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A B S T R A C T

Mucins are heavily glycosylated proteins that play a crucial role in protecting mucosal surfaces against patho-
gens, including influenza viruses. This study investigates the antiviral properties of bovine submaxillary mucins 
(BSM) as a model for oral mucins against the influenza virus (A/H3N2 subtype), focusing on glycan composition 
and mucin size. BSM was purified, and characterized by proteomic and glycomic analysis and its antiviral ef-
ficacy was assessed after selective removal of sialic acids, N-glycans, or all glycans via enzymatic and chemical 
treatments. We employed virus binding and inhibition assays, including microscale thermophoresis (MST) and 
hemagglutination inhibition (HAI), to characterize processed mucins for structure activity correlations. Removal 
of sialic acids reduced BSM’s antiviral activity by over 10-fold, while complete glycan removal abolished it 
entirely, highlighting sialylated O-glycans as critical for viral inhibition. N-glycan removal had minimal impact 
on antiviral efficacy. A size-dependent antiviral effect was observed: smaller mucin fragments (~50 and 330 
kDa), which retained comparable O-glycosylation patterns, showed significantly reduced inhibition and viral 
binding affinity several orders of magnitude below intact BSM. These findings underscore the importance of 
mucin size and sialylated O-glycans in antiviral defense mechanisms against influenza.

1. Introduction

Influenza A (IAV) infections continue to represent a major threat to 
global public health and economics. Seasonal influenza infects as many 
as 1 billion people, making it one of the most common respiratory dis-
eases. The World Health Organization (WHO) estimates annually 3–5 
million cases of severe illness and up to 650,000 deaths worldwide [1]. 
Despite advances in vaccination strategies and antiviral therapies, the 
constant evolution of influenza viruses continues to pose challenges to 
effectively combat these pathogens [2].

One promising avenue for influenza prevention and treatment lies in 
understanding the intricate interplay between viral components and 
host factors during the initial steps of infection [3]. Among these host 
factors, mucins, a family of heavily glycosylated proteins, represents a 
pivotal players in the defense against viral infections [4–6]. As the main 

constituents of mucus, mucins provide protection by acting as both 
physical and chemical barriers to pathogens while maintaining the hy-
dration of mucosal surfaces. The core protein is rich in serine and 
threonine, which can carry O-glycans and can make up to 80 % of the 
mass of the protein. This extensive glycosylation gives mucins their 
characteristic bottlebrush-like structure, which is flexible and negatively 
charged overall [7].

In the initial stage of host cell infection, the viral hemagglutinin (HA) 
mediates the binding to sialic acid (SA) on the cell surface in a multi-
valent fashion, which leads to uptake of the virus particle into host cells 
(Fig. 1a) [8–10]. N-acetylneuraminic acid (Neu5Ac) and N-glyco-
lylneuraminic acid (Neu5Gc) are the two major forms of SA relevant for 
influenza infections. While Neu5Ac is the predominant form in humans, 
Neu5Gc is found in other animals, such as cows and pigs [11]. Most 
human-adapted influenza viruses, including H1N1 and H3N2 strains, 
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preferentially bind to Neu5Ac, while animal-adapted virus strains can 
bind also Neu5Gc, which is not present in humans. An earlier study 
found that Neu5Gc acts as a decoy receptor for such IAV strains, but does 
not permit cell entry [12]. Although the mucus mesh size of approxi-
mately 120 nm permits influenza virus penetration, the highly abundant 
SA on mucins restricts viral diffusion [13]. Mucins, in fact, display SA as 
part of N- and O-glycans, and most probably they have evolved SA as a 
decoy for viruses to get them trapped in mucus, thereby preventing cell 
infection [14].

It is clear that mucins are multifunctional macromolecules, which 
fulfill besides antiviral properties also many more [15]. A defining 
characteristic of mucins that shapes their mechanical and functional 
properties is their remarkable size. Mucin monomers can extend up to 
500 nm in length [16], forming an intricate, three-dimensional network 
that sterically shields viral particles while multivalently presenting SA 
residues. This structural organization is particularly effective against 
influenza viruses, as HA binding requires an optimal spacing of ~4.5 nm 
for intra-trimeric interactions and up to 14 nm for inter-trimeric binding 
[17,18]. In principle, the extended size and network formation of mu-
cins allow them to meet these spatial criteria, enhancing their ability to 
bind and trap viral particles. This natural defense mechanism has 
inspired the design of synthetic biopolymers to inhibit viral infections 
mimicking the multivalent presentation of sialic acids on the host cell 
surface to block virus binding [19–21]. Efforts to elucidate the impact of 
polymer structure on the inhibitory effect have shown, for instance, that 
linear polymers are superior to dendritic in inhibiting the influenza 
virus, highlighting the critical influence of polymer architecture [18]. 
However, replicating the complex glycosylation patterns of natural 
mucins remains a significant challenge in synthetic chemistry [22], as 
well as in recombinant biology [23]. Despite these advances, the size- 
dependent antiviral properties of natural mucins and their underlying 
biophysical mechanisms have yet to be systematically explored.

Here, we address the question of mucin’s antiviral activity by 
focusing on bovine submaxillary gland mucins (BSM). We selected BSM 
for its abundance of both Neu5Ac and Neu5Gc, with a predominance of 
Neu5Ac [24,25]. To dissect the contribution of different glycan struc-
tures and size in antiviral activity, we employed enzymatic and chemical 
methods for selective glycan removal (horizontal cleavage), and a pool 
of proteases to cleave the peptide backbone (vertical cleavage), 

generating mucin fragments of varying size (Fig. 1b). By combining 
multiple enzymatic and glycan removal strategies we systematically 
evaluate the role of sialylation, glycan density, and molecular size, 
highlighting structure-function relationship. We then investigate the 
inhibition properties and binding to the whole virus of the horizontally 
and vertically cleaved mucin derivatives on IAV. We anticipate that size 
plays a dominant role on viral inhibition while sialylated O-glycans are 
key factors for antiviral binding.

2. Experimental section

2.1. Mucin purification

Mucin from the bovine submaxillary gland (BSM) was obtained from 
Sigma-Aldrich (Type I–S) as a lyophilized powder. The BSM purifica-
tion protocol was adapted from a previously published method [26]. In 
short, BSM was dissolved at a concentration of 10 mg/mL in phosphate- 
buffered saline (Dulbecco’s phosphate-buffered saline (DPBS) pH 7.4, 
without calcium and magnesium, Carl Roth), supplemented with sodium 
chloride at a concentration of 2 M, and stirred overnight at 4 ◦C. The 
insoluble fraction was removed by centrifugation (10,000 xg, 4 ◦C, 15 
min). Subsequently, the mucins were isolated by size exclusion chro-
matography (SEC) using an Äkta Pure system (Cytiva, Germany) 
equipped with a HiPrep 26/60 column packed with Sephacryl 400 HR 
(Cytiva, Germany) and a bed volume of 318.6 mL. DPBS (pH 7.4) sup-
plemented with 2 M sodium chloride was used as equilibration and 
elution buffer. Approximately 5 mL of the BSM sample was loaded into 
the column. The loading flow rate was 1 mL/min while the elution flow 
was set at 0.5 mL/min. Sample elution was recorded by monitoring 
absorbance at 280 and 214 nm. Fractions of 40 mL were pooled and 
concentrated by centrifugation filtering (100 kDa MWCO Vivaspin® 
Turbo 15, Sartorius) and analyzed by periodic acid-Schiff (PAS) reaction 
to monitor the fractions containing glycosylated material. The concen-
trated sample was resuspended three times in Milli-Q water to remove 
the excess salts. The sample was then lyophilized and stored at − 80 ◦C 
until further use.

