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Supplemental Discussion 

 

1. Utilization of different mucin O-glycans sources by the human gut 

microbiome (HGM) 

Mucin composition varies throughout the gastrointestinal (GI) tract, with the 

stomach having mainly MUC5AC and the colon mainly MUC21. The glycosylation of 

these respective mucins also varies along the GI tract with higher levels of sulfated 

and sialylated structures observed in the distal colon compared to the upper GI tract2. 

Among the 20 bacterial strains tested for growth, 12 failed to grow on gastric mucin 

O-glycans (gMO) or colonic mucin O-glycans (cMOs) (Fig. 1b). Only 6 bacteria were 

able to utilize both O-glycans substrates, but growth was variable. In both O-glycan 

substrates, Bacteroides thetaiotaomicron (Bt), B. caccae, B. fragilis and B. fluxus grew 

better than Phocaeicola dorei and P. vulgatus (Fig. 1b and Extended Data Fig. 1a). 

The differences observed in the growth profiles were reproducible in two different 

batches of purified cMOs (Fig. 1b) Indeed, it is likely that different HGM members 

have evolved to target different (or only a subset) of the available O-glycans and this 

fine-tuning of host glycan utilization may have important implications in gut 

colonization and symbiosis. Additionally, P. massiliensis and Akkermansia muciniphila 

grew on gMO but failed to utilize cMO (Fig. 1b and Extended Data Fig. 1b). Both 

strains were able to grow on N-acetyl-D-glucosamine (GlcNAc) and A. muciniphila 

grew on GlcNAc in the presence of cMO suggesting that these O-glycans do not inhibit 

the growth of this bacterium (Extended Data Fig. 1b). Previous studies have 

determined that P. massiliensis and A. muciniphila are mucin-degraders by 

demonstrating growth on gastric mucins3,4. However, the lack of growth in colonic O-

glycans suggests that these bacteria are not able to initiate degradation of more 

complex, sulfated colonic glycans. This finding highlights the importance of taking into 

account O-glycosylation differences along the GI tract and the need to utilize colonic 

mucins to draw conclusions regarding the full mucin-degrading potential of members 

of the colonic HGM.  

 

2. Bt sulfatases activity in defined sulfated saccharides 

Characterized sulfatases within the same subfamily, with the exception of two S1_4 

members, cleaved the same sulfate ester linkages (Fig. 1c). However, despite these 

enzymes targeting the same linkages, their optimal activity depends on the 



surrounding glycan context. The activity of the 3S-galactose (3S-Gal) sulfatases is 

dependent on the linkage between Gal and GlcNAc. BT46833S-Gal displayed a 

preference for 3’-sulfate-N-acetyllactosamine (3’S-LacNAc, 3’S-D-Gal-1,4-D-

GlcNAc). In contrast, BT16223S-Gal/GalNAc demonstrated enhanced activity towards 3’-

sulfate-lacto-N-biose (3’S-LNB, 3’S-D-Gal-1,3-D-GlcNAc) (Extended Data Fig. 3a 

and Supplementary Table 3). Furthermore, additional affinity/activity studies 

revealed that BT16223S-Gal/GalNAc preferentially targets N-acetyl-D-galactosamine 

(GalNAc) and not Gal (Extended data Fig. 3b,c and Supplementary Table 3), 

suggesting that this sulfatase evolved to optimally target sulfate that is O3-linked to 

GalNAc. Bt sulfatase activity is also affected by the presence of terminal epitopes such 

as those that occur in Lewis antigens. Despite BT16363S-Gal being equally active on 

3’S-LacNAc and 3’S-LNB , this protein has a lower affinity and it is 100-fold less active 

when L-fucose (Fuc) is linked to GlcNAc (3’S-Lewis-a/x) (Extended data Fig. 3a,b 

and Supplementary Table 3). While BT16223S-Gal/GalNAc is only weakly active on 3’S-

Lewis-a antigen and not active at all on 3’S-Lewis-x, the reciprocal is true for 

BT46833S-Gal (Supplementary Table 3).  

