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SUMMARY

The MUC2 mucin protects the colonic epithelium by a two-layered mucus with an inner attached bacteria-

free layer and an outer layer harboring commensal bacteria. CysD domains are 100 amino-acid-long se-

quences containing 10 cysteines that separate highlyO-glycosylated proline, threonine, serine (PTS) regions

in mucins. The structure of the second CysD, CysD2, of MUC2 is now solved by nuclear magnetic resonance.

CysD2 shows a stable stalk region predicted to be partly covered by adjacent O-glycans attached to neigh-

boring PTS sequences, whereas the CysD2 tip with three flexible loops is suggested to be well exposed. It

shows transient dimer interactions at acidic pH, weakened at physiological pH. This transient interaction

can be stabilized in vitro and in vivo by transglutaminase 3-catalyzed isopeptide bonds, preferring a specific

glutamine residue on one flexible loop. This covalent dimer is modeled suggesting that CysD domains act as

connecting hubs for covalent stabilization of mucins to form a protective mucus.

INTRODUCTION

Gel-forming mucins are large glycoproteins consisting of several

N- and C-terminal von Willebrand D (vWD) assemblies and vWC

domains separated by central proline, threonine, serine (PTS)-

rich sequences that after glycosylation becomemucin domains.1

Except for the MUC6 mucin, these mucin domains are disrupted

by one or several Cys-rich domains, the CysD domains. In the in-

testine, the MUC2 mucin is the major mucin secreted by goblet

cells and thereby forms the mucus that covers the epithelium.

This 5,130-amino-acid-long glycoprotein becomes heavily

O-glycosylated during its transport through the Golgi, thereby

raising the molecular mass of the primary translational product

from 650 kDa to around 2.5 MDa. The molecule forms disul-

fide-based C-terminal dimers in the endoplasmic reticulum.

Recently, it could be shown that MUC2 also forms N-terminal di-

mers during its way through the regulatory secretory pathway,2

although earlier results also suggested trimers.3 Therefore, poly-

mers with molecular masses well above 10 MDa arise. During

biosynthesis, the formation of isopeptide-based cross-links ren-

dersMUC2 insoluble.4,5Additional isopeptide-based cross-links

are formed after secretion, required to build a protective mucus

layer that is able to resist disease challenges.6 Isopeptide bonds

can be formed by transglutaminases (TGM, protein-glutamine

g-glutamyltransferases; E. C. 2.3.2.13), a family of Ca2+-depen-

dent enzymes catalyzing the deamidation or transamidation of

glutamines. The latter reaction can lead to the cross-linking of

proteins via the side chains of glutamine and lysine.7 In the large

intestine, TGM3 is the major isozyme and contributes to the

homeostasis and stabilization of the two-layered mucus gel

network.6

Structural analysis of mucins is difficult due to their extensive

glycosylation and size. Domains of these types of molecules

have been characterized by nuclear magnetic resonance

(NMR) spectroscopy.8,9 However, some of the domain types

found inmucins have been revealed in the related vonWillebrand

factor (vWF) and in the transmembrane mucins MUC1 and

MUC16 by X-ray crystallography.10–13 Since the introduction of

cryoelectronmicroscopy (cryo-EM) for structural studies, the sit-

uation has improved. Javitt and coworkers have shown the

structure of the N-terminal part of MUC22 and we could recently

show the C-terminal structure of MUC2.14 At the low pH, resem-

bling that of the Golgi apparatus, the first CysD (CysD1) domain

is required for folding and packing of the filamentous structures

of the MUC2 N termini.2 Recently, the seventh CysD domain of

the MUC5AC mucin was described after its structure was deter-

mined by X-ray crystallography.15 However, the role/function of

the second CysD domain (CysD2) that separates the two large
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mucin domains of MUC2 and the function of the numerous CysD

domains in the other mucins are not well understood.

We have now deciphered the structure of CysD2 by NMR

spectroscopy, small-angle X-ray scattering (SAXS), size exclu-

sion chromatography, and microscale thermophoresis (MST).

The results reveal that CysD2 forms dimers with lower affinities

at physiological pH 7.5, but stronger at acidic pH corresponding

to the intracellular granule storage conditions. In addition, we

show that CysD2 serves as acyl-donor and -acceptor substrate

in transglutaminase-catalyzed cross-linking reactions both

in vitro and in vivo. Taken together, our observations suggest a

model where the CysD domain forms transient extracellular in-

teractions allowing mucin organization and dynamics before

becoming stabilized by covalent cross-linking in the colonic

mucus.

RESULTS

Initial biochemical characterization of the CysD domain

The CysD2 domain of human MUC2 consists of 97 amino acids

at position 1,782 to 1,878 and separates the two large PTS se-

quences (Figures 1A and S1A). The domain contains 10 cysteine

residues that are conserved in all CysD domains of gel-forming

mucins. CysD2 was expressed as a fusion protein with N-termi-

nal myc-Tag and a C terminus containing PTS sequences and

an enterokinase cleavable immunoglobulin (Ig)G-Fc domain (Fig-

ure S1A). The recombinant protein was expressed in Lec3.2.8.1

Chinese hamster ovary (CHO) cells giving high-mannose N-gly-

cans and GalNAc as the only O-glycan. The protein was purified

by affinity chromatography using protein G, the IgG-Fc-tag

cleaved off, and analyzed by gel electrophoresis (Figure S1B).

Analyses of the free thiol content shows that all Cys residues

are oxidized and form intramolecular disulfides (Figures S1B

and S1C). The oxidized state of the Cys residues was also

confirmed by NMR spectroscopy where the chemical shift

values of the 10 cysteine Cb signals ranged between 37 and

51 ppm. To characterize the different proteoforms of CysD2,

intact mass spectrometry (MS) analysis of the protein was per-

formed. The analysis detected 160 proteoforms from which

78% could be annotated to different glycosylation states of the

protein (Figure S1D). The most abundant proteoform contained

two N-glycans of the high-mannose type as well as three

oxidized methionines together with an acetylated N terminus re-

sulting in a molecular mass of 17,714 Da (Figure S1D). The mass

of the different proteoforms ranged from approximately 16,000

to 19,000 Da thereby reflecting the migration behavior during

SDS-PAGE (Figure S1B). However, in some proteoforms, only

one of the two N-glycosylation sites was occupied. A common

feature of all CysD domains is the sequence motif WXXW, sug-

gested to be C-mannosylated on the first tryptophan.16–18 How-

ever, the mass spectrometric analyses could not detect this

modification.

Structure of the second CysD domain of MUC2 as

revealed by NMR spectroscopy

The structure of the CysD2 domain was determined using

solution NMR techniques (Table S1). Attempts to obtain isotopi-

cally labeled CysD2 domains using cell-free methods or in

E. coli, intracellular, or in periplasm, were unsuccessful. Instead,

expression and isotope labeling were performed in CHO cell cul-

tures. Three separate samples were used for structure determi-

nation and biophysical characterization; a CysD2 formwith com-

plete 13C/15N-label, one with normal media supplemented with
15N-labeled valine and cysteine, and without any isotope label.

The superposition of the 10 lowest-energy structures of CysD2

revealed by NMR is shown in two side views and from the top

in Figures 1B–1D. The approximately 100-amino-acids-long

CysD2 domain forms a well-defined slightly elongated structure

(Figure 1). The core structure consists of six b-strands (b1–6) ar-

ranged in anti-parallel b-sheets. The b-sheets are connected by

three extended loops (a, b, and c) in one end of the domain

(Figures 1B–1E). Loop a connects b1-b2, loop b b3-b4, and

loop c b5-b6. Amide proton signals were very weak or not visible

in loop regions corresponding to residues 1,796–1,804 (in loop

a), 1,826–1,828 (in loop b), 1,853–1,859, and 1,863–1,865 (in

loop c) (Figures 1B and 1E). Two short helices (a1 and a2) are

located in the stretch connecting b2 and b3 and just before

loop b. The binding site for one Ca2+-ion is located in loop a.