Fig. 1. Mucins in the lungs play an important role as a barrier to viral infections such as influenza A virus (IAV). (a) The glycans on mucins act as decoy receptors for 
IAV hemagglutinin binding, reducing the probability of epithelial cell infections. (b) Schematic illustration of the approach used in this study to explore the effect of 
glycans and the size of the mucin from bovine submaxillary gland on the binding to IAV.
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2.2. Proteomic analysis

Crude BSM (#SLCK8402) and three replicates of purified BSM were 
dissolved in PBS (pH 7.4, without calcium and magnesium) at a con-
centration of 2 mg/mL. Sample preparation was performed as described 
by Rulff et al. [27]. Briefly, 50 μL of the solution was reduced and 
alkylated by the addition of SDS buffer (2 % w/v SDS, 50 mM Tris-HCl 
pH 8, 0.5 mM EDTA, 75 mM NaCl, 10 mM DTT, 40 mM chlor-
oacetamide final concentration) and incubated at 95 ◦C for 10 min. After 
cooling, Benzonase® (10.25 U, Merck) was added and incubated for 15 
min at room temperature. The protein sample was purified using a 
single-pot, solid-phase enhanced sample preparation (SP3 clean-up) 
[28]. Proteins were then incubated for 1 h with peptide N-glyco-
sidaseF (PNGase F) - 500 U, New England Biolabs - to remove N- 
glycosylation, followed by overnight digestion with sequence-grade 
trypsin (Promega) and lysyl endopeptidase (LysC, Wako) (1:50 
enzyme:substrate ratio, 37 ◦C). Trifluoroacetic acid was added to a final 
concentration of 1 % (v/v) to stop the digestion. Peptides in the super-
natant were desalted using C18 stage tips [29]. The eluted and dried 
peptides were reconstituted in 10 μL of 3 % (v/v) acetonitrile (ACN) with 
0.1 % (v/v) formic acid (FA). 2 μL of peptides were separated on a 
Vanquish Neo UHPLC system on a reversed-phase column (20 cm fritless 
silica microcolumns with an inner diameter of 75 μm, in-house packed 
with ReproSil-Pur C18-AQ 1.9 μm resin (Dr Maisch GmbH)). The 
gradient length was 98 min at a flow rate of 250 nL/min. The buffer B 
(90 % (v/v) ACN, 0.1 % (v/v) FA) concentration was increased from 2 % 
to 60 %.

The separated peptides were analyzed on an Orbitrap Exploris 480 
mass spectrometer (Thermo Fisher Scientific) in data-dependent acqui-
sition (DDA) mode. At MS1 level, the resolution was 60 k with a 
normalized AGC target of 300 % and a maximum injection time of 10 
ms. For MS2 scans, the top 20 ions were selected with a dynamic 
exclusion time of 30 s. Ions were measured at 15 K resolution with an 
AGC target of 100 % and a maximum injection time of 22 ms.

MaxQuant (V 2.0.3.0) was used for database searching (Uniprot 
database: bovine proteins (downloaded 2022–09)) [30]. Variable 
modifications were defined as oxidation (M), N-terminal acetylation and 
deamidation (N, Q), and carbamidomethyl (C) were defined as fixed 
modifications. In addition, “match between runs”, label-free quantifi-
cation, and iBAQ algorithms were used. The mass spectrometry prote-
omics data have been deposited to the ProteomeXchange Consortium via 
the PRIDE partner repository with the dataset identifier PXD054384. R 
(V 4.2.2) was used for statistical analysis. First, proteins were filtered for 
‘reverse’ and ‘identified by site only’. Proteins identified as “potential 
contaminants” were only filtered if they were not from bovine data-
bases. Only proteins quantified in 2 of the 3 purified samples and in the 
crude BSM sample were considered for further analysis. Statistical 
analysis was performed using one-sided moderated t-test using the 
limma-package [31]. The Benjamini-Hochberg method, contained in the 
same package, was used for multiple comparison correction.

2.3. Glycan removal from mucins

N-linked glycans were removed by treatment with PNGase-F enzyme 
(New England Biolabs) according to the manufacturer’s instructions. 
Briefly, purified mucin (1 mg/mL) was incubated with PNGase-F 
(50,000 U/mL) in 5 mM sodium phosphate, pH 7.5, at 37 ◦C for 24 h. 
After deglycosylation, the enzyme was inactivated by heating at 75 ◦C 
for 10 min. The sample was concentrated, and the cleaved N-linked 
glycans were removed by three cycles of centrifugation filtering (50 kDa 
MWCO Amicon Ultra-4). The structure of the filtered N-glycans were 
further analyzed (see Section 2.6)

Desialylated mucin was prepared by incubation of purified mucin 
with SialEXO® (G1-SM1–020, Genovis) according to the manufacturer’s 
instructions. Shortly, 1 μg of purified mucin was incubated with 1 unit of 
SialEXO® at 37 ◦C overnight in 20 mM Tris HCl buffer, pH 6.8. The 

cleaved sialic acid was removed by three cycles of centrifugation 
filtering (100 kDa MWCO Amicon Ultra-4).

Unspecific deglycosylation was performed following a previously 
published protocol consisting of oxidation and β-elimination [32]. 
Briefly, a 10 mg/mL of purified BSM sample was solubilized in 0.33 M 
NaCl at 4 ◦C overnight. Acetic acid was added to 0.1 M, and the pH was 
adjusted to 4.5 with 1 M NaOH. The oxidation was started by adding ice- 
cold 200 mM NaIO4 to a final concentration of 100 mM NaIO4. The 
solution was left to stand in the dark at 4 ◦C overnight. Next, the 
unreacted periodate was destroyed by adding ½ volume of 400 mM 
Na2S2O3/100 mM NaI/100 mM NaHCO3 (in a 1:1:1 volume ratio). The 
elimination was started by adding 1 M NaOH to pH 10.5. After standing 
for 1 h in the cold while maintaining the pH, the solution was dialyzed 
(100 kDa MWCO) at 4 ◦C against water. The sample was then lyophilized 
and stored at − 80 ◦C until further use.

2.4. Enzymatic mucin fragmentation

For all the digestion reactions, mucin was first denatured, reduced, 
and alkylated before protease treatment. Purified mucin was dissolved 
at a concentration of 50 mg/mL in 6 M guanidinium hydrochloride and 
5 mM DTT at 37 ◦C under mild agitation for 1 h. Then, the sample was 
alkylated with 20 mM iodoacetamide at room temperature in the dark 
for 30 min. After alkylation, the sample was diluted with 50 mM Tris HCl 
buffer until the concentration of guanidinium hydrochloride reached 
0.3 M. Instead of Tris buffer, 40 mM HCl, pH 2, was used in the reaction 
with pepsin (Promega, V1959). To increase protease efficiency, specific 
adjustments were made to the pH and the composition of the Tris buffer. 
In particular, Serratia marcescens enzyme (SmE) and secreted protease of 
C1 esterase inhibitor (StcE) digestions were carried out at pH 8, sup-
plemented with 2 mM ZnCl2; ficin (Merck, F4165), bromelain (Merck, 
B4882), and papain (Merck, 1.07144) digestions were performed at pH 
7, supplemented with 2 mM cysteine; trypsin (Merck, T1426) and 
chymotrypsin (Merck, C4129) digestions were conducted at pH 8, with 
the addition of 10 mM CaCl2; finally, elastase (Promega, V1891) and 
proteinase K (Merck, 124,568) digestions were carried out at pH 9 and 
pH 8, respectively. All the proteases were added in a 1:20 protease:BSM 
ratio, and the digestion was conducted at 37 ◦C overnight. The reaction 
was quenched by adding Protease Inhibitor Cocktail (Abcam, ab271306) 
in a 1:100 volume ratio.

