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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 severatliseasefor areview,se€1]). In thecolon,mucus
coveringthe epitheliumis critical to maintainahomeostatiaelationshipwith the gut micro-
biota by harbouringamicrobial community at safedistancefrom the epitheliumsurfaceg?2].
Themucin glycanscomposinghe mucuslayerprovidebinding sitesanda sustainablsource
of nutrientsto the bacterianhabiting the mucusniche[3+5]. Mucins arelargeglycoproteins
with ahigh carbohydratecontentof up to 80% Mucin-type O-glycansconsistof N-acetylgalac-
tosaming(GalNAc),Galand N-acetylglucosamin@GIcNAc) containingglycanchainsusually
cappedoy fucosg(Fuc)and/or sialicacid,givingriseto bloodgroupsA, B,andH andsialyl-
Lewisepitoped6+9]. The peripheralterminal epitopeshowconsiderableariationwith a
decreasingradientof Fucand ABH blood groupexpressiorandanincreasinggradientof
sialicacidfrom theileumto the colon[7]. For examplebloodgroupH andA antigenicdeter-
minantswereshownto be presentexclusivelyn theileum and cecumwhereadblood group
Sd(a)/Cad-relatedpitopesverefound to increaselongthe lengthof the colon[6,7]. These
gradientsarereversedn mice,wherethe smallintestineis dominatedby sialylatedstructures
andthe colonwith thoseterminatingin Fuc[10].

Accesso theseglycanchainsrequireacomplementf glycosidehydrolase$GHs) pro-
ducedby bacteriaacrosghe phylaconstitutingthe humangut microbiota[4]. A smallnumber
of microbial GH familieshavebenshownto beactiveon bloodgroupantigend11+21].
Amongthesethe GH109family includesexoglycosidaseakat removethe nonreducingtermi-
nal A or B antigen-determiningsalNAcor Galresiduestespectivelygonvertingthe antigen
to the H-type (O-type)[11], whereashe GH98family includesendo-3-1,4-galactosidasast-
ing on thegalactosyl-p-1,4-N-acetylglusamineinkagefound in type 2 carbohydratélood
groupantigenscontaining(Fucoal+2)Galp1-4GlcNAd-he GH98enzymesharacterisetb
dateareE-ABasdrom Clostridium perfringens ATCC 10543and Sp3GH98from Streptococcus
pneumoniae TIGR4which arecapablef liberatingGalNAcol1-3(Fucel+2)Gand Galol-3
(Fucal+2)Gatrisaccharide$rom glycoconjugatesontainingblood group A and B glyco-
topesyrespectivelywhereasp4GH98displaysspecificityfor Fuca1-2Gabf the LewisY anti-
gen[14,16].

Ruminococcus gnavus is aprevalentmemberof the gut microbial community belongingto
the Firmicutesdivision[22,23].R. gnavus is an earlycoloniserof the humangut [24] but per-
sistsin healthyadultsasoneof the 57 speciesletectedn more than 90%of humanfaecakam-
plesby metagenomisequencing??]. Interestingly anincreasinghumberof studiesare
reportingadisproportionaterepresentatiorR. gnavus in diseasesuchasinflammatorybowel
diseas¢25]. In our previouswork, weshowedhatthe mucin-foragingstrategyof R. gnavus is
strainspecifi26] andassociatewvith the expressiorof specificGHs activeagainsterminal
epitopesincluding GH33intramoleculartrans-sialidas€T-sialidase)27+29]and GH29or
GH95fucosidasef30]. Interestingly ageneencodingfor apredictedGH98blood-group
endo-B-1,4-galactosidaseasfound to beexclusivelypresentandinducedin R. gnavus strains
grownon mucins[26,28].SinceR. gnavus ATCC 2914%ut not E1 containedaGH98encod-
ing geneandwasableto grow on mucin assolecarbonsourcewe hypothesisethat GH98
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purifiedpig gastricmucin;RBSribosomebinding  couldbeacritical moleculardeterminantin conferingmucin glycanutilisation capacityto R.
site;RFUrelativefluoresenceunit RT-gPCR, - ¢354 strains.In orderto testthis hypothesiswedeterminedthe expressiongeneticorganisa-

guantitatie reversetranscripion PCRSEM,
standarcerrorof themean,SSN sequere
similaritynetwork STD saturatn transfer

tion, and substratespecificityof R. gnavus ATTC 29149GH98enzymeg(RgGHI98) andshowed
that mucin treatmentwith RgGH98conferedR. gnavus Elstrainthe ability to growon mucins

differenceSTDNMR saturation transferdifierence DY €nablingE1to metaboliseBgAandaccesthe underlyingmucin glycanchain. Thesefurther

nucleamagneticdesonancepectrosopy;Tm,

meltingtemperatue.

datasupporttherole of GHsin the adaptationof R. gnavus strainsto distinct nutrional niches.

Results

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

Sequencsimilarity network (SSN)analysiof GH98family memberseveale® major clusters
with functionallycharacterise@6H98enzymedgrom the CAZy databasévww.cazy.org)The
GH98sequencéom R. gnavus ATCC 29149wvasfound outsidethe 3 main clusterqFig 1A),
which maysuggestlifferencesn substratespecificity .R. gnavus ATCC 2914utativeGH9I8,
RgGH98,is predictedto beamodularprotein of 1,366aminoacids(aa)including a predicted
N-terminal 43aapeptidesignaltypicalof gram-positivebacteria RgGH98modularstructure
consistof anN-terminal galactose-binding-likdomain (N-term GBLD) (52+26Ma),acen-
tral/catalyticdomain (Cd) covering274+58%a,a C-terminal (C-term) domain (592+876a),a
C-term GBLD (894+986a),anda C-termfibronectintype3 domain(1,099+1,366a)(Fig 1B).

A
@ BACOVA_03433 @ Sp4GH98 @ Cp30329 @ Endo-ABase @ Sp3GH98 O RgGH98
B C
N-term GBLD C-tAerm RgGHo8 i TT i -
152 274 592 894 1099 (N-term GBLD-Cd-C-term) | |
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I Il ] - |
4'3 2:‘;0 l 51‘39 876 ez‘xs 13‘55 Cd-C-term I | I ]‘I
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C-term i:]’
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Fig 1. In silico analysis of RgGH98. (A) SSNanalysiof GH98family. Amino acidsequencewerefrom the CAZy databasévww.cay.
org). A total of 355GH98sequencewereanalysedy SSNwith analignmentscoreof 120.Eachnode(blue dot) repregntsoneprotein
sequenceThefunctionaly characterisg enzymesrecolour coded(B) Domain organisatio of RgGH98encompasingthe N-term
GBLD(52+26Main blue),the Cd (274+58%ain red),the C-termdomain(592+87&ain green)the C-term GBLD (894+98@&ain
turquoisg, andthe C-term FN3domain(1,099+1366aain amber).(C). Schemati representabn of RgGH98constructsRecombinant
RgGH98(44+946a)encompadag theN-term GBLD (blue),Cd (red), and C-term (green)domains theindividual N-term GBLD
domain(blue);Cd-C-termdomain(red-green; and C-termdomain(green) GraphsweremadeusingCytoscap®3.4.0(A) andIBSv1.0
(ref=https://doi.org/10.103/bioinformatics/btv363 (B andC). ag aminoacid;Cd, central/cataltic domain;C-term,C-terminat C-
term FN3,C-terminalfibronecin type3; C-term GBLD, C-terminalgalactose-biding-like domain;N-term GBLD,N-terminal
galactose-liding-like domain; SSN sequenceimilarity network.

https://da.org/10.1371durnal.pbic3001498.g001
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Sequencalignmentswverecarriedout with functionallycharacterise&6H98enzymes,
namelythe GH98endogalactosidage-ABasdrom C. perfringens [16] andthe GH98enzymes
from S. pneumoniae TIGR4(Sp4GH98)and SP3-BS7(Sp3GH9I8)[14]. RgGHI8Cd shows
36%amino acididentity with the catalyticdomainsof C. perfringens E-ABase34%with
Sp3GH98,and 30%with Sp4GHI98.RgGHI8 C-term shares31%aminoacididentity with the
C-termdomainsof C. perfringens E-ABase30%with Sp3GH98,and 26%with Sp4GH98.The
sequencsimilarity betweerC-termdomainsacrossGH98enzyme$31] mayalsoreflectits
closespatialinteractionwith the catalyticdomain,asreportedfor Sp4GH98[14]. The
sequencesf N-term GBLD and C-term GBLD share26%identity. Additionally, RgGHO8 N-
term GBLDis 23%identicalto CBM51-1of Sp3GH98,while the C-term GBLDis about25%
identicalto the CBM47-10of Sp4GH98.Guidedby aminoacidsequence-basedmparisonwe
clonedthe RGna_RS1032%neencompassinthe N-term GBLD,Cd,and C-termdomains
(whichwereferredto asRgGH98in therestof the study)aswell asthe N-term GBLD, C-term,
andCd-C-termdomainsindividually (Fig 1C). Thesignalpeptide(1+43aa),the C-term
GBLD (894+98&a),and C-terminalfibronectintype3 domain (1,099+1,366a)werenot
includedin anyof the expressiortonstructsEscherichia coli Tuner DE3pLaclsstrainwascho-
senasheterologou$ostasit doesnot displayanyendogenoug-galactosidasactivity (dueto
thedeletionof the LacZgene)that mayinterferewith the enzymaticcharacterisatiomf the
recombinantenzymes.

TherecombinantRgGH98enzymeshowedo activity againsthe syntheticsubstrate
GlcNAc-pNP.Theactivity of RgGH98wasthentestedagainstetraand pentablood group
antigendncluding BgAl (GalNAcaol+3[Fucal+2]Aal-3GIcNAC),BgAll (GalNAcol+3
[Fucal+2]Galpl-4GIcNACBgAIV (GalNAcal+3[Fucal+2]Galpl-3B¥Acpl-3Gal) BgAV
(GalNAcal+3[Fucal+2]Galp1-46), BgBIl (Galol+3[Fucal+2]Galpl-4GNAc),BgBIV
(Galal-3(Fucal+2)Galpl-3@¢hAcpl-3Gal) BgH (Fucal-2Galpl-4GIcKc), aswellasLeY
(Fucol-2Galpl+4[Fucal+3]Gldt), LeA(Galpl-3[Fucal+4]GlcNAc).eX (Galflt4[Fucal+
3]GIcNAc),andLacNAc(Galp1-4GIcNAc)seestructuresn Fig 2). SpBgg98Afrom S. preu-
moniae wasusedascontrol andthe productsof the reactionsanalysedy HPAEC-PAD(Fig
2). Amongall theoligosaccharidetestedBgAll tetrasccharidevasthe solesubstrateénydro-
lysedby RgGH98.Thechromatogramslearlyshowedhe appearancef peaksorresponding
to GlcNAcandBgAtri (GalNAcal+3(Fucoal+2)@Gpandadecreasin the peakcorresponding
to BgAll (Fig 2A), in line with the cleavagef GalB1-4GIcNAalycosidichond.In contrast,
no reactionproductwasdetectedvhenothertypesof bloodgroupA, bloodgroupantigenB
or H, LacNAcor lewisantigensvereusedassubstrategFig 2B-21). RgGH98wasfurther
testedon arangeof Fuc-containingoligosaccharideimcluding 2 FL (Fuca1,2Galpl,4GIcBFL
(Galplt4[Fucal+3]GIcHFL (Fucal-2Galpl-4(Fuctt3)Glc) Fucal-6GIcNAcand o-
1,6-fucosylatediantennaryN-glycan(FA2G2)aswell ason xyloglucanandarabinoxylan,
whichwereshownbesusbtratesf GH98enzymeg32], but no activitywasdetectedy
HPAEC-PADfor anyof thesecompoundgS1 Fig).

RgGH98susbstratspecificitywasfurther confirmedby LC-FD-MS/MSanalysisndicating
that RgGH98liberateghe terminal BgAtri of the A antigenwhile no reactionproductswere
detectedvhenBgBII or FA2G2wereusedassubstrat€Fig 3). Kineticsand optimum pH
analysesverethen performedusingBgAll asasubstrateThe pH optimum wasfoundto be
pH 5 (S2A Fig). Thekinetic parametersveredeterminedat the optimum pH by calculating
theinitial rateof reactionwith increasingBgAll concentrationgS2B Fig). Therecombinant
enzymeshoweda k,:0f 0.17min tandaky of 516.9uM againsthis substratgTable 1).