The structure of the CysD2 domain is stabilized by five disul-

fide bonds, two (SS1 and SS2) of them are located in the imme-

diate vicinity of the PTS regions. The NMR analyses showed that

b1 and b6 are connected by hydrogen bonds and covalently by

the disulfide bridge SS2 between Cys1786 and Cys1876. In

addition, SS4 (between b3 Cys1823 and b4 Cys1842) and SS5

(between Cys1850 of b5 and Cys1866 of b6) both form cross-

links between the two b-sheets. The disulfide bond SS3

(Cys1813-Cys1875) connects the region between b2 and b3

with b6. The remaining disulfide bridge (SS1) between

Cys1782 and Cys1878 is connecting the N- and C-terminal

ends of the domain (Figure 1E). The disulfide bonds SS1 and

Figure 1. Structure of the CysD2 domain as deciphered from NMR analyses

(A) Schematic sketch of the domains of MUC2 mucin with the two CysD domains (yellow) surrounded by PTS sequences densely O-glycosylated to form mucin

domains (green). The analyzed CysD2 is encircled.

(B) Structure of CysD2 inside view as revealed from NMR spectroscopy, 10 isoform conformations, from N terminus (blue) to C terminus (red). The Ca2+ ion is

shown as a green sphere. The structure is shownwithout sidechains. The localizations of three disulfide bonds stabilizing the stalk are shown as an inset including

the amino-acid mainchain with sidechains.

(C) CysD2, top view.

(D) (B) turned anticlockwise by 90� on the y axis. The localization of the calcium ion is shown as an insert together with the SS4 disulfide bond.

(E) Schematic view of the arrangements of the six anti-parallel beta-strands (b1–b6, yellow), the two short alpha helices (a1–a2, red). The arrangement of the five

disulfide bonds (SS1–SS5) as marked in the amino-acid sequence are shown at the bottom. The loops a, b, and c are marked. Gln1838 is marked by blue arrow

and Lys1801 by a red arrow.

(F) Structure of CysD2 including amino-acid mainchain, the calcium ion (green sphere), and with the marked disulfide bonds (orange). b-strands are shown in

yellow, a-helices in red, and loops in green.
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SS2 are particularly important because they prevent the pulling

forces of the N- and C-terminal PTS domains from separating

the CysD2 core.

CysD2 has top flexible loops and extends from themucin

domain glycans

The deduced NMR structures suggest three loop regions at the

top of the molecule (loops a, b, and c in Figure 1B). One of the

structures was used as the starting point of molecular dynamics

simulations shown in Figure 2A represented as maximum (red

color), average (white), and minimum (blue) flexibility. The three

loops were suggested to be flexible (red), especially loops a

and c, whereas the stalk was more static (blue). The high and

low flexibility regions agree well with the positional uncertainty

of the 10 lowest-energy CysD2 structures as solved by NMR

and as shown in Figure 2B colored similarly to the molecular dy-

namic simulation.

Hydrogen-deuterium exchange-mass spectrometry (HDX-

MS) analysis was performed to further investigate the proton

accessibility and flexibility of CysD2 (Figure S2). This shows

(          )m: TYDI SG
h:  NFH PGGD)          (

I GLQDL  :m
T GLQGI :h
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E
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Figure 2. CysD2 has three flexible loops at its top extending outside of the mucin domain glycans

(A) Molecular dynamics of one NMR structure suggesting flexibility of the three loops a, b, and c. Superposition of 500 models generated by GROMACS, one per

100 ps, colored by RMSD (red for maximum, white for average and blue for minimum; calcium in green).

(B) Alignment of the 10 lowest-energy structures of CysD2 solved by NMR colored by RMSD as in (A).

(C) The 10 averaged NMR structures colored after analyzed by hydrogen-deuterium exchange (HDX) mass spectrometry experiments (red for maximum ex-

change, white for average and blue for minimum; black for no data and calcium in green).

(D) The structure of the CysD2 with neighboring PTS repeats at the N and C terminus, the protein backbone is shown in green together with the two N-glycans

(cyan) on CysD and the O-glycans (magenta) on the PTS. The hydrophobic cavity is marked.

(E) (D) turned anticlockwise by 90� on y axis.

(F) CysD2 was subjected to proteolytic digestion by meprin a (Mepa), meprin b (Mepb), CLCA1 (CLCA), chymotrypsin (Chymo), and trypsin followed by gel

electrophoresis under reducing conditions. Meprin b cleaved off the myc-Tag, but this did not affect the CysD2.
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that the amide protons of the b-sheets have almost no H/D ex-

change as these are stabilized by 20 predicted hydrogen bridges

between amide hydrogens and carbonyl groups in the adjacent

b-strand (blue in Figure 2C). Nevertheless, the protons of the

three top flexible loops show a high exchange rate (a, b, c in

red Figure 2C), especially loop c forming a lid on the top and

loop a carrying the HKP-sequence (Figure 2B). Interestingly,

loop b carrying the GQT-sequence shows less proton exchange

compared with loops a and c, what might be caused by the par-

tial covering by loop c.

According to the mass spectrometric analysis (Figure S1),

there were two N-glycans on the CysD2 for the most abundant

isoform. These were localized on the asparagine residues

1,787 and 1,820 (Figure 1E). When these weremodeled as di-an-

tennary N-glycans without terminal sialic acids and added to the

CysD2 structure, they both appear on the same side of the stalk

region (Figures 2D and 2E). Furthermore, CysD2 is located be-

tween the two densely O-glycosylated PTS sequences in the

native MUC2. To understand how much of the CysD2 domain

might be covered by these, we modeled the PTS sequences

with 20 amino acids on each side in an extended conformation

with extended Core 3 O-glycans (Gal-GlcNAc-Gal-GlcNAc-

3GalNAc-) on every serine and threonine (Figures 2D and 2E).

The length of the O-glycans is as found in the human intestine19

and this model shows that the glycans extend less than half-way

up on CysD2 covering most of its stalk, but still leaving its head

and the flexible loops available for interactions.

CysD is protected against proteolytic attack

The MUC2 mucin is required to be relatively stable to digestive

and bacterial proteases present in the intestine. This is accom-

A

C D

B Figure 3. CysD2 can appear as a monomer

or dimer depending on pH and concentra-

tion

(A) Size exclusion chromatography of CysD2 with

an elution volume corresponding to an apparent

molecular mass of 32 kDa, n = 3.

(B) Small-angle X-ray scattering analysis of

CysD2, n = 3.

(C) Thermophoresis interaction analysis of CysD2

at pH 7.5 and 5.5, n = 3.

(D) Probabilistic modeling of thermophoresis

progress curves in (C) by interaction analysis of

CysD2 at pH 7.5 and 5.5. The median of Atotal,n
posterior distribution is displayed, with error bars

representing the 95% highest density interval of

the distribution.

plished by its decoration with protecting

glycans and by numerous disulfide bonds

making the molecule compact with

limited flexible regions. The structural or-

ganization of the CysD2 core, stabilized

with disulfide bonds, suggests this part

to be resistant, but its flexible loops

should be vulnerable. To test the resis-

tance of the domain against intestinal

host proteases, CysD2 was treated with

meprin a, meprin b, CLCA1, trypsin, and chymotrypsin. None

of these host proteases cleaved in CysD2 (Figure 2F). These re-

sults suggest that the structural arrangement of the CysD

domain and the amino acid sequences of the loops do not allow

proteolytic hydrolysis by the host.