2.5. Isolation and purification of mucin fragments

Mucin fragments obtained from the proteinase K digestion were 
enriched and purified by size exclusion chromatography using an Äkta 
Pure system (Cytiva, Germany) equipped with a Superdex 200 Increase 
10/300 GL prepaked column (Cytiva, Germany). DPBS (pH 7.4) was 
used as equilibration and elution buffer. Approximately 500 μL of the 
digested sample were loaded into the column. The loading flow rate was 
0.75 mL/min while the elution flow was set at 0.25 mL/min. Mucin 
fragments obtained from StcE digestion were enriched and purified by 
affinity chromatography using the same FPLC system equipped with a 
HisTrap HP 1 mL column (Cytiva, Germany). 20 mM Tris buffer (pH 8.0) 
containing 25 mM imidazole and 500 mM NaCl was used as loading and 
washing buffer while the same buffer at 500 mM imidazole concentra-
tion was used for the elution phase. Approximately 2 mL sample volume 
was applied at 0.1 mL/min and eluted at 1 mL/min. Sample elution was 
recorded by monitoring absorbance at 280 and 214 nm.

Fractions of 2 mL were pooled and concentrated by centrifugation 
filtering (10 kDa MWCO Vivaspin® Turbo 15, Sartorius) and analyzed 
by PAS reaction to monitor the fractions containing glycosylated ma-
terial. The concentrated sample was resuspended three times in Milli-Q 
water to remove the excess salts. The sample was then lyophilized and 
stored at -80 ◦C until further use.

SDS-PAGE/PAS was used to analyze the molecular weight of the 
mucin fragments, and the hydrodynamic radius in DPBS was measured 
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by dynamic light scattering (DLS) using a Nanotemper Prometheus 
Panta device.

Sialic acid was measured using the NANA assay (MAK314, Sigma- 
Aldrich) where sialic acid is oxidized to formylpyruvic acid which re-
acts with thiobarbituric acid to form a pink colored product.

2.6. Structural analysis of O- and N-glycans

O-glycans from intact purified BSM (2 mg/mL in H2O) and digested 
BSM fractions (2 mg/mL in H2O) were released by reductive β-elimi-
nation [33]. 80 μL of each sample were incubated with 0.5 mM NaOH 
(10 μL) and 5 M NaBH4 (10 μL) at 50 ◦C for 16 h. Reactions were 
quenched with acetic acid (15 μL). The solutions were desalted on 400 
mg Dowex 50WX8 cation exchange beads (Sigma-Aldrich, USA). Prior to 
sample loading, the resin was washed with MeOH (3 × 1 mL), and 
conditioned with 1M HCl (1 mL), MeOH (1 mL) and H2O (1 mL). 
Samples were loaded on the resin and eluted with H2O (2 × 500 μL). 
Glycans were extracted using 50 mg Hypercarb SPE cartridges (Thermo 
Fischer, USA). Cartridges were conditioned with ACN 0.1 % (v/v) TFA 
(1 mL), and 0.1 % TFA in H2O. Glycans were loaded on the cartridge and 
washed with 0.1 % TFA in H2O (3 × 1 mL). Glycans were eluted with 50 
% ACN 0.1 % TFA (4 × 100 μL) and dried in a SpeedVac.

The collected N-glycans (see Section 2.3) were lyophilized and sub-
sequently redissolved in 1 M NaBH4 (100 μL). The reaction mixture was 
incubated at 50 ◦C for 3 h. The reaction mixture was quenched with 
acetic acid (25 μL). The solution was desalted on 400 mg Dowex 50WX8 
cation exchange beads (Sigma-Aldrich, USA). Prior to sample loading, 
the resin was washed with MeOH (3 × 1 mL), and conditioned with 1M 
HCl (1 mL), MeOH (1 mL) and H2O (1 mL). The sample was loaded on 
the resin and eluted with H2O (2 × 500 μL). Glycans were extracted 
using 50 mg Hypercarb SPE cartridges (Thermo Fischer, USA). Car-
tridges were conditioned with ACN 0.1 % TFA (1 mL), and 0.1 % TFA in 
H2O. Glycans were loaded on the cartridge and washed with 0.1 % TFA 
in H2O (3 × 1 mL). Glycans were eluted with 50 % ACN 0.1 % TFA (4 ×
100 μL) and dried in a SpeedVac.

PGC-LC-MS/MS were performed using a SYNAPT G2-Si spectrometer 
(Waters, U.K.) equipped with an Acquity UPLC system. The glycan 
alditols were redissolved in 40 μL and 5 μL were injected. Glycan alditols 
were separated using a 100 × 2.1mm I.D. PGC column of 5 μm particle 
size (Hypercarb, Thermo Scientific, U.S.A.) with a linear gradient from 
0 to 40 % ACN in 10 mM NH4HCO3 at room temperature at a flow rate of 
150 μL/min over 40 min. Analytes were ionized via electrospray ioni-
zation in negative ion mode with a capillary voltage of 2.8 kV and a 
source temperature of 150 ◦C. Fragmentation via collision-induced 
dissociation was performed using collision energy ramps (15 to 120 
eV) dependent on the m/z of the precursor ion. The MassLynx software 
(version 2.0.7, Waters) was used for data acquisition and processing. 
Chromatograms were deconvoluted and integrated with MZmine 3 [34]. 
Glycan structures were manually identified from MS/MS spectra based 
on diagnostic fragment ions [35,36] using GlycoWorkBench 2.1 [37].

2.7. Expression and purification of mucinases

The pET28b-StcE_Δ35-NHis plasmid was supplied by the Carolyn R. 
Bertozzi lab (Stanford University) with permission from Natalia Stry-
nadka (University of British Columbia), where the plasmid was origi-
nally created. The expression and purification were carried out with 
Junqioa Jia in the Markus Wahl lab (Freie Universität Berlin). The 
pET28b-StcE_Δ35-NHis plasmid was transformed using electroporation 
into electrocompetent E. coli BL21(DE3) cells in the presence of 50 μg/ 
mL kanamycin. Bacterial cell culture was produced from a single colony 
and grown at 37 ◦C, shaking, until an OD600 of 0.8, when it was induced 
with 1.5 mL of 0.2 mM IPTG for 1 L of cell culture. The bacterial cell 
culture was then placed in a shaking incubator at 18 ◦C and grown 
overnight. From this point, the bacterial cells are kept continuously on 
ice or at 4 ◦C conditions. The culture was spun down, supernatant 

discarded and two complete Mini EDTA-free protease inhibitor cocktail 
tablets (Roche) were added to 20 mL concentrated bacterial cell pellet 
and resuspended in 50 mL lysis buffer (20 mM HEPES pH 7.5, 500 mM 
NaCl) and lysed using Sonopuls Ultrasonic Homogenizer HD (Bandelin) 
with 65 % amplitude for 25 min. The lysed cells were centrifuged at 
21,500 xg at 4 ◦C for 60 min. The supernatant was kept for StcE protein 
purification using the Äkta Pure FPLC system and the HisTrap HP col-
umn (GE Healthcare Life Sciences). Washing with 20 column volumes 
(CV) of lysis buffer plus 20 mM imidazole, the protein was eluted using a 
linear gradient from 20 mM to 250 mM imidazole over the course of 20 
min. StcE protein expression was confirmed via SDS-PAGE and StcE- 
containing fractions were pooled and then concentrated using Amicon 
Ultra 30 kDa MWCO filters (Millipore Sigma). The protein was further 
purified using size exclusion chromatography (SEC) FPLC HiLoad 
Superdex™ S200 16/60 column (GE Healthcare) equilibrated with 
DPBS buffer. Purified fractions as identified by SDS-PAGE were pooled 
and again then concentrated using Amicon Ultra 30 kDa MWCO filters 
(Millipore Sigma). Purified and concentrated StcE was then flash-frozen 
in liquid nitrogen and stored at − 80 ◦C.

