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ABSTRACT
Mucins, heavily O-glycosylated glycoproteins, are a key component of mucus, and certain gut microbiota, including Akkermansia 
muciniphila, can utilise mucin glycans as a carbon source. Akkermansia muciniphila produces the O-glycopeptidase enzyme 
OgpA, which cleaves peptide bonds at the N-terminus of serine (Ser) or threonine (Thr) residues carrying O-glycan substitutions, 
with selectivity influenced by the O-glycan functional groups. Using molecular dynamics (MD) simulations and quantum chem-
istry calculations, we explored how different O-glycan groups affect OgpA's selectivity. Our results show that peptides bind to the 
enzyme via hydrogen bonds, π–π interactions, van der Waals forces and electrostatic interactions, with key residues, including 
Tyr90, Val138, Gly176, Tyr210 and Glu91, playing important roles. The primary determinant of selectivity is the interaction be-
tween the peptide's functional group and the enzyme's binding cavity, while peptide–enzyme interface interactions are second-
ary. Quantum chemistry calculations reveal that OgpA prefers peptides with a lower electrophilic character. This study provides 
new insights into mucin degradation by gut microbiota enzymes, advancing our understanding of this critical biological process.

1   |   Introduction

The intricate and diverse community of microorganisms in the 
human gut, known as the gut microbiota, plays a critical role in 
maintaining human health (Hansson 2020). This microbiota en-
gages in interactions with the protective mucus layer that coats 
the intestinal epithelium (Johansson et al. 2008). Interestingly, 
when we compare the small intestine to the colon, we observe a 
distinction in the organisation of the mucus layer. In the colon, 
there are two distinct layers: the inner layer, which adheres 
closely to the epithelium, is densely packed and typically lacks 
a significant bacterial presence, while the outer layer of mucus 
is more loosely structured and hosts a thriving population of 

microbiota (Martens, Chiang, and Gordon  2008). The dual-
layered arrangement of mucus in the colon plays a vital role 
in maintaining the host's health. The outer mucus layer pro-
vides an ideal environment for gut bacteria to thrive, while the 
inner layer behaves as a barrier against the bacteria to protect 
the intestinal epithelium from inflammation and close contact 
(Sommer et  al.  2014; Johansson et  al.  2014). Previous studies 
have investigated the critical role of mucus in maintaining in-
testinal homeostasis and the complex interplay between mucus 
and gut microbiota (Calvigioni et al. 2024). The structural and 
functional characteristics of mucins, the glycoproteins that 
form the mucus layer, along with their dynamic glycosylation 
profiles, directly influence the composition and localisation of 
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gut microbial communities. Moreover, mucus serves as both a 
protective barrier and a nutrient source for commensal bacteria, 
mediating microbial interactions and preventing pathogen col-
onisation. Furthermore, alterations in mucus properties, such 
as changes in glycosylation or thickness, are associated with 
dysbiosis and various diseases, including inflammatory bowel 
disease and colorectal cancer.

Mucins form the most composition of the mucus, which are 
constructed of heavily O-glycosylated glycoproteins. These 
host glycans play a crucial role in determining which bacteria 
can successfully colonise the host (Desai et al. 2016; Schroeder 
et al. 2018). The gut microorganisms can utilise the mucin as a 
source of nutrients, in which the degradation of mucin can lead to 
changes in the composition of the microbiota and a thinner, more 
permeable mucus barrier (Everard et al. 2013; Png et al. 2010; 
Layunta et al. 2021; Tailford et al. 2015; Robbe et al. 2004). Many 
reports show that mucus thickness and protein composition 
perturbation are associated with various metabolic diseases, 
cardiovascular diseases, cancers and inflammatory bowel dis-
eases, and type-II diabetes (Ley et al. 2006; Ridaura et al. 2013; 
Sonnenburg and Bäckhed 2016; Jonsson and Bäckhed 2017).

The mucin family has 20 members, which are divided into 
non-gel-forming secreted, gel-forming secreted and membrane-
bound (Kudelka et al. 2020; Hansson 2020). Mucin 2 (MUC2) is 
a member of the mucin (MUC) family that forms the gut mucus 
by forming a polymeric network of the glycoprotein (Wang, Wu, 
and Ribbeck 2021). Moreover, the MUC2, MUC5AC, MUC6 and 
MUC5B belong to the gel-forming secreted group with a con-
siderable contribution to the gut mucus composition (Grondin 
et al. 2020). Compared to the other types of mucins, the MUC2 
in the colons of mice and humans is the major gel-forming 
mucin in the mucus system (Linden et  al.  2008). This MUC2 
structure is exclusively synthesised by the goblet cells found in 
the colonic epithelial of the intestines and colon. Within these 
cells, the proline, serine and threonine-rich (PTS) domains 
of the monomers of MUC2 undergo glycosylation. At the C-
terminus, these monomers dimerise, and at the N-termini, 
they come together to form trimers (Van Klinken et  al.  1999; 
Johansson, Sjövall, and Hansson 2013; Godl et al. 2002). Then, 
the trimer dimers covalently bind to each other to form a poly-
meric network. Once they are released by the goblet cells, they 
form the gel through a hydration process that acts as a barrier 
and lubricant to facilitate the passage of luminal contents with-
out damaging tissues and contribute to the overall function of 
the intestinal system (Birchenough et al. 2015; Bergstrom and 
Xia 2013). MUC2 is composed of at least five monosaccharides 
including fucose (Fuc), galactose (Gal), N-acetylglucosamine 
(GlcNAc), N-acetylgalactosamine (GalNAc) and sialic acid (Sia) 
(Koropatkin, Cameron, and Martens  2012; Ten Hagen, Fritz, 
and Tabak 2003). The O-linked is the main glycosylation in the 
MUC2, which occurs due to the functionalisation of hydroxyl 
groups of serine and threonine residues with GalNAc (An 
et al. 2007).

Certain members of the microbiota have the ability to use mucin 
glycan groups as a source of carbon. In order to break down 
these host glycans, bacteria express a variety of carbohydrate-
active enzymes, including glycoside hydrolases, sulphatases 
and esterase, each of which acts on specific types of linkages 

(Raba and Luis  2023). Akkermansia muciniphila is a mucin-
degrading bacterium commonly present in the human gut, 
which produces an O-glycopeptidase enzyme that specifically 
cleaves the peptide bond located at the N-terminus of serine 
(Ser) or threonine (Thr) residues carrying an O-glycan substitu-
tion (Collado et al. 2007). Akkermansia muciniphila is a Gram-
negative bacterium belonging to the phylum Verrucomicrobia 
(Derrien et al. 2008). In healthy adults, it typically makes up ap-
proximately 5% of the total bacterial population in the large in-
testine (Canfora and Blaak 2020). Several reports indicated that 
this bacterium is effective on the gut barrier function and other 
physiological phenomena during obesity and type-II diabetes 
(Dao et al. 2016; Plovier et al. 2017). Akkermansia muciniphila 
through degrading mucin regulates the mucus thickness and 
gut barrier integrity, which shows beneficial effects on human 
health (Derrien et  al.  2004). The hydroxyl substitution of Ser 
and Thr with GalNAc is the first step of the O-glycosylation pro-
cess. The GalNAc group can be functionalised by other sugars 
such as sialic acid, fucose and galactose (Martens, Neumann, 
and Desai 2018). Therefore, there are various mucins with dif-
ferent branches of glycans. The A. muciniphila can produce spe-
cific enzymes to hydrolyse peptide and glycosidic bonds of the 
mucin (Luis and Martens 2018). The OgpA (O-glycopeptidase) 
from A. muciniphila can hydrolyse the peptide bond N-terminal 
to Thr or Ser residues functionalised with an O-glycan (Yang 
et al. 2018). This enzyme detects the peptide bonds to hydrolyse 
based on the type of O-glycan functional groups; however, the 
role of the functional groups in the enzymatic process still re-
mains a challenge. Therefore, in this study, computational meth-
ods such as full atomistic molecular dynamic (MD) simulations 
and quantum chemistry calculations were applied to determine 
the selectivity of the OgpA enzyme at the molecular level. The 
results of this study can provide a new insight into the mecha-
nism of mucin degradation by the gut microbiota. In essence, 
by elucidating the molecular-level role of different O-glycan 
functional groups in the selectivity of the OgpA enzyme, the 
study sheds light on how specific bacterial enzymes recognise 
and target particular glycan structures within mucins. This un-
derstanding is crucial for deciphering the initial steps of mucin 
degradation by gut bacteria. Moreover, the study identifies spe-
cific molecular interactions involved in the binding of function-
alised peptides within the OgpA enzyme's binding cavity. These 
interactions, including hydrogen bonds, π–π interactions, van 
der Waals (vdW) forces and electrostatic interactions, provide 
valuable insights into how the enzyme recognises and cleaves 
glycosylated peptide bonds in mucins. Furthermore, by demon-
strating that peptides with certain O-glycans form more stable 
complexes with OgpA compared to others, the study highlights 
the importance of O-glycan structural diversity in dictating the 
efficiency of mucin degradation by gut bacteria. This under-
standing enhances our knowledge of how variations in mucin 
glycan composition can influence bacterial colonisation and 
metabolic activity in the gut. On the other hand, given the criti-
cal role of mucins in maintaining gut barrier function and host–
microbiota interactions, insights gained from this study have 
implications for understanding the pathophysiology of various 
metabolic diseases, inflammatory conditions and gastrointes-
tinal disorders associated with alterations in mucin composi-
tion and mucus barrier integrity. Understanding the molecular 
mechanisms of mucin degradation by gut microbiota enzymes 
could lead to the development of novel therapeutic strategies 
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targeting the gut microbiome to promote mucosal health and 
ameliorate gut-related diseases.

