149genomewith theopensourcetool Bowtie
v0.12.9[79] usingdefaultparameters.Rawcountswerenormalisedto theeffectivelibrary size.
Log2(fold change)of genetranscriptionwascalculatedfor eachgenewhenATCC29149was
grownon mucin ascomparedto Glc.

RT-qPCR transcriptomics analysis

DNAse-treatedRNA (100ng to 1 μg) from R. gnavus ATCC29149grownon BgAII andR.
gnavus E1grownon BgAtri wasconvertedinto cDNA usingQuantiTectReverseTranscrip-
tion (RT) kit (Qiagen)accordingto supplier'sadvice(including thegenomicDNA elimination
step).An RTnegativecontrol (RT−) wasgeneratedusingthesameamountof DNAse-treated
RNA andfollowing thesameprocedurebut without additionof thereversetranscriptase.

qPCRwascarriedout in anAppliedBiosystems7500Real-TimePCRsystem(Life Technol-
ogies).Onepair of primerswasdesignedfor eachtargetgeneusingProbeFinderversion2.45
(RocheAppliedScience,Penzberg,Germany)to obtainanampliconof around60to 200bp
long.Theprimerswerebetween18and23nt-long,with aTm of 59to 60ÊC(S4 Table). Cali-
brationcurveswerepreparedin triplicatesfor eachpair of primersusing3- or 4-foldserial
dilutionsof R. gnavus genomicDNA. Thestandardcurvesshowedalinearrelationshipof log
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input DNA versusthethresholdcycle(CT), with acceptablevaluesfor theslopesandthe
regressioncoefficients(R2). Thedissociationcurveswerealsoperformedto checkthespecific-
ity of theamplicons.EachqPCRreaction(10μL) wasthencarriedout in triplicateswith 1 to
2 μL of a5- or 10-folddilutedsample(cDNA or RT−) and0.2mM of eachprimer,usingthe
QuantiFastSYBRGreenPCRkit (Qiagen)accordingto supplier'sadvice(exceptthat thecom-
binedannealing/extensionstepwasextendedto 35sinsteadof 30s).

Dataobtainedwith cDNA wereanalysedwhenCT valuesabove35wereobtainedfor the
correspondingRT−.ForeachcDNA sample,thelevelof transcriptionof eachgenetestedwas
expressedasequivalentof gDNA concentrationusingthestandardcurveequationandthe
geneswererankedaccordingly.

PCR analysis of cluster

A PCRwasperformedwith thecDNA (andRTnegativecontrol) from R. gnavus ATCC29149
grownon BgAII to amplifyfragmentswithin theRgGH98-encodinggene(RGna_RS10325)as
wellasfragmentscorrespondingto theintergenicregionsbetweengenesRGna_RS10360and
RGna_RS10315.Theprimer sequencesandtheexpectedampliconsizesarepresentedin S4 Table.
EachPCRreaction(10μL) wascarriedout with 0.4μL to 1μL of cDNA and0.25mM of each
primer,usingtheHotStarTaqPlus MasterMix Kit (Qiagen)accordingto thesupplier'sadvice.
Control reactionswerealsopreparedbysubstitutingthecDNA with water(negativecontrol),50
ngof R. gnavus ATCC29149genomicDNA (positivecontrol) or RTnegativecontrol (gDNA con-
taminationcontrol).A totalof 35cyclesof 3stepswereperformedwith anannealingtemperature
of 60ÊCanda3-min extensionfollowingthesupplier'sinstruction.PCRfragmentswereanalysed
byelectrophoresison a1%agarosegelusingtheMidori GreenDirectDNA Stain(Geneflow,UK).