The subfamily S1_15 enzyme BT16246S-Gal/GalNAc was only weakly active on 6S-

Lewis-a/x antigens (Extended Data Fig. 3a), suggesting that these enzymes cannot 

accommodate Fuc linked to GlcNAc and Fuc needs to be removed prior to sulfate 

cleavage. Additionally, affinity studies showed that BT31096S-Gal/GalNAc has a strong 

affinity for Gal, while the previously characterized glycosaminoglycan (GAG) sulfatase 

BT33336S-GalNAc showed a preference for GalNAc (Fig. 1c and Extended Data Fig. 

3b). These data suggest that optimal activity of S1_15 sulfatases likely depends on 

the glycan context and BT33336S-GalNAc evolved to target sulfated linkages in GAGs, a 

substrate that contains GalNAc but not Gal.  

Two S1_11 sulfatases, BT16286S-GlcNAc and BT31776S-GlcNAc, were found to be 

active on 6S-GlcNAc (Extended Data Fig 4d and Supplementary Table 3).  The 

S1_11 sulfatase encoded in the heparan sulfate PUL, BT4656, has previously 

characterized as active on sulfated O6-linked to both GlcNAc and D-glucosamine (6S-

GlcN)5, two of the monosaccharides present in the target glycosaminoglycan (GAG) 

(Fig. 1c).  Interestingly, BT16286S-GlcNAc and BT31776S-GlcNAc failed to cleave 6S-GlcN 

(Supplementary Table 2) suggesting that the N-acetyl group in GlcNAc is a specificity 

determinant essential to the activity of these sulfatases. This finding is in line with the 



observation that these sulfatases are encoded in PULs previously reported as 

targeting mucins6,7 (Extended Data Fig. 2), indicating that these sulfatases evolved 

to specifically target mucin O-glycans, a substrate that contains GlcNAc but not GlcN.  

In conclusion, Bt sulfatases not only have different preferences for closely related 

sulfated sugars (Gal vs GalNAc and GlcNAc vs GlcN) but, have also evolved to 

recognize the specific substrates target by the respective PULs were these enzymes 

are encoded (GAGs vs mucin O-glycans). 

 

3. Sulfatase activity in colonic mucin oligosaccharides (cMO) 

Despite all 12 sulfatases being active on defined oligosaccharides, of those tested 

on cMO, BT16223S-Gal/GalNAc (S1_20 subfamily) and BT16246S-Gal/GalNAc (S1_15 

subfamily) did not show any activity on this complex substrate (Fig. 2, Extended Data 

Fig. 5 and Supplementary Tables 4 and 5). These findings are consistent with the 

results observed in defined commercial oligosaccharides where BT16223S-Gal/GalNAc 

showed a preference for sulfated GalNAc over Gal glycans (Extended Data Fig. 3c 

and Supplementary Table 3) and BT16246S-Gal/GalNAc activity is blocked by the 

presence of additional substitutions (such as Lewis antigens) (Extended Data Fig. 

3a). Additionally, two of the 6S-Gal structures detected in cMO contained a capping 

sialic acid and a terminal blood group H type 2 [Fuc-1,2-(6S)Gal-1,4-GlcNAc-] 

(Supplementary Tables 4 and 5). The lack of activity of BT16246S-Gal/GalNAc towards 

such structures confirms an exo-mode of action that we describe for this sulfatase 

using commercial substrates. 

Overall, when compared to the non-enzyme treated control, we detected an 

increase in non-sulfated structures and decrease in sulfated oligosaccharides in all 

cMO samples treated with one of the 4 enzymes that we observed to be active on this 

substrate (BT46833S-Gal, BT16363S-Gal, BT16286S-GlcNAc and BT31776S-GlcNAc) 

(Extended Data Fig. 5a). Diverse O-glycans structures, including the variations 

described above, were detected in two experiments employing different batches of 

cMO (batch 1 and 2).  Despite some expected variations in the structures present 

between the two batches, we observed the same catalytic specificities. The S1_20 

sulfatase BT16363S-Gal was active towards all detected 3S-Gal structures with the 

exception of glycan 1055_1 that is a doubly sulfated 3S-Gal/6S-GlcNAc fucosylated 

structure (Supplementary Table 4). As we observed using commercial substrates, 



the presence of Lewis-a/x epitopes leads to a decrease in the activity of this sulfatase 

