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Supplementary Figure 1. Expression and purification of SmE. SmE was expressed overnight at 16 °C. SDS
-PAGE gel was stained with Coomassie (Bulldog-Bio) and imaged using an Odyssey CLx Near-Infrared
Fluorescence ImagingSystem (LI-COR Biosciences). SmE ran at the predicted molecular weight of 94 kDa, as
indicated by the arrow.
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Supplementary Figure 2. SmE selectivity for mucin-domain glycoproteins. The recombinant
proteins shown wereincubated with SmE at a 1:20 E:S ratio overnight at 37 °C and the digests were separated
by SDS-PAGE. SDS-PAGE gel was stained with Coomassie (Bulldog-Bio) and visualized on an
Odyssey CLx Near-Infrared Fluorescence Imaging System (LI-COR Biosciences). Limited digestion of CD43 is
likely due to its expression in NSO cells (vide infra).
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Supplementary Figure 3. MUC16 is released into cell supernatant after mucinase treatment. HelLa cells
were treated with StcE (left) or SmE (right) at the noted concentrations for 60 min. Following treatment, the
supernatant was transferred to 15 mL conical tubes containing 75 pL of EDTA to stop enzyme processing. The
supernatants were then concentrated using 3 kDa MWCO spin filters and then diluted with 4X LDS
sample buffer to a final concentration of 1X. The samples were then boiled at 95 °C for 5 min and loaded
onto a 4-12% Bis Tris gel for separation by gel electrophoresis and probing for MUC16 via Western blot.
Proteins were transferred to a nitrocellulose membrane using the Trans-Blot Turbo Transfer System
(Bio-Rad) at a constant 2.5 A for 15 min. Total protein was quantified using REVERT stain before primary
antibody incubation overnight at 4 °C. An IR800 dye labeled secondary antibody was used according to
manufacturer’s instructions for visualization on a Licor Odyssey instrument.
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Supplementary Figure 4. SmE treatment was nontoxic to HeLa cells at moderate concentrations and/

or durations. (A) Live cell microscopic ima%
4 hours for a total of 4 dac\;s. (B) Cellular via

rmo Fisher Scientific), at 0, 0.05, 5 and 500 n
E. Statistical significance was determined usi

e

s of HelLa cells treated with 500 nM StcE or SmE, taken every 2
ility was measured using a resorufin-based dye (PrestoBlue, The
M StcE or SmE treatment over 4 days. Green: StcE, maroon: Sm
ng the two-way ANOVA analysis in Graphpad PRISM software a

nd is reported with respectto the no mucinase control condition. **** indicates a p value <0.0001. Scale bar =

100 pm.
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Supplementary Figure 5. Benchmarking OgpA, ImpA, and SmE activity on TIM proteins. Recombinant pr
oteins (A) TIM-1, (B) TIM-4 and (C) TIM-3 were reacted with O-glycoproteases with and without sialidase over

