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1. Experimental procedures

Molecular Cloning
BbhII: dsDNA encoding BbhII (GenBank: AB504522.1 from Bifidobacterium bifidum JCM1254, 
Uniprot ID: D4QAP5) from residue Q31 (without the signal peptide sequence in bold) was 
codon optimized for E. coli, synthesized (Genscript, USA) and cloned into the pET23(a) 
expression vector using the NdeI/XhoI restriction sites. The resulting plasmid encoded a C-
terminal His6-tagged protein. 
>BAI94823.1 

MNIKRRGLARFMSLICASAMLLVPASSALAQHNAEAAAAAESSTSTVSNLATMATVTASGREVSSGFGPEL
AADNQDLPDNPTDKSVHNASGASRWSADRGSGPWWLAYEFPGEATISSVNIAWGNTYATNYSIQTSDDGSN
WTDVKTGLKATAQAQWVKTTFDTPIKTRHIRMIATTKSQSWSLSVWEMRTMGTISAVATDPLSRLTPRPLY
AQSADGEAFELKKNTCVSVSDGSLLPAVDVMRDELGTSYGLKLAEGTNCPITFTLDENLDVTGHVGSAQSI
TADEAYTIVSDADSVTVKARSATAGIWAAQTLLQLIGPWTNSTVKLADVAFIPAVNIADAPRYQWRGVLVD
PARSFYPLDEMKQMIDVMSAYKMNTLHLHLSEDEGFRVEITNDGRADGDTTDYTQLAIKSGAISYQSAWTS
NWSPAQDGRTGYWTQSEFIELVAYAADHGIAIVPEIDGPGHSFSLLHGLAELNTGNSNPKPAAGEDTPAFI
QSAQGRSSLATDADITYTVLGHIMDQLDGMIDKGIKASTMPASELKRMYFHLGGDELFLSGGAGNKTERLQ
EYLGRSGALVKERDKTTIVWNDGLDAVDQIPEGSVVQHWTGNAANNASIQKLLNQRNGKIIMSPAGNTYFP
QRPGTETTGVTWACGACTTSNFYQWNPTSSAGTTEDKVLGVEDALWSEHLRSLNDAEFLMYTRMMATAEVG
WTQQNRKDYDNWNKRVGDIAIDLMNRGANFHKATEVTSWKGSYAAVDAAEQKVTDGKVLVGRYAEPGLTGT
DGLSFTATYTAEGGTAVNLPVTPDMKQTYSQQQLKNGRLVVNGAHMNSIVDVYVTLPSDVLAADSEAVGRL
DVSVSSSTYPIPSDSSMSIAIKDGKVTQTWTGDERPTPDPDPEPEVTVVSIKASTSQSDVKVGDTFDPSKV
KVVATKSDKTTAVLAAADYTIAVTDKDGNAIDVTKPFEAAGDLTVTVALKDDGSIKDSFTMTVTDKGAVDP
DPDPTPKPNPDPQKPSGDNKPQIKPEGGKPGDVVAETGASVSGAALAAMICAAGAIVMLAVRRQRR

Bt4394: dsDNA encoding Bt4394 (GenBank: AAO79499.1 from Bacteroides thetaiotaomicron 
VPI-5482, Uniprot ID: Q89ZI3) from residue Q22 (without the signal peptide sequence in bold) 
was codon optimized for E. coli, synthesized (Sangon Biotech, Shanghai) and cloned into the 
pET23(a) expression vector using the NdeI/XhoI restriction sites. Primers are shown in 
Supplementary Table 1. The resulting construct encoded a C-terminal His6-tagged 
recombinant protein. 
>WP_011109236.1 

MKIKHFLPLLLLLGSNEMLTAQEIALTPQPAHLTVKDGRFEFGNQLKAKVTPYQGDSIRMVFESFKKELQE
ATGIKVSSTQKEAKARIILDLNPQLPAEAYKLNVSKKQVRIEASRPAGFYYALQTLKQLMPRNVMAGVATS
DHSQWSLPSVEIEDAPRFEWRGFMLDEGRHFFGKDEIKRVIDMMAIYKMNRFHWHLTEDQGWRIEIKKYPK
LTETGAWRNSKVLAYGDVKPDGERYGGFYTQKDIKEIVAYAKKKFIEIIPEIDIPGHSQAAVAAYPEFLAC
DPRDKHEVWLQQGISTDVINVANPKAMQFAKEVIDELTELFPFNYIHLGGDECPTRKWQKNDECKKLLSEI
GSSNFRDLQIYFYKQLKDYIATKPADQQRQLIFWNEVLHGNTSILGNDITIMAWIGANAAAKQAAKQGMNT
ILSPQIPYYINRKQSKLPTEPMSQGHGTETVEAVYNYQPLKDVDAALQPYYKGVQANFWTEWVTEPSVLEY
LMLPRLAAVAEAGWTPQEKRNYEDFKERIRKDAELYDLKGWNYGKHIMK

SGL: dsDNA encoding SGL (GenBank: AAW30398.1 from Prevotella strain RS2, Uniprot ID: 
Q5MAH5) from residue Q20 was codon optimized for E. coli, synthesized and cloned into the 
pET22(a) expression vector using the NcoI / XhoI restriction sites (Genscript, USA). The 
resulting plasmid encoded a C-terminal His6-tagged protein with a pelB signal peptide for 
translocation to the periplasm. 
>AAW30398.1 

MKKLCFALVMLLSCVCSYAQTITTYSLSEAPITKEELLKGNLKVALRVWTTSKDLYLSNANNSNAFDANGS
TVFAVEAVKGGVKLKNVKSNEYFGGEGAALARTADAAKAKVFSPVKIGSKVANTHADADETRSFWITCQAG
GTKYLNTNTSNNATVQYAGGNGNWSTFYIYKVSEEQIAVPYPTCIIPAPRGAELNGEGRLALSAMDNISFT
TDPALAEEAYVLNITADGISVASSTEKGKFYALQSLAQLAEGNAEGLPLVRIADKPRFGYRGFMLDVSRHF
FSVAEVKKMIDIMARYKMNVFHWHLTDDQGWRAEIKRYPKLTTVGATRSDNYDTPITKIEENGQVYWTGNG
AKTGKPYGPYFYTQDEMREVVAYAKERHIEVLPEVDMPGHFVAAMAAYPEYSCNPSRAPQVWTGGGISSDV
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LNVANPQAVEFAKNILDELCDIFPYPYIHVGGDECPTTQWEHNDLCQQKYKELGLTSYRQLQAHFIKDLAD
FVATKNKHLVCWNEAITAGGADLDLMKQTQSTIMSWNPCQEGVAKAVKKLGLPAIVTEYHKGDGGYYICRK
QSNDYGEPSGAGYGNDGVEGCYNYVPVQGMYTQEQMALVKGVQGTFWTEHVGTNEYLEYLALPRLICVAEA
GWTPQVFKNWDNFRTRLANQTQWLDDHGYVYARHWMPGYVPRTQPMPENEKVAATPELSSLKSPKWYRIKF
TAGGTYLQMNGSNLSTNALFQNDKSQYYAIIPTSTKKPSLSSVKLYSANGYWVTTKEGTATNGQSGTFVCG
TESEAKALYLNLQKHTADTQKWVITKIADKTTGFNTWGGDNPGANIGFWNVNSNSDKVEFTTDDYNAGVDT
AIGTIKADDAHNNLTAAVYNAQGMRLNGMQQGLNVVLFADGTAQKVFMK

Niako3494: dsDNA encoding Niako_3494 (GenBank: AEV99795.1 from Niastella koreensis 
GR20-10, Uniprot ID: G8TKW6) from residue 28 was codon optimized for E. coli, synthesized 
(Fishier Scientific, UK) and cloned into the pET28 expression vector using the NcoI / XhoI 
restriction sites. The resulting plasmid encoded an N-terminal His6-tagged recombinant protein.
>AEV99795.1
MKYPRTCFFSALLLFYSMIAAINFASAQTSEQFEWNKLPVKAMLLTVPHPEDVPEFCRFIKEVLPKEGVNTLVLR
IRYNYKFKSHPELAGERAISEQQLKQIVQTCKEAKIRFIPKMNLLGHQSDRDHIDPLLAKYPQFDESPDYNPPVP
WKDAGPFDFYCKSLCPSHPDLLKTIFPLMDELIDVCGADAFHVGLDEVWILGYEKCPRCGGRDKAALFAEYATKL
HDHLKEKKCQMWMWSDRLIDGKTTNLLGWQASMNATFRAIDLIPTDIMICDWKYESAPPTPGYFAIKGFNVLPSS
CSNSEVALAQLAQVRLARKDGTRAPWAVTLAERMQGVFVTMWEDSKEFIDAYYGRNGKKLPSAETFKAVFAQIRK
EEVMN
Site directed mutagenesis 
The oligonucleotide primers listed in Supplementary Table 2 were used to carry out site-
directed mutagenesis. For Bt4394 and BbhII, two separate PCRs were set up in 25 µL reaction 
mixture containing either 0.04 µM forward or reverse primers each, 500 ng template DNA, 0.2 
mM dNTPs, and 0.5 U of Hieff® II Pfu DNA Polymerase (Yeasen, Shanghai) for 28 cycles. 
The products of these two reactions were purified by agarose gel electrophoresis and mixed 
in equimolar amounts and cooled gradually to allow reannealing of the complementary strands. 
The temperature gradient was set as follows: 95 °C for 5 min, 90 °C for 1 min, 80 °C for 1 min, 
70 °C for 0.5 min, 60 °C for 0.5 min, 50 °C for 0.5 min, 40 °C for 0.5 min and holding at 37 °C. 
PCR products were immediately digested by DpnI for 18 h at 37 °C and transformed into E. 
coli TOP10 competent cells. The plasmids were purified using a miniprep kit (CoWin 
Biosciences, Beijing), and subsequently verified by sequencing to ensure the mutations were 
successful. 
For Niako3494, 25 µL PCR reactions were setup in a mixture containing both 300 ng forward 
and reverse primers, 500 ng Niako3494 template DNA, 12.5 µL of PrimeSTAR® Max DNA 
Polymerase Premix (Takara-bio INC). Three steps were used for all the reactions as follows: 
98 °C for 10 s, 55 °C for 5 s, 72 °C for 5 s/kb for 35 cycles and final at 4 °C. PCR products 
were immediately digested by FastDigest DpnI (Thermo Fisher Scientific) for 15 min at 37 °C 
and transformed into E.coli XL1-Blue competent cells. The plasmids were purified using a 
miniprep kit (QIAGEN, Germany), and subsequently verified by sequencing to ensure the 
mutations were successful.