Statistical analyses

For thestatisticalanalysisof R. gnavus growthassayson RgGH98-treatedversusuntreated
pPMG,theeffectof RgGH98on growthwastestedusing3 linearmixedmodels,with delta-
OD at9,24,and48h (delta-ODis theOD valueminustheOD of thecorrespondingªno bac-
teriaºcontrol) usedastheoutcomes,respectively,andthemaineffectsof pPMG,R. gnavus
strain,andtheir interactionaspredictors.Thedelta-ODat0 h wasincludedasacovariateto
accountfor baselinedifferencesalongwith arandomeffectof biologicalreplicate.Models
wereestimatedusingthelmerTestversion3.1±3with lme4version1.1±27.1packagesfor R
version4.1.1.Using�$�8: �3�O�H�D�V�H�F�K�H�F�N�D�Q�G�F�R�Q�I�L�U�P�W�K�D�W�W�K�H�H�G�L�W�V�W�R�W�K�H�V�H�Q�W�H�Q�F�H�8�V�L�Q�J�W�K�H�V�H�P�R�G�H�O�V;�W�K�H�H�I�I�H�F�W�R�I�5�J�*�+98�R�Q�2�'�D�W:::�G�L�G�Q�R�W�D�O�W�H�U�W�K�H�L�Q�W�H�Q�G�H�G�W�K�R�X�J�K�W�R�I�W�K�H�V�H�Q�W�H�Q�F�H:thesemodels,theeffectof RgGH98on OD ateachperiod,stratifiedby
strain,wasestimatedusingtheemmeanspackageversion1.6.3for R.

For theanalysisof qPCRdata,growthwasanalysedusingalinearmixedmodel.Threetech-
nicalreplicates(measurements)wereavailableateachtime point. Estimatedconcentrations
weretransformedonto alogarithmicscale,thentheconcentrationwasmodelledusingthe
interactionof time,strain,andenzymeandall of their 2- and3-wayinteractionsaspredictors,
with nestedrandomeffectscorrespondingto biologicalreplicateandtime within biological
replicate.ModelswereestimatedusinglmerTest/lme4for Rasabove,andtheeffectsof enzyme
on growthbetween0 and9 andbetween0and48h for eachstrainwascalculatedfrom each
modelusingemmeans[80±83].

Supporting information

S1 Table. ICP-MS analysis of RgGH98 metal ion content. ICP-MS�$�8: �$�E�E�U�H�Y�L�D�W�L�R�Q�O�L�V�W�V�K�D�Y�H�E�H�H�Q�F�R�P�S�L�O�H�G�I�R�U�W�K�R�V�H�X�V�H�G�L�Q�61 � �63�D�Q�G�65�7�D�E�O�H�V�D�Q�G�61; �62; �D�Q�G�64 � �613�)�L�J�V:�3�O�H�D�V�H�Y�H�U�L�I�\�W�K�D�W�D�O�O�H�Q�W�U�L�H�V�D�U�H�F�R�U�U�H�F�W:, inductivelycoupled
plasmamassspectrometry.
(XLSX)

PLOS BIOLOGY Blood group antigen utilisation by Ruminococcus gnavus

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001498 December 22, 2021 24 / 32

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001498.s001
https://doi.org/10.1371/journal.pbio.3001498


S2 Table. ITC thermodynamics parameters of UEA1 and RgGH98 against BgH and BgA,

respectively. BgA,bloodgroupA trisaccharide;BgH,bloodgroupH trisaccharide;ITC, iso-
thermaltitration calorimetry.
(XLSX)

S3 Table. Transcriptomics analysis of fucosidase genes (and RgGH98 gene for ATCC

20149) in R. gnavus strains grown on blood group A antigens. (A) R. gnavus ATCC29149
wasgrownon BgAII. (B) R. gnavus E1wasgrownon BgAtri.BgAII, bloodgroupA tetrasac-
charidetypeII; BgAtri,BgAtrisaccharide.
(XLSX)

S4 Table. Primers used in the study.

(XLSX)

S5 Table. Chemical shifts assignments and STD initial slopes of BgA II. BgAII, blood
groupA tetrasaccharidetypeII; STD,saturationtransferdifference.
(XLSX)

S6 Table. Presence or absence of GH98-encoding gene and operon across genome-

sequenced Ruminococcus gnavus strains.

