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Chapter 7  

Protein–Peptide Binding of Adhesin 

Fragments to a Bacterial Protein N-

Glycosyltransferase 

 

Abstract 

This short chapter is about the protein-peptide modelling of a small adhesin fragment 

of 10-aa to a bacterial N-glycosyltransferase (NGT) from Actinobacillus 

pleuropneumoniae (ApNGT). Through various laboratory observations, the 

experimental collaborators had stablished that ApNGT modifies a larger C-terminal 

adhesin fragment (342-aa) from Haemophilus influenzae (HMW1ct) in a 

semiprocessive manner. However, no crystal structure is available of ApNGT in 

complex with an acceptor substrate, and we had no information about the mechanism 

that drives processivity in ApNGT. Using ab initio protein-peptide docking followed 

by refinement via molecular dynamics (MD) simulations, the location of the binding 

site of ApNGT was predicted. The molecular modelling studies suggest that the 

processivity arises from the shallow substrate binding groove in ApNGT, which 

allows sliding of the adhesin over the protein surface to allow further glycosylations 

without temporary dissociation. 

 

 

 

 

 

This chapter is based on the publication: Yakovlieva, L.; Ramírez-Palacios, C.; Marrink, 

S. J.; Walvoort, M. T. C. Semiprocessive Hyperglycosylation of Adhesin by Bacterial Protein 

N-Glycosyltransferases. ACS Chem. Biol. 2021, 16 (1), 165–175. 

https://doi.org/10.1021/acschembio.0c00848. 
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Introduction 

Protein glycosylation is a ubiquitous post-translation modification wherein amino acid 

side chains of proteins are decorated with carbohydrates. Glycosylation affects many 

properties of the modified protein (e.g., solubility, stability, transport) and influences 

the biochemical pathways that the glycoprotein is involved in, such as signaling, 

communication, and interaction with receptors.1 Interestingly, the majority of 

glycoproteins feature complex glycans attached at specific positions (e.g., antibodies), 

and their truncation or absence can greatly influence the function of the glycoprotein 

and the downstream processes (e.g., in cancer).2 On the other hand, there are examples 

of glycoproteins where the sheer number of carbohydrate modifications seems to be 

more important for biological activity than the specific location. In bacteria, an 

increasing number of proteins are known to be densely glycosylated 

(hyperglycosylated), and these proteins are often involved in virulence traits such as 

adhesion and autoaggregation.3 

 

Figure 1. Glycosylation reaction catalyzed by NGT. Both UDP-glucose and the peptide first 

bind to NGT, then UDP-glucose transfers a glucose moiety to the peptide to produce the 

glycosylated peptide and UDP. The N-X-Ser/Thr sequon is preferred but not required for N-

glycosylation.4 

An intriguing glycosylation system is the family of cytoplasmic N-

glycosyltransferases (NGT), which is unique to bacteria. The first NGT, called 

HMW1C, was identified in nontypeable Haemophilus influenzae (NTHi)5,6 and is 

responsible for the multisite glycosylation of high-molecular weight (HMW) adhesin 

HMW1A. Soon after this first report, homologous NGTs were identified in 

Actinobacillus pleuropneumoniae7, Yersinia enterocolitica8, Kingella kingae, and 

Aggregatibacter aphrophius9. NGTs generally catalyze the transfer of a single glucose 

(Glc) residue from the nucleotide-activated donor UDP-α-D- Glc to an asparagine 
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residue in the consensus sequence (N-X-S/T) (Figure 1). They are metal-independent 

inverting GTs, creating a β-linked modification, and based on structural similarities 

are classified in GT family 41 (CAZy database),10 together with the soluble O-GlcNAc 

transferase (OGT) as the only other member. Interestingly, NGTs display a relaxed 

sequence requirement, as modification on nonsequon Asn residues, and modification 

on residues other than Asn have been observed.4 Moreover, also dihexose 

modifications have been identified, suggesting that NGTs may have the ability to 

generate both protein N-linkages and glycan O-linkages.5,11 It is noteworthy that in 

almost all examples where N-linked glycosylation activity was confirmed, a large 

number of glucose moieties was added to the native protein substrates.4,11 

 

Figure 2. Schematic representation of the mechanism and product profiles in A) a processive 

mechanism, B) a distributive mechanism, and C) the semiprocessive mechanism of adhesin 

hyperglycosylation proposed in this work. NGT = N-glycosyltransferase, blue circles = 

glucose. 