2   |   Experimental Procedures

2.1   |   Molecular Dynamics Simulation

The OgpA from A. muciniphila as an O-glycopeptidase se-
lectively hydrolyses mucin based on the O-glycan functional 
groups on N-terminal Ser and Thr residues. To determine the 
role of the O-glycan groups on the selectivity and mechanism 
of the OgpA full atomistic MD simulations were performed. 
The crystal structure of the OgpA enzyme in complexation 
with O-glycopeptide (RPYSPRPT(Gal-GalNAc)SH) is available 
on the protein data bank with the 6Z2P code. To model the 
active form of the enzyme, the A179H and A180E mutations 
were made in the structure of the OgpA (Trastoy et al. 2020). 
The standard protonation state for all amino acids of the OgpA 
at pH 7.0 was adopted and checked using the H++ web server 
(Anandakrishnan, Aguilar, and Onufriev 2012). Three histidine 
residues including His179, His183 and His189, which are located 
in the active site of the enzyme, are neutral (see Figure  1a). 

These residues are coordinated to the Zn2+ ion, which the pa-
rameters for the Zn2+ ion and coordinating His residues were 
obtained using MCPB.py module in Amber software package, 
with the structure optimised using B3LYP/6-31G(d) as part of 
the procedure (Li and Merz Jr 2016). To analyse the role of the 
O-glycan groups on the interactions between the peptide and 
enzyme, the corresponding peptide was substituted with 10 
different O-glycan functional groups (Table  1). The schematic 
structures of the selected O-glycan compounds are presented in 
Figure 1. To design the structure of the OgpA complexes (using 
the reported structure by Trastoy et  al.  (2020)) with different 
functionalised peptides, AutoDock Vina software was applied 
(Trott and Olson 2010). The obtained complexes from the dock-
ing simulation with the highest binding affinity were employed 
for the MD simulations.

The structure of the OgpA (Figure  1) in the presence and ab-
sence of the functionalised peptides was fully solvated with 
water molecules using the TIP3P solvent model in a cubic box 
(15 × 15 × 15 nm3) within the periodic boundary conditions 
in all directions (Jorgensen et  al.  1983; Khavani, Izadyar, and 
Housaindokht 2019). To neutralise the charge of the simulated 
systems, Na+ and Cl− counterions were added. The GLYCAM06 

FIGURE 1    |    The structure of the OgpA enzyme and its active site (a). The active site of the enzyme is composed of the three His and one Glu res-
idues. The binding site of the enzyme in complexation with the RPYSPRPT(Gal-GalNAc)SH peptide is highlighted in tan colour in panel (b). The 
active site and binding site of the enzyme in panels a and b are according to Trastoy et al. 2020. The functionalised RPYSPRPTSH peptide with the 
Gal-GalNAc O-glycan is presented in panel (c). A schematic presentation of the selected O-glycan compounds (L) is shown in panel (d) (for the no-
menclature of the selected compounds, see Table 1).
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force field and FF14SB force field parameters were employed 
for the O-glycan compounds and the enzyme, respectively 
(Kirschner et al. 2008; Maier et al. 2015). All the MD simula-
tions were performed using the Amber 22.0 Software package 
(Case et al. 2020). To start the MD simulations, all the structures 
were minimised through 100,000 steps of energy minimisation. 
Then, the temperature of the minimised systems was increased 
from 0 to 300 K in an NVT ensemble during 5 ns (1 fs time step) 
by applying a typical force constant of 2.5 kcal.mol−1.Å−2 for the 
solute structures. In the next step, 10 ns NPT simulations (1 bar 
and 300 K, 1 fs time step) were applied for all the systems as the 
equilibration step without any positional restraint. Finally, 500 
ns MD simulations (2 fs time step) were performed using an NPT 
ensemble on all the equilibrated structures as the product step. 
To check the effects of the peptide and functional groups on the 
dynamical properties and structural stability of the OgpA, other 
two simulations including free OgpA and OgpA complex with 
the peptide without functional groups were performed.

In the equilibration and product steps, the pressure and tempera-
ture were controlled using the Berendsen method (1 ps relaxation 
time) and Langevin thermostat (1 ps−1 collision frequency), respec-
tively (Sindhikara et al. 2009; Uberuaga, Anghel, and Voter 2004). 
To calculate long-range electrostatic interactions, the particle mesh 
Ewald (PME) method with a 12 Å direct cutoff was used (Darden, 
York, and Pedersen 1993). The SHAKE algorithm was applied to 
constrain all bonds involving hydrogen atoms during the MD sim-
ulations (Ryckaert, Ciccotti, and Berendsen  1977). The binding 
energies of the complexation process between OgpA and differ-
ent functionalised peptides have been evaluated using molecular 
mechanics generalised Born surface area (MM-GBSA) (Miller III 
et al. 2012). The final 50 ns of the product step was selected to cal-
culate the binding energies of the complexation process.

2.2   |   DFT-D3 Calculations

Since the OgpA selects the mucin chains in the degradation 
process based on the functional groups, O-glycan substitutions 
should be important in the chemical properties and reactivity 
features of the peptides (chains) in complexation with the en-
zyme. Therefore, the density functional theory dispersion-
corrected (DFT-D3) method was employed to calculate 
molecular features and quantum reactivity indices of the pep-
tides with/without O-glycan functional groups. The structure 
of the peptides with/without substitutions has been optimised 
by the B3LYP-D3BJ functional using the Def2-SVP basis set in 
water (Becke  1992; Grimme et  al.  2010). The previous studies 
indicated that the B3LYP functional could provide satisfactory 
results for the peptide-based compounds in comparison with 
other methods such as the hybrid meta-exchange–correlation 
functional M06-2X (Zhao and Truhlar  2008; Roy et  al.  2012). 
The effects of water as a solvent on the geometrical features of 
the peptides have been considered using the conductor-like po-
larisable continuum model (CPCM) (Cossi et al. 1996). To check 
the structural stability of the corresponding structures and have 
an estimation of the zero-point vibrational energies, frequency 
calculations were performed at the same level. The frequency re-
sults indicated the stability of the peptides with real frequencies. 
All the quantum chemistry calculations were performed using 
the Gaussian 16 computational package (Frisch et al. 2020).

3   |   Results and Discussion

3.1   |   Functionalised Peptide Complexes 
With OgpA

The O-glycan-based functional groups of the mucin branches 
are effective in the activity of the OgpA enzyme. It means that 
this enzyme selects and degrades specific chains of the mucin 
based on their O-glycan groups. To analyse the role of the substi-
tuted groups of the peptides on the complexation process, the dy-
namical behaviour of the OgpA in the presence and absence of 
peptides has been investigated through 500 ns MD simulations. 
The crystal structure of the OgpA is presented in Figure  1a. 
According to the experimental results (Trastoy et  al.  2020), 
the active site of this enzyme is composed of His179, Glu180, 
His183 and His189, which three His residues are coordinated to 
the Zn2+ ion and lie in the centre of the protein approximately. 
The obtained structure of the OgpA after the simulation time is 
shown in Figure 2a. According to this figure, the β-sheet and 
α-helix contribute more to the protein's secondary structure 
(SS). Based on the results, β-sheet, α-helix, bend and turn SS are 
35%, 32%, 15% and 13% of its skeletal structure, respectively (see 
Figure S1).

The obtained OgpA structure after simulation time was 
aligned to the crystal structure of the protein. As can be seen in 
Figure 2a, the simulated structure does not show significant dif-
ferences with the crystal structure. The calculated root-mean-
square deviation (RMSD) for the MD structure relative to the 
crystal geometry is about 1.61 Å, confirming the stability of the 
protein along the simulations in water. To check the stability of 
the OgpA, the RMSD values were computed during 500 ns MD 
simulations for the entire protein and the active site of the en-
zyme. As can be seen in Figure 2b, the trend of the calculated 
RMSD and their small values (average value 2.59 ± 0.31 Å) re-
veal the structural stability of the protein and confirm that the 

TABLE 1    |    The selected O-glycan compounds in this study to 
functionalise the RPYSPRPTSH peptide for complexation with the 
OgpA enzyme.