Gene expression and protein purification
Bt4394: All Bt4394 wild-type and variants were expressed in E. coli RosettaTM (DE3) pLysS 
strain (Novagen). The transformed cells were selected with 100 µg/mL ampicillin (Sangon 
Biotech, Shanghai) and 15 µg/mL chloramphenicol (Sangon Biotech, Shanghai) on Luria-
Bertani (LB) agar medium (10 g/L tryptone, 5 g/L yeast extract and 10 g/L of NaCl, pH 7.4) by 
overnight incubation at 37 °C. Transformed cells were grown in LB media containing 100 
µg/mL ampicillin and 15 µg/mL chloramphenicol at 37 °C until the OD600 reached 0.6. The 
culture was cooled to 18 °C before a final concentration of 0.3 mM isopropyl-β-D-
thiogalactopyranoside (IPTG, Sigma-Aldrich) was added, and then further incubated for 20 h 
at 180 rpm. Cells were subsequently harvested by centrifugation at 6000 rpm for 20 min at 
4 °C, resuspended in 20 mL buffer A (25 mM Tris-HCl pH 8.0, 300 mM NaCl, 25 mM imidazole) 
with lysozyme (Sangon Biotech, Shanghai, 0.5 mg/mL), and incubated at 4 °C for 30 min. The 
cells were lysed, and the lysate was centrifuged at 15000 rpm, 4 °C for 45 min. The 
supernatant was filtered through a 0.45 μm syringe filter (Jinteng, Tianjin) before being loaded 
onto a 5 mL HisTrapTM column (GE Healthcare) which had been pre-equilibrated with 50 mL 
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buffer A. Subsequently, the column was washed with 60 mL buffer A and the protein was 
eluted with 20 mL buffer B (25 mM Tris-HCl pH 8.0, 300 mM NaCl, 250 mM imidazole). The 
fractions containing the eluted protein, confirmed by SDS-PAGE, were concentrated and 
further purified by size exclusion chromatography (SEC) on a HiLoad 16/600 Superdex 200pg 
column (GE Healthcare) with buffer C (25 mM Tris-HCl pH 8.0, 300 mM NaCl). The purity of 
the fractions was assessed by SDS-PAGE and all of those that are >95% pure were combined 
and concentrated prior to the crystallization screening and kinetics measurements.
BbhII: Wild-type BbhII and its variants proteins were prepared in a similar way to those of the 
Bt4394. The differences are that the plasmids were transformed into E. coli BL21(DE3), 100 
µg/mL ampicillin was used, and the final concentration of IPTG for induction was 0.1 mM. In 
addition, the concentration for all purification buffers was 50 mM HEPES, pH 8.0.
SGL: Wild-type sgl gene was expressed in E. coli Shuffle T7 Express (NEB). The transformed 
cells were incubated on LB agar with 100 µg/mL ampicillin overnight at 30 °C. Transformed 
cells were grown in LB media containing 100 µg/mL ampicillin at 30 °C until the OD600 reached 
0.6. The culture was cooled to 16 °C before a final concentration of 0.4 mM IPTG was added, 
and further incubated for 20 h at 230 rpm. Cells were subsequently harvested by centrifugation 
at 6000 rpm for 20 min at 4 °C, resuspended in 20 mL Lysis Buffer (25 mM Tris-HCl pH 8.0, 
500 mM NaCl, 40 mM imidazole), and incubated at 4 °C for 30 min. The cells were lysed by 
sonication and the lysate was centrifuged at 18000 rpm, 4 °C for 45 min. The supernatant was 
filtered through a 0.45 μm syringe filter before being loaded onto a 20 mL Ni-NTA batch 
purification column (GE Healthcare) which had been pre-equilibrated with 100 mL Lysis Buffer. 
Subsequently, the column was washed with 60 mL Lysis Buffer and the protein was eluted 
with 100 mL Elution Buffer (25 mM Tris-HCl pH 8.0, 500 mM NaCl, 250 mM imidazole). The 
fractions containing the eluted protein, confirmed by SDS-PAGE, were pooled and 
concentrated, buffer-exchanged into Buffer C (25 mM Tris-HCl pH = 8.0). This protein solution 
was further purified by being loaded onto a 20 mL pre-equilibrated Q-Sepharose column in 
Buffer C, and eluted by applying a 0-60% gradient of Buffer D (25mM Tris-HCl pH = 8.0, 1 M 
NaCl) over 15 CV. The purity of the fractions was assessed by SDS-PAGE and all of those 
that are >95% pure were combined and concentrated prior to the crystallization screening and 
kinetics measurements. 
Niako3494: The genes of wild-type Niako3494 and its variants were expressed in BL21(DE3) 
Star strain (NEB). The transformed cells were incubated on LB agar with 50 µg/mL Kanamycin 
overnight at 37 °C. Transformed cells were grown in LB media containing 50 µg/mL kanamycin 
at 37 °C until the OD600 reached 0.6. The culture was cooled to 25 °C before a final 
concentration of 0.5 mM IPTG, and further incubated for 16 h at 200 rpm. Cells were 
subsequently harvested by centrifugation at 4500 rpm for 25 min at 4°C, resuspended in 40 
mL Buffer A (Tris-HCl 20 mM, imidazole 40 mM, NaCl 500 mM, pH 7.5, PMSF 1 mM), and 
incubated at 4 °C for 30 min. The cells were lysed by sonication and the lysate was centrifuged 
at 20000 rpm, 4 °C for 25 min. The supernatant was filtered through a 0.45 μm syringe filter 
before being loaded onto a pre-equilibrated 5 mL HisTrap column (GE Healthcare). 
Subsequently, the column was washed with buffer A until UV absorbance decreased to 
baseline and Niako3494 was eluted with 20%~80% gradient buffer B (Tris-HCl 20 mM, 
imidazole 500 mM, NaCl 500 mM, pH 7.5). The purity of the fractions was assessed by SDS-
PAGE and the fractions containing Niako3494 protein were combined and concentrated 
before being loaded onto the SEC (GE Superdex75 26/600). The protein was eluted by buffer 
C (Tris-HCl 20 mM, NaCl 500 mM, pH 7.5). The purity of the fractions was assessed by SDS-
PAGE and all those that are >95% pure were combined and concentrated prior to the 
crystallization screening and kinetics measurements.

pH profile of activity for Bt4394, BbhII and SGL
All the initial rates of reactions were performed by monitoring the fluorescence change for one 
minute at 25 °C. 15 µM 4-methylumbelliferyl 6-sulfo-2-acetamido-2-deoxy--D-
glucopyranoside (4MU-6S-GlcNAc, Merck) dissolved in deionized water was used as 
substrate. Both wild-type Bt4394 and BbhII enzymes were assayed by measuring the 
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fluorescence of 4-methylumbelliferone (4MU) at λex = 360 ± 10 nm and λem = 450 ± 10 nm. 
The buffer used contained 25 mM Bis-tris propane, 25 mM citrate, 300 mM NaCl and was 
titrated with HCl to the final full range of pHs. All experiments were performed in triplicate.

Michaelis-Menten Kinetic 
Michaelis-Menten kinetics for wild-type and variants of BbhII, Bt4394, Niako3494, and sgl were 
measured for the enzyme-catalyzed hydrolysis of 4MU-6S-GlcNAc (Merck) and 2-acetamido-
2-deoxy--D-glucopyranoside (4MU-GlcNAc, Merck). The initial release rates of fluorescent 
4MU in 100 L reactions were monitored continuously at λex = 360 nm and λem = 450 nm using 
a BMG Fluostar fluorescence microplate reader. All reactions were performed at 25 °C in the 
buffer containing 25 mM Bis-tris propane, 25 mM citrate, 300 mM NaCl and titrated with HCl 
to optimal pHs. The concentration of the 4MU formed was assessed using a 4MU standard 
curve in the same buffer as the kinetics assays. Kinetic parameters (kcat, KM, kcat/KM) were 
calculated using the Michaelis-Menten equation y= Et * kcat*x/(KM+x), which is in the GraphPad 
Prism 6.01 Software. All experiments were performed in triplicate.
Michaelis-Menten kinetics for wild-type BbhII, Bt4394, and SGL were measured for the 
enzyme-catalyzed hydrolysis of pNP-6P-GlcNAc synthesized in-house. Because the last step 
of the purification after the synthetic step was reverse phase chromatography (C18), the 
concentration of the pNP-6P-GlcNAc stock was calibrated by the extinction coefficient of 
10800 cm-1M-1 at 300 nm in 0.1 M NaOH buffer, pH 13. The initial release rates of pNP in 100 
L reactions were monitored continuously at A405nM using a UV spectrophotometer (Shimadzu 
UV-2600). All reactions were performed at 25 °C in the buffer containing Bis-tris propane-HCl 
50 mM, NaCl 100 mM, pH 7.0. The concentration of the pNP released was assessed using a 
pNP standard curve in the same buffer as the kinetics assays. Kinetic parameters (kcat, KM, 
kcat/KM) were calculated using the Michaelis-Menten equation y= Et * kcat*x/(KM+x), which is in 
the GraphPad Prism 6.01 Software. All experiments were performed in triplicate.

