Supplementary Information

Supplementary Figures

Supplementary Figure 1 Comparison of CBM40 crystal structures indicating conservation
of the B-sandwich fold
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(a) RgNanH_CBM40 (RgCBM40) with 3'SL, (b) SpCBM40_NanA with 3'SL, (c)
SpCBM40_NanB, (d) SpCBM40_NanC with Neu5Ac, (e) MdCBM40_NanL, (f)
CpCBM40_Nanl with 3'SL, (g) CpCBM40_NanJ with Neu5Ac, and (h) VcCBM40_NanH with
Neub5Ac. Ligands are represented by black sticks. For the CoCBM40_Nanl image the loop

indicated to form additional water mediated hydrogen bonding interactions with the
sialyllactose galactose residue is indicated with a star.



Supplementary Figure 2 Comparison of CBM40 sialic acid binding sites
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(a) RgCBM40 with 3'SL, (b) SpCBM40_NanA with 3'SL, (¢) SpCBM40_NanB, (d)
SpCBM40_NanC with Neu5Ac, (e) MdCBM40_NanL, (f) CoCBM40_Nanl with 3'SL, (g)
CpCBM40_NandJ with Neu5Ac, and (h) VeCBM40_NanH with Neu5Ac. Ligands are

represented as black sticks with hydrogen bonding interactions as black dashed lines.



Supplementary Figure 3 Comparison of the Neu5Ac glycerol environment of the ligand in
complex with CBM40 structures
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(a) RgCBM40 (b) SpCBM40_NanA, and (¢) CoCBM40_Nanl. Ligands and interacting

residues are coloured. Dashed black lines indicate hydrogen bonding interactions.



Supplementary Figure 4. Alignment of a subset of the domain hits of the combined-CBM40
pHMM

1.0 2 E.D TD %D
5_pneal TV I EKEDVEMNASNED - - - -[EKKLEN AMWHM EF KFD A K aFAF YN EF
5_prea_35 TV IEKDDLEWNDSNEK- - - -NKGLONATWHVEFKFAADGFSFEYNLE