(XLSX)

S1 Fig. HPAEC-PAD analysis of RgGH98 against fucosylated oligosaccharides and poly-

saccharides. 20FL(A), 3FL(B), DFL (C), Fucα1,6GlcNAc(D, theupperpaneliswith RgGH98
andthelowerpaneliswith SpGH98),xyloglucan(E), arabinoxylan(F). DFL,difucosyllactose;
Fuc,fucose;HPAEC-PAD,high-pH anionexchangechromatographywith pulsedamperomet-
ric detection;20FL,20-fucosyllactose;3FL,3-fucosyllactose.
(TIF)

S2 Fig. Enzymatic characterisation of RgGH98. (A) OptimalpH analysisof RgGH98.The
initial velocityagainstBgAII (100μM) wasmeasuredatdifferentpH valuesin 50mM citrate
bufferwith therecombinantenzyme(10μM) at37ÊC.(B) Michaelis±Mentencurveof
RgGH98towardsBgAII. Theexperimentwascarriedout in duplicatesfor optimalpH analysis
andtriplicatesfor Michaelis±Mentencurve.BgAII, bloodgroupA tetrasaccharidetypeII.
(TIF)

S3 Fig. Sequence alignment of RgGH98 with characterised GH98s from the CAZy data-

base. Blacktriangle,Q305;circle,W528;diamond,K788.
(TIF)

S4 Fig. Structural comparison with homologous GH98s. (A) RgGH98apostructure(wheat)
alignedto RgGH98boundto BgAtri (Cd in green,andC-termdomainin light cyan)bound
structure.Fuciscolouredin pink, galactosein orange,andGalNAcin yellow.Amino acid
identifiersreferto RgGH98.(B) RgGH98boundto BgAtri alignedto Sp3GH98(grey)bound
to thesamecarbohydrate.Amino acididentifiersreferto Sp3GH98.(C) RgGH98boundto
BgAtri alignedto Sp4GH98(pink). Amino acididentifiersto Sp4GH98.Theabsenceof the
Trp 512looppresentin Sp4GH98allowsbinding of BgaIIbyRgGH98.(D) RgGH98boundto
BgAtri (orange)alignedto RgGH98E411Amutant(green)boundto BgAII, highlightingsteric
clashbetweenBgAtri boundGlu411rotamerandBgAII. Forclarity,only thetetrasaccharide
carbohydrateisshown.(E) RgGH98E411Amutant(green)boundto BgAII alignedto
Sp3GH98(grey)boundto BgAII to highlightdiffering GlcNAcpositioning.First residue
numberrefersto RgGH98andsecondto Sp3GH98.(F) Magnesiumand(G) calciumbinding
sitesasobservedin theRgGH98E411Awith BgAII boundcrystalstructure.Fo-Fc(grey
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mesh)andanomolousdifferenceomit mapsareshownfor both ions,with greymeshfor the
Fo-Fcandorangemeshfor theanomaloussignal.Confirming thatonly onesiteisoccupiedby
calcium.BgAII, bloodgroupA tetrasaccharidetypeII; BgAtri,BgAtrisaccharide;Cd,central/
catalyticdomain;C-term,C-terminal;Fuc,fucose;GalNAc,N-acetylgalactosamine;GlcNAc,
N-acetylglucosamine.
(TIF)

S5 Fig. Analysis of recombinant RgGH98 variants. (A). SDS-PAGEanalysisof purified
RgGH98wt andspecificitymutants.(B) HPAEC-PADof RgGH98wt andmutants.Around
10μM of recombinantenzymewasincubatedwith BgAII (0.1mM) in 50mM citratebuffer
(pH 5) at37ÊCfor 24h. Reactionswerethenheatedat95ÊCfor 10min beforecentrifugation
at16,000g,andsupernatantswereanalysedbyHPAEC-PAD.Experimentsweredonein tripli-
cates.(C) DSFanalysisof RgGH98wt andmutants.BgAII, bloodgroupA tetrasaccharide
typeII; DSF,differentialscanningfluorimetry;GlcNAc,N-acetylglucosamine;HPAEC-PAD,
high-pH anionexchangechromatographywith pulsedamperometricdetection;wt, wild-type.
(TIF)