RgGH98alsoshowedactivity againsipurified pig gastricmucin (pbPGM), with HPAEC
analysishowingapeakcorrespondingo BgAtri asalsoobservedisingSpBgg98Aasa control
(Fig 4A). Confirmation of the BgAtri structurewasobtainedby MALDI-ToF MSanalysis
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Fig 2. HPAEC-PAD analysis of RgGH98 against complex oligosaccharides. BgAll (A), BgBIl (B), BgH(C), BgAl
(D), BgAIV (E), BgAV (F), BgBIV (G), LacNAc(H), LeY(I), LeA(]), LeX(K), oGal-LeX(L). Theoligosacharide
structuresareprovidedin the lowerpanel Monosacchade symbolsollow the SymboINomenclatureor Glycars
systen{33]. aGal-LeX01,3Gal-L&vis X; BgAl, bloodgroupA tetrasacchade typel; BgAll, bloodgroupA
tetrasacchade typell; BgAlV, bloodgroupA tetrasacchade typelV; BgAV, bloodgroupA tetrasacchade typeV;
BgBlIl, bloodgroupB tetrasacchade typell; BgBIV, bloodgroupB tetrasacchade typelV; BgH,bloodgroupH
trisacchaide; HPAEC-PAD high-pH anionexchangehromatagraphywith pulsedamperoméric detectionLacNAc,
N-AcetyllatosamineleA,LewisA; LeX,LewisX tetrasacchade;LeY,LewisY tetrasacchade.

https://abi.org/10.1371djurnal.pbic3001498.9002

following dialysisof the enzymatiaeaction,andreductionand permethylationof the dialysate.
TheMS spectrumshowedadominant peakat 708Da, correspondingo apermethylated,
sodiatedrisaccharideeomposedf adeoxy-hexoseg hexoseandan N-acetyl-hexosamine.
Fragmentatiorof this specieshowedhat the deoxy-hexoswaslinked to the hexoseatthe
reducingend,asdeterminedby the characteristidragmentsat431and449Da (Fig 4B).
Togetherthe HPAEC-PADand MS/MSanalysesonfirmedthat BgAtri wasreleasedrom
mucin following RgGH98hydrolysisof the Galp1-4GIcNAglycosididinkagein BgAll.

Structural basis of R. gnavus GH98 substrate specificity

RgGH98wasfirst crystallisedasthe absencef ligandshowingelectrondensityfor residuesto
to 893(se€Table 2 for datacollectionandrefinementstatistics) As expectedrom the con-
struct,RgGH98adoptsamodularstructurewith 3 domains.The N-term domainidentified as
GBLD,residues5to 260,presents g-sandwichfold (Fig 5A). Two loops,comprisingresi-
dues79to 105and138to 163,extendfrom the GBLD andwraparoundthe Cd. Cd, residues
274to 589,adoptsan (o/f) g barrelfold with similarity to Sp3GH98(1.14rmsd, pdb 2WMI,
4D71)and Sp4GH98(1.31rmsd, pdb 2WMG) from S. pneumoniae [14,34].Structural
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Fig 3. LC-FD-MS/MS analysis of RgGH98 against complex oligosaccharides. Chromatogamsof the enzymaic
reactionbetweerRgGH98andBgAll (A), BgBIl (B), andFA2G2(C). Thelowerchromatograncorrespongto the
reactionwith no enzyme(substrateonly), while the upperlanecorrespondto thereactionwith RgGH98.
Monosacbaridesymbolgollow the SymboINomerclaturefor Glycanssysten|33]. BgAll, bloodgroupA
tetrasacchade typell; BgBlIl, bloodgroupB tetrasacchade typell; LC-FD-MS/MS Jiquid chromatograpy with
fluorescacedetectionand massspectromeic detection.

https://abi.org/10.1371durnal.pbic3001498.9003

alignmentto homologousGH98enzymesdentified the binding pocketandthe generahcid
catalyticresidueasGlu 411(seeS3 Fig), whichis presentn acleftin thecentreof the Cd. The
C-termdomain,residue$92to 876aa,with acentralp-sandwichmodulefollows.
Incubationof RgGH98crystalswvith BgAtri producedacomplexwith clearelectrondensity
for the BgAtri in thebinding pocketnearGlu 411(Fig 5B and 5D, S4A Fig). RgGH98makes
hydrogenbondinteractionswith eachof the 3 sugaresiduegpresentin BgAtri (GalNAca.1-3
(Fucal£2)Gal-)Tyr 289,His 330,and Thr 371with Fuc;Lys513with Gal;andGIn 305,Asn
332,andLys788with GalNAc,respectivelyNo largemovementsn sidechainpositionswere
observediponligandbinding (S4A Fig). ThedifferencebetweerBgAandBgBisthe presence
of terminal GaINAcand Galat the nonreducingend of A and B antigensrespectivelyGalNAc
hasanN-acetylmoiety (-NHCOCH;) atthe C2 positionwhereassalhasa smaller+OHat this
position.Lys788,presenton anextensiorfrom the C-termdomain,formspart of ahydrogen
bondingnetworkwith the GaINAcN-acetylmoietyandaring hydroxyl,forming astable
structure(Fig 5D and 5E). Thisresidueis conservedn Sp3GH98(asLys927)S4B Fig), aGH
thatdoesnot demonstratgreferenceof BJA>BgB.However,uniqueto RgGH98,GIn 305and
Trp 528provideadditionalinteractions bringing theterminal GalNAcinto alocationcondu-
civeto hydrogenbondwith Lys788.In concerttheseresiduesareproposedto providethe
observedgA>BgBspecificity.GIn 305,Trp 528,andthe GalNAcbinding siteareuniqueto

Table 1. Kinetic parameters of RgGH98 on BgA II.

Enzyme Substrate Vmax (pM-min_l) Ky (uM) Kcar (min™") Kcat/Km (pM'lmin_l)
RgGH98 BgAll 1.702+ 0.08 516.9+ 71 0.17+0.008 3.310%+4.810°
https://da.org/10.1371¢urnal.pbic3001498.t00
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Fig 4. RgGH98 enzymatic activity against mucin. (A) HPAEC-FAD analyss of RgGH98againspPGM.(B) MS
analysiof thereleasedlycanaftertreatmentof pPGMwith RgGH98.Inlay: fragmentaibn of the glycanpeakat 708
Da. Theresultsshowthat Fucis boundonto the galactosat the reducingend,suppoting theidentification of this
glycanasBgAtri. Monosaccharde symbolsollow the SymboINomenclatire for Glycanssysten{33]. BgAtri, BgA
trisacchaide; Fuc,fucoseHPAEC-PAD, high-pH anionexchamgechromataraphywith pulsedamperometic
detectionMS, massspectroméy; pPGM,purified pig gastricmucin.

https://abi.org/10.1371djurnal.pbic8001498.9004

RgGH98ascomparedo Sp3GHI98(S4B Fig), SpAGHI8(S4C Fig), EabC, Cpe032916], and
BACOVA_0343332]. GIn 305correspondgo aTrp residuein theseGH98enzymesnd
Trp528is either Aspor Asnapartfor Sp4AGH98,whereit is aMet.

We generatecn RgGH98E411Amutantandobtaineda complexwith the unprocessed
carbohydratdollowing incubationof RgGH98E411Acrystalsvith BgAll (GalNAcol1+3
[Fucal+2]Galpl-4GIcNACd)Fig 5C and 5E). Whenthe complexesvith BgAtri (trisaccharide)
andBgAll (tetrasaccharide)ereoverlaid,the GIcNAcresiduewasfound to beverycloseto
Glu41lat<2 A in thetetrasaccharideomplex(S4D Fig). The GIcNAcspatialarrangements
in contrastto the Sp3GH98complex,n whichthe GlcNAcresidueis pivotedwith respecto
Gal(S4E Fig). It is proposedhat Glu 411adoptsadifferentrotamerin the presencef sub-
strate Changesn conformationof catalyticglutamatesidechainsin GHshavebeenobserved
usingneutroncrystallographyalternatingbetweerupwardand downwardconformations
with the protonatedform beingin the downwardorientation[35]. Aswellasbringing the side
chaininto apositionfrom which a stericclashis avoided this shift alsoprovidesachangen
localenvironment,which mayalterresidue'K,, promoting catalysis.

Densityfor anadditionalBgAll tetrasaccharidevasobserveditthe C-term domain (Fig
5F). Interactionsareprimarily with theterminal GalINAcof BgAll, specificallywith Lys713,
Glu734,Glu814,Arg816,Thr817.Additionaly, hydrogenbondinginteractionsareformed
with the Fucresidueby Glu814 | eu815and GIn866.It is proposedhat thisidentifiesthe N-
term domainasa carbohydratéinding domainof RgGH98.Definitive dataidentifying a
definitive binding partnerfor the N-term proposedGBLD hasnot yetbeencaptured.

In the RgGHI8E411A-BgAl complex,2 metalionsweremodelled(Fig 5A, S4F and S4G
Fig). Thefirst, amagnesiunion, in the GBLD N-term, coordinatedby the sidechainsof Asp
79,Tyr 84,andGlu 255andthe backbonecarbonylsof Leu76andMet 254.The secondacal-
ciumion, in the C-termdomain,coordinatedoy Asp812,Asn813,and Gln 846,with addi-
tional watermodelsfilling the octahedraeometry Additional calciumandmagnesiunions
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Table 2. RgGH98 crystal structures: Data collection, statistics, and refinement.

RgGH98 RgGH98-BgAtri RgGH98 E411A-BgA 11

Datacollection
Spacgroup P21 P21 P212121
Celldimensbns

a,b,c(A) 104.9485.57112.62 107.6086.95110.20 78.26,103.66113.28

a, B, 7 (E) 90,99.1090 90,100.3390 90,90,90
Resolutio 103.9+20(2.23+220) 108.41+1.961.98+195) 76.47+865(1.68+165)
Rmeas 0.14900.717) 0.172(1.748) 0.196(3.608)
I/ol 5.8(1.7) 5.8(1.1) 6.6(0.7)
Completeesg%) 99.5(92.2) 99.9(97.7) 100(99.1)
Redundang 3.5(3.5) 5.4(5.4) 8.8(8.0)

Totalreflectims
Uniquereflectins

353,29416,100)
100,4274,614)

788,43((37,745)
145,68437,745)

980,07q43,087)
111,31%5,397)

Refinemen
Resolutio 103.9+20 108.41+1.95 76.47+865
No. reflections 100,402 145,485 111,181
Ruork/Rfree (%0) 0.183/0.29 0.178/0.215 0.171/0.20
No. atoms
Protein 13,458 13,360 6,700
lon 6 8 2
Carbohydate 72 100
Water 1,127 834 708
B-factors(A?)
Protein 16.7 18.4 25.8
lon 40.2 43.8 21.3
Carbohydate 24.0 46.9
Water 425 42.9 32.1
r.m.sdeviations
Bondlengths(A) 0.01 0.007 0.04
BondangleqE) 1.4 1.4 1.20

https://da.org/10.1371durnal.pbic3001498.t02

weremodelledin the RgGHI98+BgAtricomplexand RgGH98apocrystalstructuresHowever,
in theseexperimentsothionswerepresentataconcentrationof 50mM, increasinghe likeli-
hood of nonspecifidinding. To confirm the presencef metalsin solution,RgGH98wasana-
lysedby inductivelycoupledplasmamassspectrometry(ICP-MS).The highestamountof
metalion detectedn the proteinwascalcium(C&* = 115.3umoles)followedby Zinc (Zn** =
21.88umoles)and magnesium(Ca* = 19.57umoles)(S1 Table). Theratio of calciumto
RgGH98wasestimatedo beapproximatelyl.5:1.

