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Microbial binding module employs
sophisticated clustered saccharide patches
to selectively adhere to mucins
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The mucus lining wet body surfaces forms the interphase and barrier for the
microbiota and resident microbiomes. Large mucin proteins densely deco-
rated with O-glycans make up the mucus lining to entrap, feed and shape the
microbiota, and repress biofilm formation and virulence. How mucins exert
these effects is poorly understood and critical is how the microbiota recog-
nize, sense, and break down mucins. Here, we provide structural molecular
evidence that a small mucin-binding module designated X409 recognizes
clustered saccharide patches comprised of rows of inner monosaccharides in
adjacent O-glycans. These patches are unique to mucins and binding to these
provides an elegant mechanism to retain adherence to mucins despite trim-
ming of O-glycans during microbial scavenging of monosaccharides from
mucins. Realization of clustered saccharide patch-binding motifs provides a
hitherto overlooked scenario of contextual glycan epitopes and impetus for
discovery of new classes of glycan-binding proteins.

Mucins are Nature’s solution to protect and clear body surfaces of surfaces*®. Mucins are large O-glycoproteins essentially comprised of
potentially harmful microorganisms while retaining, entrapping, extended unstructured protein regions densely decorated with
feeding, and governing our symbiosis with essential commensal O-glycans. These unstructured O-glycodomain regions can encompass
microbes'™. Mucins constitute the major components of body fluids, thousands of amino acids arranged in tandem repeated sequence (TR)
of the mucus lining wet surfaces, and of the epithelia lining all body motifs that are distinct in different human mucins and display
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O-glycans in unique clustered patterns’. The mucin O-glycodomains
govern most binding interactions with bacteria, and a remarkable lack
of conservation in TR sequences among orthologous mucins suggests
host-microbial adaptation®. However, a fundamental question is how
mucin glycans are selectively recognized.

Studies of interactions with mucins have largely focused on
binding to the glycans®, and studies employing mucins have only
been achievable with heterogeneous and poorly defined isolated
mucins. To overcome these challenges, we developed cell-based
mucin arrays that enable display and production of mucins with
defined O-glycans”". Studies with these are beginning to highlight that
the contextual presentation of glycans in clusters and patterns on
proteins drives specificity of interactions, with illustrative examples of
select binding to mucins found with microbial adhesins™'?, microbial
mucinases”, and human innate immune receptors". Recently, we
showed that Akkermansia muciniphila, an intestinal symbiont and well-
known mucin-binder, binds an O-glycan motif found on select human
mucins®. However, the molecular bases for recognition of mucins and
the nature of the binding epitopes are essentially unknown. The
microbiota has evolved an arsenal of proteins (adhesins, lectins,
carbohydrate-binding modules (CBMs)) to recognize glycans and
mucins, as well as enzymes to degrade glycans (glycoside hydrolases)
and mucins (O-glycoproteases/mucinases). These proteins and
enzymes allow the microbiota to scavenge glycans, penetrate and
break down the mucus barrier"'*. CBMs are frequently appended to
microbial carbohydrate-active enzymes (CAZymes) as well as muci-
nases for efficient substrate targeting'”'s. We previously identified the
unique mucin-binding module (MBM), designated X409, appended to
the enterohemorrhagic E. coli (EHEC) StcE mucinase and demon-
strated that the X409 module is dispensable for the StcE mucinase
activity but alone mediates the mucin-binding properties of the StcE
mucinase”’*?°, This X409 module (-100 amino acids) is not a CBM
that binds simple glycans, but exhibits remarkably selectivity and high
affinity binding to human mucins with dense O-glycans without being
dependent on particular O-glycan structures’. The X409 module,
therefore, offers a model for studying how specific mucin-binding
properties are achieved. X409 is a mobile element found on other
microbial proteins. For example, the Vibrio cholerae biofilm matrix
adhesion protein RbmC contains two X409 modules that may support
colonization in the mucus and virulence?.

Here, we show that the unique mucin-binding properties of X409
are achieved through recognition of a row of inner monosaccharides in
a distinct cluster of adjacent O-glycans. This row of inner mono-
saccharides is comprised mainly of the inner obligate GalNAc residues
attached to Ser and Thr in the STTT motif and forms what has pre-
viously been defined as a clustered saccharide patch®, largely inde-
pendent of the terminal parts of the O-glycans attached. This binding
mode explains how X409 acquires binding to specific human mucins
and binding largely independent of the terminal structures of
0O-glycans’, and it provides an elegant way to overcome the transient
nature of O-glycans on mucins due to degradation by microbial
enzymes. The existence of clustered saccharide patches formed of
multiple discontinuous glycans was originally envisioned as a
mechanism to obtain sufficient specificity in biological interactions
with common glycans®. Our structural molecular data now authenti-
cate this concept and show that the presentation of such glycan clus-
ters can drive highly selective and advantageous binding to mucins.

Results

X409 binds O-glycan clusters

As a starting point for obtaining molecular insights into how mucins
are selectively recognized, we took advantage of the small X409
module that selectively binds mucins MUC2 and MUCS5AC, but not,
e.g., MUCI1, which has a lower density of O-glycans’. We employed the
cell-based mucin platform’ to produce secreted fusion-glycoprotein

reporters containing representative mucin TR sequences (150-200
amino acids) (Supplementary Fig. 1) decorated with custom-designed
Tn or a mixture of sialylated corel/2 O-glycans (labeled WT as this is
produced by HEK293 WT cells) (Supplementary Fig. 2a). We used
single molecule mass photometry to analyze the binding properties of
X409 (MBP-X409) to these glycoforms of different mucin reporters
using 10-fold excess of X409 (mol/mol) (Fig. 1a). This confirmed that
X409 does not bind MUC1 and showed that X409 bound a single motif
on MUC2-2 and multiple motifs on MUC2-1 (Note, MUC2 has two dis-
tinct TR regions with different O-glycan patterns covered indepen-
dently in the MUC2-1 and MUC2-2 reporters) and MUCSAC reporters.
Importantly, the observed bound complexes between MBP-X409 and
mucin reporters were similar in terms of number of bound X409
(n=1-7) molecules per reporter as well as peak intensities at this ratio
of molecules. To further evaluate binding, we used ELISA with titration
of the mucin reporters (Supplementary Fig. 2b, c¢), which confirmed
differential binding to MUC2 and MUCSAC and further demonstrated
that X409 bound better to reporters with elaborate O-glycan struc-
tures compared to Tn O-glycans that only consist of the initial «GalNAc
monosaccharide. Analysis of the mucin reporter sequences bound by
X409 suggested that recognition involved a common motif of three to
five adjacent O-glycans and requires the presence of both threonine
(T) and serine (S) residues. Since X409 bound multiple times to
MUCSAC with the highly conserved repeat TTSTTS O-glycan cluster,
we tested ideal MUCSAC reporters (with identical TR sequences)
designed with split motifs (TTS/TTS), but these did not bind (Fig. 1b
and Supplementary Fig. 4). This then suggested that the X409-binding
motif indeed comprised an O-glycan cluster of four or more S/T resi-
dues. We next employed ideal repeat TR reporters with TTTT or STTT
O-glycan clusters, which remarkably revealed that X409 only bound
the STTT motif (Fig. 1c and Supplementary Fig. 5). Expanding these
ideal reporters to combinations of S/T residues in 3-6 adjacent O-
glycans, indicated that specific orders of 3-4 O-glycans on S and T
residues are needed for efficient binding (Supplementary Fig. 6). Thus,
X409-binding requires a clustered O-glycan motif of 3-4 residues with
at least one S residue and the inner aGalNAc residues.

X409 recognizes a clustered saccharide patch

We generated co-crystal structures of X409 in complex with three
different glycopeptides at resolutions ranging from 1.2 to 1.75A in
primitive orthorhombic and monoclinic space groups (Fig. 2 and
Supplementary Table 1). We first analyzed the complex with the Tn-
MUCSAC glycopeptide (AEAPT*T*S*T*T*SAPK, * denotes GalNAc resi-
dues, note that Ser10 was not glycosylated, see Supplementary Fig. 1b
for all short glycopeptides used in the study), which was produced in
glycoengineered HEK293 cells employing our recently developed
Glycocarrier technology” (Supplementary Fig. 7). This structure
revealed interactions with two GalNAc moieties (bold) in the
T*T*S*T*T*S sequence as well as interactions with the four last Ser/Thr
amino acids (STTS backbone and side chains) (Fig. 2c and Supple-
mentary Table 2), suggesting that the X409-binding motif is deter-
mined by the STTT/S O-glycan cluster (hereafter numbered S;T,T5T4,
residue/GalNAc). We therefore synthesized an ideal 4XxTn-STTT
(AAS*T,*T5*T4*PAPA) glycopeptide, and co-crystallization revealed
interactions with three of the four GaINAc moieties at positions 1, 3 and
4, but not position 2 of the S$;*T,*T3*T4* sequon (Fig. 2c and Supple-
mentary Table 2). These structures revealed that the X409-binding site
employs solvent-exposed residues including aromatic residues Y828,
W854, and Y859 for interactions. Most of the X409 amino acids
involved in binding are located within two loop regions (between
strands 2-f3 and p4-B5) with only one residue (R894) positioned in
strand B6 (Figs. 2b and 3a-e). X409 achieves binding mainly through
interactions with the GalNAc moieties (GalNAc;34) as well as the
obligate S/T residues to which they are attached. The first GaINAc; on S
(S,TTT) forms hydrogen bonds with R825/N856 (side chains) and R894
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Fig. 1| Single-molecule mass photometry analysis of the mucin-binding prop-
erties of X409. a Mass photometry histogram for MBP-X409 binding to isolated
mucin reporters with Tn (upper panels) or sialylated corel/2 (WT) O-glycans (lower
panels). The top is a schematic representation of the mucin reporter design with
N-terminal GFP and the mucin tandem repeat (TR) region comprised of ~200 amino
acids derived from human mucins as indicated. A representative amino acid
sequence for TRs and the number of TRs included in the mucin reporters tested
(MUCL, two different regions of MUC2, and MUCS5AC) are shown in the panels
above. All potential O-glycosites (Ser/Thr residues) are in bold with a representative
O-glycan structure above. The histograms are color-coded to distinguish unbound