For protein expression of SmEnhancin (SmE), E. coli BL21-CodonPlus 
(DE3)-RIPL was transformed with pET28a_SmE, which was kindly gifted 
by Stacy A. Malaker (Yale University), and streaked out on LB agar 
plates (kanamycin 50 μg/mL, chloramphenicol 34 μg/mL, streptomycin 
50 mg/mL). One colony was picked and grown in LB medium (50 μg/mL 
kanamycin, 34 μg/mL chloramphenicol, 50 mg/mL streptomycin) at 
250 rpm, 37 ◦C, overnight. With this preculture, TB AIM medium (20 
mM glucose, 50 μg/mL kanamycin, 34 μg/mL chloramphenicol, 50 mg/ 
mL streptomycin) was inoculated at an OD600 of 0.03, grown at 250 rpm, 
37 ◦C, and the exponentially growing culture was aliquoted at an OD600 
of 2.67 (including 7 % DMSO) and snap-frozen in liquid nitrogen. TB 
AIM medium (30 mM lactose, 11,25 g/L glycerol, 50 μg/mL kanamycin, 
17 μg/mL chloramphenicol) was inoculated with an OD600 of 0.04 of the 
thawed bacterial stock and grown at 25 ◦C, 250 rpm grown for 23 h. The 
culture was harvested and washed two times with lysis buffer (50 mM 
HEPES, 200 mM NaCl, 2.5 mM CaCl2, 2.5 mM MgCl2, pH 8.0) by 
centrifugation at 4000 xg for 10 min. The lysis of a bacterial pellet of 
100 mL bacterial culture was performed with 2.5 % (v/v) DMSO, 2,5 % 
(v/v) n-propanol, 30 mM N-lauroylsarcosine, 1:100 protease inhibitor 
(Halt™ Protease Inhibitor Cocktail, EDTA-free (100×)) in lysis buffer 
(total volume 46 mL) at 50 % intensity, 50 % cycle for 15 min (Sonopuls 
HD 2200 with sonotrode MS73 by Bandelin). The lysate was centrifuged 
at 12.000 xg for 30 min and filtered through a 0.2 μM PES filter and 
stored on ice for further use.

The protein was purified using an ÅKTA Pure FPLC (Cytiva) with 
HisTrap column (Cytiva) following a previously published protocol 
[38].

2.8. Gel electrophoresis and blotting

Samples were analyzed by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). The samples were mixed with 4×
loading dye in a ratio of 3:1 and then thermally denatured at 95 ◦C for 5 
min. The mixture was briefly centrifuged, and 10 μL were loaded onto a 
precast polyacrylamide gel (4–20 % Mini-PROTEAN® TGX™, Bio-Rad). 
Additionally, 5 μL of a prestained protein standard solution (ProSieve 
QuadColor Protein Marker, 4.6–300 kDa, Lonza) was loaded on a 
separate lane. The gel was run at 100 V in SDS running buffer (25 mM 
Tris base, 200 mM glycine, 0.1 % w/v SDS) for 80 min.

After the run, the gel was rinsed with water to remove the excess SDS 
running buffer, and the gel was subjected to PAS staining for glycan 
detection as previously reported [39]. First, the gel was fixed in 25 % (v/ 
v) MeOH and 10 % (v/v) acetic acid for 1 h under gentle shaking. Then, 
the gel was washed in water for 20 min. Oxidation was performed in a 2 
% periodic acid solution at room temperature for 15 min and washed 
twice with water for 2 min. The oxidized gel was stained with Schiff 
reagent at room temperature, protecting from light, for 40 min. The 
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unreacted Schiff reagent was removed by washing the gel with 1 % 
sodium metabisulfite until a clear background was observed. The gel 
was rinsed with water and imaged with ChemiDoc XRS (BioRad). Pro-
teins detection was achieved using either Der Blaue Jonas solution (GRP, 
Germany), or silver staining.

The efficiency of enzymatic desialylation and N-glycan removal from 
mucin was verified by lectin blotting. After separation on SDS-PAGE, 
samples were transferred to nitrocellulose membrane (Carl Roth, 
GmbH) using a Trans-Blot® Turbo™ Transfer System (Bio-Rad). The 

membrane was blocked with 3 % bovine serum albumin (BSA) in PBST 
at 4◦ overnight, washed, and incubated with fluorescently labeled lec-
tins at room temperature for 1 h. Concanavalin A FITC conjugate 
(Merck) and wheat germ agglutinin Alexa 647 conjugate (ThermoFisher 
Scientific) were used to specifically stain N-linked glycans and sialic 
acid, respectively. The specificity of the lectin binding was tested using 
untreated mucin as a positive control, while bovine serum albumin was 
used as the negative control.

The unpurified and purified mucins were also analyzed using agarose 

Fig. 2. Purification of bovine submaxillary mucin (BSM) by size exclusion chromatography (SEC) enriches the mucin content. (a) SDS-PAGE stained with Coomassie 
blue (black and white) and periodic acid-Schiff (colored) of BSM before and after SEC purification. (b) Volcano plot of proteins with significantly different intensities 
(adjusted p-value <0.05, moderated t-test) highlighted in blue. Mucin 19 (MUC19) is highlighted in red. On top of the plot are reported the number of proteins which 
abundance was reduced (241) and enriched (190) after purification. (c) Scheme of the structure of the gel forming bovine MUC19 based on the Uniprot entry P98091. 
(d) Putative structures and relative abundance of the top-10 of O- and N-glycans identified in the purified BSM.
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gel electrophoresis and stained by PAS as previously described [40,41].

2.9. Hemagglutination inhibition assay

Hemagglutination inhibition assay was conducted using A/Panama/ 
2007/1999 (H3N2) virus as previously described [18]. First, the virus 
was titrated for the hemagglutination assay (HA). Shortly, 50 μL virus 
concentrate was serially diluted twofold in DPBS using 96-well plates. 
Then, 50 μL of 1 % human red blood cells (German Red Cross, Berlin) 
were added to each well and incubated at room temperature for 60 min. 
The HA unit (HAU) per 50 μL of virus solution was identified as the last 
well showing hemagglutination.

The hemagglutination inhibition assay (HAI) was conducted by 
incubating the virus with human red blood cells to yield agglutination 
and concentration-dependent inhibition of agglutination (i.e., without 
and with an agglutination inhibitor). The compounds (i.e., mucin- 
derived samples) were two-fold serially diluted in DPBS (pH 7.4, 
without calcium and magnesium), and 4 HAU were added to all wells. 
The virus and the compounds were incubated at room temperature for 
30 min to reach equilibrium. After incubation, 50 μL of 1 % human red 
blood cells were added. The plate was gently tapped and further incu-
bated at room temperature for 1 h. The lowest inhibitor concentration 
necessary to achieve complete inhibition of agglutination is defined as 
the inhibitor constant (Ki

HAI); this was determined by analysis of the 
plate after 1 h of incubation and was expressed as the total dry mass of 
the compound per volume (μg/mL).