S6 Fig. STD NMR analysis of RgGH98 domains to BgA II. STDNMR binding experiments
wereperformedat2-ssaturationtime,with selectiveprotein irradiation at0.0ppm.(Left

panel) (A) Referencespectrum:BgAII/RgGH98 E411Asample.(B) STDNMR spectrumof
BgAII/RgGH98 E411A.(C) STDNMR spectrumof BgAII/RgGH98 N-term GBLD(no bind-
ing detected).(D) STDNMR spectrumof BgAII/ RgGH98C-term(no binding detected).
Ligandchemicalshiftsassignmentsin S5Table.(Right panel) (A) Referencespectrum:BgH/
RgGH98E411Asample.(B) STDNMR spectrumof BgH/RgGH98E411A(no binding
detected).(C) Referencespectrum:BgHandBgAII/RgGH98 E411Asample(additionof BgA
II to thesamplein C). (D) STDNMR spectrumof BgHandBgAII/RgGH98 E411Asample
(binding from BgAdetected).BgAII, bloodgroupA tetrasaccharidetypeII; C-term,C-termi-
nal;N-term GBLD,N-terminal galactose-binding-likedomain;STDNMR, saturationtransfer
differencenuclearmagneticresonancespectroscopy.
(TIF)

S7 Fig. Glycan array analysis of RgGH98 variants. Therecombinantproteins(A) RgGH98
E411A,(B) N-term GBLD,and(C) C-termwerescreenedon theCFGglycanarrayin 6 repli-
cates.Thehighestandlowestpoint from eachsetof 6 replicateshasbeenremovedsotheaver-
ageisof 4 valuesratherthan6.Thepanelson theleft showtheoverallbinding eventsof
RgGH98variantsagainst585ligands.Thepanelson theright list theglycancompositionsof
thetop 3 hits.Underlyingdatacanbefound in S1Data.CFG,Consortiumfor FunctionalGly-
comics;C-term,C-terminal;N-term GBLD,N-terminal galactose-binding-likedomain;RFU,
relativefluorescenceunit.
(TIF)

S8 Fig. Confirmation of the operonic structure of the GH98 gene cluster in R. gnavus
ATCC 29149. A 2-stepRT-PCRwasperformedon RNA extractedfrom R. gnavus ATCC
29149grownon BgAII usingprimerstargetingeveryintergenicregionbetweengenes
RGna_RS10360andRGna_RS10315,andthePCRproductsanalysedbyelectrophoresison
agarosegel.IntergenicregionbetweenRGna_RS103XXandRGna_RS103YYis labelledXX/
YY on thegel.PCRfrom RTnegativecontrol (RT−) wasperformedto confirm theabsenceof
genomicDNA contaminationof theRNA sampleprior to RT.PCRnegative(−) andpositive
(+) controlswerecarriedout with wateror ATCC29149genomicDNA astemplate,respec-
tively.Thesequencesof theprimersareprovidedin S4Table.M, DNA laddersizemarker
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(with incrementsindicatedin basepairs).RT-PCR,reversetranscriptionPCR.
(TIF)

S9 Fig. MS analysis of mucin in growth culture. (A) Quantificationof fucosylatedglycans
from growthmediasupplementedwith eitheruntreated(green)or RgGH98-treated(red)
pPGM,in thepresenceor absenceof R. gnavus strains.TheboldcompositionªFucGalGal-
NAcº correspondsto theglycanpeakat708Daandis indicativeof eitherreducedBgAtri or
Fuc-Gal-GalNAc-ol.(B) Fragmentationspectraof thepPGMglycanpeakat708Da,centred
around470Da.Fragmentscharacteristicof BgAtri couldonly befound in thesampleswith
RgGH98-treatedpPGM.Forglycananalyses,datasetsfrom 2biologicalreplicateswith 2 tech-
nicalreplicateswereused.Underlyingdatacanbefound in S1Data.BgAtri,BgAtrisaccharide;
MS,massspectrometry;pPGM,purified pig gastricmucin.
(TIF)

S10 Fig. Quantification of BgAtri released by RgGH98 in the medium via HPAEC-PAD.