(Extended Data Fig. 3a and Supplementary Table 3) and the presence of a second 

sulfate group might exacerbate this negative effect leading to the lack of activity 

towards this complex sulfated O-glycan. The incubation of the 6S-GlcNAc sulfatases 

BT16286S-GlcNAc and BT31776S-GlcNAc with cMO suggests that these enzymes are 

redundant (Fig. 2, Extended Data Fig. 5 and Supplementary Tables 4 and 5), but 

because they are encoded in different PULs (Extended Data Fig. 2) they could be 

expressed in response to different activating cues. In the reactions with cMO batch 1, 

16 glycans were not detected after incubation with these sulfatases, compared to the 

non-enzyme treated control, and 14 of these structures could be confirmed to have a 

terminal 6S-GlcNAc (Fig. 2a and Supplementary Table 4). A similar result was 

observed using the cMO batch 2, were all 13 glycans, presenting a terminal 6S-

GlcNAc, were not detected after incubation with 6S-GlcNAc sulfatases (Extended 

Data Fig. 5b and Supplementary Table 5). BT16286S-GlcNAc and BT31776S-GlcNAc were 

active in 6S-GlcNAc core 3 (GlcNAc-1,3-GalNAc) and core 4 (GlcNAc-1,6-GalNAc) 

structures (Extended Data Fig. 5c and Supplementary Tables 4,5), suggesting that 

these sulfatases can accommodate the variations in linkages/sugars found in mucin 

O-glycans.  Additionally, we also detected  new glycans that are likely to be reaction 

products of BT16286S-GlcNAc and BT31776S-GlcNAc (Fig. 2, Extended Data Fig. 5 and 

Supplementary Tables 4,  5).  

The identification and characterization of the first sulfatases active on mucin O-

glycans creates the opportunity to improve our understanding of O-glycan structures 

by using these enzymes as analytical tools. After treatment with BT16363S-Gal, several 

oligosaccharides predicted to contain a terminal sulfate linked to Gal were not detected 

(Fig. 2a, Extended Data Fig. 5 and Supplementary Tables 4, 5). Although we could 

not determine the specific sulfate linkage by mass spectrometry, the activity of the 3S-

sulfatase suggests that these oligos contain a terminal 3S-Gal (Extended Data Fig. 

5b and Supplementary Tables 4, 5). The specificity of the 6S-GlcNAc sulfatases for 

non-fucosylated O-glycans also illuminates their potential use as tools to characterize 

the structure of these complex glycans since it enables the differentiation of different 

isomers. For example, we detected two oligosaccharides with mass 1096, however, 

after incubation with BT16286S-GlcNAc or BT31776S-GlcNAc, only the isomer 1096_2 



remained detectable, indicating that the isomer 1096_1 contains a terminal 6S-GlcNAc 

and was cleaved (Extended Data Fig. 5c and Supplementary Tables 4, 5).  

 

 

4. Conserved structural features of the S1 formylglycine family 

Protein fold and subsites nomenclature 

S1 sulfatases comprise the most common and largest family of sulfatases, 

currently encompassing 36,816 members in the SulfAtlas database and are found in 

all domains of life8. S1 sulfatases are part of the alkaline phosphatase superfamily and 

adopt an alkaline phosphatase-like fold. This is an N-terminal / domain with S1 

sulfatases also possessing a smaller C-terminal ‘sub domain’. The active site is 

located in the N-terminal domain that has a large mixed -sheet composed of ~10 

strands, sandwiched between  helices above and below. The C-terminal ‘sub-

domain’ is composed of a 4 stranded antiparallel -sheet and a single amphipathic 

terminal helix. This C-terminal domain abuts the N-terminal domain through the 

antiparallel -sheet with loops from the strands sometimes contributing to the active 

site architecture (Extended data Fig. 6a). The subsite nomenclature for carbohydrate 

sulfatases is such that the invariant sulfate binding site is denoted as the S site. The 

S site sulfate is appended to the 0 subsite sugar. Subsites then increase in number 

(i.e. +1, +2, +3) as the sugar moves toward the reducing end (free O1) and decreases 

in number as the sugar chain moves towards the non-reducing end (i.e. -1, -2, -3)9. 