CysD2 shows transient homotypic interactions

We previously suggested that CysD2 can form homodimers

based on its elution profile on a size exclusion column.20 This

experiment was repeated on a Superdex75 column providing

a more suitable resolution for its molecular mass. Again, the

CysD2 domain eluted at an apparent molecular mass around

32 kDa, suggesting a dimer (Figure 3A). However, complement-

ing small-angle X-ray scattering (SEC-SAXS) with size exclusion

chromatography showed a molecular mass in the range of 17.1–

19.0 kDa, suggesting that the CysD2 molecule was in its mono-

meric state at pH 7.2 (Figures 3B; Table S2). Furthermore, the

NMRmodel showed that the molecule has more of an elongated

than a globular structure. Since molecular mass estimations at

size exclusion chromatography are only applicable to globular

proteins, we applied the results from the SAXS experiments

(radius of gyration) to correct the gel filtration estimations. This

showed that CysD2 in fact eluted as a monomer when analyzed

by size exclusion chromatography.

However, microscale thermophoresis (MST) studies of CysD2

detected homotypic interactions. At acidic conditions (pH 5.5), re-

flecting the environment in goblet cell granules during the storage

of the MUC2mucin, the dissociation constant (KD) was estimated

to be around 3 mM (Figure 3C). This suggests that the CysD2

domain could support and organize the packing and storage of

theMUC2mucin in the storage granules. When the pHwas raised
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Figure 4. CysD2 as a transglutaminase substrate and presence of isopeptide bonds formed in vitro and in vivo

(A) Schematic figure explaining the two-step reaction catalyzed by transglutaminases for the formation of isopeptide bonds.

(B) CysD2 acts as both acyl- and amine-donor for the transglutaminase TGM3. CysD2 was incubated with the biotinylated acyl-donor peptide E51 or the primary

amine biotinyl-cadaverine with TGM3 in the presence and absence of the transglutaminase-inhibitor ZDON, n = 3.

(C) TGM3 was incubated with CysD2 (with a partial PTS region and myc-Tag) showing the formation of multimers (n = 3, see Figure S3 for mass spectra).

(D) Composite Ag-PAGE analysis from the mouse colon mucus showing Muc2 from WT and Tgm3-deficient mice, respectively, n = 3. Muc2 was visualized by

Alcian blue staining. The bands marked A, B, and C correspond to oligomeric forms of MUC2.

(legend continued on next page)
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to more physiological conditions (pH 7.5),21 the interaction was

about 10 times weaker as reflected by a KD of around 33 mM.

This latter estimate is less accurate since saturation was not

reached. This default target-ligand model does, however, not

accurately represent equilibrium concentrations of protein dimer-

ization experiments, especially as the maximum concentration

of target-ligand complexes is constrained by the initial target con-

centration. Toovercomethis,weemployed theBayesianmodeling

fordimerizationas implemented forMSTprogresscurves.22,23The

results, illustrated inFigure3DandTableS3confirmapproximately

one order of magnitude lower KD at pH 5.5 comparedwith pH 7.5,

but also an increased KD to 49.5 mM at pH 7.5.

Dimerization of CysD2 at pH 7.5 was further supported by

NMR analysis. Using an amino acid-specific labeled sample,
15N T1 (longitudinal) and

15N T2 (transverse) relaxation times for

valines and cysteines were determined (Table S4). The rotational

correlation time of the entire domain (tc) is related to itsmolecular

size and shape. A tc of 7.9 ns was calculated from the average

ratio of 15N T1 and 15N T2 relaxation times at 318 K. The corre-

sponding molecular mass, 30 kDa, is consistent with the forma-

tion of a protein dimer. The concentration of CysD2 during NMR

spectroscopy was 330 mM, 7-fold higher than the KD measured

by thermophoresis. The results from thermophoresis and NMR

together suggest that CysD2 can form weak transient interac-

tions with itself at physiological pH (7.5).

The flexible loops of CysD2 exhibit a different dynamic

mobility. The 15N NOE results reflect a rigid core, but residues

in or close to the loops (Val1812, Cys1813, Val1840, Val1844,

Val1846, Cys1850, and Cys1866) exhibit a lower 15N T2 relaxa-

tion consistent with slow dynamic exchange processes. Further-

more, Val1860, at the tip of the loop c, has a very weak signal in

the 15N HSQC spectrum, suggesting exposure to solvent ex-

change. The low 15N NOE value of 0.71 (only the very N- and

C-terminal residues exhibit similar low NOE values) and side

chain chemical shift values are in perfect agreement with a

random coil, confirming the c-loop flexibility.

CysD2 is a transglutaminase substrate resulting in

covalent cross-linking of transient dimers

Transglutaminases (TGMs) are enzymes that are able to form

isopeptide bonds. The reaction is initiated by the substrate inter-

action with the transglutaminase resulting in the formation of a

thioester intermediate between a specific glutamine residue

and the enzyme, followed by a second step with a nucleophilic

attack of an exposed promiscuous lysine (Figure 4A).7 The

CysD2 domain has been shown to act as an acyl-donor and

-acceptor substrate in a TGM2-catalyzed reaction thereby pro-

ducing isopeptide bond-cross-linked CysD2 homodimers.5

Recently, it was shown that TGM3 is the dominant transglutami-

nase in the large intestine and the lack of Tgm3 in the knockout

mice increases the susceptibility to experimental colitis.6 There-

fore, it was tempting to speculate that CysD2 could also be a

substrate for TGM3. By using the biotinylated TGM3-specific

glutamine-donor substrate E5124 and the primary amine bio-

tinyl-cadaverine (5-BP), respectively, it was shown that CysD2

can also act as acyl-donor and -acceptor for TGM3 (Figure 4B).

Therefore, the domain should be able to form TGM3-catalyzed

homodimers or homo-oligomers. In order to test this hypothesis,

the protein was treated with recombinant TGM3. In this experi-

mental set up, TGM3 catalyzed the formation of homodimers

and a homo-oligomer ladder (Figure 4C). Mass spectrometric

analyses of the oligomers detected several Gln-Lys isopeptide

linkages (Figure S3). The preferred acyl-donor of CysD2 in

most dipeptides was Gln1838 (Figure S3) that was cross-linked

with alternate lysines (K1856, K1851). As themyc-Tag could also

provide glutamine and lysine residues for cross-linking, dipep-

tides including themyc-Tag were also observed. The abundance

of the different TGM3 reaction products were in similar intensity

range (Figure S3).

To fully understand the importance of CysD2 cross-linking

in colonic mucus, reduced and alkylated MUC2 from wild-

type (WT) and Tgm3�/� mice was separated via composite

agarose-PAGE (Figure 4D). As observed previously, several

non-reducible bands were observed. Mass spectrometric

analyses of WT-MUC2 identified a CysD2-CysD2 isopeptide

cross-link between the side chains of Gln2928 and Lys2891 (Fig-

ure 4E). Gln2928 in mouse CysD2 corresponds to Gln1838 in the

human sequence and Lys2891 to the human Lys1801 asmarked

in Figure 2C. CysD2 cross-links were always present in the faster

moving WT-MUC2 bands whereas this cross-link was totally ab-

sent in the Tgm3�/� animals (Figure 4F). These results show that

CysD2 functions as a substrate for TGM3 both in vitro and in vivo

suggesting that this domain can act as a cross-linking hub for the

organization of the bacteria-impenetrable colonic mucus layer.

According to the structure, Gln1835 is well exposed. However,

MS results from both mouse colon mucus and human

in vitro experiments suggest Gln 1838 as the preferred amino

acid, although also that Gln1835 can be utilized cannot be

excluded. The Gln1838 residue (LGQT sequence) in the loop b

(Figures 1A and 2C) is buried and shielded by the loop c, some-

thing that should prevent the accessibility of the side chain to the

catalytic cleft of TGM3. Molecular dynamics simulations (Fig-

ure 2A) showed that loop c could move to a perpendicular posi-

tion, thereby exposing this residue in loop c. The flexibility of loop

cwas also confirmed byNMRanalyses (Figure 2B). Furthermore,

a shielding effect of loop b was suggested by the lower proton

exchange of loop b (Figure 2C). Together, these observations

suggest that this CysD2 loop and its conformation could influ-

ence the accessibility of the glutamine used for transamidation.