2.10. Microscale thermophoresis

Binding measurements of the influenza virus were carried out by 
microscale thermophoresis (MST) using a Monolith NT.115 (Nano-
temper) from the Heberle lab (FU Berlin). The envelope of a 1 mg/mL 
(expressed as protein content) suspension of A/X31/1 (A/Aichi/1968 
(H3N2) reassorted with A/Puerto Rico/8/1934 (H1/N1)) virus was 
labeled with 20 μM octadecyl rhodamine B (R18, Invitrogen), under 
gentle shaking on ice for 30 min. Unbound R18 was removed using 
desalting columns (Zeba™7 K MWCO, Thermo Scientific). The collected 
virus was filtered using a 0.45 μm filter to remove virus aggregates. As a 
quality control, the amount of virus and its binding ability were tested 
by performing a hemagglutination assay. All MST measurements were 
carried out at 22 ◦C in premium capillaries using default settings (initial 
fluorescence = 5 s, thermophoresis = 30s, and recovery = 5 s). The MST 
power was set at 20 % and the LED power (green LED) at 80 %. For 
affinity measurement, the ligands were serially diluted 1:2 in DPBS and 
mixed with R18-labeled virus (4 HAU, C final ~0.1 nM virus particles). 
The obtained data for the mucin building block was analyzed with a 
gating strategy 1.5 s after the start of the thermophoresis, and fitted as 
previously shown [18]. The data obtained for intact mucin was analyzed 
based on the initial fluorescence and fitted according to the bleaching 
rate, as previously shown [42].

2.11. Statistical analysis

The statistical analysis was performed with GraphPad Prism 10 
software. All data were presented as mean ± SD. Unless elsewhere 
stated, statistical difference was determined with Student’s t-test (****, 
p < 0.0001; ***, p < 0.001; **, p < 0.01; p < 0.05; and ns, p > 0.05). 
Kruskal-Wallis test followed by Dunn’s multiple comparison test was 
used to account for the non-parametric data and compare multiple 
groups assuming a non-normal distribution.

3. Results

3.1. Purification and characterization of bovine submaxillary mucin

BSM is a commercially available mucin frequently used in 

biomaterial and biomedical applications [6,13,27]. Due to the presence 
of sialylated glycans, it represents a suitable oral mucin model for 
interaction studies with pathogens, such as IAV. However, one of the 
major drawbacks of commercial mucins is their lack of purity. Due to 
harsh processing, commercial mucins often contain numerous contam-
inants, such as endogenous proteases, small molecules, and processing 
additives, that can compromise their efficacy in various biological ap-
plications [43,44]. Aiming to minimize the effect of these contaminants, 
we purified BSM by size exclusion chromatography (Fig. S1a) by 
modifying a protocol previously used for the purification of porcine 
gastric mucins [26].

A qualitative analysis of the purity of BSM after purification was 
checked by gel electrophoresis. To better appreciate variations in the 
high molecular weight region, we first conducted agarose gel electro-
phoresis. We observed that after purification, the band at an apparent 
molecular weight of ~500 kDa, corresponding to either mucin frag-
ments or glycosylated contaminants, was strongly reduced (Fig. S1b). 
Differences in the smaller molecular weight region were visualized by 
SDS-PAGE. Here, multiple distinct bands below 100 kDa were visible in 
the unpurified product using both glycan and protein staining; on the 
contrary, after size exclusion chromatography purification, the same 
bands were completely or partially removed (Fig. 2a). By that way, 
mucin content was increased, which became obvious from a lower 
protein and a higher carbohydrate content (Fig. S1c, d). The higher 
carbohydrate content measured as PAS signal in samples at the same 
concentration of dry weight per volume points to an enrichment of the 
mucin fraction after purification. Distinct changes in composition be-
tween the crude and the purified BSM were revealed also by proteomic 
analysis (Fig. 2b). Initially, 697 proteins were identified in the crude 
BSM; this number was reduced to around 660 proteins after purification 
(for complete list see Supplementary Data). Many of the remaining 
proteins (241) were significantly, and up to 16-times, reduced in their 
abundance after purification. The only type of mucin detected was the 
gel-forming MUC19 (Fig. 2c), which shares similar domain organization 
and structural features with other secreted mucins such as MUC2, 
MUC5AC, MUC5B, and MUC6 [45,46]. Sequence alignment of bovine 
MUC19 (Uniprot P98091) with human MUC19 (Uniprot Q7Z5P9) re-
veals a 54 % identity, highlighting substantial conservation between the 
two species. Notably, the proportion of MUC19 in the purified BSM 
product increased approximately threefold, from around 3.5 % to about 
11 %. It is worth mentioning that for the quantification of MUC19 
content we used the iBAQ algorithm to quantify absolute intensities. 
Even though the relative quantification is very robust with a large 
number of identified peptides, iBAQ values may underestimate absolute 
mucin levels as not all theoretical tryptic peptides can be measured. The 
highly glycosylated regions of mucins are highly resistant to proteolytic 
cleavage (vide infra), making detection of peptides in these regions 
challenging and thereby reducing the reported intensities.

N- and O-glycosylation of the purified BSM was analyzed by PGC-LC- 
MS/MS. A total of 40 O- and 24 N-glycans were identified (for complete 
assignment see Supplementary Data) and the top-10 most abundant 
structures are reported in Fig. 2d. The top-10 most abundant O-glycan 
structures make up >90 % of the BSM O-glycosylation. The identified O- 
glycans consisted of di- to heptasaccharides, however, >85 % (expressed 
as relative abundance) of the O-glycans consist of small structures not 
larger than trisaccharides. As reported in previous studies, sialic acid 
units were found on 22 (93 %) O-glycans, including 12 structures (69 %) 
with Neu5Ac and 10 structures (24 %) with Neu5Gc [24]. The majority 
of the sialic acid units are α2–6 linked (Fig. S2) to the core GalNAc. 
Additionally, 20 structures (9 %) carry one or more fucose units mostly 
at the terminal ends of the O-glycans. The majority of the O-glycan 
structures originate from core 3 (GlcNAcβ1–3GalNAc) with 57 % and the 
Tn antigen (GalNAc) with 25 %. The remaining O-glycans are based on 
core 1 (Galβ1–3GalNAc), 2 (Galβ1–3(GlcNAcβ1–6)GalNAc), 4 
(GlcNAcβ1–3(GlcNAcβ1–6)GalNAc) and core 5 (GalNAcα1–3GalNAc). 
Among the identified N-glycans, 89 % are complex-type, biantennary N- 
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glycans. Similar to previous studies, we found that the N-glycans of BSM 
are low in sialic acids but high in sulfates and core fucoses [47]. Spe-
cifically, 11 structures (57 %) are singly or doubly sulfated and 18 (83 
%) are fucosylated. Based on the glycan analysis, we conclude that both 
N- and O-glycosylation introduce a high density of negative charges to 
BSM. Besides their water-binding and gel-forming properties, sialyla-
tion, sulfation and fucosylation of the glycans may further provide 
multiple potential interaction sites for pathogens. Although BSM does 
not fully replicate the diversity of human airway mucus regarding 
glycosylation patterns, its abundant expression of sialyl-Tn antigen 
makes it acting as decoy receptors for viruses. This similarly supports its 
role as a simplified but biologically relevant model for viral trapping.

Table 1 
Methods employed to selectively remove sialic acid or O- and N-linked glycans 
and their detection methods.