night at 37 °C. For SmE digestion, we employed a 1:10 E:S ratio, while for OgpA and ImpA, manufacturer’s
recommended conditions were used. All digests were separated via SDS-PAGE and stained with Coomassie
(Bulldog-Bio). Gels were imaged on an Odyssey CLx Near-Infrared Fluorescence Imaging System (LI-COR Biosc
iences). ImpA is denoted by the red box.
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Supplementary Figure 6. Total cleavage events. (A) Cleavage maps depict observed glycosites and cleavag
e sites of each enzyme from MS analysis. (B) Graphical interpretation of individual glycoprotein cleavage sites,
glycosites, and glycoforms identified by treatment with each enzyme. Red: SmE, blue: ImpA, yellow: OgpA. A
sterisk in fetuin cleavage map indicates cleavage attributable to either mucinase or co-enzyme (trypsin);
white squares withquestion marks indicate implied glycosites with observed cleavage.
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Supplementary Figure 7. C1-Inh glycoproteomic landscape. C1-Inh isolated from human plasma was
subjeted to digestion with SmE and trypsin followed by MS analysis and manual data validation. Depicted are r
esidues 21-140 which comprise the C1-Inh mucin domain. Glycans depicted in brackets were detected on the a
ssociated residues. The colored residues were either detected (orange; Stavenhagen et al.),1 inferred (green; B
ock et al.),2 hinted at without sufficient evidence (blue; Bock et al.),2 or predicted by NetOGlyc 4.0 (purple).
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Supplementary Figure 8. Extracted ion chromatograms of cleaved glycopeptides from fetuin. Using Th
ermo Xcalibur, extracted ion chromatograms (XICs) were generated for four glycopeptides from the OgpA, |
mpA, and SmE digest of fetuin. The XICs of specific glycopeptides were normalized to indicate relative abu
ndance in each analysis. Yellow: OgpA, blue: ImpA, red: SmE.
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Figure S9. Anti-logos demonstrate missed cleavage events and less preferred P1/P1’ residues. Using
cleavage maps from Figure S5, all sites without observed cleavage were loaded into weblogo.berkeley.edu.
OgpA (A) and ImpA (B) demonstrated less efficiency with Thr in the P1 position. SmE (C) uniquely showed lower
preference for Ser in the P1’ position.
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Supplementary Figure 10. Comparison of SmE activity on recombinant mouse (NS0) or human (HEK29
3)-derived TIM-1. Recombinant human TIM-1 expressed in NSO or HEK293 cells were reacted with SmE at a
1:10 E:S ratio for 1, 3, or 6 hours at 37 °C and StcE at a 1:10 E:S ratio for 3 hours at 37 °C. All digests were
separated by SDS-PAGE and Coomassie stained (Bulldog-Bio). Gel was visualized on an Odyssey CLx Near-
Infrared Fluorescence Imaging System (LI-COR Biosciences).
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Supplementary Figure 11. Sequence alignment of the catalytic PF13402 domains found in cha
racterized O-glycoproteases. The X-ray crystal structures of BT4244, AM0627, ZmpA, ZmpB, ZmpC, and
ImpA as well as the AlphaFold-predicted structures of SmE, AM1514, and AM0908 were structurally overlaid
using the conserved zinc-binding and catalytic residues (green). The structural overlays were then used to
generate the above sequence alignments, highlighting key secondary structures: alpha helices (red), beta she
ets (underlined yellow), and turns (underlined blue). In addition to the catalytic core residues (green), we have
highlighted conserved (orange) and semiconserved (highlighted blue) residues involved in recognizing P1’
glycans, as well as residues in a semiconserved beta-hairpin (highlighted yellow) that can potentially recognize
P1 glycans. Notably, SmE has neither the semiconserved Arg residue nor the semiconserved beta-hairpin.



ImpA SmE

Supplementary Figure 12. Ligand-bound crystal structures of O-glycoproteases. Structures of ligand-
bound catalytic helices of (A) ZmpB, (B) ZmpC, and (C) ImpA as well as the modeled structure of (D) SmE.
Both ZmpB and ZmpC form specific contacts (yellow dashes) between residues near the terminus of the
catalytic helix (colored sticks) and the branching sialic acid residue (purple sticks) found in the ligand at P1’.
The ligand in ImpA does not contain sialic acid; analogous interactions can likely form, given the similar
length of its catalytic helix, imparting ImpA with the ability to accommodate branched ligands. In the modeled
structure, SmE forms contacts with the GalNAc residue (yellow sticks) and additional contacts with the sialic
acid residue (purple sticks) of the glycan, which may explain its ability to accommodate larger branched glycans

at P1'.



Supplementary Figure 13. Structural alignments of O-glycoproteases. Overlays of the docked SmE-glycop
eptide complex (red) with the crystal structures of (A) ImpA (blue), (B) AM0627 (orange), and (C) BT4244
(mint) as well as the AlphaFold predicted structure of (D) AM0908 (pink). The residues (thin sticks) of the
catalytic core and the conserved residues that bind the P1’ glycan are shown with the docked ligand (thick
sticks). The loops and beta hairpins that form the steric environment around the P1 glycan are darkened for
emphasis. (A) The loop in SmE is predicted to be short, which could explain why SmE can sterically
accommodate and act on substrates with glycosylation at P1; the loop of ImpA is long and likely prevents such
activity. (B) AM0627 has a short loop that can accommodate different glycans at P1. (C) The loop of BT4244
is much larger, and this difference could resolve discrepancies reported across the literature and may
explain why BT4244 showed preference for engineered substrates bearing the smaller Tn-antigen.