In theory, the Gln2928-Lys2891 (human Gln1838-Lys1801)

cross-link could be intramolecular. However, the involved gluta-

mine and the lysine side chains are too far apart in the structural

model to allow such a reaction. Thus, this isopeptide cross-link

must be intermolecular suggesting that the fast-moving MUC2

(E) Mass spectrum (MS2) of the isopeptide cross-link found in Muc2 from WT animals, but undetected in the Tgm3�/�, n = 3. Gln2928 and Lys2891 of mouse

Muc2 are the acyl-donor and acceptor sites, respectively. These amino acids correspond to the ones in humans as indicated in Figure 2C. B-ions are marked in

red and y-ions are marked in blue. The parent ion showed an m/z [M+2H]2+ of 887.96. Cleaved by trypsin/AspN.

(F) Frequency of isopeptide cross-links involving CysD2 in the different oligomeric forms of Muc2 in the mouse colon mucus from WT and Tgm3�/� mice (n = 3).

The A, B and C mark refer to the bands in D.
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band containing this linkage corresponds at least to a dimer

(Figures 4D–4F).

Next, we tried to understand how the CysD2 dimer with a

Gln1838-Lys1801 isopeptide bond should look and how it will

arrange the flanking PTS1 and PTS2 domains. The orientation of

the generated MUC2 homodimer will have important implications

for how one should envision the organization of the mucus

network. Using the molecular in silico docking programs

PatchDock and FireDock, a model of the covalent homodimer

could be established (Figure 5A).25,26 The best model was found

between the NMR solution number one for the glutamine donor

and NMR solution number five for the lysine. The interaction sur-

face spans�650 Å2, corresponding to 11% of the total surface of

a non-glycosylatedCysD2. The interaction occurs between loop a

and the external side of b4 and b5 of the NMR model one and

the loops a and c of model five. This interaction involves 18 inter-

facing residues from each monomer, resulting in the formation

of numerous hydrophobic interactions, eight hydrogen bonds

and the described isopeptide bond. These interactions aremagni-

A

B D

C Figure 5. In silico model of CysD2 dimer

stabilized by an isopeptide bond between

Gln1838 and Lys1801

(A) Two CysD2 domains with two PTS repeats at N

and C terminus (one protein orange and one pro-

tein green) with O-glycans (magenta) and N-gly-

cans (cyan).

(B) Model with dimer interface enlarged. The iso-

peptide bond (black) is between Lys1801 (black)

and Gln1838 (gray), indicated by black and gray

arrows.

(C) (A) turned anticlockwise by 90� on the x axis.

The tilt of 25� between the two molecules is indi-

cated by an arch.

(D) (C) turned clockwise by 90� on the y axis.

fied in Figure 5B where the isopeptide

bond between Gln1838 and Lys1801 is

marked in black. Although the stalk contin-

uation in the PTS sequences is likely

very flexible, the mucin domains of the

two MUC2 molecules are suggested to

arrange nearly parallel with an angle of

around 25� (Figures 5C and 5D).

Together, these results suggest that

the second CysD domain of MUC2 is

a substrate for the transglutaminase

TGM3 in vitro and in vivo, thereby trans-

forming a weak interaction into a covalent

bond. This suggests an important role of

the CysD2 domain in organizing and sta-

bilizing the MUC2 mucins to form a pro-

tective colonic mucus.

DISCUSSION

CysD domains are a common character-

istic of gel-forming mucins, except for

the MUC6 mucin. However, their func-

tional role has been poorly investigated so far. Here, we have

studied the structural arrangement of the secondCysD domain,

CysD2, from the MUC2 mucin by MS, SAXS, thermophoresis,

and NMR. These analyses showed that the core region of this

domain is built by six anti-parallel b-strands and two short a-he-

lices. This arrangement is further stabilized by five disulfide

bridges at the top and bottom of the molecule (Figure 1). This

structural arrangement is similar to the previously published

crystallographic structures of the first CysD domain of MUC22

and the seventh CysD domain of MUC5AC recently pub-

lished.15 The main structural difference between CysD2 and

the other two structures is the position of loop c that folds

back over the loop b, thereby creating a hydrophobic cavity

(marked in Figure 2D). CysD2 of MUC2 also resembles the

CysD7 of MUC5AC as both contain only a single Ca2+ ion bind-

ing side and an extra a-helix (a1). Nevertheless, a1 is shorter in

CysD2 and did not protrude as it does in MUC5ACCysD7, but it

is located in a very flexible region. NMR and molecular dy-

namics showed that the lack of the second Ca2+ ion in the
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loop a of CysD2 makes this loop highly flexible as it was sug-

gested for MUC5AC CysD7.

In the present work, the structure of a CysD domain was

determined by NMR spectroscopy, revealing the multiple con-

formations of the three flexible loops. This further illustrates

what could also be suggested from the crystallographic model

of the CysD7 in MUC5AC.15 The comparison between NMR

and Alphafold27 CysD2 models reveals substantial differences

at these loops (Figure S4). Although the models overlie almost

perfectly at the stem region and partially at loop b and c, Alpha-

fold prediction of loop a places it outside the area covered by

the 10 NMR isoforms. The prediction of a short a-helix at the

beginning of loop c together with abundant hydrophobic inter-

actions between loop a and loop c, as well as loop c and loop

b, produces a compact molecule giving a misleading impres-

sion about its flexibility. Understanding the flexibility of the

three loops, especially loop c, is important, as this seems to

regulate both interaction and accessibility of transglutaminase

substrate sites.

The MUC2 CysD1 domain in isolation was revealed by X-ray

crystallography and together with the full N-terminal end of

MUC2 at low pH by cryo-EM, resembling the storing conditions

in the goblet cell granule. CysD1 was then shown to be required

for the molecular packing of the mucin. CysD1 was binding back

to the von Willebrand domains (vWD), a similar arrangement as

for the von Willebrand A domain of the vWF.2,28 It is, however,

difficult to envisage that the second CysD in MUC2 as well as

the 7 and 9 CysDs in MUC5B and MUC5AC, respectively, could

have the same role as CysD1 during intracellular packing.

Furthermore, the role of the CysD domains after mucin secretion

when the pH is raised is not understood.

CysD2 is surrounded by PTS sequences that are heavily

O-glycosylated on the serines and threonines to form mucin do-

mains. Modeling of these mucin domains together with the

CysD2 shows that more than 50% of the CysD2’s surface is

exposed, as only the stalk will be buried (Figures 2D and 2E).

This means that the top part with the three flexible loops and

the calcium ion is exposed and available for interactions.

One common feature of CysD domains is the WXXW sequence

that has been believed to be a motif for C-mannosylation of the

first tryptophan, as suggested by several studies.16–18 Mannosy-

lation of thismotif is claimed to be necessary for the correct matu-

ration and secretion of mucins, but none of these studies has

directly demonstrated the presence of the glycosylated trypto-

phan by MS or other methods. Our current and previous studies

have also been unable to detect this modification on CysD2 of

MUC2.20 In addition, Javitt et al. demonstrated that the WXXW-

sequence motif is not mannosylated in CysD1 of MUC2 or

CysD7 of MUC5AC.2,15 However, this could be due to protein

expression in CHO or HEK cells, but we have never observed

any mannosylation in native mouse colon mucus. Interestingly,

in CysD2, but not CysD1, the putative C-mannosylation site

is overlapping with a recognition motif for N-glycosylation

(NWTGW). Since this asparagine residue is glycosylated, it is

tempting to speculate that the N-glycosylation that takes place

co-translationally should prevent mannosylation of this residue

in CysD2. However, this cannot be the reason for lack of manno-

sylation in CysD1.