Basedn thecrystalstructuresof RgGH98in complexwith BgAoligosaccharideand
sequencalignmentswith structurallycharacterise@H98enzymegS3 Fig), RgGHI8site-
directedmutants, K788A,W528A,W528D,Q305A,and Q305W ,wereproduced(S5A Fig)
andtestedagainsBgAll. K788A,W528A,W528D,and Q305Wlostthe enzymaticactivity
towardsthis substratewherea$)305Aremainedactive(39.70%)S5B Fig). To investigatehe
potentialimpactof the mutationson RgGH98 stability,the recombinantenzymesveresub-
jectedto differentialscanningfluorimetry (DSF)analysisKk788Ashowedsimilar meltingtem-
perature(Tm) valuesasRgGH98while the Tm valuef the other mutantswererelatively
lower (S5C Fig), indicatingthat, for K788A,thelossof activitymaybeattributedto theinter-
actionof Lys788with BgAll. We nextusedisothermattitration calorimetry(ITC) to
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Fig 5. Crystal structures of RgGH98. (A) Cartoonrepresentadn of RgGH98.N-term GBLDin pink, Cdin greenand C-termdomainsin light cyan.
BgAll moleculesreshownin stickrepresentatin. Fucis colouredpink, Galin orange GIcNAcin cyan,andGalNAcin yellow.Theyellowandgreen
spheresepresenboundcalciumandmagnesim ions,respectivly. Fo-Fcomit mapelectrondensityfor (B) BgAtri and (C) BgAll boundin the
activesite(o levelof 3). (D) Activesitewith BgAtri boundandnearbyresiduesighlighted. Putativehydrogen bondinginteractionsareshownwith
blackdashedines.(E) RgGH98E411Awith BgAll bound.(F) BgAll boundto the C-term domain.Fo-Fcomit mapelectrondensityfor thebound
carbohydr&e is shownwith ac levelof 3. BgAll, bloodgroupA tetrasacchade typell; BgAtri, BgAtrisacchaide; Cd, central/cataltic domain;C-
term, C-terminat Fuc,fucoseGalNAc,N-acetylgiactosamineiGIcNAc, N-acetylgluosamineN-term GBLD,N-terminal galactose-hbiding-like
domain.

https://doi.0g/10.1371§urnal.pbio.301498.9005

determinethe binding kinetic parameter®f RgGH98E411Amutanttowardsblood groupA,
B,andH antigengFig 6, S2 Table). The UEA | lectin with affinity to ABO blood groupwas
usedasacontrol. RgGHI8E411Aboundto BgAll with aKy of 490.3uM (Fig 6A, S2 Table).
No binding wasobservedetweerRgGHI8E411Aand BgBIl or BgHwhereasJEA| bound
to BgHwith aKy of 10.3uM (Fig 6B, 6C and 6D). Thevalueof Ky isin the samerangeasKy,
(516.9uM), indicatingk 3 >> keat (Kpr = (k_1tkeai)lk1, Ky = k_1/k4), i.e.,dissociatioris much
fasterthan catalysisin line with RgGH98low k¢4

In orderto gainfurther structuralinsightsinto RgGH98uniqueligand specificityto blood
groupA, saturationtransferdifferencenuclearmagneticresonancespectroscopf{STDNMR)

A B
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Fig 6. ITC analysis of proteins binding to blood group antigens. ITC isothermsof RgGH98E411AagainsBgAll
(A), BgBII (B), BgH(C). ITC isothermsof UEA | lectinagainsBgAll (D), BgBIl (E), BgH (F). BgAll, bloodgroupA
tetrasacchade typell; BgBlIl, bloodgroupB tetrasacchade typell; BgH,bloodgroupH trisaccharideDP,
differental power;| TC, isothermatitration calorimery.

https://i.org/10.1371durnal.pbic3001498.9006

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001498 December 22, 2021 9/32


https://doi.org/10.1371/journal.pbio.3001498.g005
https://doi.org/10.1371/journal.pbio.3001498.g006
https://doi.org/10.1371/journal.pbio.3001498

PLOS BIOLOGY Blood group antigen utilisation by Ruminococcus gnavus

OH OH
A | a-GalNAc
O OH oH
HO-M - B-Gal OH
o B-GlcNAc
N oA 0 o]
i ’%\O/O HO OR
, NHAc
aFuc ‘ St
rong
O/
He P 4 _oH
o] @® Weak
OH
B 25 uM RgGH98 E114A
2.1% 1 mM BgB Il
\ 1 mM BgA I
— /// A
+BgA +BgA
25 uM RgGH98 E114A
7.3% 7.6% 1 mMBgB Il
5.15 5.10 5.05 5.00 4.95 4.90 4.85 ppm 4.4 4.3 4.2 4.1 4.0 3.9  ppm

Fig 7. STD NMR spectroscopy of the interactions of blood group antigens with RgGH98. (A) STDNMR binding epitopemappingof BgAll
uponitsinteractionwith RgGHI8EA411A basedn normalisedsaturationtransferintensities(0%+100%from initial slopesf the corresponihg
STDNMR build-up curvesselectiveroteinirradiation at 0.0ppm. Colour indicatesweak(blue),medium (yellow)andstrong(red) intensities.
LargenormalisedSTDintensitiesindicatecloserigandcontactswith the surfaceof the proteinin the boundstate R = - CH2CH2N3. Initial slopes
andnormalised STDvaluesarereportedin S5Table.(B) Zoomedregionsof STDNMR competitionexperimats for binding of BgBIl to RgGH98
EA411AThe STDNMR intensitiesof BgBIl werehighly reducedvhenaddingBgAll in equimolarconcentraion to BgBIl (1 mM). Theselected
regionshighlightthe effectfor the 2 bestresolvedsignalof BgBlII in thefinal mixture. An averageeductionof ca.75%in BgBIl intensities
demonstratd amuchhigheraffinity of BgAIl towardsthe protein,demonstratng the preferene of RgGH98for this ligand.BgAll, bloodgroupA
tetrasacchadetypell; gBll, bloodgroupB tetrasacchade typell; STDNMR, saturationtransferdifferercenuclearmagneticesonance
spectroscopy

https://doiorg/10.1371§urnal.pbio.801498.g007

studieq36] wereconductedwith RgGHI98E411Amutantin the presencef BgAll, BgBlI
(Fig 7), andBgH (S6 Fig). Transferof magnetizatiorassaturationfrom the proteinto the
ligandwasobservedor BgAll (Fig 7). Themain contactwasatthe GalNActerminalring, in
agreementvith RgGH98activity on this substrateandwith the crystalstructuresof the com-
plexesof RgGH98and RgGHI8E411Awith BgAtri andBgAll, respectivelyln both struc-
tures,theterminal GaINAcmakeghelargesnumberof contactawith the protein, followedby
theFucring, in excellenagreementvith the experimentamappingof the binding epitopeof
BgAll determinedby NMR (Fig 7A), confirming the observatiorof specifichinding under
the STDNMR experimentatonditions.Furthermore no binding couldbedetectedo the
recombinantindividual N-term or C-term domains(Sé Fig, left panel). STDNMR also
showedbinding of RgGH98to BgBII but with highly reducedaffinity in comparisonto BgAll
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asthebinding wasalmostabolishedvhenBgAll wasaddedto the sampleg(Fig 7B). No bind-
ing to BgHwasdetectecby STDNMR (S6 Fig, right panel). Addition of BgAll to the BgH/
RgGH98EA411Areactionledto strongSTDNMR signalscharacteristiof the binding to BgA,
supportingthe specificityof the recognition(Sé Fig, right panel).

To explorethefull ligandspecificityof RgGHI98,E411Aandindividual C-termandN-term
GBLDwerescreene@gainst85glycansrom the CoreH glycanmicroarrayatthe Consor-
tium for FunctionalGlycomicg(CFG)(S7 Fig). Theproteinsboundwith low intensityto a
rangeof ligandswith apreferencdor glycanlD389,which hasthe epitopeof aGal-LeA(Gal-
ol,3-Gal-p-1,3(Fucl,4)GIcNAEID = 389)(S7 Fig). However thelow relativefluorescence
units (RFUs)(<150) obtainedagainsthesesugarsio not allowusto infer conclusivaesults
regardingglycan-bindingspecificity.

R. gnavus ATCC 29149 GH98 is part of an operon dedicated to mucin and
blood group A utilisation

Analysisof R. gnavus ATCC 29149genomerevealedhatthe geneencodingRgGH98
(RGna_RS1032% partof a21.6-kbclustercontainingatotal of 13geneson the sameDNA
strand(RGna_RS10300 RGna_RS10360jupstreamand5 downstreanof the GH98gene.
Asshownin Fig 8A, 3 GH-encodinggenegRGna_RS1033RGna_RS1031&nd
RGna_RS1031lbdingfor GH73,GH95,and GH31,respectivelyvereidentifiedin this clus-
ter.In silicoanalysiof the intergenicregionsidentifedtranscriptionalterminators(stem-loop
structures)ollowedby apromoterregion(-10and-35elementsandaribosomebinding site
(RBS)in 2intergenicregions betweerRGna_RS103%hd RGna_RS10348ndbetween
RGna_RS1031EndRGna_RS1031Therewasno co-occurencef distinct promoterand
transcriptionalterminatorin otherintergenicregions.Thisanalysisuggestthatthe GH98
genebelonggo anoperonof 7 genesomprisingthe genesencodingGH73and GH95,while
the GH31geneappeardo belongto adifferentoperon(Fig 8A). In orderto validatethein sil-
ico analysisweanalysedRNAsecdatafrom R. gnavus ATCC 29149rownon mucin or glu-
cosg(Glc) assolecarbonsource28]. RNAsedatashowednducedtranscriptionof genes
RGna_RS10360 RGna_RS103MshenR. gnavus ATCC 29149vasgrownwith mucin as
comparedo Glc,whereasdecreaseth transcriptionwasobservedor RGna_RS10310
RGna_RS1030f:negFig 8B). Thisanalysisonfirmedthein silico predictionthat
RGna_RS103106 RGna_RS1030&representon adifferentoperon(Fig 8A).

To further determinetherole of the GH98operonin R. gnavus metabolismof bloodgroup
A antigensthe cDNA waspreparedrom RNA extractedrom R. gnavus ATCC 29149rown
on BgAll, andaPCRwasperformedto amplify intergenicregionsbetweergenes
RGna_RS10360 RGna_RS1031Bn ampliconwasobtainedfor all theintergenicregion
betweerRGna_RS103&hdRGna_RS103158 Fig). Thisanalysisuggestthatthe GH98
operonincludesl0genesfrom RGna_RS10360 RGna_RS103liBcluded,andnot 7 aspre-
dictedin silicobut supportsthein silico predictionthat both GH73-and GH95-encoding
genesarepart of the operon.lt is worth noting that the GH98geneoperonis absenfrom the
genomeof the R. gnavus E1strain,whichis unableto grow on mucin [26], andno closehomo-
logueswerefound for the GH-encodinggenegRGna_ RS1032RGna_RS1033ihd
RGna_RS10315uggestinghe potentialinvolvementof GH98,GH73,and GH95in the abil-
ity of R. gnavus ATCC 2914%0 degradebloodgroupA antigendound in mucin.

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

In orderto determinethe contribution of RgGH98in the capacityof R. gnavus strainsto grow
on mucin, R. gnavus Er and ATCC 29149strainsweregrown underanaerobiaonditionsin
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Fig 8. Analysis of R. gnavus ATCC 29149 GH98 cluster. (A) In silicoanalyss$ of the predictedGH98operonicstructure. Thirteengenes
(RGna RS1036@ RGna_R$0300)relocatedon the sameDNA strand.Redcirclesabovethick verticallinesindicatepotentialstem-log
structuresthat might actasRho-independentranscripional terminatas. Thefreeenergyof thethermodyramicensembleén kcal/mol)is
marked in red.Blackarrowsshowpredictedpromoters.Theinsetsshowthe DNA sequenesbetweergenefRGna_RS1¥b0and
RGna_R$0345andbetweergeneRGna_RS1d%andRGna_RS1310sequenesof the potentialtranscriptioral terminatas areshownin
red,while sequencesf the predicted-35and-10regionsof the promoater areunderlined.PotentiaRBSsequenesarein bold andunderlined.
(B). RNAsedLog2of thefold changen genetranscripion for RGna_RS1@to RGna_RS1300whenR. gnavus ATCC 29149vasgrown
with pPGMascomparedo Glcassolecarbonsourcelt wascalculate usingaveragesf 4 biologicalreplicatepergrowth condition.