(D) AMQ0908 is predicted to have a short loop similar to AM0627; despite this potential similarity, the two
enzymes display different preference for P1 glycosylation, which cannot be explained by this reasoning and may
be the result of subtler differences in their sequences.
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Supplementary Figure 14. Sequence alignment of PF03272 modules. Conservation across the 5,817
mucin-binding modules (PF03272) found in proteins, including SmE (A0OA221DMC9.1/537-650), listed in UniP
rot. Degree of conservation is shown using clustal2 coloring, highlighting two conserved motifs (HxxFxxxxY and
HxExxR) found in loops clustered together to form a single binding pocket in the AlphaFold structure of SmE.
Full results areavailable at https://www.ebi.ac.uk/interpro/entry/pfam/PF03272/entry_alignments/?type=uniport.
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Supplementary Figure 15. Potential cooperativity of ligand binding in ImpA and SmE. (A) Overlay of cryst
al structures of ImpA with crystallized ligands in the catalytic and accessory domains. The ligand (thick sticks)
crystallized in the cata(ljytic domain (blue loops and shaded surface) as well as the ligand (thick sticks) in the
accessory N-terminal domain (dark blue loops and shaded surface) are small fragments that likely reflect
the orientation of larger mucin-like substrates (dashed line), highlighting potential cooperativity between the
different domains in ImpA. (B) Grafted TIM-4 fragments overlaid with the modeled structure of SmE. The
catalytic domain (red loops and shaded surface) and the two mucin-binding modules (Iiﬁht pink loops and
shaded surface) are shown, including the conserved motifs (HxxFxxxxY and HXExxR, thick sticks) in the loops
of the mucin-binding module adjacent to the catacliytic site. In addition, the amino acid and glycan residues of
the original docked g?(lgcopeptide (thick sticks) is displayed, grafted together with ten different TIM-4 fragments.
Only the peptide backbone ggray ribbon) and glycans (thin sticks) of these fragments have been highlighted for
clarity. Some glycans were found to flank the conserved residues of the mucin-binding module, suggesting
that;c he catalytic and accessory domains ofSmE may cooperatively recognize and cleave mucin-like
substrates.
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Supplementary Figure 16. Histogram detailing distance between glycans G4 (site T162) and G7
(site T145) inoutstretched versus equilibrated conformation, measured throughout molecular
dynamics simulation. Left panel is a frame taken from an equilibrated conformation with a glycan distance
of approximately 15 A between G4 and G7. Right panel is a frame taken from an outstretched/not fully
equilibrated conformation with a glycan distance of approximately 55 A between G4 and G7.
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H1N1A1 19.6% H2N2A1 43.0%
H1N1 18.4% N1 26.7%
N1 15.7% H2N2 15.3%
n/a 12.9% H1N1 8.2%
H1N1A2 12.0% H2N2F1 1.9%
H2N2 9.8% H1N2 1.4%
HIN2 3.5% H1N1A2 1.4%
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Supplementary Figure 17. TIM-4 T192 and T193 glycan abundances. The relative abundance of different
glycans branching from T192 and T193 of TIM-4, as revealed through digestion with SmE and subsequent
MS analysis. The HIN1A1 and H2N2A1 glycans were the most abundant species at these positions, and
were incorporated into the ligand used in docking experiments with SmE.
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Supplementary Figure 18. Gal-9 crosslinking of TIM-3. Purified soluble TIM-3 extracellular region (TIM-
3; 4 yM) was incubated with ssGal9WT (4, 2, or 0.4 uM) with or without the crosslinking reagent disuccinimidyl
suberate (DSS; 300 uM). Samples were run on SDS-PAGE and analyzed by Coomassie blue staining. The
maroon arrow indicates band corresponding to monomeric TIM-3, and the pink arrow indicates band
corresponding to monomeric Gal-9. Higher molecular weight species are seen when DSS and Gal-9 are incuba
ted with TIM-3.
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Supplementary Figure 19. Time-series analyses of mucin domain bending angles performed on a per
-replica basis. Even on a per replica basis, TIM-3 models demonstrate marked variability in bending angle,
while TIM-4 models dramatically decreased degrees of angle bending.
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Supplementary Figure 20. Time-series analysis of mucin domain normalized end-to-end distances on
a per-replica basis. Even on a per-replica basis, TIM-3 demonstrates a much lower normalized end-to-end
distance than TIM-4.