Molecular modelling of N-glycosyltransferases Chapter 7 

180 

 

Little is known about the mechanistic aspects of protein hyperglycosylation (or 

multisite glycosylation) and how protein glycosyltransferases (GTs) control the 

efficiency of surface modification. N-linked glycosylation12 occurs predominantly 

cotranslationally on a limited number of residues, and subsequent trimming and/or 

further modification of the glycan results in a tremendous diversity in glycoforms.13 

Enzymes involved in N-glycosylation that transfer a preassembled lipid-linked glycan 

en bloc to an asparagine residue in the consensus sequence N-X-(S/T) (where X ≠ 

Pro). The N-X-(S/T) consensus sequence is only the preferred sequon, but 

glycosylation of alternative sequons, including modification of serine and glutamine 

residues (instead of asparagine) has been reported.4 To unravel the mechanism of 

bacterial multisite protein glycosylation, we questioned whether hyperglycosylation 

is the result of a processive mechanism in NGT. Processivity is a complex mechanistic 

feature that has been identified in a variety of enzymes, including DNA polymerases, 

ubiquitin ligases, protein kinases, and enzymes involved in polysaccharide synthesis 

and breakdown (glycosyl transferases and hydrolases)14 but has not yet been identified 

in protein GTs. In a processive mechanism, NGT would modify the adhesin substrate 

with multiple glucoses during a single substrate binding event (Figure 2). Because 

multiple rounds of catalysis happen before dissociation, a processive mechanism 

would result in the fast generation of multiply glycosylated proteins. Alternatively, 

NGT may employ a distributive mechanism, in which every binding event is followed 

by glucose transfer and release of the resulting product (Figure 2B). For a subsequent 

modification, the adhesin substrate has to bind again, and as a result, modifications 

would be introduced in a stepwise manner and products reflect a distribution of 

modifications. 

We selected HiNGT (R2846_0712) and its close homologue ApNGT (APL_1635, 

65% identity and 85% similarity),7 and using the C-terminal region of the natural 

HMW1A adhesin (HMW1ct, from H. influenzae, Figure S1) as an acceptor substrate, 

experimental collaborators showed that both NGTs display semiprocessive behavior 

(see full manuscript). Using molecular modelling of ApNGT, we provide insights into 

the structural factors that may be at the basis of adhesin hyperglycosylation. Our 

research establishes a novel mechanism in the family of protein N-

glycosyltransferases that will advance our understanding of bacterial protein 

hyperglycosylation and is important for the application of the NGT system in 

glycoprotein production. 

 

Methods 

The computational approach for finding the canonical acceptor binding site of ApNGT 

consisted on first generating the ApNGT::UDP-Glc complex, for which no crystal 
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structure was available. Then, complexes of ApNGT::UDP-Glc (protein) with the 

query peptides (protein-peptide) were generated. The modelled peptides were: 

GNHTVVNATN and the two mono-glycosylated products, GN(Glc)HTVVNATN and 

GNHTVVN(Glc)ATN. We wanted to know the relative affinity of ApNGT for the 

modelled peptides, and identify the enzyme region responsible for binding the extra 

glucose moiety from the mono-glycosylated peptide. 

Protein scaffold structure. The crystal structure of ApNGT (PDB code: 3Q3H) 

contained the coordinates for the UDP molecule but not for the Glc moiety in UDP-

Glc. Thus, we first produced a ApNGT::UDP-Glc docking complex to serve as 

scaffold for peptide docking. The peptide GNHTVVNATN, corresponding to residue 

numbers 193 – 201 of the adhesin fragment, were docked into ApNGT::UDP-Glc.  

Docking of UDP-Glucose (UDP-Glc). The initial geometries for the UDP-Glc ligand 

were obtained by collecting 100 crystal structures of non-covalently bound UDP-Glc 

from the PDB databank, belonging to a wide range of enzyme families. The UDP-Glc 

conformer library was used for docking with the Rosetta (v2020.11) Enzyme Design 

application. The best structures were selected based on the Rosetta Interface Energy, 

and a representative ApNGT::UDP-Glc structure served as scaffold for all peptide 

docking calculations. 