The formation of CysD homo- and/or heterodimers of gel-

forming mucins has been directly and indirectly suggested by

several authors. Perez-Vilar and coworkers demonstrated latent

interactions of CysD domains from MUC5B and MUC5AC by

chemical cross-linking.17 In addition, Oikosins from protochor-

dates are repeats of CysD domains and used to build cages,

called ‘‘houses,’’ for trapping food, further suggesting their mo-

lecular role as interacting domains.29 Similarly, a transgenic

mouse strain expressing a poly-CysD protein increased the co-

lon mucus barrier.30 We have previously also suggested that

CysD2 forms a non-covalent dimer based on gel electrophoresis

and its elution profile from a size exclusion chromatography.20

However, as shown here, the elongated shape of CysD led to

the misinterpretation of the actual monomer as a dimer.

Nevertheless, homotypic interactions were detected when

CysD2 was analyzed by thermophoresis. Here, an apparent

dissociation constant of around 3 mM at acidic pH, resembling

the one of goblet cell granules, suggests a role of CysD2 for

the packing and storage of the MUC2 mucin before secretion.

The idea of CysD domains being important for intracellular stor-

age and packing at low pH is further supported by the work of

Javitt et al. showing that the MUC2 N terminus lacking the

CysD1 domain is unable to assemble in filament structures.2

Interestingly, CysD2 also showed interactions at pH 7.5 with a

dissociation constant between 33.1 and 49.5 mM as measured

by thermophoresis. This dimerization was also supported by

the rotational correlation time corresponding to a dimer during

NMR analyses, performed at protein concentration higher than

the KD. Furthermore, NMR studies showing signals from Cb car-

bon in the two different NMR experiments, HNCACB and

HN(CO)CACB, respectively, were generally weak or not observ-

able, even at elevated temperatures, as the NMR signal intensity

relaxes faster with increasing molecular mass. The weak C-beta

signals are an additional observation in line with dimerization and

consistent with a CysD2 dimer under these conditions (pH 7.4,

300 mM, 45�C). As expected, at lower concentrations CysD2

was monomeric during size exclusion chromatography as de-

tected by either UV or SAXS.

The experimentally determined KD of 33.1 mM was

further analyzed by probabilistic modeling suggesting a KD of

49.5 mM, which in conjunction with the obtained NMR observa-

tions further supports transient protein-protein interactions. As

the structure of CysD2 does not show any charged patches,

this allows the assumption that the dimerization is a diffusion-

controlled process with an expected kon value of approximately

108 M�1s�1. The corresponding koff value of around 300 s�1 is

fast and should allow the observation of chemical shift changes

in self-titration NMR experiments. However, no distinct chemical

shift changes were observed in dilution experiments down to

10 mM CysD2. It should be kept in mind that the CysD2 domain

is structurally heterogeneous, both due to the N-linked glycosyl-

ation, but also due to the variation in the oxidation state of the

methionine residues. Interestingly, two methionine residues are

in loop regions, and neither of them could be sequentially as-

signed during the NMR studies.

Together these results suggest that CysD2 could form com-

plexes in solution, likely important for the mucin flexibility during

the formation of an organizedmucus. It can be hypothesized that
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weaker interactions are important to enable mucus expansion

where the mucin shall expand, maybe up to 1,000 times from

the intracellular packed form to the mature secreted mucus.31

For theMUC2mucins to form awell-structuredmucus excluding

bacteria as in the colon,32 the mucin interactions should be

based on specific interacting domains. Weak interactions as

shown here, should be ideal for a first rapid organization of the

mucus.

We have shown that the MUC2 CysD2 domain is a substrate

for tissue transglutaminases and that it binds to the TGM2

enzyme with a dissociation constant KD of around 110 nM.5

However, CysD2 seems to be a better substrate for TGM3, the

most abundant isozyme in the colon, as demonstrated here by

the catalysis of homo-, di-, and oligomers. The formation of

oligo- and multimers is in line with a model of CysD multimers

that was predicted earlier.5 When the cross-linking reaction

was catalyzed in vitro by TGM3, several transamidated peptides

were detected. The most abundant dipeptides were between

Gln1838 and either Lys1851 or Lys1856. According to the

CysD2 structure, the side chain of Gln1838 is buried in the mole-

cule and shielded by loop c. However, molecular dynamic

studies showed that this loop can change its position and

thereby expose Gln1838, something that could be forced by

the binding of TGM3 and its reaction with the sidechain of this

Gln. The Gln1835 is more exposed on CysD2 and our results

cannot exclude that this Gln can also be utilized. That the

Gln1838 is preferred is also suggested by the isopeptide bond

between Gln2928, corresponding to Gln1838, and Lys2891 in

MUC2 from colon mucus of live animals. We did not observe

an isopeptide bond involving the first of the two Gln, Gln2925,

in mouse MUC2. The lysine residues utilized differ between

mouse and human CysD2 and might reflect sequence and

conformation differences and the known promiscuity for the

amine in TGM-catalyzed reactions.

In silico docking experiments suggest that two CysD2 do-

mains could bind head-to-head, making it possible for the

CysD2 to interact in a way that avoids interference from the

numerous N- and O-glycans. The docking model shows that

Gln1838 and Lys1801, representing the corresponding residues

detected in colonic mouse mucus, become closely located to

each other and that an isopeptide bond between their side

chains does not cause major steric penalties. This CysD2-dimer

is shown in Figure 5 where it is suggested that two CysD2 from

two separate MUC2 mucins place the mucin domains relatively

parallel, but with a tilt of 25� to each other. The interaction sur-

face is large and includes 11% of the total surface of a non-gly-

cosylated CysD2. This interaction involves the three flexible

loops and the distinct hydrophobic cavity located between loops

b and c.

As demonstrated by the lack of cleavage by normal intestinal

proteases and two bacterial proteases (GluC and AspN, not

shown), the structural organization of CysD2 provides resistance

against protease-catalyzed hydrolysis. The protection of this

domain to proteolysis seems to be important for the integrity of

the mucus and the MUC2 mucin in the harsh environment of

the gut where endogenous and exogeneousmicrobial proteases

are highly abundant. This is reflected in previous results showing

that CysD2 and the surrounding mucin domains were the only

MUC2 domains not degraded in a mouse strain lacking the nat-

ural cross-linking enzyme TGM3.6 Under steady state condi-

tions, this mouse strain behaves normally and shows no obvious

inflammation, but is more susceptible to dextran-sulfate-trig-

gered colitis. As CysD2 is connecting the two mucin domains

of MUC2, it can be assumed that cleavage of CysD2 would

result in increased mucus instability, bacterial infiltration, and

inflammation.

Taken together, this study elucidates the structure of the sec-

ond CysD domain of MUC2 and suggests a dual physiological

function. The weak and likely transient homotypic interactions

at luminal pH will allow the organization of the MUC2 mucins

into the observed well-organized mucus. This is especially

important as the mucins come from a very densely packed intra-

cellular form, something that requires quick expansion at the

same time as it organizes into the mature mucus. In a second

step, these transient CysD2 dimers can be stabilized by cross-

linking through covalent bonds by the enzyme TGM3 in the co-

lon. This will limit the pore sizes of the MUC2 network, important

for excluding bacteria from entering and to make the inner colon

mucus more resistant to mechanical and other forces. Thus, we

suggest a model where the mucins are first highly flexible to

organize and form a dynamic mucus that is then locked and sta-

bilized in an organized way. As the MUC5B and MUC5AC mu-

cins contain seven or nine CysD domains, it is tempting to sug-

gest that these two mucins, abundant in the lungs, are also

involved in organizing respiratory tract mucus in health and

disease.33

Limitations of the study

The assignment of which Gln is used for cross-linking CysD2 is

solely based on MS. Analyzing dipeptides with MS has its limita-

tions, as the fragmentation ion intensities from the respective a

and b peptide can be highly variable. Analysis of human CysD2

cross-linked in the test tube indicates that Gln1838 is involved,

although Gln1835 might also be involved as the spectra might

be a mixture of both. The NMR structure shows that the

Gln1838 is less solvent accessible than Gln1835, questioning

the involvement of Gln1838. However, we do not know how

the interaction with TGM3 will affect the CysD2 conformation

and utilization of either Gln. When we analyzed the native

cross-link in mouse colonic mucus, the mass spectra strongly

support the role of Gln2928, corresponding to Gln1838 in human

CysD2, in vivo. Both Gln1835 and Gln1838 may be utilized for

cross-linking, but not both at the same time. However, the spe-

cific identity of involved Gln residue is of less biological impor-

tance as any of these will transform a weaker CysD2 interaction

into a covalent cross-link.