The inhibition effect of Na2SO3, Na2SO4 and NAG-thiazoline on Bt4394
The activity inhibition for the wild-type Bt4394 on 4MU-6S-GlcNAc was measured in the 
presence of the potential inhibitors, including Na2SO3, Na2SO4 and NAG-thiazoline (Merck). A 
dilution series of NAG-thiazoline were pre-dissolved in DMSO (final concentration 10 μM to 2 
mM). All the reaction rates were measured in the buffer containing 100 mM Tris-HCl pH 8.0, 
300 mM NaCl and 0.4% v/v DMSO. The release of the fluorescent 4MU was monitored 
continuously for 60 s at 25 °C using a fluorescence spectrophotometer (λem = 445 nm and λex 
= 365 nm). 

Crystallization 
Bt4394: All Bt4394 proteins for crystallography were in the SEC buffer. To form the Bt4394WT-
6S-GlcNAc product complex, 500 mM 4MU-6S-GlcNAc (dissolved in deionized water) was 
mixed with Bt4394WT protein stock (10 mg/mL) at 1:49 prior to crystallization. Co-crystallization 
was initially screened by sitting drop vapor diffusion method at 9 °C, by mixing 0.2 µL premixed 
protein solution and 0.2 µL precipitant against 75 μL of reservoir solutions from 5 different 
commercial screens, including Crystal Screen HT, Salt Rx HT, PEG Rx HT, PEG/Ion HT (HR2-
139) and Index HT (HR2-134) from Hampton Research. After a month, well-diffracting lamellar 
crystals appeared in one drop containing 0.1 M bicine, pH = 8.5, 20% (w/v) PEG10000 from 
the commercial screen PEG Rx HT. Crystals were cryoprotected by the mother liquor 
containing 15% (v/v) glycerol before being flash-frozen in liquid nitrogen. Apo Bt4394WT and 
Bt4394D335N variant crystals were grown at 9 °C using the hanging drop vapor diffusion method 
by mixing 1 µL of the protein stock (10 mg/mL) and an equal volume of precipitant containing 
23 – 25% (w/v) PEG10000, 0.1 M MES-NaOH, pH 5.5 – 6.5 or 0.1 M HEPES-NaOH, pH 7.0 
– 8.5. Some needle crystals appeared in two weeks, and after optimizing conditions, well-
diffracting crystals were obtained by mixing 1 µL precipitant (23% (w/v) PEG10000, 0.1 M 
MES-NaOH, pH 5.5) and 1 µL protein stock (10 mg/mL), 25% (v/v) glycerol was used as 
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cryoprotectant for crystals before flash freezing in liquid nitrogen. To trap the Bt4394D335N-6S-
GlcNAc-oxazoline intermediate complex, well-diffracting crystals were doped directly with 
4MU-6S-GlcNAc powder for 11 min at 20 °C. To avoid glycerol occupying the active site, a 
solution of 34% (v/v) PEG10000, 0.1 M MES, pH 5.5 was used for cryoprotection before the 
crystals were flash-frozen in liquid nitrogen. Bt4394WT-NAG-thiazoline-SO2 complex was 
formed by premixing 10 mg/mL Bt4394WT stock, 500 mM Na2SO3 and 1.5 M NAG (dissolved 
in deionized water) at 1:1:48 prior to crystallization. The complex was initially screened by 
sitting drop vapor diffusion method at 9 °C, by mixing 0.2 µL premixed protein solution and 0.2 
µL precipitant against 50 μL reservoir solutions containing 23 – 25% (w/v) PEG10000, 0.1 M 
MES-NaOH, pH 5.5 – 6.5 or 0.1 M HEPES-NaOH, pH 7.0 – 8.5. After two weeks, only one 
well-diffracting crystal appeared in one drop containing 0.1 M MES, pH = 5.5, 23% (w/v) 
PEG10000. Crystal was cryoprotected by the mother liquor containing 15% (v/v) glycerol 
before being flash-frozen in liquid nitrogen.

BbhII: Initial crystallization screening of native BbhIIWT was conducted by sitting drop vapor 
diffusion method at 20 ºC, by mixing 0.2 µL of the protein solutions (23 mg mL-1 and 46 mg 
mL-1 in buffer Tris-HCl 25 mM, pH 8.0, NaCl 200 mM) and an equal volume of precipitant 
against 54 µL of reservoir solution from 4 different commercial screens, including PACT and 
JCSG from Molecular Dimensions, and Salt Rx and Index HT from Hampton Research. Some 
preliminary hits were obtained in several conditions and after refinement of the crystallization 
conditions, well-diffracting crystals for both BbhIIWT and BbhIIE553Q were obtained by mixing 
0.5 µL 21.6 mg/mL protein stock with 0.5 µL precipitant composed of PEG3350 21% (w/v), 
0.1 M Bis-tris propane, pH 6.5, and 0.2 M NaNO3 at 20 ºC, using the sitting drop vapor diffusion 
method. To trap the BbhIIE553Q-6S-GlcNAc-oxazoline intermediate complex, apo BbhIIE553Q 
crystals in the drop were doped directly with 4MU-6S-GlcNAc powder for 30 min at 20 °C, 
before cryoprotection by the mother liquor containing 20% (v/v) PEG400 and frozen in liquid 
nitrogen.

SGL: The crystallization was initially screened by sitting drop vapor diffusion method at 20 °C, 
by mixing 0.2 µL protein solutions (16.5 mg/mL and 31.9 mg/mL) and 0.2 µL precipitant against 
50 μL of reservoir solutions from 4 different commercial screens, including PACT and JCSG 
from Molecular Dimensions, and Salt Rx and Index HT from Hampton Research. After two 
months, protein crystals appeared in the drops D10 from Index HT and A3 from Salt RX. The 
condition from Index D10 (0.1 M Bis-tris, pH 6.5, 18 – 21.5% (w/v) PEG5000 MME) was 
successfully reproduced by optimization with 23.7 mg/mL SGL protein in the buffer containing 
HCl 25 mM, pH 8.0, and NaCl 200mM. Crystals were cryoprotected by the mother liquor 
containing 20% (v/v) PEG400 and frozen in liquid nitrogen.

Niako3494: The crystallization was initially screened by sitting drop vapor diffusion method at 
4 °C, by mixing 0.2 µL protein solutions (16.5 mg/mL and 31.9 mg/mL) and 0.2 µL precipitant 
against 50 μL of reservoir solutions from 4 different commercial screens. The optimization of 
the hit condition was conducted by mixing 0.5 uL 18mg/mL protein stock with 0.5 uL precipitant: 
0.1 M MMT buffer (DL-malic acid, MES monohydrate, tris base at 1:2:2 ratio), pH 6.0, 25% 
w/v PEG1500 with seeding from the initial hit drop. Crystals were cryoprotected by the mother 
liquor containing 20% (v/v) PEG400 and frozen in liquid nitrogen

Structure solution and refinement 
Bt4394: Diffraction data from Bt4394 crystals were collected at the Shanghai Synchrotron 
Radiation Facility (SSRF, Shanghai) on beamlines 17U1 and 18U1. Data were indexed and 
integrated using XDSKabsch 1 and HKL-30002, scaled with CCP4i2 suite3 of programs. The 
apo structures (PDB: 7DUP) were solved by using an initial model (pdb 3RCN) identified by 
MrBUMP4 with a bioinformatic alignment, followed by molecular replacement with Phaser5. 
Full-length GH20 catalytic domain in Bt4394 has well defined density, with two conserved 
C284 and C348 at the zinc/copper binding site seen in some other GH20s, including Bt0459 
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(PDB 6Q63) and AmGH20 (PDB 6JE8). All the complex structures (PDB: 7DVA and 7DVB) 
were solved by direct molecular replacement with MOLREP6, followed by alternating rounds 
of manual model building using Coot 7 and REFMAC5 8, respectively, with NCS parameters 
at later stages. 

BbhII, SGL and Niako3494: Diffraction data were collected at 100 K on beamlines i03 and 
i04 of the Diamond Light Source UK, respectively. Reflections were automatically processed 
with the xia2 pipeline 9 of the CCP4 software suite. BbhII structures were solved by molecular 
replacement with the PDB:1HP5 model using MOLREP. SGL and Niako3494 structures were 
both solved by molecular replacement with the highest-scored model calculated by Alphafold 
using the sequences provided 10. All structures were refined by alternating rounds of manual 
model building by Coot and refinement using REFMAC5, respectively. However, density is 
missing in BbhII for the predicted C-terminal trans-membrane anchoring region and the N-
terminal coagulation factor 5/8 type C domain (predicted to be residues 52-190 as 
carbohydrate-binding motif 32 CBM32). 