Peptide docking. Peptide docking consisted of three subsequent stages: rigid-body 

docking, moderate movement refinement, and minimal movement refinement. The 

first stage was intended to produce a coarse model of the protein-peptide complex. 

The peptide was treated as a rigid molecule by directly providing a conformer library 

consisting of 1,000 peptide conformers generated using MODPEP.15 A distance 

constraint of 3.0 ± 0.5 Å (penalty 50.0) between Asn-ND2 and the Cα of UDP-Glc was 

used to restrict the peptide conformations to poses relevant for catalysis. A total of 

10,000 structures (decoys) from 100 individual seeds were generated, and ranked. 

Ranking was done based on two criteria: 1) distance between Asn-ND2 and the Cα of 

UDP-Glc, and 2) the Interface Score of the enzyme-peptide complex. The top 100 

ranking structures were selected for refinement. The difference between the moderate 

movement and the minimal movement refinement protocols is that the former 

performs centroid-based movements with larger perturbations before the all-atom 

refinement stage. Both protocols employed the FlexPepDock16,17 Rosetta application. 

In each subsequent refinement stage, a total of 10,000 enzyme-peptide structures were 

generated, and the selection of the top 100 ranked models consisted of three criteria: 

1) the distance between Asn-ND2 and the Cα of UDP-Glc, 2) the Interface Score 

(I_sc) of the enzyme-peptide complex, and 3) the total Rosetta Score 

(total_score). Interestingly, the Interface Score of the peptide-protein complex, 

with and without glycosylation, was around –35 kcal/mol (I_sc), suggesting similar 

binding energies for both peptide and Glc-peptide. While the glycosylation in 
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GNHTVVNATN did not improve the score, there are two factors to consider when 

comparing the Interface Score of the glycosylated and non-glycosylated peptide. The 

Rosetta Energy Function18, and by extension the Rosetta Interface Score, does not 

fully include the entropic contribution to the global binding energy, which for peptides 

of this size (10-aa) tends to be substantial.19 Moreover, glycosylation has an effect on 

the dynamics of the peptide, in particular on the shape of the glycosylated peptide and 

the solvation/desolvation cost for the glucose moiety to unbind/bind to the protein, 

which is also not considered.20 

 

Figure 3. Molecular modelling approach. ref: refinement. Blue circle = glucose; gray rectangle 

= UDP; orange curve = peptide. 

MD refinement. The best peptide-enzyme binding poses from the last stage of the 

docking protocol were used as starting conformations for MD simulations. The MD 

simulations were carried out in YASARA (www.yasara.org) in the AMBER14 force 

field21. The protein-peptide complex was placed in a simulation box 10 Å larger than 

any complex atoms. TIP3P waters (~28,000 molecules), ions (Na+ / Cl–, 0.15 M), and 

enough counterions (Na+) to neutralize the system were added to the simulation cell. 

The simulation was carried out using a multiple time step algorithm with a simulation 

time step of 1.25 fs.22 Electrostatics were handled with the PME algorithm with a 

cutoff of 7.86 Å.12 Pressure was kept at 1.0 bar with a Berendsen barostat23, and 

temperature was maintained at 298 K with a modified Berendsen thermostat24. The 10 

ns simulations yielded a final fine-tuned peptide-enzyme complex. 

Prediction of the 3D structure of HMW1ct adhesin. The 3D structure of the C-

terminal region of the natural HMW1A adhesin (HMW1ct adhesin) was predicted 

from its amino acid sequence (342-aa) using two methods. The first method, used in 

the original publication, was the I-TASSER web server (https://zhanggroup.org/I-

TASSER), a hierarchical template-based method for predicting protein structures.25 

After publication of the manuscript, the code for AlphaFold 2 was released 
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(https://github.com/deepmind/alphafold).26 AlphaFold is a deep learning algorithm 

that can predict protein structures from sequences with near experimental accuracy. 