EVLTVEDVERNSQNNQ - - - -MKNLTNASI IEFKFEETQFKFY.VF A
- FQEBSYOLNN KS--- -LSB-ESQTWVYMKFKADEF -NSLOALFGL:
-VTKVE@VOLDSSNDK- - - ROBENGT I¥MEN KASON - AGEHEIF
- -EYKDINLESSN -A- - - KKLDEGT I VVRENSK-D-SKIQSLLGI
EVVSV‘DDVE.NNKVDK--- “MKNLTNA V.VEFKATETUFNLY VF
------------------- -l ABLHEGTILVRFETFTST -DS| Y|
----- SEBVTITP-5SQF- - - -l AAMHSBAIMVEFTPOIS--SIHSLIGI
KIARYENKKITN -NQ@- - - -LKGLEEGWIVARFDTTEE - -DI0SLI
""" NIAWTS-GTV- - - -MFNMQEGTILI TSTSA-NSIQSLFE
FYLQKEGIEISE-GTG- - - -MKALEQGTIVISYKTTSE-NAIQSLL
-VFREKEDQKI -AVGSF- - - -LMKLEEGTILVH¥TSTSD-0410SLF
I LEKEN D] -EEGNT - - - -IOSLEEGTI IVSETSTET -0AWOSLI
~LFEKNN | ELKG - -6@- - - -LNG-PGFEVII KN SOSKE -DEVOALFGI
-VFEKDN IQLA - -GNG - - - -LTE-FOFEVII HQLKF-DGEIQALFGI
-WFEQNN IDIVD -806- - - ~MEALSEETII1SFEKSTSG-NoNoBEL 1S ol
FYLEKNNVTLTEEG - - - - - -FETS-BDFTWVI NQSSE-KBLOALFGI
% I TEKSN INITA -GKE- - - -WKALEKGTI IVSHKSTSH -NS10ELVS G
Ent_foecal TYYTEASNITLN - -6QG- - - -LEKK-DDFRIMVTHDQSKN -NGIQALFGV:
Clo_per 11 EIANYT@GNLKITKEEER - - - -FSSLEEGTIVMTRENMND - - TS50
Fara_FN-1 - IVRVENEKI -BNGYF - - - -LKELDEG RERYTES - - 5/ M) LF.L
Lace sal T ~¥YESONVTLDNOBQE- - - -IIKENEN 5 O TON S N SLOAL1GY
5_is2 <~ - -LDFLOINAQNGK- - - -LLSINSET I FMDF KASTT - SBF YELF
Vir_SK2T - IWSVENEQIEN -GYF - - - -LKKLEEGTI¥VRFRYTES - - SIMSLESL:
Clo_cels_2 - -WSSENLQINN-GVE- - - -L-RIGEGTAI IRFQATNS - -GLOSLF
Para_PN-_2 ----VENERI -BDBYF - - - -LKSLDESTIIVRFRNTES - - SIMSLFSL
Dol sgren - --SENVDLSN - -D@- - - <LTA-ENQEWEIEFSSLHK-AKLOAIVG
Para_FN- 3 -VLRVENESIGGE-NNF - - - -LKQLDEGTIV¥ISFENH -5@-5GIMSLFE
Robi_ RHS_1 - -FQESEVEIVN -GVFa- - -LKBLTOE IlVR KEAKT - -GLMSLF
n o= st im FVYYSAQN ITINSAADA- - - -LKGLHNASI IV QNTHNT - -GVGSFF
Robi RHS 2 -1 IDE@KME] -ESEHE - - - -IKDLEEGTLFVDETSANA - - 510SLF
Subdaligra -~ -AAENIVIEA-FSQ- - - -IAALDEMEVIVKEKNTHT - -G 1GSLF
Erysahwd  aeeea- DLHL--KGBEG- - - - KEFNQBSLTLRFRSESLs SDLTALF
Acenoegn -VKNLTEEAVVVTFSTTOD-SU.AALL A
Clo_cels_3 -VEYSNIRISN -NSA- - - -FKDLTES IIﬂRFBNTNK-TDVO.IIBIE
S_anin ¢ - YVL--NNKG- - - -l58-ETOEWVLKE KSHTR-NOLOALFGA
Entceco ] NTG- - - 108 -DNQSIVLNFESSSP-NSLOQALFGI
----- SDMTE -S5@TD - - - -LSELSSETI IVDFTFTAM - SThNCLFlL .-
--KQIQBIEQR - - - -MKOBLGSGTITLSFRTEST - NLO!L!AIMES--
Ewmnwovwk NSK- -LKKLDSARIMAE| KTREDADDEMENFEVETS - - -
- - -[60G- -LTSLOVETIAVREKTTOK - SPEAALLSASYT - -

Nf .-
TlEs= -
Wnigs gy | .n,a,m,..,.l

R
L-TDK-FESQnLFNLENGSITLRVSSALGE - - -F
- raqwNMVF-TTE-LNNE-A-SLKGWRMSWTISR v E S|
ragqeTHSL - Tu-olm-ass-mwm EMKVLSE - -
~iaewKATP-EBE-FNAM-AS0-NGWMAFTMRVESE - -
-FDA-LQTF-AAG- -NWSLVIDRKA QB - -
- DA-LN.Q-ITA- n AEMRYKKG - - -
-BoT-ELND-&45-0 NARVAES - -
- vo-\rnﬁn-nTT-anm TSR 1 V56 - -
~aewEMIP-DSQ-THLD -ATN - YG@WEMSSTV KV LSE - -