*Adjusted p-value<0.05.Underlyingdatacanbefoundin S1Data.Glc,glucosepPGM, purified pig gastricmucin; RBSribosomebinding site.

https:/Hoi.org/10.137/journal.pbic3001498.g008

mimimum mediumsupplementedvith RgGH98-treatedr untreatedmucin assolecarbon
source Theeffectof RgGH98treatmenton mucin wasfirst confirmedby MALDI-ToF MSfol-
lowing reductivep-elimination and permethylationThe MS analysiof untreatedpPGMand
RgGH98-treatecpPGM showeda high degreeof fucosylation(approximately38%and38.6%,
respectivelypndverylow levelof sialylation(approximately3.8%and 3.3%espectively)in
agreementvith the mucin glycosylatiorprofile of pPPGM[37]. Theglycanpeakat 708Da, cor-
respondingo atrisaccharideeomposedf Fuc,Gal,and GalNAcincreasedrom 6.6nmol/mg
of pPGMto 9.6nmol/mg of pPGMfollowing RgGH98treatment(S9A Fig). Fragmentatiorof
this peakshowedhat the glycanstructurebound on mucinin the untreatedpPGMwasFuc-
Gal-GalNAcwhereasin the RgGH98-treatecpPGM, fragmentationof the 708Da peakled to
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theappearancef apeakat449Da, correspondingo the fragmentof reducedruc-Galactitol
foundin BgAtri (S10B Fig). In addition,aglycanpeakcorrespondingo FucHexNAc4Gal3-
GalNActhatwasfound in the untreatedpPGM droppedbelowdetectionlevelsollowing
pPGMtreatmentwith RgGH98,althoughthe presenc®f BgAin this structurecouldnot be
confirmedby MS/MS.Theremainingfucosylategpeakshowedamarginalreductionin abun-
dance(S9A Fig). Thisanalysisonfirmedthatthe RgGHI8treatmentof pPGMledto the
releasef BgAtri, aspreviouslyshownby HPAEC-PAD(Fig 4A). The concentrationof BgAtri
releasedby RgGH9I8in the medium prior to the growth assayvasestimatedo be6.08+ 0.51
nmol/mg of pPPGMby HPAEC-PAD(S10 Fig).

FollowingRgGH98enzymatidreatment,R. gnavus Elwasableto growon RgGH98-treated
pPGMatlevelscomparabldo thatof R. gnavus ATCC 29149n untreatedmucin. After 48h,
the RgGH98enzymatidreatmentof mucin ledto anoverallincreasen R. gnavus Eland
ATCC 2914Xelldensityascomparedo untreatedmucin, which wassignificantfor R. gnavus
Elat9h (p =0.023)and48h (p = 0.033)Fig 9A), asalsoconfirmedby gPCRanalysigS11
Fig). Growth of R. gnavus Er Land ATCC 2914%n RgGH98-treatednucin led to the disap-
pearancef the BgAtri peakafter9 h of growth (Fig 9C) asalsoshownafter48h (Fig 9D),
whilethe peakis detectedat 0 h prior to growth (Fig 9B). In orderto determinewhetherR.
gnavus E1coulddirectly benefitfrom thereleasegroductof the RgGH98-treatednucin, R.
gnavus strainsweregrownon commerciaBgAtri or BgAll assolecarbonsourceandthe
supernatanmonitored by HPAEC-PADduring 28h growth. Both R. gnavus ATCC 29149
andE1strainscouldgrowon commerciaBgAtri assolecarbonsourceat1.5mM and0.5mM
concentrationswhereasR. gnavus ATCC 2914%ut not E1couldgrowat0.05mM concentra-
tion (S12A Fig). Only ATCC 29149%ouldgrowon BgAll (S12B Fig). TheHPAEC-PADanal-
ysisshoweda decreasef the BgAtri peak(S12C Fig) or BgAll peak(S12B Fig) after24h and
10h, respectivelywhile no Fucpeakcould bedetectedA comparativeranscriptomics
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Fig 9. R. gnavus growth on mucin. (A) R. gnavus E1landR. gnavus ATCC 29149rowthon untreatedor RgGH98-treatel mucin, followed
by HPAEC-PADanalysiof spentmediaattime = 0 h (B), time = 9 h (C), time = 48h (D). Growth curveswereperformedusingthe LAB
mediumsupplementd with RgGH98-treatedor untreatedpPGMwith R. gnavus E1or ATCC 29149 Culturesweredonein 2 biological
replicatesBgAtri, LAB supplenentedwith pPGMandLAB supplenentedwith RgGH98-treatd pPGMwereusedascontrolsin the
HPAECanalysisUnderlyingdatacanbefoundin S1Data.BgAtri, BgAtrisacchaide;HPAEC-PAD high-pH anionexchange
chromatograpy with pulsedamperometic detectionpPGM, purified pig gastricmucin.

https://doi.0g/10.1371Hurnal.pbio.801498.g009
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analysiof the complemenbf fucosidasgenesncodediy R. gnavus ATCC 2914%ndE1
genomesvascarriedout by quantitativereversdranscriptionPCR(RT-gPCR)to further
investigatehe metabolismof blood group A antigensby thesebacteriawvhengrownon BgAll
andBgAtri, respectivelyGH29-encodinggeneRGna_RS0582%hd GH95-encodinggene
RGna_RS14398erethe highestfucosidasgenegranscribedvhenR. gnavus ATCC 29149
wasgrownon BgAll (S3A Table), whereassH29-encodinggeneRUGNEvV3 _1112@nd
GH95-encodinggeneRUGNEV3_4002WeremostlyexpressewhenR. gnavus E1lwasgrown
on BgAtri (S3B Table). Interestingly RUGNEV3_4002rotein shows94.5%aaidentity with
WP_004841212 (protein productof geneRGna_RS14395)hichwasshownin vitro to be
activeagainsBgAtri, the productof RgGH98enzymatiaeaction(S13 Fig), suggestinghat
BgAtri maybefurther degradedy R. gnavus GH95fucosidaseRUGNEv3_4002ar
WP_004841212throughcleavagef the Fucal,2-linkagaspart of its metabolisnpathway
althoughthis will needfurther investigation.

Sinceweshowedhat R. gnavus E1couldonly growat BgAtri concentrationsabovethose
obtainedfrom the RgGH98-mucintreatmentwhenusedassolecarbonsourceit is likely that
the bacteriamayalsobenefitfrom facilitatedacces$o the underlyingmucin glycanchainto
sustainits growth.In orderto testthis hypothesisgrowth mediawerecollectedafter24 h of
cultureon RgGH98-treatecand untreatedmucin, andfreeand O-linked glycansvereanalysed
by MS (S9A Fig). WhenR. gnavus E1lwasgrownon untreatedpPGM, the abundancef di-
fucosylatesstructuresdroppedbelowdetectionlevelsandtherewasareductionin glycans
composeddf FucGalGalNAcFucHexNAc2Gal2GBlAc, and FucHexNAcGalZS9A Fig),
which could contributeto the basalgrowth. HoweverwhenR. gnavus E1wasgrownon
pPGMpretreatedvith RgGH98, therewasasignificantdecreasé the abundancef glycans
composedf FucHexNAc2Gal3GhalAc, FucHexNAc3Gal2GalNAand FucHexNAcGalGa-
IANC (S9A Fig) ascomparedo growthon untreatedpPGM, suggestinghat this strainbene-
fits from the underlyingglycanstructuresafter BgAtri releaseNo differencesn the
abundancef fucosylatedjlycansveredetecteetweeruntreatedand RgGH98-treated
pPGMmediafrom the R. gnavus ATCC 2914%culture,asexpectedincer. gnavus ATCC
2914%xpresseRgGHI8(S9A Fig).

Togetherthesedatasupporttherole of RgGH98in supportingthe growth of R. gnavus
strainsin mucin by releasinggAtri that canbemetabolisedy R. gnavus E1strainandby pro-
viding facilitatedacces$o the underlyingmucin glycanchain.

Discussion

Gut bacterighaveevolvedo expresawiderangeof GHswith distinct ligandspecificity con-
tributing to their fithessacrosshutritional niches[4,38].R. gnavus, ahumangut symbiontof
theinfant andadultmicrobiota[22+24],encodesGH33sialidasg28,29,39Rnd GH29/95
fucosidasep30] activeagainsimucin glycanepitopeq26]. Here,weshowedhat R. gnavus
ATCC 2914%ncodes GH98enzymewith specificityfor BgAoverBgBandBgH (O) anti-
gensTheA andB antigensarederivedfrom theH antigenthroughtheactionof ano-1,3-N-
acetylgalactosamyl-transferas®l o-1,3-galactosyltransferasespectivelyaddinga-1,3
linked GalNacor Galresiduestespectivelyatthe nonreducingendof Fuco1-2Galp1-
4GIcNAc.Thepresencef theseantigendn secretionssuchasin intestinalmucins,isregu-
latedby fucosyltransferase(FUT2),which catalysethe transferof Fucto terminal Gal
throughol,2linkagessubstratesAbout 80%o0f the populationhasa®nonsecretor&tatusand
expresselklood groupantigensn both the gastrointestina{Gl) tractandsecretionMany bac-
terialandviral pathogengxploitthesehostcarbohydrateantigengor adherencesaprecursor
to colonisationor infection [40]. In addition, both the ABO typesandthe secretoistatushave
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beenshownto affectthe compositionof the gut microbiota,althoughgenome-wideassocia-
tion studiesbasedn microbiomeanalysiof faecasampledaveyieldedconflicting results
andinformation on theimpactof blood groupantigenson biogeographicatommunitiesin
thegutis currentlylacking[1,41+43]Basedn our preliminary analysisthe gene-encoding
GH98is presentacros96%of genome-sequencerl gnavus strains while the GH98operon
occursacros$8%of the strains(S6 Table). Thespecificityof R. gnavus GH98for BgAanti-
gensmayprovideR. gnavus anadvantagén colonisingbloodgroupA individualswith secre-
tor statusin the population.In line with astudyshowingthat both secretoistatusandblood
groupantigenexpressioraffectthe Lachnospiraceatamily of bacteriawithin the gut micro-
biome,with lowerabundancesotedin nonsecretoraind higherabundances secretoref
variousblood groups[42], it is temptingto speculat¢hat the mucus-associatemicrobiotaof
bloodgroupA individualswith secretoistatusmaybeenrichedin GH98-expressing. gnavus
strains.In the gut,bloodgroup A antigensubstratesremostlikely to befoundin peripheral
terminal epitopesf humanintestinalmucinswith variationsalongthe Gl tract. Although
structuralinformation is only availabldor alimited numberof studiesbasecdn different
methodologiessamplepreparationand original material[6,7,9,44]it is possiblahatthe pres-
enceof GH98confersregio-selectivityo R. gnavus strainsalongthe lengthof the colon,
althoughthis would needto bevalidatedexperimentallyThe specificityof R. gnavus GH98for
BgAantigenamayalsoinfluencer. gnavus strainacquisitionin infantssincehumanmilk oli-
gosaccharid€HMO) profile is determinedby both secretorand Lewis(Le) statug45], andwe
previouslyshowedhat R. gnavus mucin-glycanforagingstrainsareableto consumeHMOs
[44]), perhapscontributing to the earlyadapatatiorof R. gnavus to theinfant gut [24].
Although RgGH98shareghe catalyticmachineryof GH98family membergunctionally
characterisetb date,its specificityto BgAappearainiqueto thisenzymeasalsosuggestetly
the SSNanalysisBoth E-ABasdrom C. perfringens ATCC 10543and Sp3GH98from S. pneu-
moniae TIGR4arecapableof liberatingthe terminaltrisaccharideGalNAcol-3(Fucal1+2)Ghal
andGalal-3(Fucal+2)Gditom glycoconjugatesontainingBgAand BgBglycotopestespec-
tively.In contrast,Sp4GH98from S. pneumoniae TIGR4is activeon the LewisY antigen,
whichis uniqueto thisenzymg14]. BgAand BgBantigensboth containthe Galp1-4GIcNAc
glycosididinkagetargetecby GH98enzymedut differ by the presencef GalNAcor Galin
thenonreducingendof BgAor BgB respectivelyWe showedhat RgGH98specificityfor BgA
is achievedhroughthe precisepositioningof aminoacidsidechainsaroundthe BgA GalNAc
moiety,asshownin the crystalstructureof the complexbetweerRgGHI98E411Aand BgAll,
principally throughGIn 305, Trp 528,andLys788.0f note,Lys788is part of the C-term
domain,supportingearlieralignmentanalysesuggesting closespatialinteractionof this
domainwith the catalyticdomainacrossGH98enzymeg¢31]. Theimportanceof this residue
wasconfirmedhereby site-directednutagenesisgevealinghatthe RgGH98K788Amutant
lostenzymaticactivity againsBgAll while retainingits thermostability.
Transcriptomicsanalyseshowedhat RgGH98is part of an operon,whichis up-regulated
whenR. gnavus ATCC 29149s grownon mucin assolecarbonsourceln line with the speci-
ficity of the purified RgGH98enzymeto BgAll, RgGHI8wasshownto beactiveon mucin,
releasindg@gAtri asconfirmedby HPAECandMS. Further,weshowedhat R. gnavus E1lwas
ableto growon RgGH98-treatednucin andto metabolisehereleasedgAtri. No Fucinter-
mediatecould bedetectedduring growth of R. gnavus E1or ATCC 2914%n BgAtri or BgAll,
suggestinghat R. gnavus maybeableto transportand metabolisehe trisaccharideor that Fuc
isreadilytransportedand consumedy the bacteriaAccordingto the molecularclusteranaly-
sis,apredictedGH95fucosidaséRGna_RS10318swellasaGH73(RGna_RS1033®ith
putativeendo-B-N-acetylglucosaminidaspecificityappeato bepart of the GH98operon
andmayalsobeinvolvedin BgAll metabolismalsothis remainsto befunctionally
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demonstratedin addition, our transcriptomicsanalysesevealeducosidaseandidates
encodedy R. gnavus E1or ATCC 2914%utsidethe GH98operon,which maybeinvolvedin
BgAtri metabolismWe demonstratedhat therecombinantlyexpressedVvP_004841212.1
GH95fucosidaséwhichis highly similarto RUGNEv3_4002ifom R. gnavus E1)couldcleave
off the al+2linkagein GalNAcol+3[Fucol+2]Galpl-4GlcNAsupportingtheir potential
contribution to BgAtri metabolismFurtherHPAECandMS analyseshowedhat R. gnavus
Elalsobenefitsfrom the uncappednucin glycanchain,which becomesccessibleo other
mucin-glycandegradingGHsencodeddy R. gnavus E1genomencluding RUGNEv3_10180
(GH29), 10181GH95), 10623GH29),_10584GH95), 30029GH95), 30022GH?20),
and_3014QGH20)[26]. Togetherthesedataindicatethat RegGH98conferedRr. gnavus E1
strainthe ability to growon mucinsby enablingE1lto accesthereleased®gAtri aswellas
accessinthe underlyingmucin glycanchainandfurther supporttherole of GHsin the adap-
tation of R. gnavus strainsto distinct nutritional niches.