Mass [kDa] Mass [kDa]

MBP-X409 and mucin reporters (orange) and bound X409-reporter complexes
(blue), with the estimated number of X409 molecules bound per reporter indi-
cated. b Mass photometry histogram for MBP-X409 binding to an ideal MUC5AC
reporter with identical TR repeat sequences without (TTSTTS) or with split motifs
(TTS/TTS) and bearing Tn O-glycans. ¢ Mass photometry histogram for X409
binding to ideal mucin-like reporters with identical repeated TTTT or STTT motifs
in TRs with Tn O-glycans. Data are representations of at least three replicates. See
Supplementary Fig. 1 for full sequences of all mucin and ideal mucin-like reporters
used, and Supplementary Fig. 2 for the general design of reporters. Control data for
mass photometry analysis are provided in Supplementary Fig. 3.

(side chains) through the endocyclic oxygen and OH3/acetamide car-
bonyl group respectively. The third GalNAc3 on T (STT3T) forms
hydrogen bonds between the acetamide NH group and Y859 (side-
chain) and interacts with D855 (backbone) and Y859/W854 (sidechain)
through hydrogen bonds and CH-t interactions. Finally, the fourth
GalNAc, moiety (STTT,) interacts with Y828 (sidechain) via a CH-t
interaction. The underlying S/T residues contribute to interactions. S,
(backbone) forms hydrogen bonds with Y859 (backbone). T, (side-
chain) engages in CH-t interactions with Y859 (sidechain), while its
backbone forms a hydrogen bond with N856 (sidechain). T3 (back-
bone) forms hydrogen bonds with Y859 (sidechain), and T, forms
hydrogen bonds with Y828, along with an additional CH-1t interaction
with Y828 (sidechain). Note that the structure with Tn-MUCSAC
revealed interactions with the last S residue (STTS,), even though this

residue did not carry a GaINAc moiety. This also showed that the fourth
position may interchange between S/T residues. We note that of the
critical amino acid residues involved in interactions with GalNAc; and
GalNAc; in the S;T,T5T, motif, several residues only interact
with the GalNAc moieties (R825/R894 with GalNAc; and W854/D855
with GalNAcs), while other residues (N856 with GalNAc; and Y859 with
GalNAc3) also interact with the underlying S/T residues (side chains/
backbone). Thus, N856 interacts with GalNAc; and T,, while Y859
interacts with GalNAc; and the three S;, T,, T; residues in the STTT
sequon. GalNAc, only interacts with Y828, and Y828 also interacts with
T4 (or S4 in STTS), but in this case, independent of whether this posi-
tion carries an O-glycan.

Since our binding data clearly indicate improved binding to
mucins with elongated O-glycans (Supplementary Fig. 2b, c)’, we
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Fig. 2 | Crystal structure of X409 complexed to glycopeptides. a Ribbon
structure of enterohemorrhagic E. coli StcE mucinase (PDB: 3UJZ) with the catalytic
domain and the mucin-binding domain (X409) shown in pink and orange,
respectively'®. The catalytic residue Glu447 is highlighted in cyan, while selected
residues of the X409-binding site are shown in green, illustrating that the catalytic
site and X409-binding site are spatially separated. b Ribbon structure of the X409
complexed to the Tn-MUCSAC glycopeptide (PDB: 9GRJ) (See Supplementary
Fig. 1b for glycopeptide nomenclature). Amino acids of the glycopeptide substrate
are depicted with green carbon atoms, and the GalNAc residues as yellow carbon
atoms. GalNAc residues are labeled according to the binding motif of the X409,

with the first interacting serine labeled as S1. Upstream and downstream glycosy-
lation sites are labeled as -1 and +1 positions, respectively, counting from S1.

c Surface presentation of the binding site of X409 showing binding cavity that
interacts with Tn-MUCSAC or 4xTn-STTT glycopeptides (PDB: 9GRJ and 9GRF).

d Electron density maps of the Tn-MUCSAC, 4xTn-STTT, and 4xT-STTT at 2.20 are
Fo-Fc contoured (blue). The Gal residues of the corel O-glycans in 4xT-STTT are
indicated as dark yellow carbon atoms. In the 4xTn-STTT glycopeptide, the entire
glycopeptide adopts dual conformations, with the GalNAc residue linked to Thr4
being the most prominent example, highlighting the local flexibility of this moiety.

analyzed the co-crystal of X409 with a 4xT-STTT glycopeptide (T O-
glycan, Galf1-3GalNAcal-O-Ser/Thr) (Fig. 3¢, d). Most of the interac-
tions found with the Tn glycopeptides (4XxTn-STTT and Tn-MUC5AC)
were preserved, but additional interactions with the Gal moieties at T
and T, (S*T*T3*T,**, ** denotes GalP1-3GalNAc) formed CH-mt inter-
actions with Y859 and Y828, respectively (Fig. 3¢, d). These additional
interactions likely account for the enhanced binding to mucins with
elaborate O-glycans, which we confirmed by SPR isothermal
measurements of X409-binding affinity with the 4xTn- and 4xT-STTT
glycopeptides showing improved Ky with the T glycoform (Supple-
mentary Fig. 8). Notably, the enhanced affinity of the T (corel) glyco-
peptide arises from both a faster association rate (k,,) and a slower
dissociation rate (koz. Specifically, the k,, increases by ~4.8-fold and
the kg decreases by -7.5-fold relative to the Tn glycoform, resulting in
an overall -36-fold improvement in binding affinity. Although the Gal
residue does not form hydrogen bonds, it engages in CH-1t interac-
tions that contribute to improved molecular recognition during
association and greater stability of the final complex. These findings
suggest that the affinity gain involves both entropic and enthalpic
contributions, reflecting cooperative kinetic effects.

Next, we analyzed X409 binding in solution by NMR spectro-
scopy. X409 was expressed with uniform C,N-labeling for NMR
assignment of the backbone resonances following a standard triple
resonance approach (BMRB ID 53125). 'H,"N-HSQC-based titrations of
BN-X409 were performed with the 4xTn-STTT and Tn-MUC5AC gly-
copeptides. Significant chemical shift perturbations (CSPs) of several

X409 amide resonances were observed upon addition of 4xTn-STTT
indicating binding (Supplementary Fig. 9a). We found a clear decrease
in intensity of signals of the free-state of X409 concomitant with
appearance of new signals of the bound state, and with excess of 4xTn-
STTT (1:1.5 molar ratio) the fully bound form was reached (Supple-
mentary Fig. 9b). The observed slow exchange regime in the chemical
shift NMR timescale in the 'H,“N-HSQC titrations is suggestive of
strong affinity interactions. Several CSPs of X409 residues in presence
of 4XTn-STTT (Fig. 3f) were identified. Specifically, the backbone and
side chains of R894 and R825, both involved in engagement of
GalNAc;,, exhibited perturbations (0.19 ppm CSP for backbone and 0.12
ppm for the lateral sidechain of R825 and appearance of sidechain
cross-peak for R894). The D855 and the sidechain of W854, previously
found to interact with GalNAc;, suffered significant CSPs (0.78 and
0.24 ppm, respectively). Interestingly, the resonances from residues
N856 to Y859 (in the loop between (34-B5 strands) only became
observable in presence of the ligand (Fig. 3f), which suggests that the
dynamics of this loop is altered, with decreased flexibility and stabili-
zation of a conformation upon ligand binding. This alteration on the
loop dynamics also induced CSPs on residues not directly interacting
with the ligand, e.g. N860 and R861. We could not assign the Y828
residue, which directly interacts with GalNAc,. We also performed a
'H,5N-HSQC based titration of *N-X409 with Tn-MUCS5AC, which pro-
duced similar CSPs and dynamics’ alterations on X409 structure as
found with 4xTn-STTT (Supplementary Fig. 10). Thus, the binding site
of X409 employs three residues (R825, N856, R894) to interact with
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the first GalNAc,, two residues (W854, D855) for GalNAc;, and two  S/T positions (AEAPT*T*S*T*T*S*APK) in all analyses, and we used 1us
tyrosine residues, Y859 that interacts with S;T,T; and GalNAcs/Gal;, molecular dynamics (MD) simulations to obtain fully equilibrated
and Y828 that interacts with S,/T, and GalNAc,/Gal, (Fig. 3e). structures in an aqueous environment (Supplementary Figs. 11 and 12).