 

S1 formylglycine active site conservation 

The sulfate binding site (S site) is invariant across the S1 family and comprises 

the catalytic residues (nucleophile and catalytic acid) and a calcium binding site 

(Extended data Fig. 6b). An invariant histidine is likely the potential catalytic acid but 

a lysine has also been suggested to possibly fulfil this role5. The pKa of His is ~6.0, 

whilst Lys has a pKa of >10, making it more chemically feasible that His performs the 

role of the catalytic acid. Homologues of these residues (H252 and K352 in BT16363S-

Gal) make hydrogen bonds to the scissile sulfoester linkage (Extended data Fig. 6b). 

Previously published work with BT1596 (S1_9) and BT4656 (S1_11), which are 2S-

uronic acid and 6S-GlcNAc sulfatases, respectively, showed that the mutation of either 

residue to alanine causes inactivation5. Consistent with this work, a BT46833S-Gal 



H219A mutant was inactive. However, in BT16223S-Gal/GalNAc, the mutation of H255 to 

Ala caused only a ~30-fold decrease in activity (Supplementary Table 3). Thus, it is 

possible that in BT16223S-Gal/GalNAc the loss of H255 is compensated by the invariant 

residue K356 and interestingly BT16223S-Gal/GalNAc has a pH optimum ~2 units higher 

than most sulfatases assayed (Supplementary Fig. 5). 

The calcium binding site is located at the base of the S site interacting with the 

sulfate group. This calcium ion is an essential component of the catalytic mechanism 

helping to stabilise negative charges that occur during the catalysis. All three of the 

solved structures had occupation for calcium. In BT16363S-Gal D328 and the sulfate 

group of the substrate coordinate above and below the calcium with D37, D38, N329 

and the formylglycine binding in a plane completing an octahedral coordination 

(Extended Data Fig. 6b). These three Asp and the Asn coordinated with calcium are 

structurally conserved in all 3S-Gal/GalNAc sulfatases structures (Extended data Fig. 

6b). 

The solved structures of BT16363S-Gal and BT16223S-Gal/GalNAc were native Bt 

proteins having a Ser at the formylglycine position. However, the structure of 

BT46833S-Gal was obtained with the active protein where S73 was mutated to Cys (as 

E. coli can only convert Cys, not Ser, to formylglycine). The analysis of BT46833S-Gal 

reveals that the crystallized protein still has the Cys and not formyglycine indicating 

poor installation of the formylglycine. This observation means the kinetic data, 

(although the rates are significant and readily measurable) may be an underestimation 

of true catalytic performance. This will affect the kcat component of the kcat/KM 

measurement and thus the kcat/KM reported in Supplementary Table 3 is likely an 

underestimate of the true activity. Despite this the rates observed for kcat/KM values 

are between 102 - 105 min-1 M-1 across all the sulfatases; these rates broadly correlate 

to what has been observed for other CAZymes such as glycoside hydrolases 103 min-

1 M-1 10,11, 109 min-1 M-1 10, and polysaccharide lyases 105 min-1 M-1 12, suggesting 

adequate levels of FG installation. Currently there is no standardised method of 

assessing FG installation to obtain normalised rates based on percentage of active 

enzyme.  

 

Additional 3S-Gal/GalNAc specificity determinants based on structures 

BT16363S-Gal was solved in complex with the product LacNAc; the Gal at 0 

subsite is well ordered and makes extensive interactions, whilst the +1 GlcNAc is 



highly disordered and appears to make no interactions with the protein (Fig. 3 and 

Extended Data Fig. 6b). O2 of the Gal hydrogen bonds with O1 of E334 and NH2 of 

R353. Mutation of these residues to Ala causes ~300 and ~60-fold reductions in 

kcat/KM, respectively. The O6 group of Gal potentially coordinates with O2 of E100 and 

N2 of Q173 and mutations of these residues to Ala cause ~80 and ~50-fold decreases 

in kcat/KM, respectively (Fig. 3 and Supplementary Table 3). Comparison of the 

BT16223S-Gal/GaNAc structure with BT16363S-Gal shows that E98 and Q172 (which 

correspond to E100 and Q173 in BT16363S-Gal) are conserved (Fig. 3) and mutating 

E98 to Ala caused only a 15-fold decrease in kcat/KM (Supplementary Table 3). 