Bloodgroupantigenscanplayadirectrolein infection by servingasreceptorsand/or core-
ceptorsfor microorganismsparasitesandviruseq40]. In additionto ABO, virus binding and
hostsusceptibilityarealsoheavilydependenbn the secretorstatug40]. For examplenorovi-
ruswasfound to bind to salivafrom group O and A secretordut not to salivafrom nonsecre-
torsor groupB individuals[46] (se€for areview).SecretoandsalivaryABO blood group
antigenstatusmayalsocontributeto the prediction of rotavirusvaccineprotection[47].
Recentlyclinicalreportssuggestethe involvementof ABO blood groupsin COVID-19 sus-
ceptibility with blood group A beingassociateaith higherrisk of of SARS-CoV-2nfection
[48+53].The specificityof RgGH98for blood group A antigencouldthereforehavepotential
applicationfor diagnosticor therapeutics.

Materials and methods
Materials

All chemicalsvereobtainedfrom Sigma(StLouis,MO, USA)unlessotherwisestated 2 -fuco-
syllactos€2'FL), 3-fucosyllactoséFL)and2,3-difucosyllactosDFL) and 6 -sialyllactose
(6'SL)werefrom Glycom(EsbjergN, Denmark).LewisA (LeA),01,3Gal-LewiX (aGal-LeX),
bloodgroupA tetrasaccharidgypel (BgAl), bloodgroupA tetrasaccharidgypell (BgAll),
bloodgroupA tetrasaccharidgypelV (BgAlV), bloodgroupA tetrasaccharideypeV (BgA
V), GalNAcal+3(Fucal+?2)Gaiisaccharideof the A antigen(BgAtri, usedfor ITC, STD
NMR, andgrowthassayshlood group B tetrasaccharidgypell (BgBll), bloodgroupB pen-
tasaccharidéypelV (BgBIV), andbloodgroupH trisaccharidgBgH) werefrom Elicityl
(Crolles,France)LewisX (LeX)andLewisY tetrasaccharid@_eY)werefrom DextralLabora-
tories(ReadingUK). FA2G2N-glycanwasfrom Ludger(Oxford, UK). GIcNAc-pNP,
Fucal,6GIcNAcand GalNAcal+3(Fucal+2)Géalisaccharideof the A antigen(BgAtri, used
in enzymaticassaysyerefrom Carbosynth_imited (Campton,UK). Xyloglucanfrom tama-
rind seedandarabinoxylarfrom wheatwerefrom MegazymdWicklow, Ireland).pPGMwas
obtainedaspreviouslydescribed54]. Bloodgroupendo-B-galactosidag8Afrom S. pneumo-
niae (SpBgg98AWaspurchasedrom NZYTech(Lisbon,Portugal).UnconjugatedUlex Euro-
paeus Agglutinin | (UEA 1) wasfrom 2BScientifid.imited (Oxfordshire,UK). Recombinant
fucosidas&VP_004841212 (formerly RUMGNA_00842from R. gnavus ATCC 29149vas
producedin-houseaspreviouslyreported[30].

In silico analyses

Thedomainarchitectureof the putativeGH98in R. gnavus ATCC 29149QWP_039959992.1)
wasanalysedia InterProScar(InterPro 82.0).TheanalysedVP_039959992 fdrotein
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sequenc&vasl,357aa,but the presenc®f analternativestartcodoncouldresultin aprotein 9
aalonger.

The clusterof genesurroundingthe genecodingfor the putativeGH98protein wasana-
lysedusingthefollowing in silicotools.Proteinfunction predictionwasbasedn automatic
annotationandconfirmedby BlastF[55] excepffor predictedGHsidentifiedin our previous
work [26]. Intergenicregionswereanalysedn silico: (i) Putativetranscriptionalterminators
werepredictedusingthe RNAfold programme(http://rna.tbi.univie.a.at/cgi-bin/RNAfold.
cgi)[56]; and(ii) predictionof bacterialsigma7@romoterswasperformedusingthe BPROM
onlinetool [57]. When promoterswerefound, putativeRBSwereidentified manuallyusing
the canonicalShine-Dalgarn@equencasareference.

For SSNanalysisthe sequencesncodingGH98enzymesvereextractedrom the the
CAZy databaséwww.cazy.orgpn 17 April 2020.Theaminoacidsequencewerethenusedto
generatea SSNusingthe EnzymeFunctionInitiative-EnzymeSimilarity Tool (EFI-EST)[58].
After filtering sequencelessthan 250aafrom the CAZy databaseqtotal of 355GH98
sequencewereanalysedy SSNwith analignmentscoreof 120.The SSNdatawerevisualised
usingCytoscape.6[59].

Sequencalignmentswith functionallycharacterise@H98enzymesvereperformedusing
ClustalOmegd60] and modularassignmentsstablishethasedn Interpro databaséinter-
pro 80.0,18June2020).

Theoccurrenceof GH98acrosgienome-sequencead gnavus strains(84to date)wascar-
ried out usingStandardNucleotideBLAST(BLASTN).The nucleotidesequencef GH98
geneRGna_RS1032#&asdownloadedrom NCBI'sGeneresourcesisa FASTAfile along
with the 10geneghat makeup the GH98operon,including RGna_RS1031RGna_RS10320,
RGna_RS1032RGna_RS1033RGna_RS1033RGna_RS1034BGna_RS10345,
RGna_RS1035BGna_RS10358ndRGna_RS1036Thesel0genesvereconcatenatethto a
singleFASTAfile. Thenucleotidesequencef the GH98geneandthe concatenate@ASTAfile
containingthe nucleotidesequencesf the GH98operonwereeachsubmittedasquerysequences
in the BLASTNprogramme Genome®f R. gnavus strainsweredownloadedasFASTAfilesfrom
the NCBI Refsedsenomed-TPsiteandindividually submittedassubjectsequenceis the
BLASTNprogrammeThestrainwasconsideregositivefor GH98whenthe predictedoperonor
GH98protein hadapercentidentity and percentquerycoveragef 80%andabove.

Cloning, expression, site-directed mutagenesis, and purification

R. gnavus ATCC 291499enomicDNA waspurified from the cellpelletof abacterialovernight
culture (1 mL) following centrifugation(5,000¢5 min) usingthe GeneJETGenomicDNA
PurificationKit (ThermoFisher,UK) accordingto the manufacturer'snstructions.The
sequencef RgGHI8(44+946Ga)excludingthe signalsequencehe C-term galactose-bind-
ing-like domain (GBLD)and C-termfibronectintype 3 (FN3) domain (seeFig 1C) wasampli-
fied by PCRandclonedinto the pET-28a(+) vector(Novagen)usingNdel and Xhol
restrictionsites(New EnglandBiolabs USA). The RgGHI98E411Amutantwasproducedby
NZYTech(Lisbon,Portugal).The other RgGH98 mutants K788A,W528A,W528D,Q305A,
andQ305W,weregeneratedisingthe NZYMutagenesig&it (NZYTech,Portugal)according
to themanufacturer'snstructions.Theindividual regionencodingRgGH98N-term GBLD
(Ala44-Gly272pand C-termdomain(Val689-Val881)vereamplifiedby PCRand clonedinto
pET-28abyin-fusion cloning (Takara Japan)The catalyticand C-term domains(Cd-C-term,
Phe253-Phe88@)asamplifiedfrom RgGH980r E411Amutantby PCRandclonedinto pET-
28ausingBamHIandXhol restrictionsites(New EnglandBiolabs USA).All constructsvere
designedo containan N-terminal poly (x6) histidinetag(Hise-tag).Primersusedfor PCRare
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shownin S4 Table. DNA manipulationwascarriedout in E. coli XL10-Goldcells(Stratagene,
USA).Sequencesereverifiedby DNA sequencingt EurofinsMWG (EbersbergGermany).
Therecombinantproteinswereexpresseth E. coli Tuner (DE3)aspreviouslydescribed
[30]. Briefly, E. coli Tuner (DE3) cellswereculturedin LB broth to exponentiaphasgODggq
of 0.6)at37ECandinducedwith 0.2mM isopropyl-p-D-thiogalactopyanosidg(IPTG). For
the productionof RgGH98and RgGHI98 mutants,E411A K788A,W528A,W528D,Q305A,
Q305W,and RgGHI8N-term GBLD and C-termaswellasRUMGNA_00842¢cellswerefur-
ther culturedfor 48h at 16ECand laterharvestedy centrifugationat 7,000x g for 10min.
TheHis-taggedroteinswerepurified by immobilisedmetalaffinity chromatographyfIMAC)
andfurther purified by gelfiltration (Superdex’5and200columns)on an Akta system(GE
HealthCareLife Scienced,ittle Chalfont,UK). For RgGH98Cd-C-termandRgGHI98E411A
Cd-C-term,cellswereculturedovernightat 16EGandlater harvestedy centrifugationat
4,000% g for 10min andthe recombinantproteinspurified by IMAC usingTALON resin
(TakaraBio). Theelution buffer contained20mM TristHCI,150mM NaCl (pH 8.0)with
increasingamountsof imidazolefrom 10mM to 100mM. Proteinpurification wasassesseuoly
standardSDS=polyacrylamidgelelectrophoresissingthe NUPAGENovex4%to 12%Bis-
Tris (Life TechnologiesRaisleyUK). Proteinconcentrationwasmeasuredvith aNanoDrop
(Thermo Scientific, Wilmington, USA)andusingthe extinction coefficientcalculatedy Prot-
param(ExPASy-Artimo2012)from the peptidesequence.

Inductively coupled plasma mass spectrometry (ICP-MS) analysis

RgGH98(2.5mg) wasdialysedr2hin ultrapurewater.Thedialysatevasthenfreezedried and
2.2mgdigestedvith ultrapurenitric acidandhydrogenperoxide . Thedigestwasthendiluted
in Rhodiuminternal standardandMilli-Q water.Theelementatontentof the samplevas
determinedusinga ThermoTQ triple quadspectrometewith the following operatingcondi-
tions:coolingflow rate:14.0L/min; auxillarygasflow rate:0.8L/min; samplingdepth:5 mm;
additionalgasflow: 75%;spraychamber2.7degreesnebuliserflow rate:1.144L/min; pump
speed15rpm; RFpower:15,550/).

Activity assays and kinetics

RgGH98(2 uM) wasincubatedwith GIcNAc-pNP(16mM) in 50mM citratebuffer (pH 6.0)
for 1 h. Thereactionwasstoppedwith 1.8M Na,CO; andthe absorbancef pNP measuredt
405nm usingausinga96-wellplatereader(BMG LabtechOrtenberg Germany).