TheMUC2mucin in intestinal mucus is insoluble also in chaot-

ropic salt, limiting the possibilities to study the effects of CysD in-

teractions. This limits the possibilities to understand how and

when the CysD cross-links appear and how these contribute to

the mature mucus and its properties.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-myc-tag Abcam Cat# ab9106, RRID:AB_307014

Goat-anti-rabbit-IgG-secondary antibody, IRDye800CW LI-COR Biosciences Cat# 926–32211, RRID:AB_621843

Chemicals, peptides, and recombinant proteins

CF-488A dye protein labeling kit Biotium, Fremont, CA Cat#92213

MST capillaries Nanotemper Technologies Cat#MO-K022

Streptavidin-IR680RD LI-COR Biosciences Cat#926-68079

Human epidermal transglutaminase (TGM3) Zedira GmbH Cat#T013

Epidermal-transglutaminase-(TGM3)-substrate-

peptide-E51

Zedira GmbH Cat#B009

N-(Biotinyl)cadaverine Zedira GmbH Cat# B002

Trypsin Promega Cat#V5111

Chymotrypsin Promega Cat#V1061

ProCHO4 culture medium Lonza BE12-029Q

Geneticin G418, Invitrogen Cat#10131027

HiTrap Protein G HP column (1 mL) Cytiva Cat#29048581

Enterokinase EKMax ThermoFisher Cat# E18001

Mono Q column 5/50 Cytiva Cat#17516601
15N/13C-labelled cysteine Cambrige Isotope Laboratories CNLM-3871
15N/13C-labelled valine Cambrige Isotope Laboratories CNLM-2395
15N/13C-labelled proline Cambrige Isotope Laboratories CNLM-436

Dialyzed FBS Gibco 10270–106

BioExpress-6000 Cambrige Isotope Laboratories CGM-6000-CN

Vivaspin 3K VWR 28-9322-18

Deposited data

SAXS results SASBDB SASDSG5

Mass spectrometry data Proteome Xchange consortium PXD029071

Ensemble of 10 best NMR structures PDBe, www.ebi.ac.uk 8S03

Experimental models: Cell lines

Lec3.2.8.1 P. Stanley Stanley34

Recombinant DNA

pSMCysD-IgG2a lead contact Ambort et al.20

pSMCysD(2TR)-IgG2a/His lead contact Ambort et al.20

Software and algorithms

ATSAS package for SAXS analysis EMBL Version 3.0.0

GROMACS https://doi.org/10.5281/zenodo.10017686. Version 2022.4

PatchDock Schneidman-Duhovny et al.25 N/A

FireDock Mashiach et al.26 N/A

Monolith NT.115 instrument/software NanoTemper Technologies N/A

PyMol, The PyMOL Molecular Graphics System Schrödinger, LLC Version 2.0

ThermoBayes Anindya et al.22 https://github.com/Katona-

lab/ThermoBayes

StavroX Gotze et al.35 https://stavrox.com/

Best-TROSY suite Solyom et al.36 and Isaksson et al., 201337 N/A

NUS module in TopSpin 3.6 Bruker, Switzerland

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gunnar C.

Hansson (gunnar.hansson@medkem.gu.se).

Materials availability

Plasmids used in this study are available upon request.

Data and code availability

d The NMR structures were deposited in the PDB (ID: 8S03), SAXS results were deposited to SASBDB (SASDSG5) and mass

spectra to Proteome Xchange consortium (PXD029071). Other data is available upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

C57/Bl6N mice (Taconic) were from our in-house breeding program, Tgm3�/� mice were provided from University of Rome, Italy. All

procedures were approved by the ethical permits are 2285/19 by theGöteborgs djurförsöksetiska nämnd, Kammarrätten i Göteborg,

Sweden. Mice were maintained at 22�C with light/dark cycles of 12 h each at a humidity of 40–70%. Animals received a standard

rodent diet and water was supplied ad libitum. The animals were sedated and sacrificed followed by removal of the large intestine

and gentle scarping of the colon mucus.

Cell culture and protein production

Lec 3.2.8.1 cells34 grown in 10% FBS (fetal bovine serum) IMDM (Iscove’s modified Dulbecco’s medium; Lonza) with 1% penicillin/

streptomycin were transfected with pSMCysD(2TR)-IgG2a/His using Lipofectamine 2000 (Invitrogen) and stable clones were gener-

ated 2–3 days later by adding 250 mg/mL Geneticin (Invitrogen). Clones were selected based on high secretion of fusion protein into

the culture medium. One high-level expression clone was selected, recloned and used for protein production.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CCPN 2.4.2 Vranken et al.38 N/A

Cyana Gottstein et al.39 N/A

Yasara Krieger et al.40 N/A

PyMC3 Salvatier et al.41 https://www.pymc.io/

projects/docs/learn.html

Other

Recombinant Meprin a Christoph Becker-Pauly,

Christian-Albrechts-University zu Kiel,

Germany

Schutte et al.42

Recombinant Meprin b Christoph Becker-Pauly,

Christian-Albrechts-University zu Kiel,

Germany

Schutte et al.42

Recombinant CLCA1 Elisabeth Nyström,

University of Gothenburg, Sweden

Nystrom et al.43

Human MUC2 peptide sequence Mucin Database, www.medkem.gu.se/

mucinbiology/databases

v.2.2, Svensson et al.44

Human MUC2 peptide sequence www.uniprot.com Q02817 (230222v3)

Mouse Muc2 peptide sequence www.uniprot.com Q80Z19 (230222v3)

900 MHz NMR Spectrometer +3 mm HCN cryoprobe Bruker Corporation, USA Avance III HD,

Topspin 3.6

800 MHz NMR spectrometer + 3mm HCN cryoprobe, Bruker Corporation, USA Avance III HD

Topspin 3.6
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Adherent CHO-K1 Lec3.2.8.1 cells producing CysD(2TR)–IgG were resuspended at 0.33106 cells/ml in 2% FBS ProCHO-4 me-

dium (Lonza) with 4mML-glutamine, 13ProHT supplement and 250 mg/mLGeneticin (Gibco). Cells were adapted to serum-free sus-

pension growth within 6 weeks at 90 rev./min at 37�C in 5% CO2. A 1.5 L perfusion culture with spin filter separation (10 mm) was

performed in a 3 L bioreactor (Applikon) controlled by an ADI 1010 Bio Controller and an ADI 1025 Bio Console at 37�C, pH 6.9,

40% dissolved O2 and 150–300 rev./min. Oxygen and CO2were introduced by bubble-free aeration using 9 m of 1-mm thick silicone

tubing. Perfusion rate was 0.3–0.8 dilutions/day of culture volume.

METHOD DETAILS

Reagents

If not otherwise stated chemicals were bought from Sigma Aldrich. Meprin a and b were kindly provided by Prof. Christoph Becker-

Pauly (Christian-Albrechts-University zu Kiel, Germany). CLCA1 was kindly provided by Dr. Elisabeth Nyström (University of Gothen-

burg, Sweden).