lI]U lIEU ]‘JU IISU lIED llTU
5_pnea ] --TATL sDOKOFMNN -YND - AFL -
S pnea_35 STHLN aDBSOFWES - YD - APL -
Sonli1d VALY - - rDBAQFMGEN - YND-ALL -
S_pmea 117 - -EIGV -AQKGINY -LFS-RFA -
5_muis ] -SMML
Clo_perf 1 -RMGF
5 ptis 27 -KFVY
Clo_8AA 1 -RLGF
Cha_Bak 2 -vLG
Cla_cels 7 -TMGF
Ruin_bert.2 -vlLg <EKY-TGS-RAS-SV-RNSYIGEMa--- -t
FRam gnaves - -GBVGM - -FKY-TILD - CPA - AN -RESYKGERY - - - - sHNIVALKABKEN K-
2 - -VLGC - -MNY -GFK-AAN - -KADYkGKPa- - - -«NMITALOABKEK -G
- -ALGM -FKY-TLS-RFA- -RESYkGEELa- - - - o WAF KADKEKK -
- -ELGM OIMM -VMS-RPA- SWEKY KN KPY - - - -5 WALVSNNNSN -
-ELGM NH - LWS-RPA- SV -WEKYKNKFa- - - -3
- -AVGM - -EEY -TLS-RFA - 'RSKYkNE.\r””s
- -ELGM - -KNN-LVWS-RFA- SWEKYkQEAY - - - -t
- -EVGM --LKY-TLS-RFA- SRSIYkNNLy - - - - f
- -ELGM <+ tSSN - NN - LWS-RPA- SV -WEKYKNQPY - - - -5
-KVE - qEGNGEOENY -HHS - ADM -TF - - - - - Ki
-A1G qQFNVSFEN -THL -50Q - -
--ELGA -TKDN.N\’-LFA-TFI- -YAEsSkEKD |
--KLIF SEEHTIGH - ITD - 450 -
-5ig ~kPGEFOENY -HT|S - Ad - -@
-Qve qS@N - - -VS-TAV-VNEK- -0
-TLG -0
Do, -TAGF -R
Pass_PI-_3 - KNGV AGTHDM - - -V§V-BG5L - -@
FRob RS -TVE - NVN-TAS-AGY - -
Inte stinim -TFGF -g
Fobi RHS_ 2 -NLGW -5
Subdolbgra -RLGF -8
Erys_chu 1 -KLG I eTHK-HIIN-TEE-TST WTVLNHE - -N - -R!
Acenotgn -HLEY! EFESOKGW- LAK-ADA AVVNMTOENT -
Cha_cels 3 - -KNGF qEGATESGT -TH | ar/Fl§ IAFKMTNGE - - -
5_misd - -ELGI “QOREINY - LES-RPA “WHIHKBEFy - - - - eNTUVE | AESTAK- T
Entercol - -E[lGY ~AQKGYNY - LFA-RPA-SL-WGIHKkGNAY - - - - cHTVVE TANATEK - -7
Clo_84 3 - -FLBL HBETRM -V -N L0 -GPA - -@
Tyzzerells --KIGF nETVND KN-F V-NDW - -
: fnine 1 - -vNaY nANKFF KS-F 5-A5Q- -KNQ
Act_men_2 - - - -HI -qKSA -PGEW- LAK-ADA - -NER
Actmobeci -ANG1dTFE] GEN L IHNS -DLR -¥TL - - - - -t
58---DLVMN -LASF
-5@---NLVVEF -SASE
-8N - - -NLVW .- KAT)|
<AN - - -NLVMNL -N
-DN - - -QLTAEF - - -TASF
-DK---SMTAILYR -SASE
-N@---DLVAAL - -LATF
-58- - -ALVAR