O-glycan Name

L1 Neu5Ac-α2,3-Gal-β1,3-
Neu5Ac-α2,6-GalNAc

L2 Neu5Ac-α2,3-Gal-β1,3-GalNAc

L3 Gal-β1,3-Neu5Ac-α2,6-GalNAc

L4 Gal-β1,3-GalNAc

L5 Gal-β1,3-GlcNAc-β1,6-GalNAc

L6 GlcNAc-β1,3-GalNAc

L7 Neu5Ac-β1,3-GalNAc

L8 Neu5Ac-β1,3-GlcNAc-α2,6-GalNAc

L9 GlcNAc-β1,3-GlcNAc-β1,6-GalNAc

L10 β1,3-Gal

L11 Peptide without glycan groups

Abbreviations: Gal, galactose; Glc, glucose; Neu5Ac, N-Acetylneuraminic acid.
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system reached the equilibrium. Similar to the entire protein, 
the active site of the enzyme shows remarkable stability and 
negligible fluctuations. This considerable stability is due to co-
ordinating the His residues to the Zn2+ ion, which reduces the 
flexibility of the active site. The trend of the radius of gyration 
(Rg) values for both the enzyme and its active site shows a simi-
lar result and confirmed an interesting stability during the sim-
ulations. Because a greater value of Rg reveals that the protein 
has lower compactness or more fluctuation in the simulations 
(Figure  2c). The dynamics of individual residues can be anal-
ysed using root-mean-square fluctuation (RMSF) values. As 
can be seen in Figure 2d, Asn92, Asn289, Glu318 and Glu351 
of the OgpA show greater RMSF values or fluctuations in com-
parison with other amino acids. The structural analysis reveals 
that these residues are on the surface of the protein and higher 
interactions with solvent molecules can be a possible explana-
tion for this result. In agreement with previous results, RMSF 
analysis shows stability for the involved residues in the active 
site. However, the His189 residue presents a higher fluctuation 
compared with other amino acids of the active site, since this 
amino acid is in more contact with solvent molecules.

To investigate the stability of the OgpA complexes with different 
functionalised peptides (Figure 1a), the dynamical behaviour of 
the designed complexes by docking simulations was analysed 
during 500 ns MD simulations. As can be seen in Figure S2, the 
obtained structures for the OgpA complexes after simulation 
time confirm that all the peptides could make stable complexes 
with the enzyme and enzyme could maintain the function-
alised peptides inside its cavity through a combination of hydro-
gen bonds (H-bonds), electrostatic, vdW and π–π interactions. 
Moreover, the structural analysis confirmed that the confor-
mational features of the peptide inside the binding site cavity 

depend on the functional groups. In other words, functionalised 
groups can change the orientation of the peptide relative to the 
active site.

To determine the role of the O-glycan functional groups on the 
complexation process and possible interactions between the 
peptide and OgpA, the binding interaction profiles are presented 
in Figure 3 and Figure S3. According to these figures, the func-
tionalised peptides are trapped in the binding cavity through 
H-bond, π–π, vdW and electrostatic interactions. Based on the 
experimental results, the OgpA can degrade peptides with L2, 
L4 and L6 O-glycan-based functional groups (see Table  1 and 
Figure 1d). However, the maximum activity of the enzyme was 
observed in the presence of a substituted peptide with the L4 
group. Therefore, the type of interactions between functional 
groups and the binding site of the enzyme is crucial to the ac-
tivity of the OgpA in the hydrolysation process. The carboxyl 
groups of the L1 compound show strong salt bridge interactions 
with Lys129 and Lys172 of the OgpA, and there is an unfa-
vourable interaction between the hydroxyl group of the L1 and 
Tyr90. Moreover, the L1 can form considerable H-bond interac-
tions with Glu91, Gly137, Asn139, Val138, Tyr210 and Asn209. 
In addition to these interactions, there are some vdW engage-
ments between L1 and residues of the binding site for instance 
with Phe140, Pro89, Gly136 and Trp173 that contribute to the 
stabilisation process. In contrast to the L1 compound, the L2 
structure does not form a salt bridge interaction with Lys172; 
however, this compound shows strong attractive and repulsive 
interactions with Lys129 and Try90, respectively (see Figure 3). 
Moreover, the hydroxyl groups of the L2 form some strong H-
bond engagements with Glu91, Val138 and Gly137. The peptide 
with the L3 functional group is stabilised in the binding site 
through salt bridge interactions with Lys172 and strong H-bond 

FIGURE 2    |    The aligned structure of the OgpA after simulation time (white) to its crystal structure (brown, a) and the calculated RMSD (b) and 
Rg (c) values for the entire protein and its active site and the calculated RMSF of the protein (d). The RMSF of the involved residues of the OgpA in 
the active site is highlighted in panel (d).
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FIGURE 3    |    The obtained structures of the OgpA in complexation with the peptide with L2, L4 and L6 functional groups after simulation time 
and the corresponding binding interaction profiles for each complex. The binding interaction profiles for other O-glycan compounds are presented 
in the Appendix S1.
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interactions with Val138 and Asn209. As can be seen from the 
obtained binding interaction profile for L3, the vdW interactions 
are dominated between this compound and the enzyme. The 
analysis of the interactions between L4 and OgpA indicates that 
H-bond and vdW interactions play the main role in the complex-
ation process. The L4 forms five strong H-bonds with Val138, 
Tyr90, Tyr210, Lys172 and Asn209, in which Tyr210 and Asn209 
behave as hydrogen bond donors in the complexation process. 
As mentioned, Tyr90 has considerable repulsive interactions 
with L1 and L2 compounds. However, this residue not only does 
not have repulsive interactions with the L4 but also forms strong 
H-bond interaction with the amine group of the L4. Therefore, 
it can be considered that Tyr90 interactions with the O-glycan 
functional group could play an important role in the selectivity 
of the enzyme. The L5 does not show any H-bond or electrostatic 
engagements with the OgpA; this means that this functional 
group participates in increased vdW interactions between the 
peptide and the binding site. The hydroxyl and carbonyl groups 
of the L6 structure form considerable H-bond interactions with 
Lys172, Asn209 and Tyr210, and there is a strong repulsive in-
teraction between Gly176 and this compound. The Tyr90 does 
not form a H-bond interaction with the L6 in contrast to the L4. 
This residue in collaboration with other residues such as Trp173, 
Phe140 and Tyr292 stabilises the substituted peptide with L6 
through vdW interactions.

The L7 forms a stable complex with the binding site through vdW 
and H-bond interactions, while attractive interaction (salt bridge) 
between L8 and Lys172 residues plays a key role in the complex-
ation process. In complexation with the L9 structure, Ser207, 
Asn209, Tyr210 and Glu290 form interesting H-bond interac-
tions with the hydroxyl and carbonyl groups of this O-glycan. 
Moreover, other residues including Lys172, Phe140, Gly208, 
Gly175 and Gly176 participate in the interactions between L9 
and the binding site of the OgpA. The L10 (β1,3-Gal) as the sim-
plest O-glycan participates in the peptide interactions with the 
enzyme through H-bond formation with Lys172, Asn209 and 
Tyr210 along with vdW engagements with Tyr90, Gly175 and 
Gly176. The binding interaction profile for the L11 structure as 
the pure peptide (without the O-glycan group) presents consider-
able vdW, salt bridge, H-bond and π–π interactions between the 
amino acids of the peptide and OgpA (see Figure S3). Therefore, 
it can be considered that the interactions between the functional 
group of the peptide and binding site play the main role in the 
selectivity mechanism of the OgpA enzyme, not the interactions 
between the chains of the mucin and enzyme. In other words, 
the OgpA selects the mucin chains based on the structural fea-
tures of their functional groups, and interactions between the 
substituted chains and the binding site play the main role in the 
selectivity mechanism of the OgpA. Overall, the binding inter-
action profiles reveal that Tyr90, Val138, Gly176, Tyr210 and 
Glu91 residues of the binding site play a more important role in 
the complexation process compared with other residues.

The RMSD is one of the important parameters calculated from 
MD trajectories, which represents interesting results about the 
structural stability and dynamical behaviour of the enzyme in 
complexation with the functionalised peptides. The calculated 
RMSD values of the OgpA (see Figure S4) confirm that the com-
plexation process does not have significant effects on the struc-
tural stability of the enzyme, while the computed RMSD of the 

peptides indicated that the complexation process is effective on 
their stability (see Figure S4). To have a better comparison of the 
role of the functionalised groups of the peptide on the stability of 
the enzyme, the average values of RMSD of the OgpA and func-
tionalised peptides in the presence of each other are reported in 
Figure 4a,b, respectively. In comparison with the free OgpA, the 
L2, L6 and L9 reduce the structural fluctuations of the enzyme, 
confirming that these functionalised peptides form more stable 
complexes with the receptor than other peptides. However, the 
calculated difference for the RMSD of the OgpA in the presence 
and absence of the functionalised peptides is negligible. In con-
trast to the RMSD values of the enzyme, the computed corre-
sponding values for the peptides reveal considerable differences 
in the complexation process. As can be seen in Figure 4b, the O-
glycan functional group is effective in the stability and dynami-
cal behaviour of the peptide inside the binding cavity. According 
to the computed results, the peptide with L6 and L3 functional 
groups has minimum and maximum fluctuations in complex-
ation with the enzyme, respectively. It means that the O-glycan 
functional groups of the peptides play an important role in the 
stability of the peptide-OgpA complexes.