To determineRgGH98 substratespecificity,1 uM enzymewasincubatedwith 100uM oli-
gosaccharide@FL,3FL,DFL,LeA,LeX,aGal-LeXLeY,Fucl,6GlcNady-Acetyllactosamine
(LacNAc),BgH,BgAl, BgAll, BgAlV, BgBIl andBgBIV) or 1 mg/mL polysaccharidéxylo-
glucanandarabinoxylanypr 11.1mg/mL pPGMin 50mM citratebufferatpH 6,37Edor 24
h or 48h for pPGM.About 10uM enzymewasusedto testRgGH98activity against ng/uL
FA2G2.SpBgg98Airom S. pneumoniae (NZYTech)wasusedasacontrol. Theoptimal pH
weredeterminedwith 10uM enzymeagainstLOOuM BgAtetraat 37EGor 30min in 50mM
citratebufferwith pH 4.5to0 6.

To determineRUMGNA_0084Zucosidasectivity, 1 uM enzymewasincubatedwith
100uM BgAtri or 1 mg/mL of pPPGMat50mM citratebufferat pH 6,37Edor 24h.

All enzymaticassaysveredoneat leastin duplicatesReactionsverethenheatedat 95EC
for 10min beforecentrifugedat 17,000gand supernatantsverethenanalysedy high-pH
anionexchangehromatographywith pulsedamperometriadetection(HPAEC-PAD)and/or
liquid chromatographywith fluorescenceetectionand massspectrometricdetection
(LC-FD-MS/MS)asdecribedbelow.
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For kinetics,RgGH98(10uM) wasincubatedn 50mM citratebuffer (pH 5) at 37EGor 30
min with BgAtetraat concentrationvaryingfrom 25uM to 4 mM andtheactivity measuredat
5min intervalfor eachtime point. Thereactionswerestoppedby heatingat 95EGor 5 min
andanalysedy HPAEC-PAD.Fuc(20uM) wereaddedasinternal standardto facilitatequan-
tification. A standardcurvewasmadewith arangeof GIcNAcfrom 5to 100uM containing
20uM of Fuc.Kinetic parametersverecalculatebasedn the MichaelistMenterequation
usinganonlinearregressioranalysigprogramme(Prism5, GraphPadSanDiego,USA).

For HPAEC-PADanalysisthe samplesverecentrifugedat 17,000« g andthe supernatant
analysean aDionexICS500GystemThermo ScientificHemelHempsteadUK). Thesugars
wereseparate@dn a CarboPadAlcolumn protectedwith aguardcolumnusingthefollowing
gradientconditions:0 min, 18 MM NaOH;20to 35min, 100mM NaOH; 35.1to 50min, 18
mM NaOH.

For quantificationof BgAtri releasedrom pPGM,aserief BgAtri standard$.25uM,
12.5uM, 25uM, 50uM, 75uM, and 100uM wereusedto generatdhe standardcurveandcal-
culatethe slope(nC*min/uM), theamountof BgAtri wasdeterminedusingthelinear calibra-
tion. Experimentsvereperformedin duplicates.

For LC-FD-MS/MSanalysisthe reactionsverestoppecdby heating95EGor 5 min and
thendryeddown usingSavanSpeedVacentrifugalevaporato(Thermo Fisher Wilmington,
USA),labelledat the reducingendwith procainamideusingthe glycanlabellingkit with
sodiumcyanoborohydrideeductant(Ludger,Oxford, UK), and purified usingS-cartridges
(Ludger,Oxford, UK) to removethe excesslye. Thesamplesveredried by speedsacuumand
resuspendeth 50puL of acetonitrile:watesolvent.The suspensionweretheninjectedonto a
WatersACQUITY UPLCGlycanBEHamidecolumn(2.1x 150mm, 1.7um particlesize 130
A poresize)at40E@n a DionexUltimate 3000UHPLC instrumentwith afluorescenceletec-
tor (Aex=310nm, Aem = 370nm) coupledto a BrukerAmazonSpeedTD. A 50-mM ammo-
nium formatesolution(pH 4.4)(Ludger,0xford, UK) wasusedasmobile phaseA and
acetonitrile(Romil, UK) wasusedasmobile phaseB. A 70-min gradientwasusedwith mobile
phaseB from 70%to 62%for FA2G2,85%to 65%for BgAIl/BgB 1l from 0to 53.5min ata
flow rateof 0.4mL/min followedby mobile phaseB from 51%to 0%from 53.5min to 55.5
min atflow rateof 0.2 mL/min, and2 min stabilisationmobile phaseB from 0%to 70%from
57.5min to 59.5min ataflow rate0.2mL/min, andthenlastfor 6 min, from 65.5min to 66.5
min, the flow ratewaschangedackto 0.4mL/min andthenequilibratedfor 3.5min.

Differential scanning fluorimetry (DSF) assay

DSFwasusedto analysehe thermostabilityof RgGH98and RgGHI8K788A,W528A,
W528D,Q305W,and Q305A.A volumeof 4 uL of protein sample(1 mg/mL) in 20mM Tris+
HCI, 150mM NaCl(pH 7.9)wasmixedwith 2 uL 500mM citratebuffer (pH 5),2 uL SYPRO
orange(100x),andmadeup to 20 uL with milliQ water.The measurementvasperformedin
StepOnePluBCRinstrumentfollowing the programmestarttemperature25ECendtempera-
ture 8OECtemperatureslope2.0EC/minThe Tm wasdeterminedfrom the minimum of the
plot of derivativefluorescent-basesignalagainstemperature.

Glycan arrays

RecombinanHis6-taggedRgGHI8E411A RgGHI8C-term,and RgGHI8N-term GBLD
wereexpressedndpurified asdescribedabove Threeprotein concentrationg5, 50,and
200pg/mL) werepreparedn binding buffer(20mM Tris+tHCL (pH 7.4),150mM sodium
chloride,2 mM calciumchloride,2 mM magnesiunthloride,0.05%Tween20,1%BSA)and
screenedor bindingto CoreH glycanmicroarrayglycansatthe CFG.Version5.40f the
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printed arrayconsistof 585glycansn replicatef 6. Proteinsamplesveredetectecbn the
glycanarrayby fluorescence-labellgatimary antibodyagainsHis tag. The scanneresponse
islinearto amaximumRFUvalueof about50,000The dataweresortedby RFU (high to low)
andthe highestandlowestpoint from eachsetof 6 replicategsemovedto eliminatessomeof
thefalsehits that containasingleveryhigh or low point. Theaveragdk FUvalue(of 4 repli-
cates)the standarddeviation,and%CV (%CV = 100X Std.Dev/ Mean)for eachprotein
testedwasprovidedby the CFGandthe graphof glycannumberversusaveragé&k FUwith
standarderror of the mean(SEM)plottedin the error bars(standarddeviation/2= SEM).

Isothermal titration calorimetry (ITC)

ITC experimentsvereperformedusingthe PEAQ-ITCsystemMalvern,Malvern,UK) with a
cellvolumeof 200uL. Prior to titration, RgGHI98E411Awereexhaustivelylialysednto 50
mM citratebuffer (pH 5). Theligandwasdissolvedn the dialysisbuffer. UEA | andtheligand
thereofweredissolvedn 10mM HEPESufferedsaling(pH 7.5),0.1mM CaCl.

For RgGH98E411A the cellprotein concentrationwas260uM, andthe syringeligandwas
5mM for all ligandstested For UEA |, the cellprotein concentrationwas100uM, andthe
syringeligandconcentrationwass mM for all ligandstested Threecontrolswith titrant
(sugar)injectedinto the buffer, bufferinjectedto protein, bufferinjectedinto buffer,weresub-
tractedfrom the data.Theanalysisvasperformedusingthe Malvernsoftwarepsingasingle-
binding sitemodel.Experimentsverecarriedout in triplicate for RgGH98E411Aanddupli-
catefor UEAL

Crystallisation and structure resolution

Crystallisatiorexperimentsverecharacterisetby diffraction usingthe VMXi in situ beamline
atDiamond Light Sourceprior to cryocoolingcrystald§rom the bestconditions[61]. Apo crys-
talsweregrownin 20%PEG500MME, 10%PEG20K(.1M sodiumHEPES/MOP$pH 7.5)
in sitting drop vapourdiffusion platesusingRgGH98wild-type protein. Crystalsor the BgAtri
complexweregrownin 12.5%MPD; 25%PEG1000;12.5%PEG3350,0.1M sodiumHEPES/
MOPS(pH 7.5),30mM magnesiunthloridehexahydrateand 30mM calciumchloridedihy-
drateusingRgGH98wild-type protein. Crystalsor the BgAll complexweregrownin 20%
PEG500MME, 10%PEG20K0.1M (pH 6.5)imidazole/MESmonohydrate(acid),30mM
sodiumfluoride,30mM sodiumbromide,and30mM sodiumiodide usingthe RgGH98
E411Amutantprotein. All dropsweresetup at 10mg/mL with astartingprotein volumeof
0.15uL andreservoirvolumeof 0.3pL. Soaksvereshort,approximatelyl min with 10mM
compound.A 10%ethylengglycolsolutionwasintroducedto aid with cryoprotection Crystals
in the presenc®f compoundwerecryocooledncechangesn crystalmorphologywere
observedDiffraction experimentsvereperformedusingbeamlines03 andi24 at Diaamond
Light Sourceatawavelengtiof 0.9763A and0.97628, respectivelyDatawereprocessed
usingDials, Xia2,and Aimless[62+64].MolecularreplacementvasperformedusingMOL-
REPandpdb 4D6Cwithin the CCP4packagg34,65,66]Two moleculesverefoundin the
asymetriaunit. Automatedmodelbuilding wasperformedusingBUCCANEERG67] followed
by iterativecyclesof refinementusingusingcoot, REFMAC,and PDBredg68+70].Model val-
idation wasperformedusingMolprobity [71].

Saturation transfer difference nuclear magnetic resonance (STD NMR)
analysis

For STDNMR, all proteinswerebuffer exchangedisinganamiconcentrifugefilter unit with
al0-kDaMW cutoffin 25mM d19-2,2-bis(hydroxyrethyl)-2,2,2"-nitrilotriethanol pH* 7.4
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(uncorrectedor the deuteriumisotopeeffecton the pH glasslectrode)D,0 bufferand50
mM NaCl.Theligandsweredissolvedn 25mM d19-2,2-bis(hydroxymethyl)-2,2"-nitrilo-
triethanolpH* 7.4,50mM NacCl.LigandNMR assignmentvasperformedby acquiringaset
of 2D experimentCOSY HSQC,TOCSY)usingl mM ligand.To detectbinding andfor
binding epitopedetermination,aconcentrationof 25uM wasusedfor eachproteindomain
(RgGHI8E411A RgGHI8N-term GBLD,RgGHI98C-term)and 1 mM for theligands.The
on- andoff-resonancepectravereacquiredusingatrain of 50ms Gaussiarselectivesatura-
tion pulsesusingavariablesaturationtime, with on-resonancérequencyat 0.0ppm and off-
resonancérequencyat40ppm. Binding experimentsvereperformedat 2-ssaturationtime.
Residuaproteinresonancewerefiltered out usinga Ty, filter of 40ms. The STDNMR
experimentsvereperformedwith aspectralwidth of 10kHz and 32,76&8atapointsusing256
or 512scanon aBruker Avance800.23VIHz at 278K.

Binding epitopemappingwasobtainedfrom theinitial slopesof STDbuild-up curves
(incrementalsaturationtime from 0.5to 5 s),calculatedy performingaleast-squarefiting
of the following mono-exponentiaturve:

STD(tSat) = STDmax_(lieXp(idet ! tsat))

whereSTD(L,) isthe STDintensityfor asaturationtime tsy; STDyhaxiSthe maximumSTD
intensity,andks,is the rateconstantfor saturationtransfer.in thelimit ts,,—0 (initial slope,

STDy):

STD, = STD, . -k,

max t*

Importantly, STD, givesavaluethatis independenbf anyrelaxationor rebindingeffects,
allowingfor anaccuratebinding epitopemappingdetermination.To this end,everyvalueof
STDywasnormalisedagainsthe proton with thelargesintensityto givevaluesn therangeof
0%to 100%whichwerethenmappedonto theligandstructure.

For competitionSTDNMR experimentdetweerBgAll andBgBIll, STDNMR experi-
ments(tsa:2 S,512transients)verefirst run on 50uM RgGHI98E411Ain the presencef 1
mM BgBIl, andin asecondexperimentl mM BgAll wasaddedto thereaction,monitoring
thedisplacemenbf BgBIl by theintensityreductionon isolatedwell-resolve STDNMR sig-
nalsof BgBII.