(A) ReleasedBgAtri from themediumprior growthassaysalongwith standards.Theexperi-
mentwascarriedout in 3biologicalreplicates(B) Standardcurvewasperformedin triplicates.
Theamountof BgAtri releasedwascalculatedto be66.9μmol/L asaverageof 4 replicates
(67.4μmol/L, 65.7μmol/L, 74.1μmol/L, and60.5μmol/L). Underlyingdatacanbefound in S1
Data.BgAtri,BgAtrisaccharide;HPAEC-PAD,high-pH anionexchangechromatography
with pulsedamperometricdetection.
(TIF)

S11 Fig. Quantification of R. gnavus growth in mucin by qPCR. Theresultsshowthenum-
berof R. gnavus 16SrRNA genecopies/mLin theno-bacteriacontrols(left panel),in R. gnavus
ATCC29149cultures(middlepanel),andin R. gnavus E1cultures(right panel)following
48-hgrowthon RgGH98-treatedmucin or untreatedmucin.TheqPCRanalysiswascarried
out from 2 biologicalgrowthculturesin triplicates.Theerror barscorrespondto thestandard
errors.Underlyingdatacanbefound in S1Data.pPGM,purified pig gastricmucin;qPCR
quantitativePCR.
(TIF)

S12 Fig. Growth of R. gnavus strains on BgA antigens. R. gnavus E1andR. gnavus ATCC
29149growthon 3 differentconcentrationsof BgAtri (A) andBgAII (B). Theexperimentwas
carriedout in triplicates.Underlyingdatacanbefound in S1Data.HPAEC-PADanalysisof
supernatantfrom R. gnavus E1growthon 1 mM BgAtri (C) andR. gnavus ATCC29149
growthon 1 mM BgAII (D). Thecorrespondinggrowthcurvesareshownin thebottomright
of eachpanel.BgAII, bloodgroupA tetrasaccharidetypeII; BgAtri,BgAtrisaccharide;
HPAEC-PAD,high-pH anionexchangechromatographywith pulsedamperometricdetec-
tion.
(TIF)

S13 Fig. Enzymatic activity of recombinant WP_004841212.1 fucosidase on BgAtri and

mucin. About 1 μM of enzymewasincubatedwith BgAtri (0.1mM) (A) or pPGM(1 mg/mL)
(B) in 50mM citratebuffer(pH 6) at37ÊCfor 24h. Reactionswerethenheatedat95ÊCfor 10
min beforecentrifugationat17,000g,andsupernatantswereanalysedbyHPAEC-PAD.Exper-
imentsweredoneat leastin duplicates.BgAtri,BgAtrisaccharide;HPAEC-PAD,high-pH
anionexchangechromatographywith pulsedamperometricdetection;pPGM,purified pig
gastricmucin.
(TIF)
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9. Larsson JMH, Karlsson H, Sjövall H, Hansson GC. A complex, but uniform O-glycosylation of the

human MUC2 mucin from colonic biopsies analyzed by nanoLC/MSn. Glycobiology. 2009; 19:756–66.

https://doi.org/10.1093/glycob/cwp048 PMID: 19321523

10. Larsson JMH, Thomsson KA, Rodrı́guez-Piñeiro AM, Karlsson H, Hansson GC. Studies of mucus in

mouse stomach, small intestine, and colon. III. Gastrointestinal Muc5ac and Muc2 mucin O-glycan pat-

terns reveal a regiospecific distribution. Am J Physiol Gastrointest Liver Physiol. 2013;305. https://doi.