It is possible to check the overall changes in the enzyme struc-
ture along the simulations based on the Rg parameter. The 
consistent trend of the Rg of the enzyme and the peptide in the 
presence of each other represents the stability of the peptide–
enzyme complexes (see Figure S5). Moreover, as can be seen in 
Figure 4c, the Rg value of the OgpA shows a remarkable reduc-
tion in complexation with the substituted peptides. This result 
indicates that the complexation process reduces the structural 
flexibility of the enzyme and elevates its compactness. Moreover, 
the enzyme shows more rigidity in the presence of L6 and L8 in 
comparison with other selected compounds. In agreement with 
RMSD results, the Rg values of the peptide revealed that the 
functional group changes the structural features of the peptide 
inside the enzyme (see Figure 4d). Based on the computed re-
sults, the functionalised peptide with L1, L5 and L8 would have 
lower structural compactness and higher flexibility inside the 
binding site of the enzyme.

The individual residue of the OgpA could be important in the 
interactions between the functionalised peptide and enzyme as 
well as the mechanism of the degradation process. The fluctu-
ation of each amino acid can be analysed by computing RMSF 
values, which reveals the average of the fluctuation of the amino 
acids over the simulation relative to the reference. According 
to the RMSF results, each amino acid of the OgpA that is in-
volved in the interactions or in direct contact with the peptides 
has lower fluctuation compared with other amino acids (see 
Figure S6). Moreover, the fluctuation of the entire protein shows 
a considerable reduction in the complexation form to the free 
state. Furthermore, the calculated RMSF values of the residues 
in the active site have significantly reduced in the presence of 
the functionalised peptides. It confirms that there are consid-
erable interactions between Glu180, His179, His183 and His189 
residues and the O-glycan functionalised peptides.

In the absence of the peptide, the binding site of the enzyme has 
been occupied by water molecules. Therefore, it is predictable 
that there is a competition between water molecules and pep-
tides to interact with the enzyme. As can be seen in Figure 5a, 
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the solvent-accessible surface area (SASA) of the OgpA shows 
differences in facing different peptides. According to this figure, 
the accessible surface of the enzyme has been increased by L1, 
L2, L3 and L9, while other functionalised peptides with L6, L7, 
L8 and L10 have a contrast effect on the enzyme–water interac-
tions. It is well worth mentioning that the SASA values of the en-
zyme show considerable reduction even in the presence of small 
O-glycan-based compounds like L10, meaning that the complex-
ation process can change the structural features and conforma-
tional properties of the enzyme. The H-bond interaction is not 
only important for the structural stability of the enzyme but also 

effective in the stability of the OgpA–peptide complexes and can 
be considered as a driving force for the complexation process. 
The internal H-bond interactions of the OgpA have been de-
creased by complex formation with L9 and L2 compared with 
the free enzyme. This result confirms that O-glycan groups can 
play an effective role in the internal interactions of the enzyme 
(see Figure 5b). The functional groups in this study can behave 
as donors or acceptors in H-bond formation. The average H-
bond engagements between functional groups (donor) and resi-
dues of the OgpA (acceptor) are reported in Figure 5c. According 
to this figure, L2 and L10 have maximum and minimum H-bond 

FIGURE 4    |    The calculated average RMSD of the OgpA (a) and functionalised peptide with different O-glycan-based compounds (b) and average 
values of Rg for the enzyme (c) and corresponding peptides in complexation with the enzyme (d).

FIGURE 5    |    The calculated SASA values of the OgpA in complexation with the peptides relative to the free OgpA (a) and the calculated average 
internal H-bond of the enzyme (b), H-bond interactions between O-glycan groups (donor) and residues of the enzyme (acceptor, c), and H-bond inter-
actions between corresponding compounds and enzyme, in which enzyme's residues behave as donors (d).
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interactions with the OgpA, respectively. In other words, L1, L2 
and L3 are better H-bond donor compounds for complex forma-
tion with the binding site. Moreover, the obtained results rep-
resent that L1 and L3 O-glycans have more capacity as H-bond 
acceptors than other compounds (see Figure 5d). In other words, 
compared with other O-glycans, the L1 and L3 are more desir-
able to form H-bond interactions with the OgpA.

Overall, the obtained results indicated that among the selected 
O-glycans, there are some candidates that show more affinity 
to the OgpA enzyme than the L4 compound, but experimental 
results reported that this enzyme has maximum activity against 
the mucin chains with the L4 functionalised groups. To make 
a connection between experimental and computational results, 
we can consider that the structural feature of the functional 
group is an important factor in the selectivity of the enzyme. 
On the other hand, some O-glycans form stable complexes with 
the OgpA to some extent that they behave as inhibitors against 
the enzyme. The OgpA exhibits the ability to hydrolyse peptides 
featuring L2, L4 and L6 functional groups. This capability arises 
from the fact that these O-glycans possess a diminished affinity 
for the enzyme's binding site. Consequently, the resulting degra-
dation compounds can readily leave the active site in compari-
son to other O-glycans.

3.2   |   Role of the O-Glycan on the Peptide–OgpA 
Interactions

To investigate the role of the O-glycan groups on the affinity of 
the OgpA against the peptide, the possible interactions during 
complex formation were investigated. The number of contacts 
between the peptide and the binding site of the OgpA can be 
a criterion for the affinity of the enzyme towards the function-
alised peptide. As can be seen in Figure 6a, in comparison with 
the naked peptide, functional groups play a pivotal role in the 
peptide–OgpA interactions. On the basis of the obtained results, 

all the O-glycan groups increase the affinity of the enzyme 
against the peptide, in which a greater affinity was observed in 
the presence of the L1, L2, L5 and L8 groups. Compared with 
other functional groups, the L4-substituted peptide is in less con-
tact with the active site of the enzyme, in agreement with pre-
vious results. According to the calculated number of contacts, 
the peptides with L4, L6 and L2 lie in the first, second and third 
ranks with minimum interaction with the OgpA, respectively. 
As mentioned before, the experimental data confirmed that the 
activity of the enzyme against the functionalised peptides in 
the degradation process is as follows: L4 > L6 > L2. Therefore, 
the OgpA shows greater activity against the peptides with these 
functional groups because these O-glycans can leave the active 
site of the enzyme after the degradation faster due to a lower 
affinity against the enzyme, compared with other groups such 
as L1 and L5. The calculated minimum distance values between 
the O-glycan and the active site are in the range of electrostatic 
and H-bond interactions. As can be seen in Figure 6b, the naked 
peptide has the maximum distance from the binding site of the 
enzyme. In other words, the functionalisation process decreases 
the distance between the peptide and the enzyme. Therefore, 
the functionalised peptides are subjected to more interactions 
with the active site of the enzyme.

The enzyme traps the peptide inside its cavity through electro-
static and vdW interactions. The linear interaction energy (LIE) 
method was applied to calculate electrostatic (ELE) and vdW 
interactions between peptides with/without O-glycans and the 
OgpA. The obtained results significantly reveal that O-glycans 
elevate the vdW interactions inside the peptide–enzyme com-
plexes because the functionalisation process promotes π–π and 
other noncovalent engagements (see Figure  3 and Figure  S3). 
Moreover, the peptide with L1 shows maximum vdW interac-
tions because this functional group is in greater contact with 
Pro89, Trp135, Leu150, Phe140 and Trp173 compared with other 
O-glycans (see Figure 6c). Furthermore, in comparison with the 
naked peptide, the L4 and L7 groups do not have remarkable 

FIGURE 6    |    The calculated average number of contacts (a), minimum distance (b), vdW interactions (c) and electrostatic interactions (d) between 
peptides with/without O-glycan groups and the OgpA enzyme. A 4 Å cutoff was applied for calculating the number of contact values in panel a.
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effects on the peptide's vdW interactions, in contrast to L1, L2 
and L8. The obtained electrostatic interaction energy values for 
the peptide–enzyme complexes indicate that electrostatic inter-
actions dominate in the complexation process (see Figure 6d). 
The calculated ELE values represent that the peptide with L6 
and L4 O-glycans has lower electrostatic interactions with the 
enzyme, in agreement with previous results. As can be seen 
in Figure  6d, the L1 group increases the electrostatic interac-
tions inside the peptide–enzyme complex at least two times in 
comparison with the naked peptide. Because the peptide in the 
presence of this O-glycan forms two strong salt bridge interac-
tions with Lys172 and Lys129 residues. The L4 and L6 groups 
have lower electrostatic interactions with the enzyme because 
the binding interaction profile (Figure 3) does not show any salt 
bridge interactions and confirms that complexes of these O-
glycans stabilise through vdW and H-bond interactions.