Growth of Bifidobacterium bifidum and Bacteroides thetaiotaomicron
Bifidobacterium bifidum JCM1254 and Bacteroides thetaiotaomicron JCM5827 were 
incubated on Gifu Anaerobic Medium (GAM, Haibo, Qingdao) agar plates under an anaerobic 
condition at 37 °C for 48 h. Bacteria colonies were scraped off from the GAM plates, 
resuspended with 500 µL basic anaerobic medium (0.5% peptone, 1% yeast extract, 0.008% 
NaCl, 0.3% L-cysteine, 0.0008% MgSO4, 0.5% polypeptone, 0.004% KH2PO4 and 0.004% 
K2HPO4, pH 7.2), centrifuged at 6000 rpm, and subsequently washed three times in basic 
anaerobic medium. To compare the effect of different carbon sources on gene induction, 
bacterial suspensions of Bifidobacterium bifidum and Bacteroides thetaiotaomicron were 
plated on the basic anaerobic agar supplemented with 1% (w/v) glucose (Damao, Tianjin) or 
1% (w/v) PGM (Type II, Sigma-Aldrich), and cultivated anaerobically at 37 °C for 48 h.

Identification of cellular localization for BbhII 
Colonies of Bifidobacterium bifidum grown on 1% glucose or 1% PGM were scraped off from 
the above-mentioned basic anaerobic medium plates, carefully washed three times in 1 mL of 
assay buffer (25 mM tris-HCl, pH 7.5), resuspended and normalized to the same OD before 
being split into the following four assays using 125 µM 4MU-6S-GlcNAc as the substrate in 25 
mM tris-HCl, pH 7.5 reaction buffer. The glucose-grown and PGM-grown cells were treated in 
exactly the same way. For assay with whole cells, 100 µL bacteria suspension and 100 µL 
4MU-6S-GlcNAc were added to 800 µL buffer. For assay with lysed cells, 100 µL bacterial 
suspension was centrifuged at 10000 rpm for 10 min, and the cell pellet was subsequently 
suspended and incubated in 100 µL lysis buffer (B-PER® II Bacterial Protein Extraction, 
Thermo Fisher) for 30 min, before 100 µL 4MU-6S-GlcNAc and 800 µL of buffer were added. 
For assay using the soluble fraction of lysed cells, the supernatant of 100 µL cells lysate was 
clarified by centrifugation and was subsequently added to the reaction solution containing 100 
µL 4MU-6S-GlcNAc and 800 µL buffer. For assay using the insoluble fraction of the lysed 
cells, the pellet of 100 µL lysate was resuspended in 100 µL reaction buffer, before 100 µL 
4MU-6S-GlcNAc and 800 µL reaction buffer were added. All above reactions were incubated 
at 37 °C for 2 h, and the release of the 4MU group was monitored as above. EDTA inhibition 
was not carried out because BbhII is predicted to be extracellular and no sulfatases in 
Bifidobacterium bifidum have been detected 11.

Identification of cellular localization for Bt4394
Colonies of Bacteroides thetaiotaomicron cells grown on 1% glucose or 1% PGM were treated 
in a similar way as described above for the Bifidobacterium bifidum cells. But these assays do 
not distinguish the localization being periplasmic or cytoplasmic. To further pinpoint the 
localization of Bt4394, an established procedure was used 12. The colonies grown on the 
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above-mentioned basic anaerobic agar supplemented with 1% (w/v) PGM were scraped off, 
washed, and gently suspended in 0.5 mL TSE buffer (200 mM tris-HCl, pH 8.0, 500 mM 
sucrose, 1 mM EDTA) and incubated on ice for 15 min. 0.5 mL of ice-cold deionized water 
was added subsequently, and the suspension was further incubated on ice for an additional 
15 min. The supernatant which contains the soluble periplasmic proteins was clarified at 10000 
rpm, 4°C for 1 h. The pellet was suspended in 1 mL lysis buffer (B-PER® II Bacterial Protein 
Extraction, Thermo Fisher) and incubated for 30 min, before the supernatant containing the 
cytoplasmic protein was collected by centrifugation.
Following the extraction of periplasmic and cytoplasmic proteins separately, the following 
assays were carried out using 125 µM 4MU-6S-GlcNAc as the substrate in the reaction buffer 
of 200 mM Tris-HCl, pH 8.0, 500 mM sucrose, and 20 mM EDTA. For assay A, 100 µL 
periplasmic protein fraction, 100 µL 4MU-6S-GlcNAc and 450 µL two-fold assay buffer stock 
(400 mM Tris-HCl, pH 8.0, 1 mM sucrose, and 40 mM EDTA) were added to 350 µL deionized 
water. For assay B, 100 µL cytoplasmic protein fraction was added to the reaction solution 
containing 100 µL 4MU-6S-GlcNAc, 500 µL two-fold assay buffer stock and 300 µL deionized 
water. The above reactions were incubated at 37 °C for 2.5 h, and the release of 4MU group 
was monitored as above.

LC-MS analysis of released 6S-GlcNAc from PGM  
To remove any trace of free 6S-GlcNAc in the commercial Type II PGM (Sigma), the PGM 
was dissolved in deionized water, and extensively dialyzed 5 times against deionized water at 
4 °C within 24 h before being lyophilized by freeze-drying. Subsequently, 0.3 g of this PGM 
powder was dissolved in 5 mL PBS buffer (Sigma-Aldrich) and reacted with 1 mg/mL 
recombinantly purified wild-type Bt4394 or BbhII at 37 °C for 48 h.

0.6 g of the above freeze-dried PGM powder was dissolved in 5 mL PBS buffer and was 
incubated with Bifidobacterium bifidum cells scraped from the basic anaerobic agar 
supplemented with 1% (w/v) PGM for 48 h at 37 °C. This reaction was first incubated and 
centrifuged at 15000 rpm, 4 °C for 45 min to remove the cells and insoluble substrates. The 
supernatant was loaded onto 10 kDa centrifugal filters and the flow-through was collected and 
lyophilized. To remove proteins in the PGM samples, the lyophilized powder was subsequently 
dissolved in deionized water and loaded onto a Sep-Pak C18 cartridge column (Waters, USA) 
preequilibrated with 20% – 100% acetonitrile and deionized water. The flow-through fractions 
were collected, lyophilized, and redissolved in deionized water.

Online LC-MS analysis was performed using a TSK-GEL AMIDE-80 (2.0 mm 150 mm, 3 μm) 
(TOSOH, Japan) on an HPLC system (Thermo Fisher) equipped with a PDA detector and an 
LTQ XL linear ion trap ESI-MS system. 10 µL of the sample was injected, and the mobile 
phase flow rate was 200 μL/min. With solvent A (acetonitrile) and solvent B (10 mM ammonium 
acetate pH 4.5, the elution gradient was set as follows: from 98% C, 2% D to 70% C, 30% D 
in 30 min, then from 70% C, 30% D to 50% C, 50% D in 15 min.

SSN and EFI-CGFP analysis
The generation the SSN and final list of GH20 proteins in the two clusters of BbhII and Bt4394.  
We excluded the sequences that do not have a Q at the equivalent position of 431 in Bt4394 
which has been shown to provide strong binding for 6S-GlcNAc. Thus, further refinement 
finally identified 46 sequences, so that only the sequences possess N at the equivalent 
position of 437 before R, and Q at the equivalent position of 437 in Bt4394 are included (Figure 
S19). Because of this, F3-ORF26 will not be selected by this criterion. The orthologous group 
of Bt4394 is composed of species in the mammalian gut including Prevotella, bacteroid faecis, 
bacteroid caccae, bacteroid acidifaciens, muribaculaceae bacterium, Paludibacter, 
Paramuribaculum intestinale.  The similar approach was used for identifying 40 sequences 
that have a Q and a W at the equivalent positions of Q640 and W651 in BbhII (Figure S20). 
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Among those includes the previously unidentified BbhII orthologues, Bifidobacterium samirii 
and Bifidobacterium jacchi, as well as Arthrobacter, Trueperella, Actinomyces, Agromyces, 
Nonomuraea, Tessaracoccus, Cellulosimicrobium, Actinomadura, Streptomyces, Georgenia, 
Micromonospora, Buchananella, and Pseudactinotalea etc. 
The two refined SSN clusters were then used for Chemically Guided Functional Profiling 
CGFP 13. CGFP identifies SSN clusters that are abundant in metagenome datasets to 
prioritize targets for functional characterization.  After the “Identify" step and "quantify" steps, 
the organisms and their identified marker locations were analyzed. Heatmaps representing 
the quantification of sequences from SSN clusters per metagenome are available. The color 
scale displays the Average genome size (AGS) normalized abundance of the number of gene 
copies for the "hit" per microbial genome in the metagenome sample. The metagenomes are 
grouped according to body site so that trends/consensus across the six body sites can be 
easily discerned. The default heat map is calculated using the median method to report 
abundances.