org/10.1152/ajpgi.00048.2013 PMID: 23832516

11. Liu QP, Sulzenbacher G, Yuan H, Bennett EP, Pietz G, Saunders K, et al. Bacterial glycosidases for the

production of universal red blood cells. Nat Biotechnol. 2007; 25:454–64. https://doi.org/10.1038/

nbt1298 PMID: 17401360

12. Calcutt MJ, Hsieh HY, Chapman LF, Smith DS. Identification, molecular cloning and expression of an α-

N-acetylgalactosaminidase gene from Clostridium perfringens. FEMS Microbiol Lett. 2002; 214:77–80.

https://doi.org/10.1111/j.1574-6968.2002.tb11327.x PMID: 12204375

13. Rahfeld P, Withers SG. Toward universal donor blood: Enzymatic conversion of A and B to O type. J

Biol Chem. 2020; 295:325–34. https://doi.org/10.1074/jbc.REV119.008164 PMID: 31792054

14. Higgins MA, Whitworth GE, El Warry N, Randriantsoa M, Samain E, Burke RD, et al. Differential Recog-

nition and Hydrolysis of Host Carbohydrate Antigens by Streptococcus pneumoniae Family 98 Glyco-

side Hydrolases. J Biol Chem. 2009; 284:26161–73. https://doi.org/10.1074/jbc.M109.024067 PMID:

19608744

15. Shaikh FA, Randriantsoa M, Withers SG. Mechanistic Analysis of the Blood Group Antigen-Cleaving

endo -β-Galactosidase from Clostridium perfringens. Biochemistry. 2009; 48:8396–404. https://doi.org/

10.1021/bi900991h PMID: 19630404

16. Anderson KM, Ashida H, Maskos K, Dell A, Li SC, Li YT. A clostridial endo-β-galactosidase that cleaves

both blood group A and B glycotopes: The first member of a new glycoside hydrolase family, GH98. J

Biol Chem. 2005; 280:7720–8. https://doi.org/10.1074/jbc.M414099200 PMID: 15618227

17. Wakinaka T, Kiyohara M, Kurihara S, Hirata A, Chaiwangsri T, Ohnuma T, et al. Bifidobacterial a-galac-

tosidase with unique carbohydrate-binding module specifically acts on blood group B antigen. Glyco-

biology. 2013; 23:232–40. https://doi.org/10.1093/glycob/cws142 PMID: 23089618

18. Higgins MA, Ficko-Blean E, Meloncelli PJ, Lowary TL, Boraston AB. The overall architecture and recep-

tor binding of pneumococcal carbohydrate-antigen-hydrolyzing enzymes. J Mol Biol. 2011; 411:1017–

36. https://doi.org/10.1016/j.jmb.2011.06.035 PMID: 21767550

19. Rahfeld P, Sim L, Moon H, Constantinescu I, Morgan-lang C, Hallam SJ, et al. An enzymatic pathway in

the human gut microbiome that converts A to universal O type blood. Nat Microbiol. 2019. https://doi.

org/10.1038/s41564-019-0469-7 PMID: 31182795

20. Li SC, Anderson KM, Li YT. A unique Endo-β-galactosidase that cleaves both blood group A and B gly-

cotopes. Advances in Experimental Medicine and Biology. Boston, MA: Springer; 2011. p. 81–95.

https://doi.org/10.1007/978-1-4419-7877-6_5

21. McGuire BE, Hettle AG, Vickers C, King DT, Vocadlo DJ, Boraston AB. The structure of a family 110

glycoside hydrolase provides insight into the hydrolysis of a-1,3-galactosidic linkages in l-carrageenan

and blood group antigens. J Biol Chem. 2020; 295:18426–35. https://doi.org/10.1074/jbc.RA120.

015776 PMID: 33127644

22. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial gene cata-

logue established by metagenomic sequencing. Nature. 2010; 464:59–65. https://doi.org/10.1038/

nature08821 PMID: 20203603

23. Kraal L, Abubucker S, Kota K, Fischbach MA, Mitreva M. The prevalence of species and strains in the

human microbiome: A resource for experimental efforts. PLoS ONE. 2014;9. https://doi.org/10.1371/

journal.pone.0097279 PMID: 24827833

24. Sagheddu V, Patrone V, Miragoli F, Puglisi E, Morelli L. Infant early gut colonization by Lachnospira-

ceae: High frequency of Ruminococcus gnavus. Front Pediatr. 2016; 4:1. https://doi.org/10.3389/fped.