We then used the coordinates of the co-crystal structures to  We selected truncated O-glycans (Tn, T, and the sialylated variants) for
construct putative 3D models of X409 complexes with MUC5AC gly- MD simulation studies because our previous study demonstrated that
copeptides. These models incorporated full O-glycan occupancy of all X409 binding to mucins was increased by corel O-glycans while
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Fig. 3 | Structural features of the X409 mucin-binding site. a-c Views of the
active site for the X409-glycopeptide complexes as indicated. Residues forming the
binding site are depicted in orange. Colors for sugar moieties are as in Fig. 2. The
dotted lines of the hydrogen-bond interactions are depicted in black. Glycerol
moieties are indicated as pink carbon atoms in (a). d Close-up view of the complex
between the 4xT-STTT glycopeptide and X409 showing the essential residues
(Y828 and Y859, and to an extent Y859) interacting with the glycopeptide.

e Primary sequence of X409 overlaid with its secondary structure and depicting
residues that interact with 4xT-STTT and Tn-MUC5AC glycopeptides according to
X-ray crystal structure in (a-d). f Histogram of the combined 'H,°N chemical shift

(AScomb) Of the NH resonances of X409 residues’ backbone and some sidechain
residues (Arg and Trp) upon interacting with 4xTn-STTT glycopeptide. A cutoff line
at 0.1 ppm, displayed as a black dashed line, is considered to distinguish the resi-
dues that experienced major differences in chemical shift perturbation (CSP).
Strongly perturbed residues (CSP > 0.1 ppm) are in yellow bars and weakly per-
turbed in blue bars. In the histogram, it is also displayed as red bars the residues
N856-Y859 whose resonances appeared in the 'H,*N-HSQC spectra upon 4xTn-
STTT glycopeptide addition. Letter P denotes proline residues (lacking NH group in
the backbone), and letter x indicates unassigned/missing residues. Source data are
provided as a Source Data file.

further O-glycan elaborations did not appear to affect binding’. The
MD simulations revealed that the hydrogen bonds and CH-Tt interac-
tions between the glycopeptides and X409 were preserved through-
out the MD simulations (Supplementary Figs. 13 and 14). Our
simulations predict that the Gibbs binding energy (AG) of the X409
complex with Tn-MUCS5AC is —48.3 +7.7 kcal/mol, while the binding
energy significantly increases when the O-glycans are elongated with
Gal residues to —58.4 + 5.8 kcal/mol, in accordance with X409’s pre-
ferential binding to mucins with elaborate O-glycans’, and the
obtained Ky SPR values (Supplementary Fig. 8). Our simulations of
X409 bound to the Tn-AEAPTTSTTSAPK glycopeptide confirmed
substantial contributions from Y859, Y828, and W854 that are engaged
in CH-Tt interactions with GalNAcs/GalNAc, with binding energies of
-7.6+1.1, -4.8 +1.1, and —4.4 + 2.5 kcal/mol, respectively. In complex
with the T O-glycoform of this glycopeptide, these values for Y859,
Y828, and W854 changed to -10.0 +1.2, -6.9 +1.3, and -3.4 + 0.8 kcal/
mol, respectively. In this latter complex, other residues such as N856
and L857 also play a substantial role in binding with energies around
-4.0 and -1.8 kcal/mol, respectively. The Gal residues at the last two
O-glycans (Gals/4) contribute ca.-1.0 +0.9 kcal/mol each, and it is
notable that in both complexes, the peptide backbone of the first three
residues in the STTS maotif contributes with binding energies ranging
from —-4.4+0.7 to -6.2+0.7 kcal/mol. Moreover, our calculations
indicate that hydrogen bonds and CH-Tt interactions occur more fre-
quently (with higher occupancy throughout the simulation trajectory)
in complexes containing glycopeptides with further elongated O-gly-
cans, e.g., sialylated T O-glycans (mSTa and dST) (Supplementary
Fig. 11), suggesting increased structural stability in these complexes.
Consistently, the root-mean square deviation (RMSD) values for these
complexes, particularly in GaINAc moieties and peptide backbone,
showed reduced fluctuations, further supporting this observation
(Supplementary Fig. 11b). The enhanced stability for glycopeptides
with elongated O-glycans can be partly attributed to transient addi-
tional stabilising interactions, such as hydrogen bonds and salt bridges
involving sialic-acid residues. Based on MD simulations, we identified
R891 as a critical residue that reinforces the overall stability of the
complex not identified in our X-ray studies.

A key finding was that X409 specifically binds O-glycopeptides
with the STTT cluster motif, but not the related TTTT (Fig. 1d). We
explored this further by 'H,"N-HSQC adding a 4xTn-TTTT glycopep-
tide (sequence otherwise as 4xTn-STTT) at the molar ratio that yielded
fully bound 4xTn-STTT (L:1.5, i.e. 100 pM X409/150 pM glycopeptide),
and this produced only decrease in the intensities of a subset of
N-X409 resonances (Supplementary Fig. 15). Residues with decreased
intensity were those involved in interactions with GalNAc; (D855,
W854), while residues involved in interactions with GalNAc; (R825,
N856, R894) were unaffected, which agrees with the MD simulations
results (compare Tn-AEAPTTSTTSAPK vs Tn-AEAPTTTTTSAPK in
Supplementary Figs. 13 and 14). Moreover, resonances from
N856-Y859 residues did not appear upon ligand addition, which
indicates that the loop between [34-f35 strands is not stabilized by 4xTn-
TTTT. Analysis of the naked MUC5AC peptide (corresponding to Tn-
MUCSAC) showed no significant CSPs, confirming critical binding to

the glycans (Supplementary Fig. 16). Next, we deduced the overall
conformations of the Tn-STTT and Tn-TTTT glycopeptides in solution
by combining NMR and MD simulation studies. It was previously
reported that the linkage of GalNAc to Ser (GalNAcal-O-Ser) and Thr
(GalNAcal-O-Thr) adopts different conformations®. The linkage to Thr
forced by its methyl group typically adopts the eclipsed conformation
(with ¢ = 120°) with the GalNAc residue almost perpendicular to the
peptide backbone, while the linkage to Ser typically prefers a stag-
gered conformation (with ¢ = 180°) with the GalNAc residue aligned
parallel to the peptide. Here, we confirmed that all GaINAc-Thr linkages
in the 4xTn-STTT and 4xTn-TTTT glycopeptides adopt the character-
istic eclipsed conformation in solution in the presence of the key NOE
cross-peak between the NH of GalNAc and NH of Thr (Supplementary
Fig. 17). The absence of NOE contact for the Ser with the 4xTn-STTT
glycopeptide suggests that the glycosidic linkage for S, is much more
flexible. MD simulations of the glycopeptides 4xTn-STTT and 4xTn-
TTTT show a very good agreement between the experimental and
theoretically derived distances for the peptide and GalNAc presenta-
tion (Supplementary Figs. 17 and 18). Thus, the key feature enabling
X409 binding to 4xTn-STTT over 4XxTn-TTTT glycopeptides is the
orientation and flexibility of GalNAc; on S; ({ = 180° + 10°) (Supple-
mentary Fig. 18). MD simulations of free-state 4xTn-STTT show that
GalNAc moieties adopt spatial distributions similar to those in the
X-ray structure. The RMSD of GalNAc units, relative to the X-ray con-
former, remained below 3 A (heavy atoms) for 20% and under 4 A for
~50% of the trajectory. In contrast, these conformations were absent in
4XTn-TTTT, suggesting that 4xTn-STTT preferentially adopts a crystal-
compatible conformation, while 4xTn-TTTT rarely assumes the bound
state. The higher entropic penalty for 4xTn-TTTT binding to X409,
combined with the non-optimised interactions between 4xTn-TTTT
and X409, may explain the lower affinity of X409 to the all-Thr-
containing glycopeptide.