Chemical synthesis 

Synthesis of p-Nitrophenyl-6-O-phospho-2-acetamido-2-deoxy-β-D-glucopyranoside 
diammonium salt (pNP-6P-GlcNAc) (1).

pNP-GlcNAc-6P synthesis was followed the method provided by Qiu. et al 14, 15. p-
Nitrophenol (pNP, 12 equiv, 667.7 mg) was added to a stirred solution of 6-O-phospho-N-
acetyl-D-glucosamine (GlcNAc-6P, 350 mg, 1 equiv.), and triethylamine (1115 μL, 20 equiv.) 
in water (2.2 mL) in a 50 mL sealed round bottom flask at room temperature. The mixture 
was stirred for 20 min until GlcNAc-6P dissolved and the reaction became less turbid. The 
reac t i on  was  t hen  coo led  t o  - 10  °C  and  s t i r r ed  f o r  10  m in .  2 - ch l o ro -1 ,2 -
dimethylimidazolinium chloride (DMC, 202.86 mg, 3 equiv.) was then added, and the mixture 
was stirred for a further 30 min. Consequently, the reaction was refluxed at 80 °C for 50 min. 
After the reaction was cooled to room temperature, triethylamine (223 μL, 4 equiv.) was 
added, and the reaction was cooled down to -10 °C and stirred for 10 min. DMC (135.24 μL, 
2 equiv.) was then added, and the mixture was stirred for a further 30 min, before being 
heated and refluxed at 80 °C for 50 min. After the reaction was cooled to room temperature, 
triethylamine (223 μL, 4 equiv.) was added, and the reaction was cooled down to -10 °C and 
stirred for 10 min. DMC (135.24 μL, 2 equiv.) was then added, and the mixture was stirred 
for a further 30 min, before being heated and refluxed at 80 °C for 50 min. After the third 
iteration, TLC plates (solvent system CHCl3 : MeOH, 2:1) were used to indicate the 
consumption of the starting material and the formation of a less polar product. The reaction 
was concentrated and diluted by the addition of 35% w/w aqueous ammonium hydroxide 
(~20 mL). The mixture was then evaporated under a vacuum to remove triethylamine. The 
residue was re-dissolved in 35% w/w aqueous ammonium hydroxide (~20 mL), and again 
concentrated under a vacuum to further remove any remaining triethylamine and ammonium 
hydroxide. All pNP-6P-GlcNAc diammonium salt was dissolved in deionized water and 
diethyl ether was used to remove the excessive p-nitrophenyl in the reaction three time. The 
water phase was loaded onto a Shimadzu reverse phase prep HPLC (column: Shimadzu 
column 5 M C18, 20 x 150 mm) for final purification. Eluent A (H2O + 0.1% TFA) and B 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/metagenome
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(MeCN + 0.1% TFA), sample was run at 18 mL min-1, with 100% A for 10 min, followed by 
gradient 0-30% B over 30 min; UV detection: 280 nm. HPLC: tR = 24.21 min, product yield: 
10 mg as a white powder. δH (500 MHz, D2O), 1H NMR (500 MHz, D2O) δ 8.20 (d, J = 9.2 
Hz, 2H), 7.15 (d, J = 9.0 Hz, 2H), 5.27 (d, J = 8.1 Hz, 1H), 4.20 – 3.94 (m, 3H), 3.81 – 3.57 
(m, 3H), 1.95 (s, 3H). 13C NMR (125 MHz, D2O) δ 174.98, 161.66, 142.67, 126.14, 116.54, 
98.67, 75.19, 75.12, 73.28, 69.25, 66.16, 58.01, 55.39, 22.16. 31P NMR (202 MHz, D2O) δ 
4.40 ( t ,  J  = 6.4 Hz) .  MS– (ESI-MS) calcd. m/z  for  C1 4H1 9N2O1 1P– [M]– 422.07, 
found 422.07.

Supplementary Table 1 Oligonucleotides used for sequencing and mutagenesis.

Primer Sequence 
T7 TAATACGACTCACTATAGGG 

T7-term GCTAGTTATTGCTCAGCGG 

Bt4394-seq-f GCAGCACATATGCAGGAAATCGCGCTGAC

Bt4394-seq-r GCAGCACTCGAGTTTCATGATGTGTTTACCGTAGTTCC

Bt4394-D335N-f CATTCACCTGGGCGGCAATGAATGTCCGACC

Bt4394-D335N-r GGTCGGACATTCATTGCCGCCCAGGTGAATG

Bt4394-E336Q-f CTGGGCGGCGATCAATGTCCGACCC 

Bt4394-E336Q-r GGGTCGGACATTGATCGCCGCCCAG

Bt4394-Q431E-f CACCATCCTGTCTCCGGAGATCCCGTACTACATC 

Bt4394-Q431E-r GATGTAGTACGGGATCTCCGGAGACAGGATGGTG 

Bt4394-N437D-f CGCAGATCCCGTACTACATCGACCGTAAACAGTCTAAACTG 

Bt4394-N437D-r CAGTTTAGACTGTTTACGGTCGATGTAGTACGGGATCTGCG

Bt4394-R438A-f GATCCCGTACTACATCAACGCAAAACAGTCTAAACTGCCGAC 

Bt4394-R438A-r GTCGGCAGTTTAGACTGTTTTGCGTTGATGTAGTACGGGATC

Bt4394-R438K-f GATCCCGTACTACATCAACAAAAAACAGTCTAAACTGCCGAC

Bt4394-R438K-r GTCGGCAGTTTAGACTGTTTTTTGTTGATGTAGTACGGGATC

Bt4394-D266N-f CCGGAAATTAACATCCCAGGTCAC

Bt4394-D266N-r CCTGGGATGTTAATTTCCGGGATG

Bt4394-Y435F-f GATCCCGTACTTTATCAACCGTAAAC

Bt4394-Y435F-r GGTTGATAAAGTACGGGATCTGC

Bt4394-H270F-f GATATCCCAGGTTTCTCTCAGGC

Bt4394-H270F-r CCTGAGAGAAACCTGGGATATC

BbhII-seq-f GGATGAAGGCTTCCGTGTTGAG
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BbhII-seq-r TGTACATCAGGAACTCCGCGTC 

BbhII-D552N-f CCACCTGGGTGGCAATGAACTGTTTCTGAGC 

BbhII-D552N-r GGTGGACCCACCGTTACTTGACAAAGACTCG

BbhII-E553Q-f CCACCTGGGTGGCGATCAGCTGTTTCTGAGC

BbhII-E553Q-r GGTGGACCCACCGCTAGTCGACAAAGACTCG

BbhII-Q610D-f GTAACACCTACTTTCCGGATCGTCCGGGTACCGAAAC 

BbhII-Q610D-r GTTTCGGTACCCGGACGATCCGGAAAGTAGGTGTTAC

BbhII-Q610K-f CACCTACTTTCCGAAACGTCCGGGTACC 

BbhII-Q610K-r GGTACCCGGACGTTTCGGAAAGTAGGT

BbhII-W621F-f CACCGGTGTGACCTTTGCGTGCGGTGCGTG 

BbhII-W621F-r CACGCACCGCACGCAAAGGTCACACCGGTG

BbhII-C626A-f CGTGCGGTGCGGCCACCACCAGCAACTTTTATC 

BbhII-C626A-r GATAAAAGTTGCTGGTGGTGGCCGCACCGCACG

BbhII-C626S-f CGTGCGGTGCGTCCACCACCAGCAACTTTTATC  

BbhII-C626S-r GATAAAAGTTGCTGGTGGTGGACGCACCGCACG

BbhII-D552N-f ACCTGGGTGGCAATGAACTGTTTCTG

BbhII-D552N-r CAGAAACAGTTCATTGCCACCCAGGTG

BbhII-Y637F-f TAACACCTTCTTTCCGCAACGTC

BbhII-Y637F-r GTTGCGGAAAGAAGGTGTTACC

BbhII-H467F-f ATCGCGATTGTTCCGGAGATTGACGGTCCGGGCTTTAGCTTTAGCC
TGCTGCATGG

BbhII-H467F-r ATCTCCGGAACAATCGCGATG

Niako3494-D196N-f GTTGGTCTGAACGAAGTTTGGATTC

Niako3494-D196N-r CCAAACTTCGTTCAGACCAACATG

Niako3494-E197Q-f GGTCTGGATCAGGTTTGGATTCTGG

Niako3494-E197Q-r CCAAACCTGATCCAGACCAACATG
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Supplementary Table 2 Data collection and refinement statistics.

Bt4394WT apo Bt4394D335N-6S-GlcNAc-oxazoline Bt4394WT-6S-GlcNAc BbhII apo BbhIIE553Q-6S-GlcNAc-oxazoline

PDB 7DUP 7DVB 7DVA 6YXZ 6Z14

Data collection
Space group P 1 21 1 P 1 21 1 P 1 21 1 P 21 21 21 P 21 21 21
Cell dimensions  
  a, b, c (Å) 66.58, 63.00, 78.69 82.03, 67.00, 192.80 49.50, 125.60, 84.64 56.57,126.75,152.71 54.42,124.88,151.68
        (°) 90.00, 111.34, 90.00 90.00, 94.67, 90.00 90.00, 90.63, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Resolution (Å) 73.29 (1.62) 19.71 (2.05) 70.19 (1.55) 63.38 (1.75) 64.82 (1.67)
Rsym or Rmerge 0.091(0.594) 0.107 (1.024) 0.097 (1.005) 0.123 (1.654) 0.116 (0.732)
I / I 12.6 (2.0) 9.1 (1.6) 11.5 (2.0) 9.0 (1.1) 7.4 (1.0)
Completeness (%) 99.0 (93.0) 99.2 (98.2) 97.4 (96.4) 100.0 (100.0) 100.0 (100.0)
Redundancy 5.9 (3.0) 6.6 (6.7) 6.8 (7.1) 7.4 (7.4) 7.0 (6.9)
Refinement
Resolution (Å) 1.62 2.05 1.55 1.75 1.67
No. reflections 76333 130225 145227 111416 120604
Rwork / Rfree 0.145, 0.189 0.228, 0.259 0.142, 0.184 0.160, 0.220 0.160, 0.205
No. atoms
    Protein 4301 16710 8563 5301 5281
    Ligand/ion 32 91 68 10 43
    Water 488 454 567 644 655
B-factors
    Protein 23.36 37.54 22.29 28.99 28.51
    Ligand/ion 29.69 32.98 25.03 48.00 35.01
    Water 39.23 33.86 33.17 39.82 38.44
R.m.s. deviations
    Bond lengths (Å) 0.0057 0.0033 0.0045 0.0090 0.0080
    Bond angles (°) 1.232 0.944 1.217 1.511 1.440