20 220 230 2

S pnew ] -+« - LR SENFIKDMF - DFf TH QG KA - - -NNT - -N LofiRNE TN RELHFECYQ kRS -
S_pnew_35 -+ -KKSGKFLADMF -DLDKLQLGAMN[x - - SNLSIRNLTWENRALTFEEV KKRSO -
Sl ----PKSG0FLFOMP -DLTOMG 16 G- - SNLKIRNLTW¥ORVLTPOEVAERSD -
5 pnea 117 <---WDTELPISNIN -8B DKATLGAVNRE - - -LA--KGBSIDEISLENKAISBOEVSN IS - -
S_swiz ] <---ASQ@-IFTSAT - AMSHAQLGAMTKEG - - N KV LTAEE|IARF. -
Cha_peri 1 ----DTN.KFLNNIE NLDSAFIG Y- - N EPLGEOYLL S K
5_pitis_77 <+ -AKSALELTAMQ -NLTHMQLGAMORG - - DYAFSBTEMEQR -
Clo_8Ak 1 et asSBNGEMADIF -G1D5GY LANTR Oupsﬂ o."fE -TETIHNWO| FDEVESAEHMKOV]
Clo_Ak 2 ael@ESTANGF ISDIF -G INAGYLGKTA - P - -NGS|IENI KVENTDI PEBTLTA
Cho_cels 2 <+ --TSNATLEAGVV - DWNNATIGKTD] GoWLFBKY L LDVIGY
Fum_hace 2 ----TDD.KFISDIT-ELDK\SIDD L --BGSIDTLOVSTEV YL I EATG -
R gnevos -QEAFKE 15D - GYDN ¥MLGGTM --B6651 ERMOV¥RDVLSBBEL | AVIGK
Lach hac_2 ©aalGENREISEIT GLOTWSLGA - -BGNIHKIEVFETPLTOEEL | EEMKK
Blowbe_ha ----QEDEKEIKD|I|S - @¥NN WO LaGH | - -EGT|I KN¥EV¥SNFLSDEELLESTGK
Ses_#G2001 <+ --LDKELKLNDIK-@LDS|v1GavN - -NGTIENIKIENYFLNEKNLEN
Sos_pewdy <+ - -WNNELMLSNIN -GLDSEvIGGVN - -NGTIENIKIENNALDEN T KSME KN
Fiemicu tes -~ - -KEDEKEISD|I|T - EWNN¥MLGGTEN --BGTINSAC|¥osVLEDEEL KD | [T -
5 pnew 156 ----VDNELN/I KD K-BIDTHMLEEV --NGTLENIKFENSALDEETV KKMETHN
Ch_7 <+ - -TOVEKEIND|IT - @¥N N ¥MLOGH Y| - -BGTIGNVKI¥NE I LTDEAL KA ETG -
Ent fmecal <+ - -VEHNLELNDI K-@IDSEVLGEY - NBN L EN[I KMIEH QAL EV A KM E KMTK -

~DPNIKELNA - -WLNSGEF 16
-DSPVWKELSN|IY - KPN SAQLGR|
~¥DKFKSIRDIL -GINNIRLEEVN
“MSQAFFMSA -T - AMDYVOVGGTR,

- -RENIDFMA | ¥D KPVEBN Y LLR
- -DED|I YMAEI¥DEPLSBOLLKD ITK -
- -KBQIND | KEXN KAL ELLNLTH -
- -ELNLRQFVILYHSAL EIEQRS- -

-TSFRKELNNH - KFN SAQLGRTE| N - - KBDIDFMKIFNOFLSBETLTA |
~VATENFLESLD - DANTLKLGTTO! - -EM-NF--TGKIDFFEFHDOPLABRYLKE!
-0SPYKFLSN Y -0FD SAQLGRTD] - -EM-FF - -5GDIDFAEVENOPLNBOVLLD |
~¥KNHVELNDLE - KLN SFTLGGY - -Af-BF - -TGTI/QCMN AVETALTOEEL KKHTQ -