Finally, we experimentally validated most of the critical binding
residues in X409 by single residue mutation and analysis of binding to
isolated Tn- and T-ideal-MUCS5AC reporters using ELISA (Supplemen-
tary Fig. 19). Interestingly, we found that several mutations differen-
tially affected binding to Tn and T glycoforms. Thus, while Y859A and
R825A mutations completely abrogated binding, Y828A, W854A,
R894A, and R861A mutations selectively abrogated binding to Tn and
not/less to T glycoforms. This is likely because binding to Tn glyco-
forms in general is weaker, and interactions with the Galz (Y859A) and
Galy (Y828A) residues in elongated O-glycans can compensate for
affinity loss from mutation. Indeed, our MD simulations showed that
the Gal residues in elongated corel O-glycans stabilize the structure by
forming a hydrogen bond between Gal-OH6 and S829-OH next to
Y828, which helps maintain the conformation of the GalNAc. We also
performed MD simulations of the Tn-MUCS5AC glycopeptide and a
Y828A mutant of X409, which revealed a drop in binding energy to
-36.2 + 6.0 kcal/mol, and this drop was increased in simulations with
the T glycoform to —46.5 + 6.2 kcal/mol.

Since the X409 module is found to be appended to other
microbial proteins, we also performed a sequence similarity search
and selected four X409 homologs for recombinant expression and
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determination of mucin-binding properties by use of the cell-based
mucin display (Supplementary Fig. 20). Only one natural
X409 sequence variant with a Y828P polymorphism exhibited altered
binding, and interestingly, similar to our Y828A mutant, this selec-
tively resulted in complete loss of binding to Tn but not T
glycoforms.

Discussion

Our X-Ray, NMR, and MD studies collectively demonstrate that a dis-
continuous clustered saccharide patch across the first, third, and
fourth O-glycan in an STTT sequon is the critical X409 mucin-binding
motif (Fig. 4a-d). The first GaINAc must be attached to a Ser residue, as
only this provides flexibility and the conformational fit of the
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Fig. 4 | The clustered saccharide patch recognized by X409 and its potential
biological roles in the intestinal mucus. a View of the 4xT-STTT glycopeptide.
b The 4xT-STTT glycopeptide with glycan moieties depicted as light (GalNAc) and
dark yellow (Gal) spheres. ¢ Ribbon structure (left) or surface presentation (right) of
X409 complexed to the 4xT-STTT glycopeptide (PDB: 9GRJ). Amino acids of the
glycopeptide substrate are depicted with green carbon atoms, the GalNAc and Gal
residues as light- and dark yellow carbon atoms, respectively. d Views of the clus-
tered saccharide patch formed in the 4xT-STTT glycopeptide and the corre-
sponding X409-binding site. e Schematic illustration of the proposed function of
X409 in the intestinal mucus and its role for the StcE mucinase associated with
EHEC. In the healthy gut (left), the commensal microbiota forage on mucin O-
glycans, resulting in mucins with trimmed O-glycans (Tn/T) in the outer mucus

layers. Commensal mucinases can only cleave mucins once their O-glycans are
trimmed. In the EHEC infectious state (right), the potent secreted StcE mucinase
with appended X409 can cleave mucins with nascent O-glycans to break the mucin
barrier and facilitate penetration to the underlying epithelium for delivery of tox-
ins. X409 provides StcE with binding to the inner clustered saccharide patch in the
MUC2 mucin and hence binding throughout the mucus layers despite the trimming
of O-glycans. The higher affinity of X409 towards mucins with elaborate O-glycans
is predicted to “drive” StcE towards the origin of mucin synthesis (goblet cells) and
the underlying epithelium, facilitating the destruction of the mucus barrier. Part of
this figure is created in BioRender. Jaroentomeechai, T. (2025) https://BioRender.
com/w20w589.

saccharide patch for X409 binding. The third and fourth O-glycans are
required for binding, and it is the elongation of these O-glycans that
mediates increased binding affinities towards nascent mucins com-
pared to mucins with partially trimmed O-glycans. The unique mucin-
binding mode of X409, to our knowledge, provides the first structural
validation of the original concept of clustered saccharide patches? and
demonstrates how a binding epitope is constructed of multiple
O-glycans in a select protein sequence context. The X409-binding
mode highlights that clustered saccharide patches can involve inner
monosaccharides independent of the structures of the glycans, and
that distinct patterns of O-glycans are recognised and govern selec-
tivity in binding to mucins. Authentication of clustered saccharide
patch epitopes provides for a potential major expansion of the glycan
epitome with ramifications for analysis and discovery of the glycan
interactome, as clustered saccharide epitopes escape detection by
traditional experimental approaches based on individual glycans
without protein context.

The STTT sequence motif is only found in select human mucins
(mainly MUC2, MUC5AC, MUC2-1), and among the mucins found in the
intestine (MUC1, MUC2, MUC3, MUC13, MUC17)" only MUC2 contains
TRs with STTT motifs in ~20% while all MUC2 TRs contain TTTT
motifs®. X409 is well-suited for the transient nature of the MUC2
mucins that are constantly scavenged for O-glycans, degraded, and
replenished to maintain the integrity of the mucus-microbe interface.
Binding to terminal O-glycan epitopes can only support transitory
interactions, as these are progressively trimmed upon digestion by
microbes that utilize monosaccharides as nutrients’. Instead, the
X409-binding mode supports interactions with mucins, whether nas-
cent (intact) or progressively eroded to the innermost GalNAc residues
before degraded by mucinases that selectively digest mucins with
truncated O-glycans (Tn/T)"*?*¥. Interestingly, these types of muci-
nases contain CBMs that bind Tn/T O-glycans, and they are mainly
produced by commensals®**?. An elegant aspect is that X409
achieves higher affinity to nascent mucins by interactions with the Gal
and Neu5AC residues of extended O-glycans, which, despite the con-
tinuous outward flow of mucins in the mucus, provides for a sophis-
ticated mechanism to “drive” X409 towards the underlying epithelium
and source of nascent mucins (Fig. 4e). X409 is found appended to the
StcE mucinase that is secreted by the highly pathogenic EHEC, causing
hemorrhagic colitis by delivery of Shiga-like toxins to the mucosal
epithelium?®. StcE is a potent mucinase that can degrade nascent
mucins with nascent O-glycans, and X409 thus provides this enzyme
with critical mucin targeting properties in the mucus® (Fig. 4e).
Interestingly, StcE does not cleave mucins with the core3-based O-
glycans found as the major O-glycoform of MUC2 in the healthy human
intestine’. Nonetheless, our previous binding studies’ and the present
MD simulations (Supplementary Fig. 12) clearly demonstrate that X409
binds well to the core3 O-glycosylated STTT motif, highlighting that
X409 independently can target StcE to mucins with a wide range of
O-glycan structures. Note, though, that due to technical limitations,
binding to larger branched, e.g. core4, O-glycans was not tested. The

catalytic unit of StcE itself does not have mucin-binding properties as
originally suggested®, and X409 does not serve directly in the StcE
enzyme activity’. StcE digests mucins in the T*XT* sequence motif*®
with some sequence limitations?, and since this is part of X409’s
binding motif (S*T*T*T*), X409 will target StcE to its substrates and
mucin cleavage in this motif will release X409.

The clustered saccharide patch concept was originally proposed
to resolve the apparent paradox that the repertoire of simple glycan
structures in the human glycome appears too limited to produce a
ligand repertoire with sufficient diversity to govern the many biolo-
gical functions attributed to glycan-binding proteins®>. While the
structural space of human glycans is quite large®®, the main diversity in
human oligosaccharides is generated through repeated use of com-
mon sequence motifs and scaffolds, and hence the repertoire of dis-
tinct glycan epitopes (often terminal) is much more limited and
furthermore common to many cells®. Studies have provided support
for the clustered saccharide patch concept. For example, the malaria
parasite P. falciparum employs the erythrocyte binding antigen 175
(EBA-175) to mediate adherence and invasion of erythrocytes by
binding to multiple sialylated O-glycans selectively on human glyco-
phorin A*. Similarly, several Streptococci employ serine-rich repeat
(SRR) adhesins to bind multiple O-glycans on select salivary mucins
and the major platelet mucin-like O-glycoprotein GP1ba™". Evidence
also indicates that sialic-acid binding Siglec immune receptors bind
select O-glycoproteins that display clusters of O-glycans'**. However,
the structural bases for these interactions are still unknown. The cell-
based glycan array has provided support for the contextual recogni-
tion of O-glycans displayed on mucins and mucin-like O-glycodomains
as exemplified above, and more recently, also an example of con-
textual recognition of N-glycans by the Multifunctional Autoproces-
sing Repeats-in-Toxin (MARTX) toxins from Vibrio species was found™.
MARTX binds to select N-glycoproteins, e.g. LICAM, through recog-
nition of a putative motif of inner monosaccharides (i.e., dependent
only on GIcNAc residues and not terminal structures) in multiple
biantennary N-glycans. Thus, clustered saccharide patch motifs are
conceivably found on all types of glycoconjugates.