*Values in parentheses are for highest-resolution shell.
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Bt4394WT-NAGthiazoline-SO2 SGL apo Niako3494 apo

PDB 8BDP 8BBL 8BAL

Data collection
 Space group P 1 21 1 P 1 C 2 2 21
Cell dimensions  
  a, b, c (Å) 66.83, 60.78, 74.22 132.95, 133.42, 225,37 146.99, 254.59, 139.58
        (°) 90.00, 107.91, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Resolution (Å) 70.63 (1.47) 94.18 (2.71) 73.49 (2.27)
Rsym or Rmerge 0.033 (0.542) 0.154 (0.516) 0.329 (2.524)
I / I 1.80 (1.47) 2.02 (2.73) 1.66 (2.27)
Completeness (%) 95.4 (65.0) 97.6 (97.8) 99.9 (99.7)
Redundancy 1.9 (1.9) 1.9 (1.8) 13.9 (13.6)

Refinement
Resolution (Å) 1.47 2.71 2.27
No. reflections 91859 406022 120442
Rwork / Rfree 0.130, 0.182 0.273, 0.321 0.283, 0.356
No. atoms
    Protein 8518 31754 13716
    Ligand/ion 2 0 5
    Water 458 18 28
B-factors
    Protein 24.86 24.71 32.47
    Ligand/ion 23.14 - 42.18
    Water 37.37 16.3 27.59
R.m.s. deviations
    Bond lengths (Å) 0.0094 0.0114 0.0066
    Bond angles (°) 1.518 2.310 1.613

*Values in parentheses are for highest-resolution shell.
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Supplementary Table 3 Complex structures containing 6SO3 (CAzy Carb_ligand: 6SO3). 

(From http://www.cazy.org/search?page=recherche&recherche=6SO3&tag=12, by 30th Jan 2022)

PDB ID ligand Protein name Resolution
(Å)

6SO3 H-bond donor 
residue 

(H-bond ≥ 2.5 Å) 
Family EC

6Z14 6SO3-NAG-oxazoline BbhII 1.67

Q640NH2

W651NH

H2O

GH20 3.2.1.-

7DVB 6SO3-NAG-oxazoline Bt4394 2.05

Q431NH2

N437NH2

R438NH2

H2O

GH20 3.2.1.-

7DVA 6SO3-GlcNAc Bt4394 1.55

Q431NH2

N437NH2

R438NH2

H2O

GH20 3.2.1.-

1HMW β-D-4-deoxy-GlcpA-(1-3)-β-D-GalpNAc4SO3-(1-4)-β-D-
GlcpA-(1-3)-β-D-GalpNAc6SO3

chondroitin AC lyase 1.91

none PL8 4.2.2.5

2FUT
α-L-4-deoxy-IdopA2SO3-(1-4)-α-D-GlcpNSO36SO3
β-D-4-deoxy-GlcpA2SO3-(1-4)-α-D-GlcpNSO36SO3
(sits on surface)

heparin lyase II / heparinase II 1.85
Y429OH

Y436NH

N437NH2

PL21 4.2.2.7
4.2.2.8

3ANK α-L-4-deoxy-IdopA-(1-3)-β-D-Galp6SO3
unsaturated glucuronyl hydrolase 
useless – surface location 1.80 S368OH GH88 3.2.1.-

3CU0 β-D-Galp-(1-3)-β-D-Galp6SO3

UDP-GlcA: β-1,4-galactosyl-
xylosylprotein β-1,3-glucuron-osyl-
transferase 3

1.92
Q318NH2 GT43 2.4.1.135

3ILF β-L-Galp6SO3-(1-3)-β-D-Galp-(1-4)-α-L-Galp6SO3-(1-3)-
α-D-Galp β-porphyranase A 2.65

H53imi

V134NH

R133NH2+

GH16 3.2.1.178

http://www.cazy.org/search?page=recherche&recherche=6SO3&tag=12
http://www.enzyme-database.org/query.php?ec=3.2.1.178
http://www.enzyme-database.org/query.php?ec=3.2.1.178
http://www.enzyme-database.org/query.php?ec=4.2.2.5
http://www.enzyme-database.org/query.php?ec=3.2.1.*
http://www.enzyme-database.org/query.php?ec=2.4.1.135
http://www.enzyme-database.org/query.php?ec=3.2.1.178
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3ILR β-D-4-deoxy-AllpA2SO3-(1-4)-α-D-GlcpNSO36SO3
(Poor Density) 

lyase cleaving heparin and heparan 
sulfate 1.45 Y351OH

K353NH3+

PL13 4.2.2.7

3IN9 α-L-4-deoxy-IdopA2SO3-(1-4)-α-D-GlcpNSO36SO3
lyase cleaving heparin and heparan 
sulfate 1.90

K241NH3+

N243NH2

N20NH2

PL13 4.2.2.7

3OGX β-D-4-deoxy-GlcpA2SO3-(1-4)-α-D-GlcpNSO36SO3
(No density) peptidoglycan recognition protein 1.70 K90NH3

E142COOH

CBM0 NA

4AW7
α-L-Galp6SO3-(1-3)-α-D-Galp-(1-4)-α-L-3,6-anhydro-
Galp-(1-3)-β-D-Galp-(1-4)-α-L-Galp6SO3-(1-3)-α-D-Galp
α-L-Galp6SO3-(1-3)-β-D-Galp-(1-1)-<non_carb>

β-porphyranase 1.25

W78indoNH

K87NH3

W331indoNH

His53imi

GH86 3.2.1.178

4KRV β-D-GlcpNAc6SO3 β-1,4-galactosyltransferase T1 2.20
none GT7 2.4.1.22

2.4.1.38
2.4.1.90

4X7R

α-D-GlcpNAc-(1-1)-<non_carb>
α-D-GlcpNSO36SO3-(1-4)-β-D-GlcpA-(1-4)-α-D-
GlcpNSO33SO36SO3-(1-4)-α-L-IdopA2SO3-(1-4)-α-D-
GlcpNSO36SO3-(1-1)-methyl

UDP-GlcNAc: teichoic acid α-N-
acetylglucosaminyl-transferase 2.90

G16NH

T19OH

M18NH

GT4 2.4.1.-

5BO9 α-D-Neup5Ac-(2-3)-β-D-Galp-(1-4)-β-D-GlcpNAc6SO3 α-2,8-sialyltransferase III 1.85 none GT29 2.4.99.-

5E9C β-D-4-deoxy-GlcpA2SO3-(1-4)-α-D-GlcpNSO36SO3-(1-4)-
α-L-IdopA-(1-4)-β-D-GlcpNSO36SO3

heparanase (endo-β-gluc-uronidase) 1.64
Q270NH2

Q270NH

R303NH2+

GH79 3.2.1.166

5WD7
α-D-GlcpNSO36SO3-(1-4)-β-D-GlcpA-(1-4)-α-D-
GlcpNSO33SO36SO3-(1-4)-α-L-IdopA2SO3-(1-4)-α-D-
GlcpNSO36SO3-(1-1)-methyl

CMP-Neu5Ac: α-2,8-poly-
sialyltransferase 2.10

N76NH2 GT38 2.4.99.-

6LJA α-L-4-deoxy-IdopA2SO3-(1-4)-α-D-GlcpNSO36SO3 heparin lyase I 2.00 G71NH PL15 4.2.2.7

6LJL β-D-4-deoxy-GlcpA-(1-4)-α-D-GlcpNSO36SO3-(1-4)-α-L-
IdopA2SO3-(1-4)-α-D-GlcpNSO36SO3

heparin lyase I 1.99 R233NH2+

G71NH

PL15 4.2.2.7

All 19 entries for the 6SO3 available in the PDB database to January 2022 are listed in the table (resolution better than 3.0 Å).

http://www.enzyme-database.org/query.php?ec=3.2.1.178
http://www.enzyme-database.org/query.php?ec=2.4.1.22
http://www.enzyme-database.org/query.php?ec=2.4.1.38
http://www.enzyme-database.org/query.php?ec=2.4.1.90
http://www.enzyme-database.org/query.php?ec=2.4.1.*
http://www.enzyme-database.org/query.php?ec=2.4.99.*
http://www.enzyme-database.org/query.php?ec=2.4.99.*
http://www.enzyme-database.org/query.php?ec=4.2.2.7
http://www.enzyme-database.org/query.php?ec=4.2.2.7
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Supplementary Figure 1. Identification of cellular localizations of BbhII in 
Bifidobacterium bifidum JCM1254.

Cells grown on 1% glucose or 1% PGM were scraped off from the agar plate, washed three 
times and split into the following assays: 125 µM 4MU-6S-GlcNAc was incubated with whole 
cells, lysed cells, soluble components in the supernatant fraction from lysed cells, and 
insoluble fraction in the cell debris pellet from lysed cells. All assays were performed in 200 
mM NaCl and 25 mM Tris-HCl, pH 7.5 at 37 °C for 2 h. The 4MU group liberated was monitored 
from 300 - 600 nm using a fluorescence spectrophotometer showing the peak at λem = 445 nm: 
4MU-6S-GlcNAc alone as control (green curve); 4MU-6S-GlcNAc and growth medium only as 
control (orange curve); 4MU-6S-GlcNAc with samples from glucose-grown cells (pink curve); 
4MU-6S-GlcNAc and samples from PGM-grown cells (blue curve).
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Supplementary Figure 2: Detection of released 6S-GlcNAc from natural and 
synthetic substrates using HPLC-MS.