Additionally, in BT16223S-Gal/GaNAc the hydrophobic interactions with the N-acetyl group, 

and the more open pocket, may offset the effects H176A (300-fold loss in activity) 

when compared to H177A (complete loss in activity) in BT16363S-Gal (Fig. 3 and 

Supplementary Table 3). 

The S1_4 enzyme BT4683Gal-3S also displayed the same 3S-Gal activity as the 

S1_20 enzymes but showed a preference for 3’S-LacNAc, reciprocal to BT16223S-Gal. 

BT46833S-Gal, a structure solved in complex with LacNAc did not reveal any interaction 

between the protein and the O4 of Gal.  BT46833S-Gal bound the O2 Gal via O2 of 

E335 (equivalent to E334 in BT16363S-Gal) and through either Nor NH1 of R72 (Fig. 

3). Although R72 is sequentially distal to R353 in BT16363S-Gal it is spatially similar and 

likely contributes in a similar capacity (Fig. 3). Despite the mutations R72A and E335A 

resulting in loss of activity (Supplementary Table 3), the Glu and Arg are only 

conserved in 62 % and 19 % of S1_4 sequences, respectively, suggesting there is a 

significant but not absolute selection for an equatorial O2 in this subfamily (Extended 

Data Fig. 7b and Supplementary Fig. 4). Uniquely among the 3S-Gal sulfatases 

identified, BT46833S-Gal utilizes a hydrophobic stacking interaction through W505 to 

provide a platform for the +1 GlcNAc and partially the 0 Gal. Mutation of W505 to Ala 

almost completely abolishes activity on 3’S-LacNAc (Supplementary Table 3) but 

surprisingly this residue is not conserved in our phylogenetic analyses of S1_4 being 

present in only 8 other sequences (Extended Data 7b and Supplementary Fig. 4).  

It is important to note, that W505 is not well conserved; potential equivalent aromatic 

residues can be found in some additional clades, which are coloured light brown (or 

bronze), pink or dark red, but it is not evident from the alignment that these are 

functional equivalents (Extended Data 7b and Supplementary Fig. 4). Future 



structural work is needed to confirm if other aromatic residues take equivalent 

positions in those sulfatases. A close analysis of the BT46833S-Gal structure shows that 

the active site is located in an open cleft (Fig. 3) characteristic of an endo-active 

enzyme9. Indeed, the activity determined in cMO shows that this sulfatase can act on 

sialylated O-glycan with an internal 3S-Gal linkage (Fig. 2, Extended Data Fig. 5c 

and Supplementary Tables 4 and 5). Further modelling of different O-glycan 

structures (using the crystallographically solved LacNAc as an ‘anchor’) indicate that 

this enzyme can accommodate complex O-glycans with internal O3 sulfation 

(Extended Data 6c). Together, these data demonstrate that BT46833S-Gal, and its 

close homologues, are endo 3S sulfatases where the 0 subsite specificity for Gal is 

driven by glycan context and/or distal subsites such as -1 and +2, rather than an axial 

O4 as in S1_20. 

Additionally, it is unclear why BT16363S-Gal acts better on LacNAc substrates 

than BT16223S-Gal/GalNAc. It is interesting to note, however, that both BT16363S-Gal and 

BT46833S-Gal perform well on LacNAc configured substrates and utilise an Arg and Glu 

to coordinate O2 whilst BT16223S-Gal lacks these residues (Fig. 3). These residues 

may lead to the enhanced activity on LacNAc (1,4 glycan) vs. LNB (1,3 substrate). 

Another thing to note is that a 1,4 vs 1,3 linkage will rotate the GlcNAc ~60° but 

switch the position of the Fuc residue from being on the ‘N-acetyl side’ of the glycosidic 

bond to the ‘O6 side’ of the glycosidic bond, and this may also be the cause of the 

differential activities on 1,4 vs 1,3 linked substrates. 