Protein purification

Spent culture medium (9.5 L) containing CysD(TR)–IgG fusion protein was filtered (0.45 mmMini Capsule, PALL) and concentrated by

Tangential Flow Filtration (Pellicon-2 system, Millipore) with two 5 kDa PLCC filters (four times in 1 L of PBS reduced to 500 mL). For

Protein G purification of CysD(2TR)–IgG fusion protein, serum-containing medium (130mL) was dialyzed (Spectra/Por Dialysis Mem-

brane, molecular-mass cut-off of 6–8 kDa, Spectrum Laboratories) three times against 20 mM sodium phosphate buffer (pH 7) and

filtered (Durapore Membrane Filter, 0.22 mm GVWP, Millipore). The supernatant from the Lec3.2.8.1 clone was cleared from cellular

debris by centrifugation (4,000 x g; 30 min; RT) and the protein purified via a Protein G column after equilibration with 10 column vol-

umes (CV) 20 mM PBS pH 7.3. The supernatant containing the Fc-CysD fusion protein was loaded and washed with 10 CV PBS. The

Fc-tag was removed by digestion with 15 U Enterokinase (ThermoFischer) on the column for 12 h. CysD2 was eluted with 20 mM Tris

pH 8.0. CleavedCysD2was further purified by ion-exchange chromatography using aMonoQ 5/50GL column (GEHealthcare) using

a gradient from 0 to 450 mM NaCl in 20 mM Tris buffer pH 8.0.

NMR spectroscopy

For selective labeling, the stable clone of Lec3.2.8.1/CysD-IgG2a/His was cultured in 5-layer flasks (Corning) in 200 mL DMEM

(Gibco), 5% FBS, 20 mg/L L-proline, 30 mg/L methionine, 250 mg/L G418 (Gibco) with 63 mg/L 15N/13C-labelled cysteine and

250 mg/L 15N/13C-labelled valine (Cambridge Isotope laboratories, UK). Medium was harvested after ten days and the buffer

changed to PBS using tangential flow filtration (Pellicon, Millipore).

For full 15N/13C-labelling of all amino acids, the same clone was expanded to confluency in DMEM, 5% dialyzed FBS (Gibco,

20 mg/L proline, 250 mg/L G418, and medium was then replaced with BioExpress-6000 (CGM-6000-CN, Mammalian, Cambridge

Isotope Laboratories, UK), 13.6 mg/L 15N/13C-labelled proline, 5% dialyzed FBS (Gibco), 250 mg/L G418, 25 mM HEPES (Lonza).

Medium was harvested after eight days and buffer changed to PBS as above and then used for further purification. The protein

secreted into the growth medium was purified in two steps; Protein G followed by ion-exchange chromatography and the buffer

exchanged to 10 mM phosphate buffer and 100 mM NaCl, pH 7.4 using Vivaspin 3K centrifugal concentrators. The total yield

from one liter of cell culture was concentrated to 110 mL and transferred to a 3 mm Shigemi tube for NMR experiments.

Three different samples were used for the NMR analysis. The fully 13C/15N-labelled sample (330 mM) was used for sequential as-

signments, side chain assignments, and isotopic edited 3D NOESY experiments. The Cys/Val-labelled sample (600 mM) was used to

determine T1-and T2-relaxation and 15 N NOE data for valine and cysteine residues. A third, non-labeled sample (700 mM) was used

for 2D 1H–1H NOESY experiments.

All NMR experiments were performed on an 800 MHz or a 900 MHz Bruker AVANCE III-HD spectrometer equipped with a 3 mm

cryo-enhanced TCI probe.

Sequential assignment was performed using the Best-TROSY suite of backbone experiments.36,37 All NMR experiments were per-

formed in 40% non-uniform-sampling (NUS) mode. The temperature was set to 318 K to reduce solvent viscosity and improve the

transversal relaxation properties. 3D isotope-edited NOESY experiments with 100 ms mixing from the Bruker library were used to

obtain a 15N-edited NOESY-HSQC, a 13C NOESY-HSQC of the aliphatic region, and a 13C NOESY-HSQC of the aromatic region.

A 3D H(C)CH-spectrum with 14 ms isotropic mixing time was used for the side chain assignment.
15N NOE, T1 and T2 relaxation times were measured at 800 MHz using TROSY type experiments.45 In total 16 relaxation delays,

including three triplicates, spanning intervals of 10-2,000 ms and 10–160 ms were used in the T1 and T2 experiments, respectively.

Each experiment was recorded for 24 h as a pseudo 3D dataset using 40% non-uniform sampling (NUS).

Data were processed using the NUS module in TopSpin 3.6 (Bruker, Switzerland). Resonance assignment and spectral analysis

were done in CCPN 2.4.2 38. NOEs and backbone dihedral angles obtained from backbone chemical shift analysis were used for the

structure calculations. Geometric restraints defining a calcium-binding site were obtained from the crystal structure of the MUC2

CysD1 domain (6TM6, PDB) and sequence comparison with the CysD2 domain. Hydrogen bonds, obtained from non-exchanging

H(N) atoms and with hydrogen bond donors identified from structure calculations without considering hydrogen bonds, were

used to calculate 200 structures using Cyana.39 Following energy minimization in Yasara,40 the 10 best structures were deposited
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in the PDB (ID: 8S03). A summary of the NMR statistics for the CysD structure are shown in Table S1. The 15N T1 and T2 relaxation

times (Table S4) and standard errors were estimated in CCPN using an exponential fit function with two parameters, peak height, and

the time constant T. 15N T1 and T2 relaxation time constants and the 15N NOE values are reported in Table S4.

Transglutaminase-catalyzed cross-linking of CysD2

Purified CysD2 was incubated in 50 mM HEPES; 150 mM NaCl; 10 mM CaCl2 pH 8.0 with 1 U TGM3 for 30 min at 37�C on a ther-

momixer set to 400 rpm. The reaction was terminated by the addition of 2x SDS-PAGE loading buffer and heating to 95�C for 5 min.

Reaction products were separated via 4–20% SDS-PAGE and stained with Coomassie brilliant blue G-250. Bands of interest were

cut out, destained, reduced and alkylated with iodoacetamide as described.5 For the analysis of CysD2 acyl-donor and -acceptor

sites 2 mg CysD2 were incubated with either 10 mM biotinylated-TGM3-substrate-peptide E51 or N-(Biotinyl)cadaverine (5-BP)

and processed as described above. After electrophoresis the proteins were transferred to PVDF membranes and substrate incorpo-

ration in CysD2 detected with Streptavidin-IR680RD (1:20,000) after labeling of CysD2 with an anti-myc-Tag-antibody (1:500) fol-

lowed by staining with anti-rabbit-IgG-secondary antibody (1:20,000) coupled to IRDye800CW.

Mass spectrometry and data analysis

Dried protein bands of interest were digested with trypsin/AspN (mouse mucus) or chymotrypsin/AspN (human CysD2).6 After pep-

tide extraction with 50% acetonitirle/0.2% TFA and removal of buffer contaminants with in-house C18 stage tips, peptides were

analyzed via nano-LC-MS/MS using a Q-Exactive HF mass spectrometer (Thermo).

For the analysis of CysD-CysD cross-links from mouse mucus a previously published dataset was mined.6 For this and the in vitro

human CysD2 cross-link experiments, the StavroX software tool (version 3.6.6) set to the following parameters: mass tolerance for

the precursor ion of 2 ppm; tolerance for fragment ions 20 ppm; full specificity for trypsin/AspN or chymotrypsin with a maximum of

threemissed cleavages; Gln and Lys as cross-linking sites; composition of the cross-linkminus NH3; carbamidomethylation as static

modification and methionine oxidation as variable modification.