Fass_FI¥- 3 -+ -STPVMKELSKIT - AN SAQLGHE| - -E[-DF - - S80I/ KAEVHREEFLSBQQLY EMEGH

Rab K31 <+ -NT@--FVUSsEQ-@YN TVDLER T --Qf-FE--TG5ISY | EWRSDLLTEEQITD -

Inte stinim - tETONLFLDGMS - GLTTAFNGKL IS -PE--TGTIESENfATALTBEEL | DRTK -

FRobi RS2 - -av LBGAWKELSOME -HLN TV T 1GAM KM - TH - -AGSMEKLONFEY PLNEETE KSM K -

Subdaligrs - - -BADMRELSDMAA - SWSSEsVE ~EGyPF--TGTIERLEIFAGALFOEELAARTA -

Erys_cba 1 -+ -NIDETKIQSL - - FINRMKLGGY &) ~LW-FF - -5GKISSLNLTHDILOVETH - - - -

Actinotgn -+ --5ASF--FODMD - GLDSLRLGAN Y, --on GF - -AGTVSRWRWEDTPVEFSOMAQ -

Cho_cels 3 - - -DTNARFLDANE - DAN KAY 16 KITF "W - SE - -NGDWDF M E WETTILEBEVL LN KA -

S sisd - -¥NNELPISGIG-GLONMSVGSVH ~TM - -NGQWSOLS|IMNR I LEDEE QG -

Entcecod <. -VEVEIFINGIT-GONNAMIGAVH ~TM - -NBKVHQLOI ENRVLESSELSE

Clo_gtd_3 - -EYDMREMSTMN - SHDVEYMGAMY) -FM|- - YGTIDSVRMEDTALAQBYLEAER

Tyazerella -+ -¥SEMNFVDKMEwERT SMTEGEAN - -SM-PF- TGS KEVKL¥NGAVEEDQ I M- - -

S i1 -~ --TSTQ-E1KDLA-NFEFAQIGOMO) KN -GF -sHFD I KNFTW¥NRALSET EVGDR|

2ot pea 2 - - -ARAF- -FS5LN -RIDSLRLGAN Y - ol -G - el s kW siasPLEA QN kA |

Actmobsci - --

e RANMTET - - - - - --

Vib_chol 7 RO KFE | 0D - - --

Endo_ely 1 QSETED PG - - --

Endo_ely 2 KSANER ! - - - - - --

Entero vile RSWNET | SEE- - --

Vibr_sin_2 RDINFSI DGO - - --

ew_pes 2 RYVNFETFE- - - --

Pezudoalte ~SEt50 - -WANMKNMREEVT - - - o oo e n s



This alignment consists of 51 nonredundant domain sequences from the complete alignment
of all domain hits produced by hmmsearch of HMMERS, using the combined-model
(canonical and Vibrio-type CBM40) as the query. Refer to Supplementary Methods for a
detailed description of how this set of 51 was obtained. These were used to create the tree
in Fig 3. Sequence identifiers are abbreviated versions of those in Fig. 3. The top 43
sequences are putative canonical CBM40 and the bottom 8 Vibrio-type. Note the position of
the Actinobacillus (Gammaproteobacteria; canonical CBM40) sequence, 9" from bottom.
Positions of the conserved binding sites in this alignment are as follows (with corresponding
positions of the alignment in Fig. 2 shown in parentheses). The site position common to both
canonical and Vibrio types is 96 (119 in Fig. 2). Canonical-only sites: 78 (104), 102 (125),
104 (127), 116 (135), 118 (137), 228 (226), 241 (233). Vibrio type-only sites: 39 (66), 41
(68), 79 (105), 218 (216), 235 (231), 240 (232).



Supplementary Figure 5 Analysis of STD NMR spectra of the binding of (a) Neu5Aca2-
3Lac (3'SL) and (b) Neu5Aca2-6Lac (6'SL) to RgCBM40
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The figure shows 'H,'3C HSQC spectra of both ligands and the STD NMR spectra (top, red
thick lines) superimposed to the 1D 'H NMR reference spectrum (top, blue thin lines). To
facilitate the comparison, the reference spectra are shown at 1/16 of their intensity. HSQC
data were fundamental to elucidate the identity of the ligand protons receiving saturation. In
both cases, the STD NMR spectra showed that the most intense STD signals corresponded
to the protons of the non-reducing terminal sialic acid rings (signals assigned, red dot-
dashed line in the HSQC spectra).



Supplementary Figure 6 Binding epitope mapping of sialoglycans bound to RgCBM40 as
determined by STD NMR
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(a) Neu5Gcea3Lac (3'SLGc), (b) NeubGceablLac (6°'SLGc), (¢) NeuSAca3Gal (3'SGal), (d)
Neu5Aca6Gal (6'SGal), (e) Neu5Aca3LacNAc (3'SLN), (f) NeuSAca6LacNAc (6'SLN), (g)
Neu5Aca6GalaOC3sHeNs (NeuSAc-STn), (h) Neu5Gecab6GalaOCsHsN3 (Neu5Ge-STn), and (i)
Neu5Aca3Galp3GalNAcaOCsHsNs (STF). Legend indicates relative STD intensities
normalised at H7: blue, 0—24%; yellow, 25-50%, red 51—-100%,; larger red dots indicate
values over 100%. STD NMR spectra of the binding of 3'SLGc and Neu5Gca2-6Lac 6’SLGc

to RgCBM40 are shown as a representative example.



Supplementary Figure 7 CD spectra of RgCBM40 wt and mutants
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(a) WT (light green), I195A (dark purple), Y116A (red), E126A (dark green), R128A (dark
blue), Y210A (light blue), boiled WT (light purple). (b) WT (dark blue), boiled WT (green),
R204A/R128A (brown), R204A-light blue.