 

Phylogenetic analyses of S1_20 specificity determinants  

The essential His that acts as a key specificity determinant of galacto- over 

gluco-substrates (H177 and H176 in BT16363S-Gal and BT16223S-Gal/GalNAc, 

respectively) is highly conserved (92% of S1_20 sequences) (Extended data Fig. 7a 

and Supplementary Fig. 3). The Gln (Q173 and Q172 in BT16363S-Gal and BT16223S-

Gal/GalNAc, respectively) is only conserved in 66% of sequences and in 25% of the cases 

is substituted with a histidine, a residue that can also fulfil the same role of Gln 

interacting with Gal O6. Indeed, these conserved residues are located in a highly 

conserved domain with the consensus sequence [CDNS]-[QH]-[RVF]-[QHLD]-[AG]-H-

[NRST]-[YHF]-[YF]-P (Prosite syntax). With H177 targeting the axial O4 of Gal directly, 

a Q173 may function indirectly to select for an axial O4 and thus these residues may 



operate as a selectivity ‘dyad’ for Gal within S1_20. Additionally, the residues 

implicated in recognition of Gal over GalNAc, E335 and R353 in BT16363S-Gal are 

conserved in 64 and 74% of S1_20 sequences, whilst the residue that allows the 

accommodation of O2 N-acetyl and activity in GalNAc (N334 in BT16223S-Gal/GalNAc) 

are only found in 8% of members of this family (Extended Data Fig. 7a and 

Supplementary Fig. 3). This observation suggests that the majority of the S1_20 

sulfatases evolved to target sulfated Gal and only a subset of this subfamily’s 

members can actually also be active on GalNAc. Interestingly, all of the close 

homologs of BT16363S-Gal and BT16223S-Gal/GalNAc that share the critical specificity 

determinants of these proteins (Supplementary Tables 15 and 16) were isolated 

from mammals at body regions rich in mucins, highlighting the role of these sulfatases 

in accessing sulfated host glycans. 

 

5. Growth of sulfatase mutants on O-glycans 

The deletion strain lacking 4S-Gal/GalNAc sulfatases (bt3057 + bt3796) did not 

exhibit any growth defects in cMO (Extended Data Fig. 8a), a result that is consistent 

with the lack of these sulfated linkages in colonic mucins (Supplementary Tables 4 

and 5). Unexpectedly, the deletion strains lacking the identified 6S-Gal/GalNAc 

sulfatases (bt1624 + bt3109 + bt4631) and 6S-GlcNAc sulfatases (bt1628 + 

bt3051 + bt3177) also did not show any growth defect on cMOs (Extended Data 

Fig. 8a). Analysis of cMO by mass spectrometry showed that this substrate contains 

a low abundance of 6S-Gal but a relatively high abundance of 6S-GlcNAc, especially 

in shorter structures (Supplementary Tables 4 and 5). Although the low abundance 

of O6-sulfated Gal could explain the lack of phenotype of the 6S-Gal/GalNAc sulfatase 

deficient strain, the lack of effect in the 6S-GlcNAc mutant in cMO was unexpected 

(Extended Data Fig. 8a). Due to the limitations of the mass spectrometry technique, 

it is not possible to analyse sulfation in longer oligos, making the real complexity of 

glycans found in colonic mucins unclear. Indeed, the lack of phenotype of 6S-GlcNAc 

mutant in cMO suggests that 6S-GlcNAc might not be a major terminal epitope in 

colonic mucin glycans. It is also important to note that the mutant 6S-GlcNAc is the 

deletion of two characterized 6S-GlcNAc sulfatases active on cMO (BT16286S-GlcNAc 

and BT31776S-GlcNAc) and a third closely related S1_11 sulfatase (BT3051putative_6S-

GlcNAc) for which no activity was found. This putative 6S-GlcNAc sulfatase was deleted 



to avoid possible compensation of function after loss of BT16286S-GlcNAc and BT31776S-

GlcNAc activities but it is formally possible that other, unidentified, sulfatases could 

potentially compensate.  

The deletion of previously characterized GAG-specific sulfatases13 (bt1596 + 

bt3333 + bt3349 + bt4656) did not result in any observable phenotype in cMO 

(Extended Data Fig. 8a), indicating that this substrate was not contaminated with 

additional endogenous host glycans. Additionally, despite some mutants exhibiting 

growth defects during growth on cMO, all of the mutants grew well on gMO and 

glucose (Fig. 4a and Extended Data Fig. 8a), suggesting that the phenotypes 

observed are dependent on the mucin source (colon) and cannot be observed utilizing 

mucins from other regions of the gastrointestinal tract. Together these results highlight 

the contribution of sulfatases in utilization of colonic mucins by the HGM. 