Glycan type Removal method Detection method

Sialic acid
Enzymatic – Sialidases derived 
from Akkermansia muciniphila

Lectin – Wheat germ 
agglutinin (WGA)

N-linked glycans Enzymatic – PNGase-F Lectin – Concanavalin A 
(ConA)

Unspecific (O- and N- 
linked glycans)

Chemical – Oxidation and 
β-elimination

Periodic acid – Schiff 
stain

Fig. 3. Investigation of the antiviral activity of mucin after selective removal of glycans. (a) Cartoon depicting the strategy pursued for selective removal of glycans 
from mucin. (b) SDS-PAGE / PAS and lectin blots for selective glycans staining (1 = untreated BSM, 2 = BSM after sialic acid removal, 3 = BSM after N-linked glycans 
removal, 4 = BSM after oxidation/β-elimination). (c) Pie chart with the abundance of predicted glycosylation on asparagine (N), threonine (T), and serine (S) in the 
bovine MUC19 (Uniprot entry P98091). The slice of the external pie chart reports the percentage of sialylated O-glycans (splitted in Neu5Ac and Neu5Gc) according 
to the glycomic analysis of BSM. (d) Hemagglutination inhibition assay using A/Panama/2007/1999(H3N2) virus (N = 8, except NCTRL = 15). (e) Bar plot of the 
lowest log2 inhibitor concentration necessary to achieve complete inhibition of hemagglutination caused by the virus. No antiviral effect is observed for the sample 
underwent ox/β elimination (without O- and N-glycans), therefore the Ki

HAI is set at the maximum concentration tested (i.e., 1250 μg/mL). Intact purified BSM was 
used as control (CTRL). The significance for each group was calculated using the Kruskal-Wallis test. Results are displayed as the average (± SD) of N ≥ 3 mea-
surements. Results were compared by Dunn’s multiple comparison test. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****).
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3.2. Glycan contribution to mucin’s antiviral activity against influenza

To investigate the structural determinants for influenza virus binding 
to mucins, mucin glycans from BSM were subjected to enzymatic or 
chemical removal of monosaccharides or specific glycans (Table 1, 
Fig. 3a). Here, sialic acid was cleaved from purified BSM using a com-
mercial mixture of sialidases (SialEXO®) with broad activity for α2–6, 
α2–3, and α2–8-linked sialic acids on both O- and N-glycans. Removal of 
N-glycans was achieved with PNGase-F, which is an amidase cleaving 
between the innermost GlcNAc and asparagine residues of almost all N- 
linked oligosaccharides. Since no universal enzyme for complete O- 
glycan removal from the heavily O-glycosylated regions of mucins has 
been identified so far, we chemically removed unsubstituted C3 GalNAc 
residues unspecifically by oxidative β-elimination following a protocol 
with minimal or no peptide core cleavage (Fig. S3) [32].

Product formation after glycan removal was analyzed using specific 
lectins for defined carbohydrates (Fig. 3b). After comparing the binding 
of wheat germ agglutinin (WGA), Sambucus nigra lectin (SNA), and 
Maakia amurensis lectin II (MAL-II) to BSM, we used fluorescently 
labeled WGA to follow the efficiency of sialic acid removal on BSM as it 

showed the highest binding and best reproducibility [48] (Fig. S4). To 
visualize N-linked glycans, we used fluorescently labeled high-mannose- 
binding concanavalin A (Con-A), as Con-A specifically binds to N-gly-
cans due to their high mannose content [49,50]. Periodic acid-Schiff 
stain was used as a universal method to visualize the glycans 
following the unspecific release of mucin glycans through β-elimination 
treatment [51]. The SDS-PAGE showed that PNGase-F treatment effec-
tively removed N-glycans, while β-elimination led to the removal of 
nearly all glycans. In contrast, WGA staining of sialic acid revealed a 
reduced but still present sialylated sugars even after treatment with 
sialidases. Additionally, a consistent proportion of sialic acids in BSM 
has been reported to be acetylated [52]. This, along with residue inac-
cessibility, may explain the partial resistance of sialic acids to enzymatic 
cleavage [53]. Further, quantitative sialic acid measurements (NANA 
assay) showed that the sialidases cleaved approximately 67 % (Fig. S5) 
of the total sialic acid on BSM, in agreement with previous findings.

Next, the potential of BSM or deglycosylated derivatives of BSM to 
prevent binding of seasonal influenza virus (A/Panama/2007/99 
(H3N2)) to human red blood cells (hRBC) was investigated by the well- 
established HAI assay (Fig. 3d). The inhibition effectiveness was 

Fig. 4. Quantifying the effect of the size of mucins on the inhibition activity on virus induced hemagglutination. Bovine submaxillary mucin (BSM) was digested with 
specific and unspecific proteases to obtain mucin fragments of different sizes. (a) Cleavage effectiveness was assessed by SDS-PAGE and PAS staining. (b) The 
antiviral activity of the fragmented BSM was assessed by hemagglutination inhibition assay (reported only the control sample (PBS), ficin, and trypsin as repre-
sentative of active, partially, and inactive samples, respectively). (c) Inhibition constant (Ki

HAI) defined as the lowest concentration of BSM or BSM fragments that is 
able to inhibit agglutination. Results are displayed as the average (± SD, for some samples not visible as being too small) of N = 3 (except NCTRL = 15) measurements. 
No antiviral effect is observed for digests obtained using pepsin, chymotrypsin, trypsin, elastase, bromelain, papain, and proteinse K therefore the Ki

HAI is set at the 
maximum concentration tested (i.e., 1250 μg/mL) (d) Relationship between Ki

HAI and the size of mucin or mucin fragments with activity regions highlighted in blue. 
Arbitrary thresholds at about 850 and 200 kDa have been set to delineate regions where the activity undergoes reduction by one and two orders of magnitude.
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expressed as Ki
HAI representing the lowest concentration of inhibitor that 

successfully inhibits hemagglutination at four hemagglutination units (4 
HAU). BSM was used as a control, showing the highest inhibition con-
stant (Ki

HAI) of about 30 μg/mL (21.3 nM) (Fig. 3e). Interestingly, even 
though the purification of BSM increased its overall quality by enriching 
the mucin content and lowering the contaminants, this was not trans-
lated also in a variation of its antiviral activity as measured by the HAI 
assay (Fig. S6). This observation suggests that protein contaminants 
which are present in BSM do not, or minimally interfere with the binding 
of mucins to the virus.

We found that partially removing sialic acids from BSM significantly 
decreases by over 10-fold but does not eliminate antiviral inhibitory 
activity (Ki

HAI = 380 μg/mL). Since sialic acids was not completely 
cleaved by sialidase treatment, this might explain the observed remnant 
activity. We did not individually evaluate the contributions of the two 
types of sialic acid (Neu5Ac, Neu5Gc) to the antiviral efficacy of BSM. 
However, previous studies on IAV/H3N2 showed significantly reduced 
infectivity in Neu5Gc-rich cells compared to Neu5Ac, but no differences 
in membrane fusion kinetics [54]. Given the Neu5Ac predominance in 
BSM (>65 %), it is reasonable to assume that the observed antiviral 
activity is primarily driven by Neu5Ac.

Removal of N-glycans does not significantly affect the antiviral ac-
tivity of BSM. This observation could be related to different factors; 
firstly, N-linked glycans are comparatively less abundant than O-linked 
glycans. Glycosylation predictions using NetNGlyc [55] indicate that 
<1 % of the asparagine residues as part of the N-X-S/T sequon in the 
MUC19 sequence are glycosylated; in contrast, predictions from NetO-
Glyc [56] reveals that approximately 24 % of serine and threonine 
residues are O-glycosylated (Fig. 3c). Secondly, the glycomic analysis 
highlighted that the analyzed N-glycans from BSM are low in sialic acids, 
which we confirmed to be pivotal for influenza inhibition. The low 
abundancy and scarce sialylation might explain the negligible partici-
pation of N-glycans in virus interaction. Previous studies proposed N- 
glycosylation as key feature in mucin synthesis, stability, and folding 
rather than direct interaction with viruses [57]. Although the N-glycans 
of mucin might have a negligible effect on the antiviral activity of iso-
lated mucin, it is important to note that mucus consists also of other non- 
mucin proteins (e.g., lysozyme, lactoferrin, surfactant proteins). Other 
N-glycosylated non-mucin proteins may interact with the virus in ways 
that are underestimated in isolated BSM.