In conclusion, our studies of the small X409 module provide the
first structural insight into the molecular nature of a clustered sac-
charide patch. Recognition and binding to clustered saccharide pat-
ches provide unique opportunities for specifically targeting select
glycoproteins and a potentially enormous expansion of the glycan
epitome with contextual epitopes on glycoconjugates. X409 high-
lights new sophisticated ways the microbiota has evolved to target and
adhere to mucins in the dynamic mucus environment, and our
appreciation of the binding mode may reveal novel vulnerabilities that
may be exploited therapeutically. We also envision that X409 may have
utility for targeted delivery of bioactive molecules to the mucus, pro-
viding improved residence time and penetration within the mucus’*.
Finally, our results add to the discussion of sequence diversity of
mucin TR regions between species and anatomical locations, provid-
ing support for selection pressure rather than chaos.
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Methods

Bacterial strains and cell lines

E. coli strain DH5a was used for all molecular cloning and plasmid
storage. E. coli strain BL21(DE3) (Invitrogen) was used for protein
expression. E. coli cells were cultured in LB media supplemented
with antibiotics (50 pg mL™ kanamycin or 100 pg mL™ ampicillin)
for plasmid maintenance. Adherent HEK293 cells were maintained
in DMEM/F-12 (1:1v/v) (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (SigmaAldrich) and 2mM Gluta-
MAX (Gibco). Suspension HEK293 cells were cultured in serum-
free F17 media (Invitrogen) supplemented with 4 mM GlutaMAX
(Gibco) and 0.1% Kolliphor P188 (Sigma) under agitation
(120 rpm). Suspension CHO cells were maintained in EX-CELL
CHO CD Fusion serum-free media (Sigma) and BalanCD CHO
Growth A media (FUJIFILM) (1:1v/v) supplemented with 4 mM
GlutaMAX (Gibco). All mammalian cell culture was performed at
37°C and 5% CO,. Authentication of each cell line used in this
study included PCR assays with species-specific primers as pre-
viously described"™*, and routine mycoplasma analysis. All bac-
terial and mammalian cells used in this study are listed in
Supplementary Table 3.

Mucin reporter construct designs

Membrane-bound reporters were designed by fusion of human
MUCI signal peptide (amino acids 1-62, Uniprot P15921) with human
MUCI membrane anchor domain (amino acids 1042-1138), following
by FLAG tag, sfGFP, and multiple cloning sites. For secreted reporters,
the membrane anchor domain was replaced by 12xHis Tag. These
constructs were then cloned into either pIRES or pGS for HEK293 or
CHO expression, respectively’*. Exchangeable reporter gene inserts
were synthesized with BamHI/Notl cloning sites for pIRES or Bglll/
BamHI cloning sites for pGS (Genscript, USA) and inserted into the
vector using standard restriction enzyme-based molecular cloning.
Full sequences of glycomodules in the reporter are shown in Supple-
mentary Fig. 1.

Cloning and purification of E. coli StcE X409 and mutants

The DNA sequence encoding amino acid residues 799-898 of E. coli
StcE (X409 domain) was codon-optimised for E. coli expression and
synthesised by GenScript (USA). This construct was subcloned into the
PMALC2x vector, generating pMALC2x-MBP-10xHis-TEV-X409. Quik-
Change Site-Directed Mutagenesis Kit (Agilent) was used to generate
X409 mutant plasmids. All plasmid was confirmed by Sanger sequen-
cing. For expression and purification, the plasmid was transformed
into BL21 (DE3) Gold cells, grown at 37 °C in 2XTY medium (16 gL™
tryptone, 10 g L™ yeast extract, 5 g L™ NaCl, pH 7.5) supplemented with
100 uyg mL™? ampicillin. Protein expression was induced at optical
density ~0.6 with 1.0 mM IPTG and culture was incubated at 18 °C for
18 h. Cells were harvested by centrifugation (6000 x g, 15 min, 4 °C),
resuspended in buffer A (50 mM Tris pH 7.5, 500 mM NaCl), and lysed
using sonication (Vibracell Sonics, 10 cycles of 30 s sonication (8 s on/
2 s off) and 30 s resting with 80% amplitude). ~2 mg lysozyme, protease
inhibitors (0.4 mM PMSF, 4 mM benzamidine, and 20 nM leupeptin at
final concentration) and 750 units of benzonase (Novagen) were then
added. Cell lysate was centrifuged (48,000 x g, 20 min, 4 °C). Super-
natant was collected, filtered (0.45um), and applied to a Nickel His-
Trap column. The column was washed and eluted using an imidazole
gradient (5-500 mM). Following fraction collection, TEV protease
(1 mg TEV:50 mg fusion protein) was added to cleave MBP at 18 °C for
3 days, and the solution was dialyzed in desalting buffer (25 mM Tris,
pH 7.5, 250 mM NaCl) for 1-3 days. The cleaved protein was reapplied
to the His-Trap column, concentrated, and purified by size exclusion
chromatography using a HiLoad 26/60 Superdex 75 Prep Grade col-
umn. Despite the column’s volume of 330 mL, the protein eluted at
~380 mL, facilitating an efficient purification. The final protein was

concentrated to 40-50 mgmL™ in crystallization buffer (20 mM Tris,
pH 7.5). Protein concentration was confirmed using absorbance at
280 nm (£=25,440 M cm™). Typically, 12-15mg of purified protein
was obtained from a 2.0 L culture. All purification steps were verified
by SDS-PAGE analysis.

Cell-based production of mucin and Glycocarrier reporters
Glycoengineered HEK293 and CHO cells stably expressing secreted
reporters were generated as previously described”. Briefly, stably
expressing HEK293 and CHO cells were selected in media supple-
mented with 1ugmL™ puromycin (InvivoGen) or in media omitting
GlutaMAX, respectively. Stable cells were seeded at 0.2 x 10° cells mL™
and cultured for 5-7 days on an orbital shaker (120 rpm). Media con-
taining secreted Glycocarrier was then harvested (1000 xg, 3 min,
10,000 % g, 20 min), diluted (100 mM sodium phosphate, pH 7.4,2.0 M
NaCl, 40 mM imidazole), and incubated with nickel-nitrilotriacetic acid
(Ni-NTA) affinity resin (ThermoFisher Scientific) overnight at 4 °C. For
CHO-based culture, prior to incubation with Ni-NTA, the media was
incubated with ion exchanger Amberlite resin (MB-6113, SigmaAldrich)
overnight to reduce non-specific interaction with the agarose bead.
Resin was collected into 5mL gravity column (ThermoFisher Scien-
tific), washed (25mM sodium phosphate, pH 7.4, 500 mM NaCl,
20 mM imidazole), and reporters were eluted with 300 mM imidazole.
Yields were quantified by NuPAGE Coomassie and Pierce™ BCA Protein
Assay Kit (ThermoFisher Scientific). The mucin reporters were char-
acterized as reported by combinations of intact MS, bottom-up MS,
and/or O-glycoprofiling when possible’**%.

ELISA

MaxiSorp 96-well plates (Nunc) were coated with purified reporters
overnight in 50 ul carbonate-bicarbonate buffer (pH 9.6) at 4°C,
blocked (PO,, Na/K, 1% Triton-X-100, 1% BSA, pH 7.4) for 1 h at RT, and
incubated with binders for 1 h at RT. For inhibition ELISA, X409 binder
was incubated with inhibitor in a separate 96-well assay plate for
30 minutes at RT prior to being added to the ELISA plate. Plates were
then washed in PBS containing 0.05% Tween-20, incubated with 50 pl
of secondary antibody for 1h at RT, followed by development with
TMB (Dako), termination with 0.5M H,SO,, and measurement
(450 nm) with Synergy LX (BioTek). All mAbs and lectins used in the
study are provided in Supplementary Table 4.

Mass photometry analysis

Microscope cover glasses (No 1.5H, 24 x50 mm, Paul Marienfeld
GmbH) were prepared by washing, five times each, with MQ water and
HPLC-grade isopropanol and dried under an air stream. A silicon gas-
ket was fixed on clean cover glasses by gently pressing with forceps.
Native protein marker (InvitroGen) was used to create mass calibration
curves at 66, 146, 480, and 1048 kDa. For quality control analysis prior
mixing, each protein stock was diluted to 100 nM in PBS and analyzed
in mass photometry at 5nM (Supplementary Fig. 3). Binding analysis
was performed by mixing MBP-X409 with mucin or O-Glycocarrier
reporters at 5nM reporters to 50 nM MBP-X409 in a 20-pL reaction
volume. The mixture was incubated at room temperature for 15 mins
before analysis. For each acquisition, a new well in a silicon gasket was
used, and the sample was introduced into the well. Following auto-
focus stabilization, a movie was recorded for 90s at RT. All data
acquisition was performed using AcquireMP software (Refeyn Ltd),
and data were analysed using DiscoverMP (Refeyn Ltd). Data were
presented as kernel density estimates with a 5kDa bandwidth. The
error value was estimated as a Gaussian curve fitting error as deter-
mined by DiscoverMP.

Intact mass spectrometry analysis
Purified glycomodules were resuspended in 50 uL MQ water and
mixed with 50 uL methanol before direct-infused into Synapt G2 mass
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spectrometer equipped with a T-wave ion mobility cell (Waters Ltd)
using in-house fabricated Pd/Pt-coated borosilicate tip. Samples were
ionized using a capillary voltage of 1.0 kV, sample cone voltage of 45V
and an extraction cone voltage of 5V. All samples were acquired in
positive ion mode in mass range setting in m/z rang 500 - 5000. Data
were analyzed using UniDec software®. At least two technical repli-
cations per sample were analysed.