 

6. Prediction of cellular localization of Bt sulfatases 

Secreted proteins in Bt and other Gram-negative bacteria often harbor signal 

peptidase I or II (SPI or SPII) motifs that provide information regarding their potential 

cellular location. Since SPI secreted proteins become freely soluble in the periplasm, 

this is often their final location, unless there is an additional secretion system (e.g., 

Type 2, which is absent in Bacteroides) to traffic them across the outer membrane. 

SPII lipoproteins receive a cysteine-attached N-terminal lipid attachment, remain 

membrane localized and can either remain in the periplasm or be trafficked to the outer 

leaflet of the outer membrane and be surface exposed, which is the case for many Bt 

enzymes that perform initial binding and cleaving functions towards polysaccharides14. 

Our analysis of Bt sulfatase signal peptides revealed that most contain SPI motifs 

(Supplementary Table 6). This included the critical sulfatase BT1636 although a 

candidate N-terminal Cys is present near the predicted cleavage site, which can 

explain the cell surface localization observed for this protein (Fig. 4b). Additionally, 

although Bt does encode two additional 3S-Gal/GalNAc sulfatases, their predicted 

periplasmic location (Supplementary Table 6) combined with the low activity of these 

additional sulfatases on cMOs (Fig. 2 and Extended Data Fig. 5), suggests why these 

enzymes cannot compensate for loss of BT16363S-Gal sulfatase. 

 

7. Analysis of bt16363S-Gal culture supernatant by mass spectrometry 



The analysis of the oligosaccharides present in bt16363S-Gal culture supernatant 

after 96h incubation revealed that the detected glycans are different from the cMO 

profile in the starting material (Fig. 4c, Extended Data Fig. 8b and Supplementary 

Table 7).  We detected 114 glycans in the cMO sample used for this experiment, of 

which 39 were sulfated and fucosylated (44% total) and the three most common 

structures (12% total) were 6S-GlcNAc containing oligosaccharides (Fig. 4c, 

Extended Data Fig. 8b and Supplementary Table 7). In the control sample, the 

levels of sulfation, sialylation, and fucosylation were 92%, 40% and 77%, respectively 

(Extended Data Fig. 8b and Supplementary Table 7). In the bt16363S-Galculture 

supernatant, we detected 72 glycans, of which 41 were substituted only with O-sulfate 

(84% total) (Extended Data Fig. 8b). In the mutant supernatant the levels of sulfation 

(95%) were similar to cMO, however the levels of sialylation (11%) and fucosylation 

(5%) decreased substantially (Extended Data Fig. 8b), suggesting that this mutant is 

not able to utilize sulfated structures and these accumulate in the culture media.  

Additionally, a total of 98 of the 114 structures present in cMO were not detected 

in bt16363S-Gal culture supernatant whereas in mutant supernatant, we detected 49 

glycans that were not detected in the initial substrate (Supplementary Table 7). This 

suggests that some of the oligosaccharides present in cMO can support the limited 

growth of bt16363S-Gal and, although this mutant is not able to utilize many sulfated 

cMO structures, it can still modify the glycans to create novel structures. It remains 

unclear which enzymes are encoded by the mutant to modify the O-glycans, but the 

presence of a cell surface sialidase15 can explain the decrease of sialylation levels in 

structures found in  bt16363S-Gal supernatant. Additionally, the presence of surface 

endo-acting glycoside hydrolases able to cleave O-glycans into shorter 

oligosaccharides16 can also contribute to new glycan structures in the mutant culture 

supernatant. Together these results show that bt16363S-Gal is not able to utilize most 

sulfated O-glycans explaining the limited growth of this mutant in cMO.  

 

References 

 

1 Arike, L. & Hansson, G. C. The Densely O-Glycosylated MUC2 Mucin Protects 
the Intestine and Provides Food for the Commensal Bacteria. J Mol Biol 428, 
3221-3229, doi:10.1016/j.jmb.2016.02.010 (2016). 