Supplementary Figure 8 ITC isotherms of RgCBM40 to sialoglycans
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(a) RgCBM40 R128A/R204A binding to 3'SL, (b) RgCBM40 I95A binding to 3'SL.The Kd is
indicated in mM. NB indicates no binding detected. Traces shown are representative
examples.



Supplementary Figure 9 Binding epitope mapping of sialoglycans bound to RgCBM40 195A
as determined by STD NMR
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(a) 3'SL and (b) 6’SL. Legend indicates relative STD intensities normalised at H7: blue, 0—
24%; yellow, 25-50%, red 51-100%; larger red dots indicate values over 100%.
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Supplementary Figure 10 Substrate specificity of RgNanH and RgGH33 as analysed by
HPAEC-PAD

3'SL RgNanH
3'SL RgGH33
3'SLX RgNanH
3'SLX RgGH33
MUC2 RgNanH
MUC2 RgGH33

% remaining substrate
R TR
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The substrate (a2-3 sialyllactose-3'SL, a2-3 Lewis X-3S’LX or LS174T MUC2-MUC2) was
incubated with RgNanH or RgGH33 and the reaction products analysed by HPAEC-PAD.
For 3'SL and 3'SLX the % of 3'SL and 3’'SLX remaining respectively is plotted. For MUC2,
the % of Neu5Ac remaining attached to the MUC2 after removal of the sugars which have
been enzymatically liberated is plotted.
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Supplementary Figure 11 Immunodetection of IT-sialidase on the cell surface of R. gnavus

strains
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(a) Immunogold labelling of R. gnavus strains ATCC 29149 and E1. R. gnavus strains ATCC
29149 and E1 grown on 3'SL or glucose, respectively, were probed with anti-RgNanH
antibody and analysed by transmission electron microscopy (TEM). In each image the scale
bar represents 100 nm. (b) Western blotting of R. gnavus expressed proteins. R. gnavus
ATCC 29149 and E1 were grown on 3’SL or glucose, respectively. Proteins isolated from the
cell wall (CW), cytoplasm (CP), and extracellular proteins from the spent media (SM) were
analysed by SDS-PAGE (left) and western blot using anti-RgNanH antibody (right). (M) —
Broad Range, Blue Protein Standard (NEB).
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Supplementary Figure 12 ELISA of RgCBM40 at different concentrations binding to a

range of purified mucins
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Legend refers to mucin 2 (MUC2) and mixed mucins (mucins) from human cell line LS174T,
purified pig gastric mucin (pPGM), mucin 2 (muc2) and mixed mucins from small intestine
(Sl) and colon (C) of wild type (WT), C3GnT’ and germ free (GF) mice. The error bars
show the standard error of the mean (SEM) of three replicates.
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Supplementary Figure 13 A wall-eye stereo image of a portion of the 2Fo-Fc electron

density map of the RgCBM40 3’'SL complex X-ray crystal structure

The map is contoured to 2 o (0.89e/A3) and is centred on Phe72.
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Supplementary Figure 14 CBM40 domain sequence alignment used to create the pHMMs
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This is based on the structural alignment (see text and Fig. 2), with additional homologous
segments selected from the result of Blast searches of the Uniprot database. These hits
(one for each of the canonical and 9 for the Vibrio-type) were selected on the basis of
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balancing lowest sequence identities possible and a range of taxa while maintaining most or

all of the conserved CBM40 features (see Fig. 2). Most of the proteins are annotated as
'sialidase’. The 'combined', canonical and Vibrio-type pHMMs were constructed using

HMMERS from respectively all, the first 12, and the last 10 sequences. Refer to the text for

the key to the 7 original sequences. The remaining 14 sequence names are UniProt

identifiers.
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Supplementary Tables

Supplementary Table 1 Kd (mM) of RgCBM40 wild type (WT) and mutants for different
sugars, as determined by ITC

RgCBM40 Neu5Ac 3'SL 6’SL Neu5Gc 3'SLGc 6’SLGc

WT 21* 0.57 1.70 £ 21* 2.69 11*
0.05 0.14 0.86

195A 23* 1.82 + 1.37 + NT NT NT

0.13 0.18

Y116A NB NB NB NT NT NT

E126A NB NB NB NT NT NT

R128A NB NB NB NT NT NT

R204A NB NB NB NT NT NT

R128A/R204A NB NB NB NT NT NT

Y210A NB NB NB NT NT NT

The cell contains 115-230 uM protein and the syringe 10 mM sugar (25 mM for Neu5Ac).