RgGH98 mucin treatment in vitro

Purified pPGM (10mg/mL) wasincubatedwith RgGH98(2 uM) in 50mM citratebuffer (pH
5.0)for 24h or 48h. Thereactionwasstoppedby heatingat 50ECGor 5 min, areactionvolume
(0.2mL) containing2 mg of digestedpPGManalysedy HPAEC-PAD therestwasdialysed
againswaterusinga 7-kDamembraneThe samplesnsidethe dialysiscassettécontaining
thetreatedpPGM)wererecoveredand freezedried andthe dialysatgcontainingthe enzymat-
icallyreleasealigosaccharidesyereconcentratedy completedistillation andrecovered
with deionisedwater following by desaltingwith agraphitisedcarboncolumn (SupelcleanTM
ENVITM-Carb SPETubes(PennsylvanidJSA)),elutedin 10%acetonitrilewith 0.1%trifluor-
oaceticacidandin 25%acetonitrilewith 0.1%trifluoroaceticacid,freezedried thendissolved
in dionisedwaterbeforeanalysingpy HPAEC-PADand MALDI-ToF MS.

R. gnavus growth assays

R. gnavus ATCC 2914972] andE1[73] strainsweregrownin ananaerobiaabinet(Don
Whitley, ShipleyUK) in 14ml tubesor in a96-wellplate,at 37EGwith 85%N,, 10%H,, and
5%CO.. Thegrowthwasmonitored by spectrophotometryvith an Ultrospecl0celldensity
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metrefrom GEHealthcargChicagoJL, USA)at600nm or anInfinite F50platereaderfrom
Tecan(M&hnedorf, Z&rich, Switzerland)at 595nm.

Starterculturesweregrownin BHI-YH aspreviouslydescribed26]. Growth on singlecar-
bon sourcesutiliseda minimum medium,eitherthe semidefinedry CFAmedium[74] or the
definedLAB medium[75] asindicated.

For growthassaywith pPGM,10g/L pPGMwasaddedto the mediumandautoclaved.
WhenpPGMwaspretreatedvith RgGH98,therecombinantenzymewasdilutedin LAB
medium,filter sterilisedandaddedto the LAB+pPGMmediumatafinal concentrationof
1.3uM 48h beforeinoculationwith the bacteria.

For growthassaysvith Glc, Fuc,or BgAtri, filter-sterilisedstocksolutionsof the sugars
wereaddedto the LAB mediumatafinal concentrationof 0.5%(w/v), 0.46%(w/v), and0.09%
(w/v), respectively.

MALDI-ToF MS analysis of mucin glycosylation from growth cultures

Spentgrowth media(100uL containingl mg of pPGM)wereusedfor glycananalysis6 SLwas
usedasinternal standardat 10 ug/mg of pPGM.Boundglycansverereleasedrom mucinsby
reductivep-eliminationin NaBH, 0.5M dissolvedn NaOH 50mM at45Edor 16h. Freeglycans
in the growth mediawerealsoreducedduring this processT hereactionwasquenchedvith drop-
wiseaddition of glacialaceticacid. The samplesveredesaltean anin-houseprepareccolumn of
DOWEX50Wx8H™ cationexchangeesin,and boratewasremovedoy coevaporatiomwith
methanolundernitrogen. Thedried glycansverepermethylatedy the addition of 200uL
DMSO,300puL of NaOH basén DMSO (preparedasdescribedn [76] and 150uL iodomethane
undervigorousshakingfor 30min atroom temperatureThereactionwasquenchedy addition
of 1 mL of H,O andexcessf iodomethanevasremovedunder nitrogen.Permethylatedjlycans
werepurified on SWIFTHLB cartridgegSigmaStLouis,MO, USA),wherecontaminatingsalts
wereremovedwith H,0 and permethylatedjlycanselutedwith methanol.The permethylated
samplesvereanalysedy MALDI-ToF MSon aBrukerAutoflex (Bruker Daltonics).Peaksorre-
spondingto glycanswith asignal-to-noiseatio >3 wereconsideredor the analysisTwo techni-
calreplicategrom 2 biologicalreplicatesverecarriedout in total.

Bacteria quantification by qPCR

Cellsfrom a2-mL aliquotof culturewereharvestedy centrifugation(10,000¢5 min, 4EC)at
differenttimesof growth (0 h, 9 h, and48h). Thecellpelletwaskeptfrozenat —20EQuntil
DNA extraction.The DNA extractionwascarriedout usingGeneJETGenomicDNA Purifi-
cationkit (ThermoFisherScientific)following supplier'sprocedurefor gram-positivebacteria,
excepfor the elution step,whichwasperformedwith 50uL of EBbufferinsteadof 200p.L.
DNA qualityandquantitywereassesseaasingthe NanoDrop2000spectrophotometer
(ThermoFisherScientific)and Qubit dSsSDNA HS assayn Qubit 2.0fluorometer(Thermo
FisherScientific) Dilutions at 1 ng/uL werepreparedn watercontaining5 pg/ml Salmon
SpermDNA (Sigma-Aldrich).

Thestandardwasa PCRfragmentobtainedby amplificationof R. gnavus ATCC 2914916S
rRNA geneaspreviouslydescribedn [77]. Briefly,the PCRwascarriedout usingthe HotStar-
TaqPlus MasterMix Kit (Qiagen)accordingto the supplier'sadvice A total of 35cyclesof 3
stepswereperformedwith anoptimisedannealingemperaturdor the primersused(S4
Table) anda2-min extensionfollowing the supplier'sinstructions. The PCRproductwas
purified, quantified,anddilutedin waterto aconcentrationof 16.4ng/uL, whichequalgo
10" copies/uL A serieof 10-foldor 20-fold dilutions wasthen performedfrom 10'° copies/
ulL to 107 copies/2uL using5 ug/mL salmonspermDNA.
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ThegPCRwascarriedout in an Applied Biosystem3500Real-TimePCRsystenqLife
Technologiesyvith gPCRprimerstargetingspecificallyR. gnavus 16SrRNA gene(S4 Table).
EachgPCRreaction(10uL) wasperformedin triplicateswith 2 uL of DNA matrix (standards
at10” copies/2uL to 10’ copies/2uL or DNA at 1 ng/uL) and0.2uM of eachprimer usingthe
QuantiFasSYBRGreenPCRKkit (Qiagen)accordingto supplier'sadvice(excepffor the com-
binedannealing/extensiostepwhichwasextendedo 35sinsteadof 30s). The standard
curvesshowed linearrelationshipof log input genecopynumberversughethresholdcycle
(Cq), with acceptablealuedor the slopesandthe regressiortoefficientR?). Thedissociation
curveswerealsoperformedto checkthe specificityof the amplicons.

Genecopynumber/mL of culturewascalculatedn eachsampleusingthe Ct valueobtained,
the standardcurveequation(Ct = ax Log(geneopies/well}+ b) andtheamountof DNA
extracted/mLof culturein the sample(B): genecopies/mLof culture= (§ x 10((Ct- b)/a))/ 2.

RNA extraction from R. gnavus ATCC 29149 growth cultures

Total RNA wasextractedrom 3to 5 mL of mid- to lateexponentiaphaseculturesof R. gna-
vus in YCFAsupplementeavith either0.5%Glcor 10g/L pPGM or LAB supplementedvith

1 mM of BgAtri or BgAll. Fourbiologicalreplicatesvereperformedfor eachcarbonsource.
The RNA wasstabilisedprior to extractionby adding1/5 vol of phenol(pH 4.3):ethanol(1:9)
mixture to 1 vol of culturethenincubating30min on iceandcentrifugingfor 5min at10,000¢
at4ECCellpelletswerestoredat —80E (eforeextraction. Extractionwasperformedusing
phenolandchloroform aspreviouslydescribed78]. GenomicDNA contaminationwas
removedby DNAsetreatmentusingTURBODNA-freekit (Life TechnologiesRaisleylJK)
accordingto supplier'srecommendations.

The purity, quantity,andintegrity of the DNase-treateRNA wereassessedith Nano-
Drop 2000Spectrophotometeryith Qubit HSRNA assayn Qubit 2.0Fluorometerand with
AgilentRNA 600Nanokit on Agilent2100Bioanalyzepr with High-SensitivityRNA Screen-
Tapeon Agilent4200TapeStatior{Agilent TechnologiesStockport,UK).

RNAseq transcriptomics analysis

Sequencingf RNA extractedrom R. gnavus ATCC 29149%rownin Glcor pPGMwasprevi-
ouslydescribed28]. To comparethetranscriptexpressioevelsacrossamplesthe RNAseq
readswveremappedonto the R. gnavus ATCC 29149enomewith the opensourcetool Bowtie
v0.12.979] usingdefaultparametersRawcountswerenormalisedto the effectivdibrary size.
Log2(fold change)of genetranscriptionwascalculatedor eachgenewhenATCC 29149wvas
grownon mucin ascomparedo Glc.

RT-qPCR transcriptomics analysis

DNAse-treatedRNA (100ngto 1 ug) from R. gnavus ATCC 29149rownon BgAll andR.
gnavus E1grownon BgAtri wasconvertednto cDNA usingQuantiTectReversd ranscrip-
tion (RT) kit (Qiagen)accordingto supplier'sadvice(including the genomicDNA elimination
step).An RT negativecontrol (RT-) wasgeneratedisingthe sameamountof DNAse-treated
RNA andfollowing the sameprocedurebut without addition of the reversdranscriptase.
gPCRwascarriedout in an Applied Biosystem3500Real-TimePCRsysten(Life Technol-
ogies) Onepair of primerswasdesignedor eachtargetgeneusingProbeFindewnersion2.45
(RocheApplied SciencePenzbergGermany)to obtainanampliconof around60to 200bp
long. The primerswerebetweerl8and23nt-long, with a Tm of 59to 60EQS4 Table). Cali-
bration curveswerepreparedn triplicatesfor eachpair of primersusing3- or 4-fold serial
dilutions of R. gnavus genomicDNA. The standardcurvesshoweda linearrelationshipof log
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input DNA versughethresholdcycle(CT), with acceptablealuedor the slopesandthe
regressiorcoefficientgR?). Thedissociatiorcurveswerealsoperformedto checkthe specific-
ity of theampliconsEachgPCRreaction(10uL) wasthencarriedoutin triplicateswith 1to
2yl of a5-or 10-folddiluted samplg(cDNA or RT-)and0.2mM of eachprimer, usingthe
QuantiFasSYBRGreenPCRKit (Qiagen)accordingto supplier'sadvice(excepthatthe com-
binedannealing/extensiostepwasextendedo 35sinsteadof 30s).

Dataobtainedwith cDNA wereanalysedvhenCT valuesabove35wereobtainedfor the
correspondingRT-. For eachcDNA samplethelevelof transcriptionof eachgenetestedwas
expressedsequivalenbf gDNA concentrationusingthe standardcurveequationandthe
geneswererankedaccordingly.

PCR analysis of cluster

A PCRwasperformedwith the cDNA (and RT negativecontrol) from R. gnavus ATCC 29149
grownon BgAll to amplify fragmentswithin the RgGH98-encodinggene(RGna_RS103258)5
wellasfragmentscorrespondingo theintergenicregionsbetweergenefGna_RS1036ihd
RGna_RS1031%he primer sequenceandthe expectedimpliconsizesarepresentedn S4 Table.
EachPCRreaction(10pL) wascarriedout with 0.4uL to 1 uL of cDNA and0.25mM of each
primer, usingthe HotStarTagPlus MasterMix Kit (Qiagen)accordingto the supplier'sadvice.
Control reactionswverealsopreparedoy substitutingthe cODNA with water(negativecontrol), 50
ng of R. gnavus ATCC 29149enomicDNA (positivecontrol) or RT negativecontrol (QDNA con-
taminationcontrol). A total of 35cyclesof 3 stepswvereperformedwith anannealingemperature
of 60EGanda 3-min extensiorfollowing the supplier'sinstruction. PCRfragmentsvereanalysed
by electrophoresisn a1%agarosgelusingthe Midori GreenDirect DNA Stain(GeneflowUK).

Statistical analyses

For the statisticabinalysif R. gnavus growth assaysn RgGH98-treatedrersusuntreated
pPMG,the effectof RgGHI80n growth wastestedusing3 linearmixed modelswith delta-
OD at9,24,and48h (delta-ODis the OD valueminusthe OD of the correspondingno bac-
teria® control) usedasthe outcomesrespectivelyandthe main effectsof pPMG, R. gnavus
strain,andtheir interactionaspredictors.Thedelta-ODat 0 h wasincludedasa covariateo
accountfor baselinaifferenceslongwith arandomeffectof biologicalreplicate Models
wereestimatedusingthe ImerTestversion3.1+3with Ime4versionl.1+27.backagefor R
version4.1.1Usingthesemodels the effectof RgGH98on OD at eachperiod, stratifiedby
strain,wasestimatedusingthe emmeangpackageversionl.6.3for R.