Glycopeptide bottom-up analysis

Purified glycopeptides were resuspended in MQ water (50 ng/uL) and
formic acid added (0.1% v/v), and analyzed by EASY-nLC 1200 UHPLC
(ThermoFisher Scientific) interfaced via nanoSpray Flex ion source to
an Orbitrap Fusion Lumos MS (ThermoFisher Scientific). The nLC was
operated in an analytical column set up using PicoFrit Emitters (New
Objectives, 75mm inner diameter) packed in-house with Reprosil-
Pure-AQ C18 phase (Dr. Maisch, 1.9-mm particle size, 19-21 cm column
length). Each sample was injected onto the column and eluted in gra-
dients from 3 to 32% B for glycopeptides, and 10 to 40% for released
and labeled glycans in 45 min at 200 nL/min (Solvent A, 100% water;
Solvent B, 80% acetonitrile; both containing 0.1% (v/v) formic acid). A
precursor MS1 scan (m/z 350-2000) of intact peptides was acquired in
the Orbitrap at the nominal resolution setting of 120,000, followed by
Orbitrap HCD-MS2 and ETD-MS2 at the nominal resolution setting of
60,000 of the five most abundant multiply charged precursors in the
MSI spectrum; a minimum MS1 signal threshold of 50,000 was used
for triggering data-dependent fragmentation events. Targeted MS/MS
analysis was performed by setting up a targeted MSn (tMSn) Scan
Properties pane.

MS data analysis

Glycopeptide analysis was performed from m/z features extracted
from LC-MS data using in-house written SysBioWare software”. For m/
z feature recognition from full MS scans Minora Feature Detector Node
of the Proteome discoverer 2.2 (ThermoFisher Scientific) was used.
The list of precursor ions (m/z, charge, peak area) was imported as
ASCII data into SysBioWare and compositional assignment within
3 ppm mass tolerance was performed. The main building blocks used
for the compositional analysis were: NeuSAC, Hex, HexNAc, dHex and
the theoretical mass increment of the most prominent peptide cor-
responding to each potential glycosites. Upon generation of the
potential glycopeptide list, each glycosite was ranked for the top 10
most abundant candidates, and each candidate structure was con-
firmed by doing targeted MS/MS analysis, followed by manual inter-
pretation of the corresponding MS/MS spectrum.

Flow cytometry analysis

Binding analysis of reporters displayed on the cell surface can be
performed either with a stably or a transiently expressing culture. For a
stable expressing culture, 50,000 cells were seeded into 96 wells
immediately before cytometer analysis. For transient expression cul-
ture, cells were seeded in a 24-well culture plate at 50-60% confluency
one day before transfection. The next day, transfection reagent was
prepared by diluting 0.5 pg DNA into 25 pL of 150 mM NaCl solution. In
a separate tube, 2.5 pL polyethylenimine hydrochloride MAX (PEI, MW
40,000, Polysciences) solution was diluted into 22.5uL Opti-MEM
media (Gibco). PEI solution was then added into DNA solution and
incubated at room temperature for 5mins to allow DNA-PEI complex
formation. The DNA-PEI complex solution was then slowly added to
the culture well. Cells were kept in the incubator overnight to allow
reporter expression. The next day, 50,000 cells were harvested and
deposited into a 96-well plate. Cells were washed once with 200 pL
PBA (1% BSA in PBS) buffer. Cells were resuspended in PBA containing
X409 or other control binders and incubated on ice for 1 h. Cells were
then washed twice with PBA buffer and incubated with secondary
antibody in PBA for 1 h. Cells were washed three times, resuspended in

200 pL PBA and analyzed by flow cytometer (Fortessa X20, BD Bios-
ciences). Results were analyzed using FlowJo software (Flowjo LLC)
and expressed as geometric mean fluorescence of the activated
gated cells.

Cell-based production of glycopeptides for structural study

20 mg purified reporter was digested with in-house purified TEV pro-
tease at 1:200 weight ratio at 30°C for 18 h in 50 mM ammonium
bicarbonate buffer (pH 8.0). The reaction mixture was then incubated
for 1h with Ni-NTA resin at room temperature. Mixture was then
centrifuged through a filter column, and flow-through containing
glycodomain was collected and further C4-HPLC purified (Jupiter 4 u
Proteo™ WIDEPORE C4, 4 um, 90 A, 150 x 4.6 mm, Phenomenex) using
a 0-100% gradient of 90% acetonitrile in 0.1% TFA. Fractions con-
taining glycomodules were pooled, verified by ELISA using glycoform-
specific lectins or mAbs, dried, and resuspended in 1.0 mL 50 mM
ammonium bicarbonate buffer. The glycomodule was further digested
with MS-grade trypsin (Roche) at a 1:200 (w/w) ratio for 18 h at 37°C.
After trypsin inactivation by adding TFA to 0.1% v/v, glycopeptide was
C18-HPLC purified (Kinetex CI8, 2.6 um, 100 A, 100 x 4.6 mm, Phe-
nomenex) using a 0-100% gradient of 90% acetonitrile in 0.1% TFA.

Chemical synthesis of glycopeptides

The glycopeptide 4xTn-STTT was synthesized following our well-
stablished methodology®. The crude glycopeptide with O-acetylated
glycosides was redissolved in CH;CN/H,O mixture and purified by
reverse phase HPLC on a Phenomenex Luna C18(2) column (10 um,
250 mm x 21.2 mm) with UV detection monitoring at 212 nm using a
linear gradient of 0.1% TFA/CH3CN from 90/10 to 60/40 v:v over
21 minutes (rt: 17.8 min) and lyophilized. HRMS ESI+ Calc. for
CosHiuNisOs6 [M+2HI*/2, 1101.9577; found 1101.9602. The per-
acetylated glycopeptide was resuspended in MeOH (10 mL) and the pH
was adjusted to 9 with a methanolic solution of NaOMe (0.5M) to
cleave the acetyl groups and stirred for 2 h. The reaction was quenched
using freshly activated and washed Amberlyst 15 (H") resin until pH < 7.
The solution was filtered and concentrated under reduced pressure,
furnishing 4xTn-STTT, which was used in the next step without further
purification. Analytical UPLC on a Phenomenex BioZen C18 column
(1.7 uM, 100 mm x 2.1 mm), 30 °C, Rt=3.2 min (linear gradient: 0.1%
formic acid in acetonitrile/0.1% formic acid, (1:99)- (20:80) over
10 min, A=214nm). HRMS HRMS ESI+ calcd. for CgoH117N15034
[M+2H]*/2, 849.8938; found: 849.8952.

The 4xT-STTT glycopeptide was produced from the 4xTn-STTT
by enzymatic addition of Gal residues using the Drosophila melano-
gaster C1GalTl enzyme. The 4xTn-STTT glycopeptide (50 mM) was
incubated with purified C1GalT1l enzyme (50 uM) in 50 mM Tris-Cl
buffer (pH 7.5), 150 mM NacCl, 200 uM MnCl,, and 100 mM of UDP-Gal,
at 37 °C for 2-3 days. The product was purified by C18-HPLC (Phe-
nomenex Luna C18(2) column 10 um, 250 mm x 21.2 mm) using a linear
gradient of H,O (containing 0.1% TFA)/CH5CN from 99/1 to 85/15v:v
over 30 minutes (rt: 10.2 min) and lyophilized. MALDI MS Calc. for
Co3Hi55N15054Na [M+Na]+, 2368.974; found 2368.847.

Crystallization

Crystals of X409 complexes were grown using sitting drop methods at
18 °C by mixing 0.25-0.5 pL of protein solution (45mgmL™ in crys-
tallization buffer and peptide excess) with an equal volume of a
reservoir solution. Glycopeptides were dissolved in crystallization
buffer and titrated with NaOH 2.0 M until pH 8 was reached, added to
protein solution, and following at least 20 min incubation, the mixture
was centrifuged (30,000 x g, 20 min at 4 °C). Crystals were collected
between 4 days and two weeks after the sitting drop experiment
began. Crystals of X409-Tn-MUCSAC (AEAPT*T*S*T*T*SAPK, * denotes
GalNAc residues) complex were obtained at 1:4 molar ratio (45 mg/L or
4 mM X409 and 16 mM glycopeptide) in 20% w/v Polyethylene glycol
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monomethyl ether (PEG MME) 5000, 200 mM di-sodium hydrogen
phosphate and 20% glycerol as cryoprotectant. Crystals of X409-4xTn-
STTT complex were obtained at 1:3 molar ratio (4 mM X409 and 13 mM
peptide) in 20% w/v PEG MME 5000, 200 mM lithium chloride, and 25%
glycerol. Crystals of X409-4xT-STTT complex were obtained at 1:3
molar ratio (4 mM and 13 mM peptide) in 20% w/v PEG MME 5000,
200 mM sodium fluoride and 20% glycerol.