The error reported is the standard deviation of three results.

* These values are estimates only as the Kd is too high to determine with the concentration
of sugar used.

NB- no binding detected, Kd >>25 mM

NT-not tested

Supplementary Table 2. Thermodynamic parameters for RgCBM40 WT and 195A binding
to 3'SL and 6’SL

RgCBMA40 + sugar AH (kcal/mol) AG (kcal/mol) -TAS (kcal/mol)
WT + 3'SL -5.90+0.72 -4.43 £0.05 1.47 £0.77
I95A +3’SL -4.71 £0.43 -3.74 £ 0.04 0.97 £ 0.47
WT + 6’'SL -9.61+0.44 -3.78 £ 0.05 5.82 £ 0.48
I95A + 6’SL -3.79+£0.24 -3.91 £ 0.07 -0.12£0.3

Enthalpy (AH), Gibbs free energy (AG) and entropy (-TAS) values are shown. The error
reported is the standard deviation of three results.
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Supplementary Table 3. Sialic acid levels in purified mucins as determined by MS

Mucin % sialylated structures
LS174T MUC2 91
LS174T mucins 70
Murine C3GnT” SI Muc2 59
Murine GF S| Muc2 62
Murine C3GnT’ C Muc2 34
Murine WT S| Muc2 24
Murine GF C Muc2 8
pPGM 2
Murine WT C Muc2 0

The mucins are mucin 2 (MUC2) and mixed mucins (mucins) from human cell line LS174T,

purified pig gastric mucin (pPGM), and muc2 from germ free (GF), wild type (WT), and
C3GnT” mutant mice.
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Supplementary Table 4. Primer sequences used in this study

Protein encoded Direction Sequence (5°-3’)
RgNanH WT F GATATCGGATCCCAAGAGGCCCAGACAG
R TGGTGCTCGAGTTATGGTTGAACTTTCAGTTCATC
RgCBM40 WT F GATATCGGATCCGTGTTGCAAAAGGAAGGAATC
R GGTGCTCGAGTTACTTTCCTGTCACAGCAATAAG
RgGH33 WT F GATATCGGATCCAATATCTTTTATGCAGGAGATGC
R TGGTGCTCGAGTTATGGTTGAACTTTCAGTTCATC
RgGH33 D282A F GTATTGATCTTACTTTTTGCAGCATGGGTGCCACCATATCTTG
R CAAGATATGGTGGCACCCATGCTGCAAAAAGTAAGATCAATAC
RgCBM40 195A F CAACCAGTGAAAATGCGGCTCAATCGTTATTGAGTG
R CACTCAATAACGATTGAGCCGCATTTTCACTGGTTG
RgCBM40 Y116A F GATAGACATTTCCACTTAGCTATCACAAATGCAGGCGG
R CCGCCTGCATTTGTGATAGCTAAGTGGAAATGTCTATC
RgCBM40 E126A F GCGGCGTAGGTATGGCATTGAGAAATACAG
R CTGTATTTCTCAATGCCATACCTACGCCGC
RgCBM40 R128A F GCGTAGGTATGGAATTGGCAAATACAGATGGCGAG
R CTCGCCATCTGTATTTGCCAATTCCATACCTACGC
RgCBM40 R204A F GTAATGCTGGGCGGTACCATGGCTCAGGGAACCGTTGCCTATC
R GATAGGCAACGGTTCCCTGAGCCATGGTACCGCCCAGCATTAC
RgCBMA40 F (R128A) GCGTAGGTATGGAATTGGCAAATACAGATGGCGAG
R128A/R204A F (R204A) GTAATGCTGGGCGGTACCATGGCTCAGGGAACCGTTGCCTATC
R (R128A) CTCGCCATCTGTATTTGCCAATTCCATACCTACGC
R (R204A) GATAGGCAACGGTTCCCTGAGCCATGGTACCGCCCAGCATTAC
RgCBM40 Y210A F CAGGGAACCGTTGCCGCTCCATTTGGAGGTTC
R GAACCTCCAAATGGAGCGGCAACGGTTCCCTG