The user-defined command-line flags used for generating the 3D structure of HMW1ct 

adhesin were: 

--model_names="model_1,model_2,model_3,model_4,model_5" 

--preset=full_dbs --max_template_date=2020-05-14 

The amino acid sequence of HMW1ct adhesin is: 

AHHHHHHVGTANSGALTTLAGSTIKGTESVTTSSQSGDIGGTISGGTVEVKATESL

TTQSNSKIKATTGEANVTSATGTIGGTISGNTVNVTANAGDLTVGNGAEINATEGA

ATLTTSSGKLTTEASSHITSAKGQVNLSAQDGSVAGSINAANVTLNTTGTLTTVKG

SNINATSGTLVINAKDAELNGAALGNHTVVNATNANGSGSVIATTSSRVNITGDLI

TINGLNIISKNGINTVLLKGVKIDVKYIQPGIASVDEVIEAKRILEKVKDLSDEER

EALAKLGVSAVRFIEPNNTITVDTQNEFATRPLSRIVISEGRACFSNSDGATVCVN

IADNGR 

Experimental methods. Details about the wet-lab experiments used to determine the 

processivity characteristics of ApNGT (and HiNGT) are provided in the full 

manuscript. This thesis chapter contains only the computational modelling 

approaches. 

 

Results 

Experimental results. A brief extract of the most important experimental findings is 

presented in this section (see published manuscript for more details), which will be 

useful in the following sections where the results of the computational modelling 

attempting to explain the experimental observations are shown. 

The reaction profiles of both ApNGT and HiNGT with HMW1ct adhesin suggest that 

glycosylation proceeds via an initial fast processive phase (Figure 2C). For ApNGT, 

the processivity factor Pn (which reflects the probability that the enzyme will remain 

associated with the modified substrate to add an additional modification instead of 

dissociating) was found to be 0.22 for the first glycosylation. The value suggests that 

only 22% of ApNGT that added the first glucose continued on to add more 

modifications. The Pn values for the second and third addition were 0.92 and 0.95, 

respectively (meaning significant processivity). The change from low to high Pn 

suggests formation of the preferred partially glycosylated substrate. The subsequent 

Pn values for the fourth and fifth glycosylation were 0.74 and 0.34, which supports a 

change to a more distributive mechanism (Figure 2C). The reaction profiles of HiNGT 

were similar to those of ApNGT, but the trend is less pronounced. Additionally, 
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experiments using surface plasmon resonance determined that the KD values of 

ApNGT toward substrate (HMW1ct) or product (Glc-HMW1ct) are in the same range 

(HMW1ct KD = 5.85 ± 4.49 μM, Glc-HMW1ct KD = 9.81 ± 1.55 μM). 

Subsequently, a site-preference experiment was performed in which the occupancy at 

all possible sites in HMW1ct was mapped at early time points of the reaction (Figure 

3). ApNGT preferentially modifies site 9_NAT first and 8_NHT second (and that is 

why we performed the molecular modelling of the peptide glycosylated at position 9, 

GN(8)HTVVN(Glc)ATN), leading to significant accumulation of the doubly 

glycosylated peptide (8_NHT+9_NAT), whereas sole modification of site 8_NHT was 

not observed. This suggests that sites 8 and 9 are modified in a processive manner, 

without dissociation of the enzyme between the two glycosylation events. 

Interestingly, also non-sequon site 5’-NAA was modified, which is situated in close 

proximity to sites 8 and 9 (Figure 3C). After 2.5 min of reaction, dihexose formation 

at site 9_NAT appeared. For HiNGT, there was a similar preference for binding site 

9_NAT, and this site was also observed with the dihexose modification (Figure 3B). 

Non-sequon sites 2’_NAG and 9’_NAN were also modified, including with dihexose 

in the latter case. Both NGTs exhibit some degree of “off-target” glycosylation, in 

which asparagine residues in non-canonical sequons are modified. Interestingly, these 

nonsequon sites are predominantly located in close proximity to the preferred sequon 

sites (Figure 3C), suggesting that when the enzyme is already associated, proximity 

will drive processive modifications. The dihexose formation may appear as a result of 

this proximity-induced binding, however mechanistic insight on the O-glycosylation 

step, as performed by the N-glycosyltransferase, is currently lacking. 