On the other hand, removing all glycans unspecifically, resulted in 
abolished antiviral inhibitory activity, with no inhibition observed even 
at the highest concentration tested (Ki

HAI > 1250 μg/mL), suggesting a 
predominant role of mucin O-glycans in influenza virus engagement. It 
is worth mentioning that because of the unspecificity of the β-elimina-
tion reaction, removal of O-glycans implies the simultaneous removal of 
sialic acid, accounting then for the combined effect of O-glycans and 
sialic acid. Nevertheless, these findings point at sialylated O-glycans as 
the primary interaction sites for influenza virus, while exclude N-glycans 
from playing a significant role in viral binding. This aligns with previous 
findings that influenza virus HA interacts not only with the terminal 
sialic acids but also with the underlying monosaccharide components (e. 
g., LacNAc repeats, [58]) of sialoglycans and, to a lesser extent with non- 
sialylated glycans [59].

3.3. Mucin size correlates with antiviral effect

The size of polymeric antiviral materials can impact its efficacy in 

binding to the virus [60,61], therefore, we investigated how the size of 
the mucin polymers influences its antiviral effect. Because of their 
polymeric structure and high glycosylation, mucins exhibit intrinsic 
resistance to proteolytic degradation. Complete degradation requires an 
arsenal of carbohydrate-active enzymes and proteases able to degrade 
the glycans and the peptide core [62]. To obtain mucin glycosylated 
fragments of different sizes, we digested BSM using proteases with 
different cleavage specificities (Table S1). We selected a diverse set of 
proteolytic enzymes, including animal and plant proteases as well as 
mucinases, and conducted the reactions under optimal conditions spe-
cific to each enzyme’s activity. After overnight digestion, cleavage ef-
ficiency was assessed by SDS-PAGE and PAS staining, while the antiviral 
activity of the fragmented BSM was measured by hemagglutination 
inhibition.

Intact purified BSM becomes visible by PAS after agarose gel elec-
trophoresis as a broad band in the MDa range, with an estimated 
apparent molecular weight of about 1.5 MDa (Fig. S1b) [63]. Except for 
Serratia marcescens Enhancin (SmE), the digestion of BSM with all the 
proteases displayed a mass distribution of the fragments at lower mo-
lecular mass range compared to the intact BSM (Fig. 4a). Among the 
tested proteases, proteinase K demonstrated the highest efficiency in 
degrading mucin, producing glycosylated fragments ranging from 
approximately 40 to 70 kDa. Fragments in such a size range could be 
indicative of the smallest structural tandem repeat units that retain 
extensive glycosylation and are resistant to proteolytic cleavage. Anti-
viral activity assessed by hemagglutination inhibition was observed only 
for the BSM digests obtained with SmE, StcE, and ficin at a concentration 
up to 1250 μg/mL (Fig. 4b, c). In contrast, digests from all the other 
enzymes, including pepsin, chymotrypsin, trypsin, elastase, bromelain, 
papain, and proteinase K, exhibited no visible antiviral activity (i.e., Ki

HAI 

values exceeding 1250 μg/mL) (Fig. 4c). Based on the mass distribution 
of the BSM fragments observed on the SDS-PAGE gel, a discernible size- 
activity relationship can be inferred. Specifically, a trend emerges 
indicating that the antiviral activity of the glycosylated fragments is 
dependent on their size (Fig. 4d), specifically as the molecular weight 
increases, the Ki

HAI decreases in a non-linear manner, suggesting that 
larger structures exhibit higher antiviral activity. Notably, rough 
thresholds can be traced around 850 and 200 kDa defining regions 
where the size-dependent activity drops by a factor of 10× and 100×.

3.4. Glycosylated mucin fragments retain the virus-binding capacity and 
antiviral properties in a size-dependent manner

The hemagglutination inhibition assay of BSM digests indicates that 
the size of the mucin fragments (MFs) influences their antiviral efficacy. 
To explore this relationship further, we investigated how the molecular 
size of these fragments impacts their binding affinity to the influenza 
virus. We enriched and purified glycosylated MFs with varying molec-
ular weights and different antiviral activities. Among the enzymatically 
derived mucin fragments, those obtained using StcE (MF1) and pro-
teinase K (MF2) were selected for further analysis as they represented 
the largest and smallest fragments detectable by SDS-PAGE in our 
experimental conditions (Fig. 5a). While ficin digestion also generated 
fragments with distinct antiviral activity, their molecular size and 
inhibitory potency were comparable to those produced by StcE, making 
them redundant for further affinity characterization.

Compared to native BSM, which exhibits an apparent molecular 
weight in the MDa range (Fig. S1b), MF1 and MF2 are revealed by PAS at 

Fig. 5. Mucin fragments have virus-binding and antiviral capacity in a size-dependent manner. (a) Illustration of the digestion of mucin from the bovine submaxillary 
gland (BSM) with StcE (MF1) or proteinase K (MF2). (b) SDS-PAGE/PAS staining and dynamic light scattering of the native BSM, and the purified mucin fragments. 
(c) Microscale thermophoresis (MST) change in the bleaching rate upon binding of BSM at different concentrations to fluorescently labeled R18 A/X31 virus at the 
steady state. Desialylated BSM (BSM(− )SA) and carboxymethyl cellulose (CMC) served as controls. Binding constants are described as apparent dissociation constants 
(KD,app). Each data point represents the average values of N = 4 experiments and the error bars show the standard deviation. Data points were fitted according to the 
mass-action law function to calculate KD,app values. (d) HAI assay against four hemagglutination units (HAU) A/X31 and the KD,app measured by MST. (e) Relative 
abundance and putative structures of the top-10 O-glycans in BSM, MF1, and MF2.
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~330 kDa and ~ 50 kDa, respectively. Additionally, the hydrodynamic 
radii of these fragments differ by several order of magnitudes, with 
intact BSM measuring over 2000 nm, while for MF1 and MF2 measuring 
60 nm and 2.5 nm, respectively (Fig. 5b). In terms of sialic acid 
composition, both fragments have less abundancy compared to BSM. 
Specifically, BSM contains over 550 mol of SA per mol of protein, while 
MF1 and MF2 contain approximately 390 and 26 mol of SA per mol of 
protein, respectively. When normalized by the apparent molecular 
weight to express the density of SA, MF1 shows the highest density at 
1.2 mol/kDa, surpassing both BSM (0.4 mol/kDa) and MF2 (0.5 mol/ 
kDa) (Fig. S7). This suggests that both MFs retain a high sialic acid 
density. Structurally these fragments could mainly, if not only, be 
constituted of the highly glycosylated regions (i.e., PTS domains) of 
mucin, with minimum or any non-glycosylated parts.

The HAI assay revealed that MF1 and MF2 have HAI constants (Ki
HAI) 

of 1.88 μM (0.63 mg/mL) and 100 μM (5 mg/mL), respectively (Fig. S8 
a, c). When compared to BSM, these values reflect a reduction of anti-
viral activity by approximately two and four orders of magnitude for 
MF1 and MF2, respectively. Previous studies with sialylated bioinspired 
brush polymers (~400 kDa) demonstrated inhibition of influenza virus 
(H1N1 subtype) with a Ki

HAI of 0.24 μM, placing its activity in a com-
parable range to MF1 [64].