2016.00001 PMID: 26835439

PLOS BIOLOGY Blood group antigen utilisation by Ruminococcus gnavus

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001498 December 22, 2021 29 / 32

https://doi.org/10.1074/jbc.M302529200
http://www.ncbi.nlm.nih.gov/pubmed/12952970
https://doi.org/10.1042/BJ20040605
https://doi.org/10.1042/BJ20040605
http://www.ncbi.nlm.nih.gov/pubmed/15361072
https://doi.org/10.1111/j.1742-4658.2009.07429.x
http://www.ncbi.nlm.nih.gov/pubmed/19919547
https://doi.org/10.1093/glycob/cwp048
http://www.ncbi.nlm.nih.gov/pubmed/19321523
https://doi.org/10.1152/ajpgi.00048.2013
https://doi.org/10.1152/ajpgi.00048.2013
http://www.ncbi.nlm.nih.gov/pubmed/23832516
https://doi.org/10.1038/nbt1298
https://doi.org/10.1038/nbt1298
http://www.ncbi.nlm.nih.gov/pubmed/17401360
https://doi.org/10.1111/j.1574-6968.2002.tb11327.x
http://www.ncbi.nlm.nih.gov/pubmed/12204375
https://doi.org/10.1074/jbc.REV119.008164
http://www.ncbi.nlm.nih.gov/pubmed/31792054
https://doi.org/10.1074/jbc.M109.024067
http://www.ncbi.nlm.nih.gov/pubmed/19608744
https://doi.org/10.1021/bi900991h
https://doi.org/10.1021/bi900991h
http://www.ncbi.nlm.nih.gov/pubmed/19630404
https://doi.org/10.1074/jbc.M414099200
http://www.ncbi.nlm.nih.gov/pubmed/15618227
https://doi.org/10.1093/glycob/cws142
http://www.ncbi.nlm.nih.gov/pubmed/23089618
https://doi.org/10.1016/j.jmb.2011.06.035
http://www.ncbi.nlm.nih.gov/pubmed/21767550
https://doi.org/10.1038/s41564-019-0469-7
https://doi.org/10.1038/s41564-019-0469-7
http://www.ncbi.nlm.nih.gov/pubmed/31182795
https://doi.org/10.1007/978-1-4419-7877-6
https://doi.org/10.1074/jbc.RA120.015776
https://doi.org/10.1074/jbc.RA120.015776
http://www.ncbi.nlm.nih.gov/pubmed/33127644
https://doi.org/10.1038/nature08821
https://doi.org/10.1038/nature08821
http://www.ncbi.nlm.nih.gov/pubmed/20203603
https://doi.org/10.1371/journal.pone.0097279
https://doi.org/10.1371/journal.pone.0097279
http://www.ncbi.nlm.nih.gov/pubmed/24827833
https://doi.org/10.3389/fped.2016.00001
https://doi.org/10.3389/fped.2016.00001
http://www.ncbi.nlm.nih.gov/pubmed/26835439
https://doi.org/10.1371/journal.pbio.3001498


25. Hall AB, Tolonen AC, Xavier RJ. Human genetic variation and the gut microbiome in disease. Nature

Reviews Genetics. Nat Publ Group. 2017:690–9. https://doi.org/10.1038/nrg.2017.63 PMID: 28824167

26. Crost EH, Tailford LE, Le Gall G, Fons M, Henrissat B, Juge N. Utilisation of Mucin Glycans by the

Human Gut Symbiont Ruminococcus gnavus Is Strain-Dependent. PLoS ONE. 2013;8. https://doi.org/

10.1371/journal.pone.0076341 PMID: 24204617
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