Structure determination and refinement

Diffraction data for the three crystals of X409 were collected on
beamline XALOC at the ALBA synchrotron (Barcelona, Spain) at a
wavelength of 0.97A and a temperature of 100K. XDS* and
CCP4 software packages*® were used for data processing and scaling.
Relevant statistics are presented in Supplementary Table 1. Molecular
replacement with Phaser and X409 coordinates from PDB entry 3UJZ
as a template was used to solve the crystal structures. Initial phases
were further improved by cycles of manual model building in Coot*
and restrained refinement with REFMAC5*°. Further rounds of model
building in Coot with restrained refinement in REFMACS5 were per-
formed for all complexes. The crystal structures were validated with
PROCHECK, and model statistics are presented in Supplementary
Table 1. The Ramachandran plot for the X409:4xTn-STTT complex
shows that 88.1%, 11.9%, 0.0%, and 0.0% of the amino acids are in most
favored, allowed, generously allowed and disallowed regions, respec-
tively. The Ramachandran plot for the X409:4xTn-STTT complex
shows that 91.8%, 8.2%, 0.0%, and 0.0% of the amino acids are in most
favored, allowed, generously allowed and disallowed regions, respec-
tively. The Ramachandran plot for the X409:4xT-STTT complex shows
that 88.6%, 11.4%, 0.0%, and 0.0% of the amino acids are in most
favored, allowed, generously allowed and disallowed regions,
respectively.

Surface plasmon resonance (SPR) analysis

SPR experiments were performed at 25°C with a Biacore X-100
apparatus (Biacore, GE) in running buffer (Tris 20 mM, pH 7.5). The
protein X409 was immobilized on a CMS5 sensor chip (Biacore, GE)
following standard amine coupling method*. The carboxymethyl
dextran surface of the flow cell 2 was activated with a 7-min injection of
a I:1 ratio of 0.4 M EDC and 0.1M NHS. The proteins were coupled to
the surface with a 7-minute injection at 100 ug mI™ in 10 mM sodium
acetate, pH 5.0. The unreacted N-hydroxysuccinimide esters were
quenched by a 7-minute injection of 0.1 M ethanolamine-HCI (pH 8.0).
The level of immobilization was ~2000 RUs. Flow cell 1 was treated as
flow cell 2 (amine coupling procedure) without protein, which was
used as a reference. For kinetic measurements, the concentration
range was 5-60 nM for the 4xTn-STTT glycopeptide and 1-10 nM for
the glycopeptide 4xT-STTT The glycopeptides were injected onto the
sensor chip a flow rate of 30 ul min™ for a period of 100 sec followed by
a dissociation period of 600-900 sec. No regeneration was needed.
Sensograms data were double-referenced and solvent corrected using
the Biaevaluation X-100 software (Biacore, GE). The experimental data
of affinity measurements were fitted to 1:1 binding model using Prism
software. The association (k,,) and dissociation (ko) rate constants
were determined by nonlinear regression fitting using Biacore Eva-
luation Software, and the corresponding standard errors (6kon, Kofr)
were used to calculate the equilibrium dissociation constant (Ky) and
its propagated error (6Ky) as: 8Ky = Ky x sqrt[(Skose/Kofr)? + (Skon/Kon)?].

Protein expression and purification for NMR analysis

To produce differently isotopic labeled X409 (*N-X409, *C,5N-
X409) we expressed a fusion His-MBP-TEV-X409 in E. coli
BL21(DE3) grown in M9 minimal medium with “NH,Cl and
BC-glucose supplementation. Induction was done at ODggo = 0.6
with 1mM IPTG, at 37°C for 4 h. Cells were harvested by cen-
trifugation (6371 x g, 15 min, 8 °C), and the cell pellet resuspended

in 20 mM Tris (pH 8.0), 100 mM NacCl, 0.05% NaN3, followed by
lysis by sonication. Soluble X409 (12,857 xg, 20 min, 8 °C) was
isolated by His-Trap HP (GE) using an imidazole gradient (20 mM
-1M). The eluate was dialyzed (10 mM phosphate (pH 7.4),
100 mM NacCl, 0.05% NaN;) and digested with a TEV protease
following His-Trap separation to remove the His-MBP and analysis
by SDS-PAGE.

NMR sequential backbone assignment

All NMR assignment experiments were acquired in a Bruker Avance Il
600 MHz spectrometer equipped with a Cryoprobe TCI ('H, C, ®N).
The data was processed with Bruker TopSpin 3.5 (Bruker) and analyzed
with the assistance of computer aided resonance assignment (CARA)
software version 1.9.1.7*>. The resonance of 2,2,3,3-tetradeutero-3-tri-
methylsilylpropionic acid (TSP) was used as a chemical shift reference
in the 'H-NMR experiments (8§ TSP =0 ppm), and *C and “N chemical
shifts were referenced indirectly via gyromagnetic ratios. Sequence-
specific backbone assignment of X409 in apo-state was performed
(BMRB ID 53125) using data from the following experiments
(standard Bruker pulse sequences in parenthesis): 2D 'H,"N-HSQC
(hsqcetfpf3gpsi2), 'H,*C-HSQC (hsqcetgpsisp2), 3D HNCO
(hncogp3d), HN(CA)CO (hncacogp3d), HNCA (hncagpwg3d), HN(CO)
CA (hncocagpwg3d), HNCACB (hncacbgpwg3d), CBCA(CO)NH (cbca-
conhgp3d), (H)C(CCO)NH (ccconhgp3d) and “N-edited NOESY-HSQC
(noesyhsqcfpf3gpsi3dd, mixing time 90 ms). These experiments were
acquired at 293 K using C,N-X409 at 290 uM in 10 mM phosphate
buffer pH 7.4, 105 mM NaCl and 0.01% NaNj3 in HO/D,0 90:10. A total
of 89 out of 99 amide backbone resonances of the apo-state protein
were assigned (90% amide resonances) (X409 has 104 amino acids and
with 5 Pro residues, 99 amide backbone resonances are expected),
while ten residues (G795-G798; S814; Y828; and N856-Y859 could not
be assigned). Sidechain amino groups (HE-NE) of Trp and Arg residues
were also assigned. The backbone assignment of X409 bound to the
5xTn-MUCSAC glycopeptide also carried out (BMRB 53185, 94% amide
resonances) with standard Bruker experiments, namely with 2D 'H,*N-
HSQC, 'H,C-HSQC, 3D HNCO, HN(CA)CO, HNCACB and ®N-edited
NOESY-HSQC (mixing time, 90 ms) experiments, acquired at 293K
using *C,®N-X409 (215 uM) and Tn-MUCSAC (645 uM) at 1:3 molar ratio
in 10 mM Phosphate buffer (pH 7.4), 105 mM NaCl, and 0.01% NaNj in
H,0/D,0 90:10. Additionally, four backbone amide resonances were
assigned in the bound state (N856-Y859). Amide resonances assign-
ment of X409 in presence of 4xTn-STTT was achieved transferring the
assignment from X409 in presence of Tn-MUCSAC, since the chemical
shift perturbations of both bound forms were similar. However, 2D
'H,5N-HSQC and 3D “N-edited NOESY-HSQC experiments were
acquired to clarify some assignments, in a Bruker Ascend 500-MHz
spectrometer with a Prodigy cryoprobe CRPN2-TR-'H&“F/“C/“N-
Smm-EZ, at 293 K, using a sample of *N-X409 (100 pM) and 4xTn-STTT
(150 pM) at 1:1.5 molar ratio in 10 mM Phosphate buffer (pH 7.5),
105 mM NacCl, and 0.01% NaN; in H,O/D,0 90:10. NH and sidechain
assignments of X409 in free and bound states are detailed in Supple-
mentary Figs. 21 and 22.

NMR assignment of glycopeptides

Glycopeptides, Tn-MUCSAC, 4xTn-STTT and 4xTn-TTTT, were char-
acterized in 10 mM phosphate buffer (pH 6.7), 150 mM NaCl and 0.01%
NaNj3; in H,O/D,0 90:10. The concentration of the glycopeptides was
828 uM for 4xTn-STTT, 165uM for 4xTn-TTTT and 400 uM for Tn-
MUCSAC. 'H-NMR assignment was performed through standard 2D-
TOCSY (30 and 60 ms mixing time), 2D-NOESY (150 ms mixing time)
and 2D 'H,C-HSQC experiments (Supplementary Table 5). The reso-
nance of TSP was used as a chemical shift reference in the 'H-NMR
experiments (6 TSP=0 ppm). All spectra were acquired in a Bruker
Avance Il 600 MHz spectrometer equipped with a Cryoprobe TCI (*H,
BC, ®N) at 287 K, processed and calibrated using the software TopSpin
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4.4.0. The assignments were done using the CARA software version
1.9.1.7%.