Forthe analysiof gPCRdata,growthwasanalysedisingalinearmixedmodel. Threetech-
nicalreplicatefmeasurementsyereavailableat eachtime point. Estimatecconcentrations
weretransformedonto alogarithmicscalethenthe concentrationrwasmodelledusingthe
interactionof time, strain,andenzymeandall of their 2- and 3-wayinteractionsaspredictors,
with nestedandomeffectscorrespondingo biologicalreplicateandtime within biological
replicate ModelswereestimatedisinglmerTest/Ime4or R asaboveandthe effectsof enzyme
on growthbetweerD and9 andbetweerD and48h for eachstrainwascalculatedrom each
modelusingemmean$80+83].

Supporting information

S1 Table. ICP-MS analysis of RgGH98 metal ion content. ICP-MS inductivelycoupled
plasmamassspectrometry.
(XLSX)
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S2 Table. ITC thermodynamics parameters of UEA1 and RgGH98 against BgH and BgA,
respectively. BgA,bloodgroupA trisaccharideBgH,bloodgroupH trisaccharidelTC, iso-
thermaltitration calorimetry.

(XLSX)

$3 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 ATCC 29149
wasgrownon BgAll. (B) R. gnavus E1lwasgrownon BgAtri. BgAll, bloodgroupA tetrasac-
charidetypell; BgAtri, BgAtrisaccharide.

(XLSX)

S$4 Table. Primers used in the study.
(XLSX)

S5 Table. Chemical shifts assignments and STD initial slopes of BgA II. BgAll, blood
groupA tetrasaccharidgypell; 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. 2FL (A), 3FL(B), DFL (C), Fucal,6GIcNAED, the upperpanelis with RgGH98
andthelowerpanelis with SpGH98),xyloglucan(E), arabinoxylan(F). DFL, difucosyllactose;
Fuc,fucoseHPAEC-PAD high-pH anionexchangehromatographyvith pulsedamperomet-
ric detection2 FL, 2 -fucosyllactose3FL,3-fucosyllactose.

(TIF)

S2 Fig. Enzymatic characterisation of RgGH98. (A) Optimal pH analysif RgGH98.The
initial velocityagainsBgAll (100uM) wasmeasuredhtdifferentpH valuesn 50mM citrate
bufferwith the recombinantenzyme(10uM) at37EC(B) Michaelis+Mentercurveof
RgGH98towardsBgAll. Theexperimentwascarriedout in duplicatedor optimal pH analysis
andtriplicatesfor MichaelistMentercurve.BgAll, bloodgroupA tetrasaccharidgypell.

(TIF)

S3 Fig. Sequence alignment of RgGH98 with characterised GH98s from the CAZy data-
base. Blacktriangle,Q305;circle, W528;diamond,K788.
(TIF)

$4 Fig. Structural comparison with homologous GH98s. (A) RgGH98apostructure(wheat)
alignedto RgGH98boundto BgAtri (Cdin greenand C-termdomainin light cyan)bound
structure.Fucis colouredin pink, galactosé orangeand GalNAcin yellow.Amino acid
identifiersreferto RgGH98.(B) RgGHI8boundto BgAtri alignedto Sp3GH98(grey)bound
to the samecarbohydrateAmino acididentifiersreferto Sp3GH98.(C) RgGH98boundto
BgAtri alignedto Sp4GH98(pink). Amino acididentifiersto Sp4GH98.The absencef the
Trp 512loop presenin Sp4GH98allowsbinding of Bgallby RgGH98.(D) RgGH98boundto
BgAtri (orange)alignedto RgGH98E411Amutant (green)boundto BgAll, highlightingsteric
clashbetweerBgAtri bound Glu411rotamerand BgAll. For clarity, only the tetrasaccharide
carbohydratds shown.(E) RgGH98E411Amutant (green)boundto BgAll alignedto
Sp3GH98(grey)boundto BgAll to highlightdiffering GIcNAcpositioning.Firstresidue
numberrefersto RgGH98andsecondo Sp3GH98.(F) Magnesiumand (G) calciumbinding
sitesasobservedn the RegGH98E411Awith BgAll boundcrystalstructure.Fo-Fc(grey
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mesh)andanomoloudifferenceomit mapsareshownfor bothions,with greymeshfor the
Fo-Fcandorangemeshfor theanomaloussignal.Confirming thatonly onesiteis occupiedby
calcium.BgAll, bloodgroupA tetrasaccharidgy/pell; BgAtri, BgAtrisaccharideCd, central/
catalyticdomain;C-term, C-terminal;Fuc,fucose GalNAc,N-acetylgalactosamin&IlcNAc,
N-acetylglucosamine.

(TIF)

S5 Fig. Analysis of recombinant RgGH98 variants. (A). SDS-PAGHEnalysif purified
RgGH98wt andspecificitymutants.(B) HPAEC-PADof RgGH98wt and mutants.Around
10pM of recombinantenzymewasincubatedwith BgAll (0.1mM) in 50mM citratebuffer
(pH 5) at37Edor 24h. Reactionsverethen heatedat 95EGor 10min beforecentrifugation
at 16,000gandsupernatantsvereanalysedy HPAEC-PAD .Experimentaveredonein tripli-
cates(C) DSFanalysiof RgGH98wt and mutants.BgAll, bloodgroupA tetrasaccharide
typell; DSF differentialscanningfluorimetry; GIcNAc,N-acetylglucosaminéiPAEC-PAD,
high-pH anionexchangehromatographywith pulsedamperometriadetectionwt, wild-type.
(TIF)

$6 Fig. STD NMR analysis of RgGH98 domains to BgA II. STDNMR binding experiments
wereperformedat 2-ssaturationtime, with selectiveroteinirradiation at0.0ppm. (Left
panel) (A) ReferencspectrumBgAIl/RgGHI8 E411Asample(B) STDNMR spectrumof
BgAIl/RgGHI8 E411A(C) STDNMR spectrumof BgAIl/RgGHI8 N-term GBLD (no bind-
ing detected)(D) STDNMR spectrumof BgAll/ RgGH98C-term (no binding detected).
Ligandchemicalshiftsassignments S5Table.(Right panel) (A) ReferencespectrumBgH/
RgGH98E411Asample(B) STDNMR spectrumof BgH/RgGHI98E411A(no binding
detected)(C) ReferencepectrumBgHandBgAIl/RgGHI8 E411Asample(addition of BgA
II to thesamplen C). (D) STDNMR spectrumof BgHand BgAll/RgGH98 E411Asample
(binding from BgAdetected)BgAll, bloodgroupA tetrasaccharidgpell; C-term,C-termi-
nal; N-term GBLD,N-terminal galactose-binding-likdomain;STDNMR, saturationtransfer
differencenuclearmagneticresonancepectroscopy.

(TIF)

S7 Fig. Glycan array analysis of RgGH98 variants. Therecombinantproteins(A) RgGH98
E411A,B) N-term GBLD,and(C) C-termwerescreenean the CFGglycanarrayin 6 repli-
catesThehighestandlowestpoint from eachsetof 6 replicatedhasbeenremovedsothe aver-
ageis of 4 valuegatherthan 6. The panelson theleft showthe overallbinding eventsof
RgGH98variantsagainst85ligands.The panelson theright list the glycancompositionsof
thetop 3 hits. Underlyingdatacanbefoundin S1Data.CFG,Consortiumfor FunctionalGly-
comics;C-term, C-terminal;N-term GBLD,N-terminal galactose-binding-likdomain;RFU,
relativefluorescenceanit.

(TIF)

S8 Fig. Confirmation of the operonic structure of the GH98 gene cluster in R. gnavus
ATCC 29149. A 2-stepRT-PCRwasperformedon RNA extractedrom R. gnavus ATCC
29149rownon BgAll usingprimerstargetingeveryintergenicregionbetweergenes
RGna_RS1036ihdRGna_RS10318ndthe PCRproductsanalysedy electrophoresisn
agarosg@el.IntergenicregionbetweerRGna_RS103XAndRGna_RS103Yig labelledXX/
YY onthegel.PCRfrom RT negativecontrol (RT-) wasperformedto confirm the absencef
genomicDNA contaminationof the RNA sampleprior to RT.PCRnegativg-) andpositive
(+) controlswerecarriedout with wateror ATCC 29149enomicDNA astemplaterespec-
tively. Thesequencesf the primersareprovidedin S4Table.M, DNA laddersizemarker
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(with incrementsindicatedin basepairs).RT-PCRreversdranscriptionPCR.
(TIF)

$9 Fig. MS analysis of mucin in growth culture. (A) Quantificationof fucosylateaylycans
from growth mediasupplementedvith eitheruntreated(green)or RgGH98-treatedred)
pPGM,in the presencer absencef R. gnavus strains.Thebold composition*FucGalGal-
NAc® corresponddo the glycanpeakat 708Da andis indicativeof eitherreducedBgAtri or
Fuc-Gal-GalNAc-ol(B) Fragmentatiorspectreof the pPGM glycanpeakat 708Da, centred
around470Da.Fragmentsharacteristiof BgAtri couldonly befoundin the samplesvith
RgGH98-treatecpPGM. For glycananalysegatasetfrom 2 biologicalreplicatesvith 2 tech-
nicalreplicatesvereused Underlyingdatacanbefoundin S1Data.BgAtri, BgAtrisaccharide;
MS, massspectrometrypPGM, purified pig gastricmucin.

(TIF)

$10 Fig. Quantification of BgAtri released by RgGH98 in the medium via HPAEC-PAD.
(A) Release@gAtri from the mediumprior growth assayalongwith standardsTheexperi-
mentwascarriedoutin 3 biologicalreplicategB) Standardcurvewasperformedin triplicates.
Theamountof BgAtri releasedavascalculatedo be66.9umol/L asaveragef 4 replicates
(67.4pmol/L, 65.7umol/L, 74.1umol/L, and 60.5umol/L). Underlyingdatacanbefoundin S1
Data.BgAtri, BgAtrisaccharideHPAEC-PAD ,high-pH anionexchangehromatography
with pulsedamperometriadetection.

(TIF)

S$11 Fig. Quantification of R. gnavus growth in mucin by qPCR. Theresultsshowthe num-
berof R. gnavus 16 SrRNA genecopies/mLin the no-bacteriscontrols(left panel).in R. gnavus
ATCC 2914%cultures(middle panel),andin R. gnavus Elcultures(right panel)following
48-hgrowthon RgGH98-treatednucin or untreatedmucin. ThegqPCRanalysisvascarried
out from 2 biologicalgrowth culturesin triplicates.The error barscorrespondo the standard
errors.Underlyingdatacanbefoundin S1Data.pPGM, purified pig gastricmucin; gPCR
quantitativePCR.

(TIF)

S12 Fig. Growth of R. gnavus strains on BgA antigens. R. gnavus ElandR. gnavus ATCC
29149rowthon 3 differentconcentrationsof BgAtri (A) andBgAll (B). Theexperimentwas
carriedoutin triplicates.Underlyingdatacanbefound in S1Data.HPAEC-PADanalysiof
supernatanfrom R. gnavus E1growthon 1 mM BgAtri (C) andR. gnavus ATCC 29149
growthon 1 mM BgAll (D). Thecorrespondinggrowth curvesareshownin the bottomright
of eachpanel.BgAll, bloodgroupA tetrasaccharidg/pell; BgAtri, BgAtrisaccharide;
HPAEC-PAD ,high-pH anion exchangehromatographywith pulsedamperometricdetec-
tion.

(TIF)

$13 Fig. Enzymatic activity of recombinant WP_004841212.1 fucosidase on BgAtri and
mucin. About 1 uM of enzymewasincubatedwith BgAtri (0.1mM) (A) or pPGM (1 mg/mL)
(B)in 50mM citratebuffer (pH 6) at 37EQor 24h. Reactionsverethen heatedat 95EGor 10
min beforecentrifugationat17,000gand supernatantsvereanalysedy HPAEC-PAD.Exper-
imentsweredoneatleastn duplicatesBgAtri, BgAtrisaccharideHPAEC-PAD,high-pH
anionexchangehromatographywith pulsedamperometricdetectionpPGM, purified pig
gastricmucin.

(TIF)
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