The direction of the primers is either forward (F) or reverse (R).
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Supplementary Methods

Construction of the domain sequence profile models representing different types of
CBM40 domains, and comparison with existing models. Models (p0HMMs) are depicted as
truncated boxes. Numbers of hits, including the Venn diagrams, are numbers of domains (not
protein sequences) which match each model with an i-Evalue of < 10 when searching the
176,818,559 protein sequences obtained from 67,248 prokaryote genomes (NCBI, April
2016), using the HMMERS software. (a) Alignment produced from a manual inspection of the
3D structures of seven CBM40 domains, including VcCBM40 (see main manuscript text),
supplemented with a selection of homologous domain sequences from the UniProt database,
giving an alignment of 12 canonical and 10 Vibrio-type CBM40s (see Supplementary Fig.
14). This was also divided into two components (canonical-only and Vibrio type-only), and all
three were used to produce profile Hidden Markov Models using HMMERS. (b) The principal
Pfam family matching known canonical CBM40s is "Sialidase, N-terminal domain”
(abbreviated in Pfam to "Sialidase" which is potentially confusing, and has therefore been
referred here as "Sialidase(NTD)". Furthermore, around half of the Sialidase(NTD)-matching
domains also matched a second Pfam family, "Laminin_G_3" (also known as “Concanavalin
A-like lectin/glucanases”) - which is a member of the same wider superfamily (clan) as
Sialidase(NTD). This should not be confused with proteins having two domains in different
parts of the sequence, each matching a different family — which does occur in many cases.
(c) Our own canonical CBM40 model performs near identically to Sialidase(NTD), while finding
a few additional matches. We consider the approximately 16,000 domains matching either
canonical CBM40 or Sialidase(NTD) as the 'canonical CBM40 hits', and the approximately
13,000 which match only Laminin_G_3 as 'LG3-only'. (d) Unlike the canonical CBM40s, there
appeared to be previously no domain model which strongly matches the Vibrio-type CBM40.
However, some domain hits to our new Vibrio-type model also match the Pfam family "Sial-
lect-inser" (also known as "Vibrio cholerae sialidase, lectin insertion"). Our Vibrio-type model
captures almost all hits of Sial-lect-inser, as well as many others not matched by it. Analogous
to the CBM40/Laminin_G_3 incidence, a number of proteins contained two domains, one
matching each of the Vibrio-type CBM40 model, and the Sial-lect-inser. (e) The new combined
CBM40 model succeeds (red ovals) in matching most Vibrio type and Sial-lect-inser domains
as well most canonical CBM40s, while excluding almost all of the LG3-only domains.
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Full breakdown of the hits of the combined-model. The numbers of domain hits for each
pHMM in the database of 176,818,559 protein sequences obtained from 67,248 annotated
prokaryote genomes, was determined using HMMERS3 (hmmsearch) with a threshold of i-
Evalue of < 10°%. See above for details of each model. The numbers of hits which match 1 or
more of the models are shown in a single Venn diagram. This illustrates that at this significance
cut-off, there was no domain matching both a canonical and Vibrio type. However, some
combined-model hits (7,146 + 18) matched both the Sialidase(NTD) and Laminin_G_3, which
both belong to the same superfamily (see above). Similarly, 331 combined-model hits
matched both the Vibrio-type CBM40 and Sial-lect-inser. The 16,657 combined-model hits
consist of only 396 unique sequences, and these were classified based on the four sub-types
(canonical CBM40, Laminin_G_3, Vibrio-type CBM40, Sial-lect-inser), with a manual
evaluation of binding sites resolving E-value "ties" or near-ties in a few (18) cases. Discarding
the non-CBM40 types resulted in 352 CBM40 hit sequences (canonical and Vibrio type), of
which 3 were excluded (as representing partial matches to the query pHMM). Application of a
redundancy threshold of < 80% sequence identity (using Jalview') resulted in 51 sequences

(Supplementary Fig. 4) used for the phylogenetic analysis (Fig. 3).
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