The mucin degradation process starts with the interaction 
between the COO− group of the Glu180 (active site) and the 
CO group of the functionalised Thr residue with O-glycans. 
Therefore, the orientation and distance between these groups 
inside the active site for starting the degradation process are of 
importance. In this context, the role of the functional groups 
on the distance between COO− (Glu180) and CO (Thr of the 
peptide) and their dihedral angle relative to each other was in-
vestigated (see Figure 7a). On the basis of the obtained results, 
the O1-C1 distance (O1 of Glu180 and C1 of Thr residue of the 
peptide) has been affected by the type of the functional group. 
In other words, the O-glycan groups play a pivotal role in the 
interactions between the involved residues in the centre of the 
degradation reaction. As can be seen in Figure 7b, the function-
alisation process reduces the C1-O1 distance because the CO 
group of the naked peptide has the maximum distance relative 

to the Glu180 residue. It means that O-glycan groups facilitate 
the degradation process. The calculated C1-O1 distance for the 
naked peptide is about 4.55 Å, which reduces to 2.99 Å in the 
presence of the L1 group. Based on Figure 7b, the observed fre-
quency distribution of C1-O1 distances varies in the presence of 
various O-glycans, displaying two distinct peaks approximately 
at 3.0 and 4.5 Å. Notably, the C1-O1 distance for the peptide with 
the L4 group falls within this range, forming a distinct peak at 
the midpoint. Therefore, we can define a theoretical criterion, 
meaning that there are some O-glycans that increase the affinity 
of the peptide against the enzyme to the extent that they behave 
as inhibitors, while there are other candidates with a contrast ef-
fect. Since the L4 O-glycan lies in the middle range or optimum 
condition, we observe the maximum activity for the enzyme in 
the presence of this compound.

Another pivotal interaction in the degradation process is O2-
Zn2+ (O2 of the CO group of the Thr residue). Our obtained re-
sults indicate that the O-glycan group can be effective on the 
O2-Zn2+ distance (see Figure 7c). Some candidates such as L7, 
L3 and L2 reduce the oxygen interactions with the Zn2+ ion, 
while other groups including L9 and L8 show a contrast effect, 
compared with the naked peptide. In comparison with the O2-
Zn2+ distance, the functional groups are more effective in the 
C1-O1 interaction, which is crucial as the first step of the reac-
tion. In addition to the distance between the Thr residue and 
the active site of the enzyme, the orientation of the O-peptide 
bond relative to the residues of the active site could be important 
from the energetic viewpoint. The calculated dihedral angle for 
the O1-C1-O2-Zn2+ (Glu and Thr residues) of the naked peptide 
is about −12.0°, which changes to 0.0° and −30.0° in the pres-
ence of L7 and L9 O-glycan groups, respectively (see Figure 7d). 
The corresponding dihedral angles for the peptide with L2, L4 

FIGURE 7    |    A presentation of the interactions between O1 (Glu180) and C1 (Thr residue of the peptide) atoms that play a key role in the degra-
dation process (a). The calculated frequency of the observed C1-O1 distance (b), O2-Zn2+ distance (c) and O1-C1-O2-Zn2+ dihedral angle (d) of the 
peptide interactions (with/without functional groups) with the active site of the OgpA.
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and L6 are −18.0°, −22.0° and −6.0°, respectively. Therefore, 
it can be considered that the optimum distance and angles be-
tween Glu180 and the functionalised Thr residue of the peptide 
are 3.64 Å and −22.0°, respectively. Because the enzyme shows 
maximum activity in the presence of this functionalised peptide.

The changes in the conformational properties of the function-
alised peptides revealed that the dynamical behaviour has been 
affected by the type of the O-glycan groups. To investigate the 
role of the O-glycan groups on the stability and dynamical fea-
tures of the peptide inside the binding cavity of the enzyme, free-
energy landscape (FEL) analysis has been applied (Moritsugu, 
Terada, and Kidera 2017). By employing this method, the role of 
the O-glycans on the peptide interactions with the active site as 
a function of the C1-O1 distance and O1-C1-O2-Zn2+ dihedral 
angle was investigated. As can be seen in Figure 8, the shape 
of the FELs has been changed in the presence of different O-
glycans, which indicates that these groups play a key role in the 
peptide-active site (Thr–Glu180) interactions. The changes in 
the FELs reveal that the affinity of the OgpA to the peptides is 
different and each functionalised peptide has unique dynam-
ics inside the active site. Based on the minimum point of the 
free-energy profile, it is possible to determine the most stable 
configuration along the simulation time. The obtained free-
energy profiles indicate that functionalised peptides have many 
conformational states in complexation with the enzyme. The 
energy profile of the L3 shows two minimum energy points at 
the distance of 3.0 and 4.3 Å relative to the Glu180 residue. This 
result illustrated that the peptide with the L3 group has lower 
stability of greater fluctuation inside the binding cavity in com-
parison with other functionalised peptides. Based on the cal-
culated FELs, the peptides with L2, L4 and L6 O-glycans have 

the maximum interactions with the active site at the distance of 
3.10, 3.60 and 4.20 Å (Thr–Glu180 distance).

Since the complexation process changes the structural features 
of the enzyme, SS analysis was applied to investigate the role of 
the functional groups on the structural features of the OgpA. To 
have a better comparison, the percentage of each SS of the OgpA 
is reported in Figure S7 in the presence and absence of the pep-
tides. The contribution of the β-strands in the SS of the enzyme 
does not show a significant difference in complexation form 
compared with the free enzyme, while the β-bridge SS shows a 
contrasting result. The notable point is that the contribution of 
the π-helix SS reduces due to the complexation process with all 
the functionalised peptides except in the presence of a peptide 
with L8 O-glycan. Moreover, the π-helix, β-bridge and α-helix 
SSs of the OgpA have changed to α-3-10 structures in complex-
ation with L2, L4 and L6 functionalised peptides. The SS anal-
ysis reveals that the complexation process changes the SS of the 
enzyme to α-3-10 and Turn structures. Since the SS of the OgpA 
changes in the presence of each O-glycan, it is predictable that 
the enzyme takes a specific configuration against each func-
tionalised peptide, which could be effective in the activity of the 
enzyme. It means that structural features of the O-glycan are 
important in the conformational properties of the enzyme and 
can be considered as a factor in the activity of the enzyme and 
the enzyme's selectivity mechanism in the degradation process.

3.3   |   Complexation Energy

To study the role of the O-glycan groups of the peptide on the 
stability of the peptide–enzyme complexes, the complexation 

FIGURE 8    |    The calculated FELs for the functionalised peptides with different O-glycan groups as a function of the C1-O1 distance (Å) and O1-
C1-O2-Zn2+ dihedral angle.
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energies were calculated using the MM-GBSA method. The 
calculated vdW interaction energies (ΔEvdW) reveal that O-
glycan groups change the stability of the corresponding com-
plexes. According to Table 2, the peptide with L1 and L7 has the 
maximum and minimum vdW interactions with the enzyme, 
respectively, in comparison with the naked peptide. Among 
the L2, L4 and L6, the L4 functionalised peptide shows lower 
affinity towards the OgpA based on ΔEvdW values, in agree-
ment with previous results. Some functional groups such as 
L10, L6 and L4 reduce the electrostatic interaction between the 
peptide and binding site of the enzyme, while other O-glycan 
groups including L1, L2, L3 and L8 improve the stability of the 
corresponding complex through promoting electrostatic inter-
actions. This result is due to the strong salt bridge formation 
between these O-glycans and Lys129 and Lys172 residues of 
the binding cavity. Both MM-GBSA and LIE methods provide 
a similar trend for the role of the O-glycans on the electro-
static and vdW interactions between the peptide and OgpA. 
The stability of the corresponding complexes can be verified 
from the thermodynamic viewpoint based on the calculated 
Gibbs binding energies in the gas phase (ΔGgas). Moreover, 
the L1 functionalised peptide forms the most stable complex 
with the OgpA compared with other functionalised peptides. 
The calculated Gibbs solvation energies (ΔGsol) represent that 
solvent decreases the stability of the peptide–enzyme com-
plexes, confirming the remarkable role of the water molecules 
in the interactions between peptides and the enzyme. The 
obtained total Gibbs binding energies (ΔGtot) confirm that 
the stability of the peptides inside the active site depends on 
their O-glycan functional groups. The O-glycan groups play a 
key role in the stability of the complexes. For example, func-
tionalising the naked peptide with L1 O-glycan elevates the 
stability of the system up to three times. Moreover, the substi-
tuted peptides with L2, L4 and L6 show considerable stability 
according to the computed ΔGtot values (−93.03, −64.55 and 
−59.35 kcal.mol−1, respectively). In summary, the calculated 
complexation energies demonstrate that the enzyme's affin-
ity towards the peptide varies depending on the functional 
groups. This variability arises from the significant impact of 
functional groups on both the conformational characteristics 

of the peptide within the binding cavity and the orientation of 
the peptides relative to the active site.

These results are in agreement with several previous studies 
(Medley et al. 2022; Taleb et al. 2022) that have reported similar 
analyses of mucinases from other mucus-degrading bacteria, pro-
viding a basis for comparison with OgpA. For instance, mucinases 
such as BT4244 from Bacteroides thetaiotaomicron and AM0627 
from Akkermansia muciniphila have been structurally and mech-
anistically characterised, revealing their ability to cleave mucin 
O-glycans with specificity for particular glycan structures (Taleb 
et al. 2022). Like OgpA, these enzymes exhibit a preference for 
bis-T/Tn substrates and employ conserved catalytic mechanisms 
involving key residues such as Thr and a nucleophilic water mol-
ecule. Structural studies have also identified conserved features, 
such as sugar–π interactions mediated by tyrosine residues, which 
are critical for substrate recognition. These findings highlight a 
shared strategy among mucinases from different bacteria in rec-
ognising and processing O-glycan-decorated mucins, enabling a 
meaningful comparison of OgpA with its analogues.