NMR 'H,®N-HSQC titrations

Titrations were carried out with increasing molar ratios of three dif-
ferent glycopeptides (Tn-MUCS5AC, 4xTn-STTT and 4xTn-TTTT) in the
presence of ®N-X409 at 100 uM (with Tn-MUCS5AC at 10, 25, 50, 75, 100,
200, and 500 uM, 4xTn-STTT at 10, 25, 50, 75, 100, 150, and 500 uM, or
4xTn-TTTT at 10, 25, 50, 75, 100, and 150 uM final concentration). The
titrations involved the preparation of two samples, one of *N-X409 at
100 pM, the other of the highest molar ratio of the mixture (100 uM
BN-X409 and stock concentration of glycopeptide); the points of the
titration were done by adding calculated amounts of the mixture to the
sample with only protein. All samples were prepared in 10 mM phos-
phate buffer (pH 7.3-7.6), 105 mM NaCl and 0.01% NaNs in H,O/D,0
90:10, with 50 pM TSP for chemical shift reference. Spectra from the
Tn-MUCSAC titration and MUCS5AC experiments were acquired in a
Bruker Avance Il + 600 14.1 T spectrometer equipped with a Cryoprobe
TCI (H, BC, BN), at 293K with 2048 x 256 points and 8 scans in a
spectral window of 9615.4 Hz (center at 2802 Hz) x 2067.8 Hz (center at
7236 Hz), in 'H and “N sweep’s width, respectively. Spectra from the
4XTn-STTT and 4xTn-TTTT titrations were acquired in a Bruker
Ascend 500-MHz spectrometer with a Prodigy cryoprobe CRPN2-
TR-'H&"F/BC/®N-5Smm-EZ, at 293 K with 2048 x 256 points and 16 scans
in a spectral window of 8196.7 Hz (center at 2351.6 Hz) x 1724 Hz (center
at 6033 Hz), in 'H and ®N sweep’s width, respectively. The data was
processed with Bruker TopSpin 4.1.1and CCPN Analysis Version 3.2.2%.
The chemical shift perturbation analysis for the Tn-MUC5AC and 4xTn-
STTT titrations was done according to previous work*, using the
expression AScomb =v((ASH)? + (0.102A8N)?). The intensity perturba-
tion analysis was done by estimating the % of volume reduction of each
peak by subtracting the volume of the peak of the bound form (Vb) to
the free form (Vf) and dividing it by the volume of the free form ((Vf-
Vb)/Vf)*100). The volumes were extracted using CARA version 1.9.1.7%.

MD simulations of the free glycopeptides

MD simulations were performed for the 4xTn-STTT and 4xTn-TTTT
glycopeptides free in solution using the AMBER package of
NMRBox***. The peptide sequence was originated by PyMOL (Version
2.0 Schrodinger, LLC), while the sugars build-up with Carbohydrate
Builder (https://glycam.org/cb/). The dihedral torsion angles were
adjusted using the NMR data obtained from the conformational ana-
lysis of the free glycopeptides in solution with the ViewerPro 4.2 soft-
ware (Accelrys Inc., San Diego, CA, USA). The peptide sequence was
parameterized with the ff14SB force field*®, while the sugars were
parameterized with the GLYCAMOG6j-1 force field*’. The glycopeptides
were immersed in a 10 A water box with TIP3P water molecules* and
the charge was neutralized with explicit counter ions. A two-stage
geometry optimization approach was carried out. The first step mini-
mized only the solvent molecules and ions using a 500 kcal mol™ A
harmonic potential, followed by a second minimization step involving
all atoms of the system. The system temperature was gently
heated from O to 300K under constant pressure of latm and
periodic boundary conditions for 0.lns. Harmonic restraints of
10 kcal mol™A were applied to the solute, and the Andersen tem-
perature coupling scheme was used to control and equalize the tem-
perature. The time step was kept at 1 fs during the heating stages to self-
adjust potential inhomogeneities. The long-range electrostatic effects
were modeled using the particle-mesh-Ewald method”. The SHAKE
algorithm was applied to constrain all bonds involving hydrogen atoms,
without applying hydrogen mass repartitioning. An 8 A cutoff was
applied to the Lennard-Jones and electrostatic interactions. The sys-
tems were equilibrated for 1ns with a 2fs time step at a constant
volume and temperature of 300 K. The trajectories were run for 500 ns
under the same simulation conditions, and triplicate runs were

performed. One additional simulation was performed where the dihe-
dral angles of some glycosylated residues were altered in both glyco-
peptides, in the 4xTn-STTT glycopeptide, the S1 and T4 were modeled
with the eclipsed and staggered conformation, respectively; while for
the 4xTn-TTTT glycopeptide, the T1 and T4 dihedrals were altered to a
staggered conformation. The simulation trajectories were then ana-
lyzed using the CPPTRAJ module of AMBER 22 and the dihedrals as well
as the residue-wise RMSF were calculated. MD simulation conditions
for the free glycopeptides are provided in the Supplementary Table 6.

MD simulations of the complexes

Calculations were carried out with AMBER 22 package*® implemented
with GLYCAMO6 force field*’. The X-ray structures reported in this
work were used as initial structures. The glycopeptides were build-up
with Carbohydrate Builder (https://glycam.org/cb/). The complexes
were immersed in a water box with a 10A buffer of TIP3P water
molecules™ and the system was neutralized by adding explicit counter
ions (CI). A two-stage geometry optimization approach was per-
formed with the PMEMD module. The first stage minimizes only the
positions of solvent molecules and ions, using a 50 kcal mol™ A 2
harmonic potential, and the second stage is an unrestrained mini-
mization of all the atoms in the simulation cell. In both stages,
2500 steps of steepest descent minimization were followed by
2500 steps of conjugate gradient minimization. The systems were then
heated by incrementing the temperature from O to 300K under a
constant pressure of 1 atm and periodic boundary conditions for 2 ns.
Harmonic restraints of 10 kcal mol™ were applied to the solute, and the
Andersen temperature coupling scheme was used to control and
equalize the temperature. The time step was kept at 1fs during the
heating stages. The SHAKE algorithm was applied to constrain all
bonds involving hydrogen atoms. Long-range electrostatic effects
were modeled using the particle-mesh-Ewald method®. A real-space
cutoff of 8.0 A was applied to electrostatic and Lennard-Jones inter-
actions. Each system was equilibrated for 2 ns with a 2-fs time step at a
constant volume and temperature of 300 K. Production trajectory was
then run for an additional 1us under the same simulation conditions.
The trajectories were analyzed using the CPPTRAJ module of AMBER
22. Protonation states for all titratable residues were assigned using
the default AMBER tleap settings at pH 7.0: Asp and Glu were modeled
as deprotonated, Lys and Arg as protonated, and histidine residues
were automatically assigned as HIE or HID based on their local
hydrogen-bonding environment. Conformational analysis of GalNAc-
Thr and GalNAc-Ser residues was performed to validate conformations
sampled during simulation compared with the observed conformation
in the crystal structure. Note, that all MD simulations were initiated
from the experimentally validated X-ray crystal structure to ensure
accurate ligand positioning and avoid artifacts from random starting
poses. This approach allowed observed differences in ligand dynamics
and stability to be attributed to the intrinsic molecular properties
rather than initial placement bias. Equilibration state was assessed by
monitoring the RMSD of both the protein backbone (Ca atoms) and
the ligand over the entire duration of each trajectory (Supplementary
Fig. 23). MD simulation conditions for glycopeptide in the complex are
provided in the Supplementary Table 6.

Theoretical binding energy

Binding free energy estimations were carried out using the Generalized
Born surface area (MM-GBSA) method along 1 us MD trajectories. The
analysis employed the MMPBSA.py module from the AMBER 22 soft-
ware suite. Snapshots were extracted every 100 ps from the produc-
tion phase of the simulation.

MM-GBSA calculations were performed in serial mode using the
Generalized Born model igb = 5, with a salt concentration of 0.1 M. Per-
residue energy decomposition (idecomp =1) was enabled to evaluate
the contribution of individual residues to the overall binding free
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energy. These per-residue values were averaged across all selected
frames to obtain representative energy profiles. To manage storage
efficiently, temporary files generated during the analysis were auto-
matically deleted after processing each frame (keep_files = 2). The
verbosity setting was configured to produce concise summary outputs
while omitting detailed intermediate logs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in the study are included in this article and its
supplementary information files. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository under accession number PXD066932.
Atomic coordinates and structure factors have been deposited in the
Protein Data Bank with accession numbers: 9GRJ, 9GRF, and 9GSM.
NMR backbone assignments were deposited in Biological Magnetic
Resonance Bank under BMRB ID 53125 and 53185, and titration data is
available in the Source Data File. MD simulation structures are available
on Zenodo database [https://doi.org/10.5281/zenodo.16741958]. Due
to large data size, mass photometry video recordings are available
upon request. Materials including X409 binder and Glycocarrier
reporters are available from the corresponding author upon
request. Source data are provided with this paper.
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