2 Arike, L., Holmen-Larsson, J. & Hansson, G. C. Intestinal Muc2 mucin O-
glycosylation is affected by microbiota and regulated by differential expression 
of glycosyltranferases. Glycobiology 27, 318-328, doi:10.1093/glycob/cww134 
(2017). 

3 Derrien, M., Vaughan, E. E., Plugge, C. M. & de Vos, W. M. Akkermansia 
muciniphila gen. nov., sp. nov., a human intestinal mucin-degrading bacterium. 
Int J Syst Evol Microbiol p54, 1469-1476, doi:10.1099/ijs.0.02873-0 (2004). 

4 Pudlo, N. A. et al. Symbiotic Human Gut Bacteria with Variable Metabolic 
Priorities for Host Mucosal Glycans. MBio 6, e01282-01215, 
doi:10.1128/mBio.01282-15 (2015). 

5 Cartmell, A. et al. How members of the human gut microbiota overcome the 
sulfation problem posed by glycosaminoglycans. Proceedings of the National 
Academy of Sciences of the United States of America 114, 7037-7042, 
doi:10.1073/pnas.1704367114 (2017). 

6 Martens, E. C., Chiang, H. C. & Gordon, J. I. Mucosal Glycan Foraging 
Enhances Fitness and Transmission of a Saccharolytic Human Gut Bacterial 
Symbiont. Cell Host Microbe 4, 447-457, doi:DOI 10.1016/j.chom.2008.09.007 
(2008). 

7 Sonnenburg, J. L. et al. Glycan foraging in vivo by an intestine-adapted 
bacterial symbiont. Science 307, 1955-1959 (2005). 

8 Barbeyron, T. et al. Matching the Diversity of Sulfated Biomolecules: Creation 
of a Classification Database for Sulfatases Reflecting Their Substrate 
Specificity. PLoS One 11, e0164846, doi:10.1371/journal.pone.0164846 
(2016). 

9 Hettle, A. G. et al. The Molecular Basis of Polysaccharide Sulfatase Activity and 
a Nomenclature for Catalytic Subsites in this Class of Enzyme. Structure 26, 
747-758 e744, doi:10.1016/j.str.2018.03.012 (2018). 

10 Cuskin, F. et al. The GH130 Family of Mannoside Phosphorylases Contains 
Glycoside Hydrolases That Target beta-1,2-Mannosidic Linkages in Candida 
Mannan. J Biol Chem 290, 25023-25033, doi:10.1074/jbc.M115.681460 
(2015). 

11 Cartmell, A. et al. The structure and function of an arabinan-specific alpha-1,2-
arabinofuranosidase identified from screening the activities of bacterial GH43 
glycoside hydrolases. J Biol Chem 286, 15483-15495, 
doi:10.1074/jbc.M110.215962 (2011). 

12 Munoz-Munoz, J. et al. An evolutionarily distinct family of polysaccharide lyases 
removes rhamnose capping of complex arabinogalactan proteins. J Biol Chem 
292, 13271-13283, doi:10.1074/jbc.M117.794578 (2017). 

13 Ndeh, D. et al. Metabolism of multiple glycosaminoglycans by Bacteroides 
thetaiotaomicron is orchestrated by a versatile core genetic locus. Nat Commun 
11, 646, doi:10.1038/s41467-020-14509-4 (2020). 

14 Glowacki, R. W. P. & Martens, E. C. If you eat it, or secrete it, they will grow: 
the expanding list of nutrients utilized by human gut bacteria. J Bacteriol, 
doi:10.1128/JB.00481-20 (2020). 

15 Briliute, J. et al. Complex N-glycan breakdown by gut Bacteroides involves 
an_SI. Nat Microbiol 4, 1571-1581, doi:10.1038/s41564-019-0466-x (2019). 

16 Crouch, L. I. et al. Prominent members of the human gut microbiota express 
endo-acting O-glycanases to initiate mucin breakdown. Nat Commun 11, 4017, 
doi:10.1038/s41467-020-17847-5 (2020). 
 


	A single sulfatase is required to access colonic mucin by a gut bacterium
	SpringerNature_Nature_3967_ESM.pdf
	A single sulfatase is required to access colonic mucin by a gut bacterium