Next, we characterized the affinity at which the different BSM de-
rivatives bind to influenza A/X31 virus (H3N2 subtype), which is a 
subtype antigenically similar to A/Panama/2007/99 but with differ-
ences in the glycosylation sites [65]. Microscale thermophoresis (MST) 
experiments showed that the intact BSM had an apparent dissociation 
constant (KD,app) in the nanomolar range (49 nM) (Fig. 5c). Desialylated 
BSM (BSM(− )SA) was used as binding control (i.e., expected lower 
binding than BSM), while carboxymethyl cellulose (CMC), a high mo-
lecular weight natural polymer similar to BSM in viscosity and charge, 
served as a negative control binder. Partial cleavage of sialic acid (~67 
% efficacy, Fig. S5) from BSM reduced its binding affinity for the virus by 
approximately 5-fold (243 nM). This suggests that while reduced sialy-
lation in BSM still permits virus binding, it does so with reduced effec-
tiveness, as indicated by the lower affinity and binding amplitude 
compared to intact BSM.

MST measurements with MF1 and MF2 (Fig. S8 b, d) supported the 
HAI assay findings, showing very good agreement between KD,app and 
Ki

HAI values (Fig. S9). The reduction in fragment size weakened both the 
binding avidity and the antiviral inhibitory capacity, evidenced by an 
exponential increase in both KD,app and Ki

HAI (Fig. 5d). These observa-
tions are consistent with the notion that larger glycoprotein structures 
can present multiple binding sites, thereby enhancing overall viral 
binding and inhibitory activity [60,64,66,67]. The ability of the MFs to 
bind to the virus suggests that the glycan structures involved in virus 
attachment are still present in the small fragments. O-glycan analysis 
showed that the same glycans identified in intact BSM are still present, 
and with comparable relative abundance, on MF1 and MF2 (Fig. 5e). 
Interestingly, assuming the MFs as individual (MF2) or serial repetition 
(MF1) of tandem repeats of the highly glycosylated regions (PTS) of 
MUC19, we can conclude that the glycosylation pattern is conserved and 
homogeneously distributed on the tandem repeats of mucin. Yet, the 
reduced size and reduced multiplicity of binding sites results in weaker 
and less effective inhibition. Previous studies have proposed that an 
ideal antiviral polymer should position sialic acid residues at intervals 
around the intra-hemagglutinin spacing (~4.5 nm) while maintaining 
an overall polymer length larger than the inter-hemagglutinin trimer 
spacing (~14 nm) [64,68]. This configuration would ensure a high local 
concentration of sialic acids and the ability to bridge multiple hemag-
glutinin trimers, thereby enhancing multivalent binding and viral inhi-
bition. Based on these criteria, MF2 (~2.5 nm radius) alone as an 
antiviral could roughly span the intra-hemagglutinin distance giving 
place to bivalent binding, but it fails to meet the necessary spatial 
arrangement for inter-hemagglutinin binding, limiting its capacity for 
effective viral engagement. Similarly, although MF1 could potentially 

meet both criteria due to its larger size (~60 nm radius) and high SA 
abundance, its antiviral activity may still be insufficient on its own. 
However, rather than functioning independently, mucin fragments 
could serve as versatile building blocks for larger antiviral architectures 
(e.g., linear polymers, polymeric networks), leveraging both their glycan 
diversity and steric effects.

4. Discussion

The role of glycans of mucins on the interaction with the influenza 
spike proteins hemagglutinin and neuraminidase is still under debate 
and is most probably strain dependent. How this intertwines with 
polymer size adds an additional layer of complexity. Our findings 
highlight the crucial role of sialylated O-glycans in defining the antiviral 
activity of BSM, whereas N-glycans contribute minimally, likely due to 
their low abundance and paucity of sialylation. While partial removal of 
sialic acid reduced but did not completely abolish antiviral activity, full 
glycan removal eliminated inhibition altogether, underscoring the 
importance of O-glycans.

Our results suggest that rather than only the terminal sialic acid 
residues, the entire structure of sialylated O-glycans is critical for 
hemagglutinin (HA) binding and viral inhibition. This observation 
aligns with prior evidence suggesting that influenza HA does not simply 
recognize terminal sialic acids but rather engages also with the inner 
monosaccharides of the sialoglycan.

We also demonstrated a strong size-dependent effect on antiviral 
efficacy. Mucin fragments of different size, displaying the same O- 
glycosylation pattern as full-length mucin, were produced by proteolytic 
digestion. Intact BSM (MDa scale) exhibited high viral binding affinity in 
the nanomolar range and potent inhibition, whereas smaller mucin 
fragments (MF1, ~330 kDa, and MF2, ~50 kDa) showed drastically 
reduced antiviral activity, with Ki

HAI values of 0.63 mg/mL and 5 mg/ 
mL, respectively. Binding affinity decreased similarly, with KD,app values 
increasing to 2.6 μM for MF1 and 40 μM for MF2. The non-linear 
decrease in antiviral activity upon fragmentation suggest that molecu-
lar size, beyond glycan composition alone, plays a dominant role in 
optimizing multivalent binding and inhibition. Furthermore, when 
comparing the effects of size modulation (i.e., BSM vs MFs) with glycan 
density modulation (i.e., BSM vs desialylated BSM), we clearly observe a 
reduction in both inhibition and binding affinity that is more dramatic 
with size reduction than with glycan density changes. While affinity 
contributes to viral capture, the extended polymer network of full-length 
mucins likely enhances avidity and sterically excludes viral particles 
from host receptors. However, our study focused solely on the H3N2 
subtype of influenza A virus, and given the structural diversity of hae-
magglutinin (HA) across different IAV subtypes, further investigations 
are needed to determine whether these findings extend in a similar 
fashion to other influenza strains.

Additionally, the ability of small mucin fragments, such as MF2 to 
bind influenza virus, points to potential applications as viral decoys for 
biopolymers or nanoparticles for targeted drug delivery. Importantly, 
these mucin-derived fragments, as natural glycopeptides, present mini-
mal functional virus-binding units with naturally evolved glycan di-
versity and optimized spatial distribution. Unlike biomimetic polymers, 
which require meticulous design to mimic these features and may pose 
biodegradability challenges, mucin-derived glycopeptides offer a natu-
ral alternative. They inherently combine functional efficacy from 
evolved glycan architectures with high biocompatibility, potentially at a 
lower cost. This dual advantage positions them as promising candidates 
for the development of novel broad-spectrum antiviral biomaterials, 
where the combination of steric contribution and multiple weak binding 
interactions can significantly amplify inhibitory effects. Further engi-
neering of hydrogels or nanoparticles harboring such building blocks 
can lead to novel antiviral materials with economic use of antiviral li-
gands arranged in nanoclusters.

In conclusion, our findings on the structural determinants of mucins 
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offer broad guidelines for designing synthetic polymers with mucin- 
mimetic antiviral activity (Fig. 6). Our data suggest that molecular 
size should be prioritized over sialoglycan density. Specifically, linear 
polymers in the megadalton (MDa) range (>850 kDa) bearing sialylated 
glycans are expected to achieve viral inhibition comparable to bovine 
submaxillary mucin (BSM). Simple O-glycans should be favored over 
more complex and synthetically demanding N-glycans. Beyond simple 
presenting sialic acids, the architecture of O-glycans plays a direct role in 
modulating viral interactions. However, for optimal antiviral effects, 
specific O-glycan structures should be individually investigated and 
systematically compared.
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