3.4   |   Role of the O-Glycan on the Chemical 
Reactivity of the Peptide

According to the obtained results from MD simulations, O-
glycan groups have considerable effects on the peptide–en-
zyme complexation energies as well as the affinity of the 
enzyme against the functionalised peptides. Therefore, to de-
termine the role of the O-glycans on the chemical reactivity 
of the peptide in complexation with the OgpA, DFT-D3 cal-
culations at the B3LYP-D3BJ/Def2-SVP level of theory have 
been employed. The optimised coordinates of the function-
alised peptide with different O-glycans are reported in the 
Appendix  S1. Since the peptides were optimised in the ab-
sence of the OgpA, their conformational features show some 
difference compared with the complexation state. However, 
the optimised structures clearly reveal that O-glycan groups 
are effective on the structural properties and conformational 
features of the peptides.

TABLE 2    |    The calculated thermodynamic parameters (kcal.mol−1) for the peptide–enzyme complexes using the MM-GBSA method.

O-glycan ΔEvdW SD ΔEele SD ΔGgas SD ΔGsol SD ΔGtot SD

L1 −135.50 6.27 −287.61 32.62 −423.12 32.58 309.48 28.17 −113.64 9.29

L2 −114.31 7.43 −184.85 29.69 −299.16 30.52 206.13 25.58 −93.03 9.47

L3 −105.80 6.02 −237.92 22.59 −343.72 22.45 252.63 20.78 −91.08 7.06

L4 −86.77 7.57 −60.61 20.72 −147.38 21.42 82.83 18.67 −64.55 7.68

L5 −89.58 10.11 −142.29 22.93 −231.83 22.77 161.03 21.24 −70.80 10.28

L6 −94.91 7.00 −70.52 30.93 −165.44 31.45 106.09 28.36 −59.35 7.73

L7 −72.45 8.63 −155.75 35.54 −228.21 36.25 181.50 30.56 −46.70 10.32

L8 −101.41 9.00 −214.71 28.13 −316.12 27.39 242.26 26.89 −73.86 11.35

L9 −73.88 8.98 −135.52 44.54 −209.40 44.32 158.86 38.21 −50.54 10.53

L10 −87.21 7.57 −46.32 20.11 −133.54 21.40 71.18 18.27 −62.35 9.22

L11 −65.22 5.78 −80.19 36.29 −145.41 36.67 96.52 32.17 −48.89 7.18
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The frontier molecular orbital (FMO) method was employed to 
determine the quantum reactivity indices of the functionalised 
peptides including the band-gap energy (η), electronic chemi-
cal potential (μ) and global electrophilicity index (ω). The FMO 
method provides valuable data in quantum chemistry compu-
tations. It focuses on the analysis of the highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) (Izadyar, Khavani, and Housaindokht  2017). 
HOMO and LUMO orbitals are linked to the capacity for donat-
ing and accepting electrons, respectively. The computed HOMO 
and LUMO energies (EHOMO and ELUMO) represent the role of 
the O-glycan substitutions and a remarkable difference for the 
functionalised peptides compared with the naked one (Table 3). 
Since the selected O-glycans have different electronic charges 
and chemical functional groups, the O-glycan-peptide's molec-
ular orbitals exhibit distinct electron distribution and orbital 
energy levels than the naked peptide. Electronic transitions 
in molecular systems typically take place from the HOMO to 
LUMO as any alternative transitions require more energy than 
the difference between the HOMO and LUMO energy levels 
(η = ELUMO—EHOMO), which increasing this energy difference 
reduces the reactivity of the molecule. According to the obtained 
η values, the reactivity of the naked peptide has increased sig-
nificantly in the presence of L1 and L3 O-glycans. It means that 
a peptide with these functional groups exhibits a greater affin-
ity towards the OgpA compared with other O-glycans. There is 
an interesting linear correlation between the calculated η val-
ues by the DFT-D3 method and ΔEele obtained from MM-GBSA 
calculations (see Figure S8). According to the obtained results, 
by increasing the η values of the peptides, the electrostatic inter-
actions between functionalised peptides and the OgpA reduce. 
It means that the affinity of the enzyme towards the peptide or 
branches of mucin in the degradation mechanism significantly 
depends on the nature of the O-glycan functional groups.

The electronic chemical potential (μ) is another chemical re-
activity parameter that indicates the molecule's propensity to 
acquire an extra electronic charge. The L2 and L6 O-glycans 

are more effective on the electronic chemical potential of the 
peptide than the L4 group. The electrophilicity index (ω) quan-
tifies the extent of stabilisation energy gained by the system 
when it acquires an extra charge from the surrounding envi-
ronment. The calculated ΔGtot values indicate that L5 and L10 
groups reduce the stability of the peptide–enzyme complexes 
compared with the L10 O-glycan. On the other hand, the pep-
tide with L5 and L10 exhibits a greater electrophilicity charac-
ter than with L1, meaning that the OgpA enzyme shows more 
affinity against a peptide with a lower electrophilicity char-
acter. Overall, DFT-D3 calculations illustrate that O-glycan 
groups not only change the structural features of the peptide 
but also are effective on the peptide's reactivity, which plays a 
key role in the affinity of the enzyme against the peptide in the 
degradation process.

4   |   Conclusion

In this article, MD simulations and quantum chemistry cal-
culations were applied to investigate the role of the O-glycan 
groups on the affinity of the OgpA enzyme against a peptide 
as a model of the mucin branches. The obtained results indi-
cated that among the selected O-glycans, there are some can-
didates that show more affinity to the OgpA enzyme than the 
L4 compound, but experimental results reported that this en-
zyme has maximum activity against the mucin chains with the 
L4 functionalised groups. Therefore, we can consider that the 
structural feature of the functional group is an important fac-
tor in the selectivity of the enzyme. On the other hand, some 
O-glycans form stable complexes with the OgpA to some ex-
tent that they behave as inhibitors against the enzyme. The 
OgpA exhibits the ability to hydrolyse peptides featuring L2, 
L4 and L6 functional groups. This capability arises from the 
fact that these O-glycans possess a diminished affinity for the 
enzyme's binding site. Consequently, the resulting degradation 
compounds can readily leave the active site in comparison to 
other O-glycans. Moreover, the obtained results indicated that 
L1 and L3 O-glycans have more capacity as H-bond acceptors 
than other compounds. In other words, compared with other 
O-glycans, the L1 and L3 are more desirable to form H-bond 
interactions with the OgpA. The functionalisation process 
decreases the distance between the peptide and the enzyme, 
meaning that the functionalised peptides are subjected to more 
interactions with the active site of the enzyme. The enzyme 
maintains the functionalised peptides inside its cavity through 
electrostatic and vdW interactions, in which the electrostatic 
interactions dominate the complexation process. According 
to the DFT-D3 results, by increasing the chemical hardness 
values of the peptides, the electrostatic interactions between 
functionalised peptides and the OgpA reduce. It means that 
the affinity of the enzyme towards the peptide or branches of 
mucin in the degradation mechanism significantly depends on 
the nature of the O-glycan functional groups.

It is well worth mentioning that this study employed compu-
tational techniques to provide atomic-level insights into the 
interactions between O-glycan groups and the OgpA enzyme. 
These in silico methods are powerful tools for exploring enzyme 
mechanisms, revealing critical details about molecular selec-
tivity and binding that are difficult to capture experimentally. 

TABLE 3    |    The calculated quantum reactivity indices (eV) of the 
peptides with/without O-glycans at the B3LYP-D3BJ/Def2-SVP level of 
theory.

O-glycans EHOMO ELUMO η μ ω

L1 −5.531 −0.745 4.786 −3.138 1.029

L2 −5.880 −0.666 5.214 −3.273 1.027

L3 −5.531 −0.621 4.910 −3.076 0.964

L4 −6.147 −0.639 5.509 −3.393 1.045

L5 −6.223 −0.780 5.443 −3.501 1.126

L6 −6.285 −0.626 5.659 −3.455 1.055

L7 −5.854 −0.688 5.166 −3.271 1.036

L8 −5.886 −0.690 5.196 −3.288 1.041

L9 −6.127 −0.691 5.436 −3.409 1.069

L10 −6.222 −0.776 5.446 −3.499 1.124

L11 −6.199 −0.591 5.607 −3.395 1.028
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The ability to simulate multiple O-glycan functional groups in 
complex environments provides valuable hypotheses to guide 
future experimental studies. These approaches provide critical 
insights into the structural and energetic factors influencing 
enzyme selectivity, complementing experimental techniques. 
While computational models inevitably involve simplifications, 
such as the use of specific force fields and parameters, these are 
carefully chosen to ensure reliability and relevance to the bio-
logical system under study. By focusing on specific functional 
groups and their interactions with OgpA, this study highlights 
how computational approaches can drive hypothesis generation 
and enhance our understanding of complex biological processes.