Supplementary Notes

Limitations of SmE for glycoproteomic analyses

Although SmE clearly exhibited benefits for mucin glycoprotein analysis, we observed certain limitations associat
ed with its use. Relative to its performance in mucin domains, the efficiency of SmE was greatly diminished whe
n used on non-mucin glycoproteins, such as fetuin (Supplementary Figure 6; S| Table 6). Analysis by MS
revealed that SmE was able to cleave non-mucin glycoproteins to a limited extent; however, the abundance of
fetuin glycopeptides resulting from SmE digestion was significantly reduced when compared to those of ImpA,
and in some cases, OgpA (Supplementary Figure 8). These observations, along with the digestion assay in
Supplementary Figure 2, support the notion that SmE is a mucin-selective O-glycoprotease. While SmE greatly
enhanced sequence coverage and depth, some glycosylation was only localized through the use of OgpA and
ImpA (Figure 2D). For this reason, we recommend a complementary, multi-enzyme approach to fully elucidate
the glycoproteomic landscape of mucin-domain glycoproteins. Additionally, since ImpA was previously reported
to have P1 selectivity, we generated “anti-logos” to determine surrounding residues that were unfavorable for
cleavage. Here, we considered the total cleavage maps depicted in Supplementary Figure 6, and whenever an
enzyme did not cleave at an observed cleavage site, we took the surrounding amino acids and generated a
logo. Interestingly, we found that SmE has a lower cleavage efficiency at Ser residues (Supplementary Figure
9), which may be an important consideration for digestion of mucin domains bearing high levels of Ser residues.
Finally, we observed that SmE exhibited reduced proteolytic activity on recombinant proteins expressed in
murine-derived cell lines, as exemplified by (a) the digestion of TIM-1 from NSO and HEK cells over the course
of six hours (Supplementary Figure 10) and (b) limited digestion of CD43 derived from NSO cells (Supplementar
y Figure 2).



Molecular modeling identifies potential secondary mucin binding in SmE

Multidomain mucinases are hypothesized to arrange their noncatalytic domains into an architecture that enables
specific recognition of secondary sites along the linear bottle-brush of mucins,** and recombinant StcE lacking
one of these noncatalytic domains showed reduced activity on mucin substrates.>® Interestingly, the related
metalloprotease MMP-1 (collagenase) required an accessory domain to bind and cleave the linear triple helix of
collagen;” structural and functional studies revealed the importance of cooperativity between this enzyme’s
catalytic and accessory domains as well as specific interactions between each domain and the collagen triple

helix.

In one crystal structure, ImpA binds a glycopeptide in an exosite located within its noncatalytic N-terminal domain
(PF18650).8 During our initial docking study, we observed that one of the accessory mucin-binding modules
(Asn537-Leu650, PF03272) in SmE is also positioned to recognize additional sites in mucin substrates. At
present, there is no experimentally determined structure of a PF03272 domain; thus, the precise details of the
domain’s structure and ligand recognition remain unknown. As such, we grafted larger segments of TIM-4 (vide
infra) onto the docked glycopeptide to determine if this accessory domain can potentially bind the substrate. We
observed that several of the larger TIM-4 substrates positioned glycans adjacent to a predicted binding pocket
formed from two conserved segments in the mucin-binding module (Supplementary Figure 14, 15). While
additional work is required to validate this initial finding, the result suggests that SmE could use its
mucin-binding module to cooperatively bind mucin substrates and sterically occlude more globular
O-glycoproteins. Such a model would explain SmE’s observed preference for mucins over non-mucin

O-glycoproteins like fetuin.
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