Commercial Type II PGM were digested with the GH20 BbhII and Bt4394 and the liberated 
6S-GlcNAc was analyzed by LC-ESI-MS. The insets are the EICs and MS profiles of (a) 
commercial 6S-GlcNAc as the standard, (b) PGM without being incubated with any enzyme, 
(c) saccharides released from PGM treated with living Bifidobacterium bifidum cells. (d) 
saccharides released from PGM treated with BbhII, (e) saccharides released from PGM 
treated with Bt4394, and the asterisk denotes unknown signals. 



20



21

Supplementary Figure 3. The standard curves of 4MU in the universal buffer at 
various pHs and pH dependence of the hydrolysis of 4MU-6S-GlcNAc by BbhIIWT, Bt4394WT, 
SGLWT, and Niako3494WT. Curves a to q fitted by linear regression; smooth curves r to u fitted 
in Excel

(a-q) All the standard curves were plotted by monitoring the fluorescence from compound 4MU 
at λex = 360 nm and λem = 450 nm in a BMG Fluostar fluorescence microplate reader with gain 
1200, in the buffer of 25 mM Bis-tris propane, 25 mM citrate, and 300 mM NaCl, pH 2.0 - 10.0. 
The pH profiles of 4MU-6S-GlcNAc hydrolysis by wild-type enzymes were performed in the 
same buffer as the standard curves. (r) pH profile for 6 nM BbhIIWT hydrolyzes 300 µM 
substrate with the pH range of 2.0 - 10.0, with an optimal pH of 6.0. (s) pH profile for 2 nM 
Bt4394WT hydrolyzes 500 µM substrate with the pH range of 3.0 - 10.0, with an optimal pH of 
5.5. (t) pH profile for 1.2 nM SGLWT hydrolyzes 300 µM substrate with the pH range of 3.5 - 
9.5, with an optimal pH of 6.0. (u) pH profile for 2 µM Niako3494WT hydrolyzes 300 µM and 
1500 µM substrate with the pH range of 4.0 - 9.0, with an optimal pH of 5.0.   
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Supplementary Figure 4 Michaelis-Menten plots for illustrating substrate specificity 
of non-sulfated 4MU-GlcNAc with BbhIIWT, Bt4394WT, SGLWT and Niako3494WT.

Initial hydrolytic rates of substrate 4MU-GlcNAc catalyzed by four wild-type enzymes were 
performed in the buffer of 25 mM Bis-tris propane, 25 mM citrate, and 300 mM NaCl at 25°C 
(pH 5.5 for Bt4394WT, pH 6.0 for BbhIIWT and SGLWT, pH 5.0 for Niako3494WT). All reactions 
were monitored continuously by the release of the fluorescent 4MU (λex = 360 nm and λem = 
450 nm, BMG Fluostar fluorescence microplate reader). (a) 40 nM BbhIIWT hydrolyzes 100 µM 
to 7000 µM substrate. (b) 100 nM Bt4394WT hydrolyzes 100 µM to 9000 µM substrate. (c) 50 
nM SGLWT hydrolyzes 100 µM to 9000 µM substrate. (d) 2 µM Niako3494WT hydrolyzes 75 µM 
to 4000 µM substrate. 
.
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Supplementary Figure 5 Michaelis-Menten plots for hydrolysis of 4MU-6S-GlcNAc by 
wild-type BbhII and its variants at pH 6.0. 

Initial hydrolytic rates of substrate 4MU-6S-GlcNAc catalyzed by BbhIIWT and its variants were 
performed in the buffer of 25 mM Bis-tris propane-HCl, 25 mM citrate, and 300 mM NaCl at 
pH 6.0, 25°C. All reactions were monitored continuously by the release of the fluorescent 4MU 
(λex = 360 nm and λem = 450 nm). (a) 6 nM BbhIIWT hydrolyzes 2.5 µM to 300 µM substrate. 
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(b) 100 nM BbhIID552N hydrolyzes 2.5 µM to 100 µM substrate. (c) 100 nM BbhIIE553Q 
hydrolyzes 0.05 µM to 300 µM substrate. (d) 150 nM BbhIIY435F hydrolyzes 0.5 µM to 50 µM 
substrate. (e) 6 nM BbhIID463N hydrolyzes 2.5 µM to 500 µM substrate. (f) 0.5 µM BbhIIH467F 
hydrolyzes 0.5 µM to 100 µM substrate. (g) 2.2 nM BbhIIQ640D hydrolyzes 25.8 µM to 3300 µM 
substrate. (h) 1.4 nM BbhIIQ640K hydrolyzes 12.9 µM to 1650 µM substrate. (i) 0.6 nM BbhIIW651F 
hydrolyzes 6.4 µM to 825 µM substrate. (j) 1.6 nM BbhIIC656S hydrolyzes 0.8 µM to 103.1 µM 
substrate.
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Supplementary Figure 6 Structures of the 6S-NAG-oxazoline intermediate complexes of 
BbhII in comparison with the SpHex and other GH20 structures.  

(a) Overlay of the structures of BbhII (in gray) in its oxazoline intermediate complex with the 
loop containing D552/E553 in a catalytically incompetent conformation, and SpHex (in salmon, 
PDB: 1hp5) in its thiazoline intermediate complex with the loop containing D313/E314 in the 
catalytic conformation. (b) Overlay of the structures of BbhII (PDB: 6Z14 in gray) with other 
GH20 structures that have the loop containing the D/E pair equivalent to D552/E553Q in a 
catalytically incompetent conformation. The GH20 structures used are (PDB codes): 3RPM, 
5A6J, 3NSM, and 6JE8.  
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Supplementary Figure 7. Identification of cellular localizations of Bt4394 in 
Bacteroides thetaiotaomicron. 

(a-d): 125 µM 4MU-6S-GlcNAc was treated with whole cells, lysed cells, soluble components 
in the supernatant fraction from lysed cells, and insoluble fraction in the cell debris pellet from 
lysed cells. 4MU-6S-GlcNAc only as control (green); corresponding cellular samples only as 
control (orange); samples from glucose-grown cells (pink); samples from PGM-grown cells 
(blue). (e): 125 µM 4MU-6S-GlcNAc treated with periplasmic fraction (green); 125 µM 4MU-
6S-GlcNAc treated with cytoplasmic fraction (orange). Detected activities in the cell lysate, 
soluble fraction, and periplasmic fraction are attributed primarily due to periplasmic Bt4394 but 
might possibly result from a collective effect of sulfate removal by potential intracellular 6S-O-
sulfatases (BT1628, BT3177, BT4656) 16, followed by glycosidic bond cleavage by the action 
of other GlcNAcases.
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Supplementary Figure 8 Inhibition of recombinant Bt4394 by Na2SO3, Na2SO4, and 
NAG-thiazoline.

(a) Rates of fluorescence intensity change at 445 nm were measured under steady-
state conditions using 100 mM Tris-HCl pH 8.0, 300 mM NaCl, 25 µM 4MU-6S-GlcNAc, and 
5 nM Bt4394WT. Final concentration of each component used in the reaction: 200 mM Na2SO3-
HCl (pH 8.0), 200 mM Na2SO4-NaOH (pH 8.0), or 200 µM NAG-thiazoline. (b) IC50 plot of 
NAG-thiazoline inhibition of the hydrolysis of 4MU-6S-GlcNAc by Bt4394WT (curve fitted by 
nonlinear regression analysis). The determined IC50 value for NAG-thiazoline is 166.6 ± 10 
µM. 
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Supplementary Figure 9 Michaelis-Menten plots for 4MU-6S-GlcNAc hydrolysis by 
Bt4394WT and Bt4394 variants at pH 5.5. 

Initial rates of the substrate 4MU-6S-GlcNAc 5 µM hydrolysis catalyzed by Bt4394WT and its 
variants were measured in the buffer of 25 mM Bis-tris propane, 25 mM citrate, and 300 mM 
NaCl, pH 5.5, at 25°C by monitoring the release of fluorescence from 4MU using λex = 360 ± 
10 nm and λem = 450 ± 10 nm. (a) 2 nM Bt4394WT hydrolyses 5 µM to 500 µM substrate. (b) 5 
nM Bt4394D335N hydrolyses 100 µM to 5 mM substrate. (c) 100 nM Bt4394E336Q hydrolyses 0.5 
µM to 50 µM substrate. (d) 2 nM Bt4394D266N hydrolyses 2.5 µM to 500 µM substrate. (e) 155 
nM Bt4394Y435F hydrolyses 0.5 µM to 50 µM substrate. (f) 1 µM Bt4394H270F hydrolyses 0.5 µM 
to 50 µM substrate. (g) 99.4 nM Bt4394Q431E hydrolyses 41 µM to 2625 µM substrate. (h) 
14.2 nM Bt4394N437D hydrolyses 41 µM to 2625 µM substrate. (i) 16.6 nM Bt4394R438A 
hydrolyses 41 µM to 2625 µM substrate.
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Supplementary Figure 10 Structures of the oxazoline intermediate complexes of Bt4394 in 
comparison with ScHex structure and other GH20 hexosaminidases structures with catalytic 
conformation.  