Moreover, the findings of this study have significant potential 
for biotechnological applications. Understanding the molecular 
mechanisms of mucin degradation by gut microbiota enzymes 
like OgpA can contribute to the development of innovative ther-
apeutic strategies targeting the gut microbiome. Modulating 
OgpA activity, for instance, could serve as a means to man-
age dysbiosis-related conditions or enhance mucosal health. 
Furthermore, the ability of certain O-glycans to inhibit OgpA 
suggests opportunities to design enzyme inhibitors that pro-
tect the mucosal barrier in diseases characterised by excessive 
mucin degradation. Beyond therapeutic applications, these 
insights could be harnessed in biotechnological fields such as 
drug delivery, where enzymes like OgpA might be engineered 
for site-specific mucin degradation, improving the efficacy of 
drug formulations. Additionally, these findings could aid in de-
signing prebiotic or probiotic strategies that promote beneficial 
microbial activity in the gut, contributing to overall host health.

Author Contributions

Mohammad Khavani: conceptualization, investigation, methodology, 
validation, visualization, writing – review and editing, software, formal 
analysis, data curation, writing – original draft. Aliyeh Mehranfar: 
methodology, visualization, writing – review and editing, writing – 
original draft, validation, software, formal analysis. Mohammad R. 
K. Mofrad: conceptualization, software, project administration, super-
vision, resources, investigation, funding acquisition, writing – review 
and editing, validation, formal analysis, methodology, visualization.

Acknowledgements

We hereby acknowledge the University of California, Berkeley, for pro-
viding computational facilities.

Conflicts of Interest

M.R.K.M. is a co-founder of Nexilico Inc., a start-up developing AI-
driven microbiome engineering technologies. Other co-authors declare 
no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no datasets were gener-
ated or analysed during the current study.

References

An, G., B. Wei, B. Xia, et al. 2007. “Increased Susceptibility to Colitis 
and Colorectal Tumors in Mice Lacking Core 3–Derived O-Glycans.” 
Journal of Experimental Medicine 204: 1417–1429.

Anandakrishnan, R., B. Aguilar, and A. V. Onufriev. 2012. “H++ 
3.0: Automating pK Prediction and the Preparation of Biomolecular 
Structures for Atomistic Molecular Modeling and Simulations.” Nucleic 
Acids Research 40: W537–W541.

Becke, A. D. 1992. “Density-Functional Thermochemistry. I. The 
Effect of the Exchange-Only Gradient Correction.” Journal of Chemical 
Physics 96: 2155–2160.

Bergstrom, K. S., and L. Xia. 2013. “Mucin-Type O-Glycans and Their 
Roles in Intestinal Homeostasis.” Glycobiology 23: 1026–1037.

Birchenough, G. M., M. E. Johansson, J. K. Gustafsson, J. H. Bergström, 
and G. Hansson. 2015. “New Developments in Goblet Cell Mucus 
Secretion and Function.” Mucosal Immunology 8: 712–719.

Calvigioni, M., D. Mazzantini, F. Celandroni, G. Vozzi, and E. Ghelardi. 
2024. “Cultivating Complexity: Advancements in Establishing 
In  Vitro Models for the Mucus-Adhering Gut Microbiota.” Microbial 
Biotechnology 17: 70036.

Canfora, E. E., and E. E. Blaak. 2020. “Towards Personalized Microbial 
Substrates for Metabolic Health.” Nature Reviews Endocrinology 16: 
613–614.

Case, D. A., K. Belfon, I. Ben-Shalom, et  al. 2020. Amber 2020. San 
Francisco: University of California.

Collado, M. C., M. Derrien, E. Isolauri, W. M. de Vos, and S. Salminen. 
2007. “Intestinal Integrity and Akkermansia muciniphila, a Mucin-
Degrading Member of the Intestinal Microbiota Present in Infants, 
Adults, and the Elderly.” Applied and Environmental Microbiology 73: 
7767–7770.

Cossi, M., V. Barone, R. Cammi, and J. Tomasi. 1996. “Ab Initio Study 
of Solvated Molecules: A New Implementation of the Polarizable 
Continuum Model.” Chemical Physics Letters 255: 327–335.

Dao, M. C., A. Everard, J. Aron-Wisnewsky, et al. 2016. “Akkermansia 
Muciniphila and Improved Metabolic Health During a Dietary 
Intervention in Obesity: Relationship With Gut Microbiome Richness 
and Ecology.” Gut 65: 426–436.

Darden, T., D. York, and L. Pedersen. 1993. “Particle Mesh Ewald: An N· 
Log (N) Method for Ewald Sums in Large Systems.” Journal of Chemical 
Physics 98: 10089–10092.

Derrien, M., M. C. Collado, K. Ben-Amor, S. Salminen, and W. M. de Vos. 
2008. “The Mucin Degrader Akkermansia muciniphila Is an Abundant 
Resident of the Human Intestinal Tract.” Applied and Environmental 
Microbiology 74: 1646–1648.

Derrien, M., E. E. Vaughan, C. M. Plugge, and W. M. de Vos. 2004. 
“Akkermansia muciniphila gen. nov., sp. nov., a Human Intestinal 
Mucin-Degrading Bacterium.” International Journal of Systematic and 
Evolutionary Microbiology 54: 1469–1476.

Desai, M. S., A. M. Seekatz, N. M. Koropatkin, et  al. 2016. “A 
Dietary Fiber-Deprived Gut Microbiota Degrades the Colonic Mucus 
Barrier and Enhances Pathogen Susceptibility.” Cell 167: 1339–1353.
e1321.

Everard, A., C. Belzer, L. Geurts, et  al. 2013. “Cross-Talk Between 
Akkermansia Muciniphila and Intestinal Epithelium Controls Diet-
Induced Obesity.” Proceedings of the National Academy of Sciences of the 
United States of America 110: 9066–9071.

Frisch, M., G. Trucks, H. Schlegel, et al. 2020. Gaussian 16, Revision C. 
01. Wallingford CT: Gaussian, Inc. 2016, Google Scholar There Is No 
Corresponding Record for This Reference.

Godl, K., M. E. Johansson, M. E. Lidell, et al. 2002. “The N Terminus 
of the MUC2 Mucin Forms Trimers That Are Held Together Within a 
Trypsin-Resistant Core Fragment.” Journal of Biological Chemistry 277: 
47248–47256.

Grimme, S., J. Antony, S. Ehrlich, and H. Krieg. 2010. “A Consistent and 
Accurate Ab  Initio Parametrization of Density Functional Dispersion 



15 of 16

Correction (DFT-D) for the 94 Elements H-Pu.” Journal of Chemical 
Physics 132: 154104.

Grondin, J. A., Y. H. Kwon, P. M. Far, S. Haq, and W. I. Khan. 2020. 
“Mucins in Intestinal Mucosal Defense and Inflammation: Learning 
From Clinical and Experimental Studies.” Frontiers in Immunology 11: 
2054.

Hansson, G. C. 2020. “Mucins and the Microbiome.” Annual Review of 
Biochemistry 89: 769–793.

Izadyar, M., M. Khavani, and M. R. Housaindokht. 2017. “Sensing 
Ability of Hybrid Cyclic Nanopeptides Based on Thiourea Cryptands 
for Different Ions, A Joint DFT-D3/MD Study.” Journal of Physical 
Chemistry A 121: 244–255.

Johansson, M. E., J. K. Gustafsson, J. Holmén-Larsson, et  al. 2014. 
“Bacteria Penetrate the Normally Impenetrable Inner Colon Mucus 
Layer in Both Murine Colitis Models and Patients With Ulcerative 
Colitis.” Gut 63: 281–291.

Johansson, M. E., M. Phillipson, J. Petersson, A. Velcich, L. Holm, and 
G. C. Hansson. 2008. “The Inner of the Two Muc2 Mucin-Dependent 
Mucus Layers in Colon Is Devoid of Bacteria.” Proceedings of the National 
Academy of Sciences of the United States of America 105: 15064–15069.

Johansson, M. E., H. Sjövall, and G. C. Hansson. 2013. “The 
Gastrointestinal Mucus System in Health and Disease.” Nature Reviews 
Gastroenterology & Hepatology 10: 352–361.

Jonsson, A. L., and F. Bäckhed. 2017. “Role of Gut Microbiota in 
Atherosclerosis.” Nature Reviews Cardiology 14: 79–87.

Jorgensen, W. L., J. Chandrasekhar, J. D. Madura, R. W. Impey, and 
M. L. Klein. 1983. “Comparison of Simple Potential Functions for 
Simulating Liquid Water.” Journal of Chemical Physics 79: 926–935.

Khavani, M., M. Izadyar, and M. R. Housaindokht. 2019. “A Combined 
MD/QM Study on the Sensing Mechanism of Pb2+ by Glutathione 
Functionalized Gold Nanoparticles.” Journal of Molecular Liquids 280: 
120–127.

Kirschner, K. N., A. B. Yongye, S. M. Tschampel, et al. 2008. “GLYCAM06: 
A Generalizable Biomolecular Force Field. Carbohydrates.” Journal of 
Computational Chemistry 29: 622–655.

Koropatkin, N. M., E. A. Cameron, and E. C. Martens. 2012. “How 
Glycan Metabolism Shapes the Human Gut Microbiota.” Nature Reviews 
Microbiology 10: 323–335.

Kudelka, M. R., S. R. Stowell, R. D. Cummings, and A. S. Neish. 2020. 
“Intestinal Epithelial Glycosylation in Homeostasis and Gut Microbiota 
Interactions in IBD.” Nature Reviews Gastroenterology & Hepatology 17: 
597–617.