Small-angle X-Ray scattering

Small Angle X-ray Scattering (SAXS) measurements were recorded at 20�C with a momentum transfer range from 0.02 to 7.24 nm�1

and l = 0.124 nm, at out at the P12 EMBL beamline at PETRA III synchrotron (DESY, Hamburg, Germany). SEC-SAXS was collected

during all the elution in 20mMphosphate buffer pH 7.2, 70mMNaCl according to the parameters described in Table S1. Data reduc-

tion and 1D scattering intensities of the sample were done at the beamline P12. Frames selection, averaging, buffer subtraction, and

extrapolation were performed using CHROMIXS and primusqt from the ATSAS 3.0.0 package. The SAXS results are deposited to

SASBDB with accession SASDSG5.

Molecular dynamics

The molecular dynamics behavior of CysD2 was investigated with GROMACS 2022.4 at constant pressure and temperature (NPT).

The protein topology was generated from the CHARMM27 force field and solvated with the TIP3P water model using the first NMR

model. The system was built in a cubic box of 1.0 nm distance from the protein to the surface under periodic boundary conditions

box, neutralized by adding three sodium ions and energyminimized. A constant temperature of 300 K for 100 ps and one bar pressure

were applied for equilibration. The molecular dynamics simulation was run for 50 ns with 2 fs time step.

In-silico docking

The in-silico docking was performed based on shape complementary using PatchDock. All combinations between the 10 lowest en-

ergy structures of CysD2 solved by NMR were analyzed. A distance constraint of 2.5 Å between Gln1838 OE1 and Lys1801 NZ was

applied. The highest scored complexes were further refined and evaluated using FireDock.

MicroScale thermophoresis (MST)

CysD2 was fluorescently labeled using CF-488A dye protein labeling kit (Biotium, Fremont, CA). CysD-CysD binding experiments

were carried out at RT on a Monolith NT 115.1 microscale thermophoresis instrument (Nanotemper Monolith NT.115) equipped

with a blue-green fluorescent reader using 20% LED and medium IR power. Fluorescently labeled CysD and non-labelled CysD

were prepared in a buffer containing 50 mM Tris pH 7.5 or 50 mM MES, pH 5.5; 150 mM NaCl and 0.05% Tween 20. The dilution

series ranged from 100 mM to 3.1 nM of non-fluorescent CysD2. Fluorescent-labelled CysD was added with a final concentration

of 30 nM. Microscale thermophoresis traces were followed for 10 s after heat induction and the ratio difference was plotted against

the concentration of the titrated interaction partner.

QUANTIFICATION AND STATISTICAL ANALYSIS

SAXS data analysis

Data reduction and 1D scattering intensities of the sample were done at the beamline P12. Frames selection, averaging, buffer sub-

traction, and extrapolation were performed using CHROMIXS and primusqt from the ATSAS 3.0.0 package.
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Probabilistic modeling of MST progress curves

The MST data were analyzed as previously described22,23 with the following modifications. The experiments modeled here had a

preheating fluorescence recording of 3.6 s and total post-heating time trace of 19.9 s. A Bayesianmodel implemented in Python using

the pymc3 library.41 By using an updated model, we assume that the interaction between two labeled CysD2 molecules is the same

as the interaction between labeled and unlabelled CysD2, and that labeled CysD2 is monomeric at a concentration of 30 nM. In this

section, we summarize the reported model parameters and discuss the differences.

The reaction was assumed to occur between the monomers (M) and the dimer (D). Labeled and unlabelled CysD2 were assumed

kinetically indistinguishable:

M + M = D

Kd =

½M�2

½D�

cn = cn;unlabelled + clabelled

cn = ½M�n + 2½D�n

where cn represents the total concentration of CysD2 molecules in the different capillaries. [M]n and [D]n represent the equilibrium

concentrations. The degree of association (aÞ is obtained by solving the resulting quadratic equation and it is a function of cn and Kd:

an =

4cn+Kd �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Kd
2
+8cnKd

p

4cn

Kd is a global variable with the same a priori expectations as previously described.46 U and B represent the total amplitude of the

exponential processes for pure monomeric and pure dimeric CysD2, respectively.

p
�

Kd

�

�lower = 10� 9
;upper = 10� 3

�

=

1

upper � lower

pðUja = 1;b = 1Þ =

Gða+bÞ

GðaÞGðbÞ
Ua� 1ð1 � UÞ

b� 1

pðBja = 1; b = 1Þ =

Gða+bÞ

GðaÞGðbÞ
Ba� 1ð1 � BÞ

b� 1

The a priori assumptions of U and B are identical and are described by a flat b distribution. We ensure that fluorescence cannot

increase beyond the initial level due to exponential (T-jump and thermophoretic) processes by assuming positive amplitudes. At total

CysD2 concentration cn, not completely dimerized CysD2 has intermediate exponential amplitudes Atotal.n determined by the law of

mass action, which are an entirely deterministic combination of the stochastic components listed above:

Atotal;n = U+ ðB � UÞ$
4cn+Kd �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Kd
2
+8cnKd

p

4cn

All capillaries with the same cn were modeled with the same parameters. They were not capillary specific in the triplicates.

In our model, the experimental data is modeled as a part of a normal distribution, and the scale parameter ε is a single global var-

iable with a lognormal a priori distribution. This choice is motivated by the belief that errors do not vary between capillaries.

pðεjm = 0; t = 1Þ =

1

ε

ffiffiffiffiffiffi

t

2p

r

e� t

2
ðln ε�mÞ2

Each of the n thermophoretic progress curves is linked to a local random variable, and their models have two exponential com-

ponents. Unlike in our previous study,23 the linear component was not present:

E1;nðtÞ = A1;ne
� n1;nt

E2;nðtÞ = A2;ne
� n2;nt

Because Atotal,n=A1,n+A2,n, the values can be linked together with a single, curve-associated random ratio parameter (Rn) varying

ranging from 0 to 1. Rn can be conveniently represented by a b distribution, and a slightly asymmetric prior expectation ensures that
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exponential processes with larger and smaller amplitudes are grouped together for comparison.

E1;nðtÞ = RnAtotal;ne
� n1;nt

E2;nðtÞ = ð1 � RnÞAtotal;ne
� n2;nt

pðRnja = 2;b = 1Þ =

Gða+bÞ

GðaÞGðbÞ
Ra� 1

n ð1 � RnÞ
b� 1

Since the progress curves are normalized to 1 at t = �3.6 s, the final fluorescence level that the two exponential components ap-

proaches in an experiment is In = 1 – Atotal,n.

The rate parameters were modeled as random variables using a lognormal distribution.

pðy1;n
�

�m = 0; t = 1Þ =

1

n1;n

ffiffiffiffiffiffi

t

2p

r

e� t

2ðln n1;n �mÞ
2

pðy2;n
�

�m = 0; t = 1Þ =

1

n2;n

ffiffiffiffiffiffi

t

2p

r

e� t

2ðln n2;n �mÞ
2

Before t = 0 s progress curves are modeled as constant at 1:

pðPnðtÞjm = 1; εÞ =

ffiffiffiffiffiffiffiffi

1

2pε

r

e� 1
2ε
ðPnðtÞ� mÞ2

Where m and ε corresponds to the location and scale parameter of the normal distribution (one global scale parameter).

When t R 0 s the progress curves are modeled as:

pðPnðtÞ
�

�m = E1;nðtÞ + E2;nðtÞ + In; εÞ =

ffiffiffiffiffiffiffiffi

1

2pε

r

e� 1
2ε
ðPnðtÞ�mÞ2

Themodel was scaled and the posterior parameter space was sampled as described previously,22,23 and a total of 48000 samples

were collected in four parallel chains. The last 2000 samples from the four chains were combined to yield 8000 samples for the final

analysis.
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