(a) Overlay of the oxazoline intermediate complex structures of Bt4394 (in green) with the loop 
containing N335/E336 in a catalytic conformation, and ScHex (in magenta, PDB:4c7g) with 
the loop containing D301/Q302 also in the catalytic conformation. The sulfate binding sites in 
BbhII and Bt4394 are not available in ScHex or SpHex, because it is occupied by D383/D395 
and W396/W408 coordinating the 6’-OH of the NAG-oxazoline. (b) Overlay of the structures 
of Bt4394 (PDB: 7DVB green sticks) with GH20 structures that have the loop containing the 
D/E pair equivalent to D335/E336 in a catalytically competent conformation. The GH20 
structures used are (PDB codes): 1HP5, 4JAW,5BXP, 5OAR, 4AZC, 6K35, 2EPN, 4C7G, 
3OZP, 6Q63, 3GH4, 1YHT, 1QBA, 2YL6, 3RCN, 7CBN, and 6JQF.  
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Supplementary Figure 11 The structure comparison of BbhII with Bt4394 indicates 
the size difference of the leaving group in the substrates. 

The narrower opening near the leaving group of the substrate formed by Y228, Q296, G2967, 
I298 and H452 (in yellow surface) in Bt4394 is narrower than a wider opening in BbhII. GAGB 
residues and sulfate-binding residues are shown in sticks. 
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Supplementary Figure 12 Multiple sequence alignment (MSA) by T-coffee with default 
setting (https://www.ebi.ac.uk/Tools/msa/tcoffee/) for the known 6S-GlcNAcases. 

MSA of Bt4394, human HexA subunit F10-ORF19 and F3-ORF26 and SGL show the 
predicted sulfate binding loop (highlighted in yellow) and sulfate bind residues in bold. The 
catalytic tyrosine that coordinated with the oxazoline ring-oxygen is highlighted in green. 
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Supplementary Figure 13 Michaelis-Menten plot for the hydrolysis of 4MU-6S-
GlcNAc by SGLWT at pH 6.0. 

Initial hydrolytic rate of the substrate 4MU-6S-GlcNAc (2.5 µM to 300 µM) by 1.2 nM 
SGLWT was performed in 25 mM Bis-tris propane-HCl, 25 mM citrate and 300 mM NaCl, pH 
6.0 at 25°C. The release of the fluorescent 4MU was monitored using λex = 360 nm and λem = 
450 nm).
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Supplementary Figure 14 Michaelis-Menten plots for the hydrolysis of 4MU-6S-GlcNAc by 
wild-type Niako3494 and its variants. 

The initial rates of 4MU-6S-GlcNAc hydrolysis by Niako3494WT and its variants were measured 
in the buffer of 25 mM Bis-tris propane, 25 mM citrate, and 300 mM NaCl, pH 5.0. All the 
reactions were measured at 25°C and monitored by release of fluorescent 4MU (λex = 360 nm 
and λem = 450 nm). (a) 1 µM Niako3494WT hydrolyses 75 µM to 5 mM substrate. (b) 393.6 µM 
Niako3494D196N hydrolyses 100 µM to 5 mM substrate. (c) 80 µM Niako3494E197Q hydrolyses 
100 µM to 5 mM substrate.
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Supplementary Figure 15  Active site of Niako3494 and its sequence aligned with “sulfate-
binding site” in other 6S-GlcNAcases.

(a) Active site of apo Niako3494 overlaid with the Bt4394-6S-oxazoline intermediate complex 
(only 6S-oxazoline is shown for clarity) to show the residues in Niako3494’s “predicted sulfate 
binding sites” are far away from the 6-sulfate. (b) Surface of apo Niako3494 overlaid with the 
Bt4394-6S-oxazoline intermediate complex (only 6S-oxazoline is shown for clarity) to show 
the open active site with a potential sugar binding site beyond 3'-OH and 4'-OH for bigger 
substrates and why Niako3494 could be an endo-glycosidase. (c) Structure of Niako3494 
aligned with other 6S-GlcNAcase structures to show the Y279 enters the active site from a 
different direction. (d) Multiple sequence alignment (MSA) for Bt4394, human HexA -subunit 
Niako3494 and SGL by T-coffee with default setting 
(https://www.ebi.ac.uk/Tools/msa/tcoffee/) show the residues predicted to participate the 
sulfate binding (highlighted in yellow). The “back up” residues (N118 for Niako3494, D463 for 
BbhII, D266 for Bt4394, D391 for SGL) are highlighted in cyan. The catalytic diad and other 
conserved residues are highlighted in magenta. Our Niako3494 structure and kinetics studies 
have shown that its aligned region (in yellow and green) in the sequence cannot interact with 
the 6-sulfate moiety effectively.
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Supplementary Figure 16 Michaelis-Menten plots for illustrating substrate specificity 
of pNP-6P-GlcNAc with BbhIIWT, Bt4394WT, and SGLWT. 

The initial rates of hydrolysis were measured in 50 mM Bis-tris propane, 100 mM NaCl 
(Bt4394WT, BbhIIWT, and SGLWT at pH 7.0) at 25°C. The release of the pNP was monitored at 
405 nm. (a) 50 nM BbhIIWT hydrolyses 150 µM to15 mM substrate.  (b) 1 µM Bt4394WT 
hydrolyses 500 µM to 12 mM substrate. (c) 100 nM SgIWT hydrolyses 150 µM to 6 mM 
substrate.
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Supplementary Figure 17 Sequences with 6S-GlcNAcase activity and the reference 
GH20 SpHex (all highlighted in •) on the UniRef90 SSN for the protein family PF00728, GH20, 
at AST 83 for the full length (a) and AST 57 for the GH20 domain only (b). 

Number of Nodes: 16,977 (representing 35,970 sequences); Number of Edges: 11,727,606. 
(a) When plotting with the full length, at AST 83, only sequences that share around 35% 
identity or more are connected. Coloring scheme is based on the length of the representative 
sequences. The variability in color shows that GH20 members are often found fused to other 
domains that are not necessarily equipped with beta-N-acetylhexosaminidase activities. The 
domain fusions can influence networks. (b) When plotting with GH20 domain only, at AST 57, 
only sequences that share around 35% identity or more are connected. The coloring scheme 
is based on the lengths of the GH20 domain in the representative sequences. Variability in 
sequence length is much smaller than in A, and the sequences with similar lengths are 
clustered together. 
Niako_3494 is only characterized for its 6S-GlcNAcase activity (GH20_distant) by using pNP-
6S-GlcNAc 17 and it is very different from the others at the sequence level. BbhII, Bt4394, SGL 
as well as SpHex all fall into the same cluster at low similarity threshold (35%).
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Supplementary Figure 18 6S-GlcNAcases, Bt4394, BbhII, SGL, human HexA, 
Niako3494, F3-ORF26, F10-ORF19, and the reference GH20 SpHex (all highlighted in •) 
mapped on the UniRef90 SSN for the protein family PF00728 representing GH20. 

The pair-wise alignment was using the sequences from just the GH20 catalytic domain.  
AST75 is not yet enough to separate the subgroups. Increasing the AST thresholds from (a) 
75, (b) 84, (c) 88 to (d) 130 leads to the separation of subclusters that corresponds to 
differences in the GH20 domain sequences. At the sequence level, the other sequences are 
closer together than they are to SpHex, one of the best studied GH20. BbhII is different enough 
that it goes in its own cluster at a medium threshold. SGL and Bt4394 are close at the 
sequence level, so that they are only separated when the AST is much higher. The minimum 
alignment score threshold (AST) to separate SGL from Bt4394 is 130. 
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Supplementary Figure 19 The GH20 domain sequences with the sulfate-binding feature as in Bt4394.
The key conserved residues known to be involved in classical GH20 activity are labelled at the top of the sequences. The sulfate recognizing 
residues and catalytic D-E amino acid pair are labelled at the bottom of the sequences.
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Supplementary Figure 20 The GH20 domain sequences with the sulfate-binding feature as in BbhII.

The key conserved residues known to be involved in classical GH20 activity are labelled at the top of the sequences. The sulfate recognizing 
residues and catalytic D-E amino acid pair are labelled at the bottom of the sequences.
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Supplementary Figure 21 Comparison of the flexibility of the catalytic loop with the 
D-E diad relative to the conserved histidine (H467 in BbhII, H270 in Bt4394).

This histidine has been proposed to modulate the pKas of catalytic diad by oscillating between 
the two in a GH20 family, in 6S-NAG-oxazoline intermediate structures of BbhII and Bt4394. 
The whole catalytic loop has been colored in yellow.   
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Supplementary Figure 22 The observed NAG thiazoline-SO2
- species found in the 

Bt4394 active site. 

(a) Active site of Bt4396 with NAG thiazoline-SO2
- bound. 2Fo-Fc map contoured at 1.0 

 (0.333 e-/Å3) for NAG-thiazoline and the partially covalently linked SO2 species. (b) The 
proposed mechanism of the condensation reaction between NAG-thiazoline and sulfite 
through dehydration during the co-crystalization of Bt4394, NAG-thiazoline and sodium sulfite 
in the 1.47 Å resolution structure.
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4. HRMS, 1H-NMR and 13C-NMR spectra

Supplementary Figure 23 MS spectrum of 1 (ESI-MS). calcd. m/z for C14H19N2O11P-
 

[M]- 422.07, found 422.07.
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Supplementary Figure 24 1H NMR spectrum of 1 in D2O (500 MHz).

Supplementary Figure 25 13C NMR spectrum of 1 in D2O (125 MHz).



52

Supplementary Figure 26 31P NMR spectrum of 1 in D2O (202 MHz).
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