Layunta, E., S. Jäverfelt, B. Dolan, L. Arike, and T. Pelaseyed. 
2021. “IL-22 Promotes the Formation of a MUC17 Glycocalyx 
Barrier in the Postnatal Small Intestine During Weaning.” Cell Reports 
34: 108757.

Ley, R. E., P. J. Turnbaugh, S. Klein, and J. I. Gordon. 2006. “Human 
Gut Microbes Associated With Obesity.” Nature 444: 1022–1023.

Li, P., and K. M. Merz Jr. 2016. MCPB.py: A Python Based Metal Center 
Parameter Builder. Washington, DC: ACS Publications.

Linden, S., P. Sutton, N. Karlsson, V. Korolik, and M. McGuckin. 2008. 
“Mucins in the Mucosal Barrier to Infection.” Mucosal Immunology 1: 
183–197.

Luis, A. S., and E. C. Martens. 2018. “Interrogating Gut Bacterial 
Genomes for Discovery of Novel Carbohydrate Degrading Enzymes.” 
Current Opinion in Chemical Biology 47: 126–133.

Maier, J. A., C. Martinez, K. Kasavajhala, L. Wickstrom, K. E. Hauser, 
and C. Simmerling. 2015. “ff14SB: Improving the Accuracy of Protein 
Side Chain and Backbone Parameters From ff99SB.” Journal of 
Chemical Theory and Computation 11: 3696–3713.

Martens, E. C., H. C. Chiang, and J. I. Gordon. 2008. “Mucosal Glycan 
Foraging Enhances Fitness and Transmission of a Saccharolytic Human 
Gut Bacterial Symbiont.” Cell Host & Microbe 4: 447–457.

Martens, E. C., M. Neumann, and M. S. Desai. 2018. “Interactions 
of Commensal and Pathogenic Microorganisms With the Intestinal 
Mucosal Barrier.” Nature Reviews Microbiology 16: 457–470.

Medley, B., L. Leclaire, N. Thompson, et  al. 2022. “A Previously 
Uncharacterized O-Glycopeptidase From Akkermansia muciniphila 
Requires the Tn-Antigen for Cleavage of the Peptide Bond.” Journal of 
Biological Chemistry 298: 102439.

Miller, B. R., III, T. D. McGee Jr., J. M. Swails, N. Homeyer, H. Gohlke, 
and A. E. Roitberg. 2012. “MMPBSA.py: An Efficient Program for 
End-State Free Energy Calculations.” Journal of Chemical Theory and 
Computation 8: 3314–3321.

Moritsugu, K., T. Terada, and A. Kidera. 2017. “Free-Energy Landscape 
of Protein–Ligand Interactions Coupled With Protein Structural 
Changes.” Journal of Physical Chemistry B 121: 731–740.

Plovier, H., A. Everard, C. Druart, et al. 2017. “A Purified Membrane 
Protein From Akkermansia muciniphila or the Pasteurized Bacterium 
Improves Metabolism in Obese and Diabetic Mice.” Nature Medicine 23: 
107–113.

Png, C. W., S. K. Lindén, K. S. Gilshenan, et al. 2010. “Mucolytic Bacteria 
With Increased Prevalence in IBD Mucosa Augmentin Vitroutilization 
of Mucin by Other Bacteria.” Official Journal of the American College of 
Gastroenterology 105: 2420–2428.

Raba, G., and A. S. Luis. 2023. “Mucin Utilization by Gut Microbiota: 
Recent Advances on Characterization of Key Enzymes.” Essays in 
Biochemistry 67: 345–353.

Ridaura, V. K., J. J. Faith, F. E. Rey, et al. 2013. “Gut Microbiota From 
Twins Discordant for Obesity Modulate Metabolism in Mice.” Science 
341: 1241214.

Robbe, C., C. Capon, B. Coddeville, and J.-C. Michalski. 2004. 
“Structural Diversity and Specific Distribution of O-Glycans in Normal 
Human Mucins Along the Intestinal Tract.” Biochemical Journal 384: 
307–316.

Roy, D., M. Marianski, N. T. Maitra, and J. Dannenberg. 2012. 
“Comparison of Some Dispersion-Corrected and Traditional 
Functionals With CCSD (T) and MP2 Ab Initio Methods: Dispersion, 
Induction, and Basis Set Superposition Error.” Journal of Chemical 
Physics 137: 134109.

Ryckaert, J.-P., G. Ciccotti, and H. J. Berendsen. 1977. “Numerical 
Integration of the Cartesian Equations of Motion of a System 
With Constraints: Molecular Dynamics of n-Alkanes.” Journal of 
Computational Physics 23: 327–341.

Schroeder, B. O., G. M. Birchenough, M. Ståhlman, et  al. 2018. 
“Bifidobacteria or Fiber Protects Against Diet-Induced Microbiota-
Mediated Colonic Mucus Deterioration.” Cell Host & Microbe 23: 27–
40.e27.

Sindhikara, D. J., S. Kim, A. F. Voter, and A. E. Roitberg. 2009. “Bad 
Seeds Sprout Perilous Dynamics: Stochastic Thermostat Induced 
Trajectory Synchronization in Biomolecules.” Journal of Chemical 
Theory and Computation 5: 1624–1631.

Sommer, F., N. Adam, M. E. Johansson, L. Xia, G. C. Hansson, and 
F. Bäckhed. 2014. “Altered Mucus Glycosylation in Core 1 O-Glycan-
Deficient Mice Affects Microbiota Composition and Intestinal 
Architecture.” PLoS One 9: e85254.

Sonnenburg, J. L., and F. Bäckhed. 2016. “Diet–Microbiota Interactions 
as Moderators of Human Metabolism.” Nature 535: 56–64.

Tailford, L. E., E. H. Crost, D. Kavanaugh, and N. Juge. 2015. “Mucin 
Glycan Foraging in the Human Gut Microbiome.” Frontiers in Genetics 
6: 81.



16 of 16 Microbial Biotechnology, 2025

Taleb, V., Q. Liao, Y. Narimatsu, et  al. 2022. “Structural and 
Mechanistic Insights Into the Cleavage of Clustered O-Glycan Patches 
Containing Glycoproteins by Mucinases of the Human Gut.” Nature 
Communications 13: 4324.

Ten Hagen, K. G., T. A. Fritz, and L. A. Tabak. 2003. “All in the Family: 
The UDP-GalNAc: Polypeptide N-Acetylgalactosaminyltransferases.” 
Glycobiology 13: 1R–16R.

Trastoy, B., A. Naegeli, I. Anso, J. Sjögren, and M. E. Guerin. 2020. 
“Structural Basis of Mammalian Mucin Processing by the Human 
Gut O-Glycopeptidase OgpA From Akkermansia muciniphila.” Nature 
Communications 11: 4844.

Trott, O., and A. J. Olson. 2010. “AutoDock Vina: Improving the Speed 
and Accuracy of Docking With a New Scoring Function, Efficient 
Optimization, and Multithreading.” Journal of Computational 
Chemistry 31: 455–461.

Uberuaga, B. P., M. Anghel, and A. F. Voter. 2004. “Synchronization 
of Trajectories in Canonical Molecular-Dynamics Simulations: 
Observation, Explanation, and Exploitation.” Journal of Chemical 
Physics 120: 6363–6374.

Van Klinken, B. J.-W., A. W. Einerhand, L. A. Duits, et  al. 1999. 
“Gastrointestinal Expression and Partial cDNA Cloning of Murine 
Muc2.” American Journal of Physiology. Gastrointestinal and Liver 
Physiology 276: G115–G124.

Wang, B. X., C. M. Wu, and K. Ribbeck. 2021. “Home, Sweet Home: How 
Mucus Accommodates Our Microbiota.” FEBS Journal 288: 1789–1799.

Yang, S., P. Onigman, W. W. Wu, et  al. 2018. “Deciphering Protein 
O-Glycosylation: Solid-Phase Chemoenzymatic Cleavage and 
Enrichment.” Analytical Chemistry 90: 8261–8269.

Zhao, Y., and D. G. Truhlar. 2008. “The M06 Suite of Density 
Functionals for Main Group Thermochemistry, Thermochemical 
Kinetics, Noncovalent Interactions, Excited States, and Transition 
Elements: Two New Functionals and Systematic Testing of Four M06-
Class Functionals and 12 Other Functionals.” Theoretical Chemistry 
Accounts 120: 215–241.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.


	Unravelling the Glycan Code: Molecular Dynamics and Quantum Chemistry Reveal How O-Glycan Functional Groups Govern OgpA Selectivity in Mucin Degradation by Akkermansia muciniphila
	ABSTRACT
	1   |   Introduction
	2   |   Experimental Procedures
	2.1   |   Molecular Dynamics Simulation
	2.2   |   DFT-D3 Calculations

	3   |   Results and Discussion
	3.1   |   Functionalised Peptide Complexes With OgpA
	3.2   |   Role of the O-Glycan on the Peptide–OgpA Interactions
	3.3   |   Complexation Energy
	3.4   |   Role of the O-Glycan on the Chemical Reactivity of the Peptide

	4   |   Conclusion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