 

Figure 4. Preference for N-glycosylation sites in HMW1ct. A) Site-specific modification for 

ApNGT after 0.5 min. B) Site-specific modification for HiNGT after 0.5 min. C) I-TASSER 

(left) and AlphaFold (right) model of HMW1ct with sequon sites (yellow) and nonsequon sites 

(magenta). A) and B) were obtained from wet-lab experiments (see full manuscript for more 

details). The AlphaFold model of HMW1ct adhesin was not used for the manuscript, only for 

this thesis chapter. 
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Modelling of the ApNGT::UDP-Glc complex. Many structural motifs have been 

associated with processivity, including an extended acceptor binding site, a deep 

acceptor groove, a closing mechanism with part of the enzyme functioning as a lid, 

and a ruler helix to control product length.14,27 Since there is no precedence for 

processive character in monomeric protein glycosyltransferases, we set out to identify 

the possible structural elements that are responsible for processivity using docking and 

MD simulations. We selected ApNGT because there is crystal structure available in 

complex with UDP (PDB: 3Q3H).28 First the glucose was added to generate a docked 

structure of ApNGT::UDP-Glc, which was used as a scaffold for peptide docking. The 

similarities between hOGT and ApNGT are evident when comparing UDP-GlcNAc 

and UDP-Glc, respectively (Figure 4A), to nucleotide-sugar conformations from 

several other complexes within the GT-B enzyme family (i.e., inverting enzymes 

MurG, UGT71G1, UGT72B1, VvGT1, and retaining enzymes AGT, OtsA, WaaG).29 

The unusual UDP-sugar pyrophosphate conformation positions the α-phosphate to act 

as the proton acceptor in the hOGT-catalyzed glycosylation reaction.29 In this regard, 

the pyrophosphate torsion angles of UDP-Glc are more similar to the angles of UDP-

GlcNAc in hOGT than to the angles of all the other nucleotide-sugar structures. 

Protein−ligand interactions in the UDP-sugar binding site resemble those observed in 

hOGT (Figure 4). 

 

Figure 5. Docking of the ApNGT::UDP-Glc complex. Structure of the ApNGT::UDP-Glc 

complex (left) obtained by computational modelling shows important protein residues around 

the Glc moiety, and a comparison to the crystal structure of hOGT::UDP-GlcNAc (PDB code: 

4GZ5) (right). The structure of ApNGT in complex with UDP-Glc places the sugar in a cavity 

formed by residues Tyr222, Ile279, Gly370, His371, and Lys441, while the anomeric position 

(Cα) of UDP-Glc remains accessible to nucleophilic attack from the solvent phase. Comparing 

the nucleotide-sugar binding pose to the hOGT::UDP-GlcNAc complex, as the only other 

member of the GT41 enzyme family (PDB: 4GZ5) shows that the nucleotide-sugars adopt a 

similar conformation with the sugar moieties placed in a similar protein environment 

(Tyr222/Tyr841, His371/His498, Gly370/Gly654, Lys441/Lys842, Gln469/Gln839). 



Molecular modelling of N-glycosyltransferases Chapter 7 

186 

 

Protein-peptide ab initio docking. Next, the complex of ApNGT::UDP-Glc with the 

peptide GN(8)HTVVN(9)ATN (corresponding to sequons 8 and 9 in HMW1ct 

adhesin) was created to assess possible binding poses of the preferred adhesin 

fragment (Figure 5B). The nucleophilic N from Asn(9) was constrained to be in close 

proximity to the anomeric Cα carbon, and peptide binding modes were generated. The 

binding site of ApNGT was found to be flexible enough to allow several peptide 

binding modes (Figure 5C, main binding modes in green and purple) near the 

postulated acceptor binding groove and making contacts with the proposed acceptor 

binding residues Phe39, His272, His277, and Gln469.28,30 Our results suggest that the 

peptide-binding region in ApNGT is located on the solvent-exposed enzyme surface. 

In contrast, in hOGT the unfolded peptide binds in a groove that is located inside a 

superspiral formed by repeated TPR regions.31 The known crystal structures of hOGT 

show two binding modes either with a shallow pose (Figure S2, purple cartoon) or 

more embedded pose in the TPR domain (Figure S2, green cartoon), where the former 

recognizes semifolded peptide regions, and the latter is for extended peptides.31 

Interestingly, ApNGT revealed unexpected flexibility in peptide binding, and 

opposing orientations with respect to the N- and C-termini appeared to bind stably 

(Figure 5C). In contrast, the crystal structures of hOGT show the peptides in only one 

orientation (Figure S2). 

 

Figure 6. Docking and MD simulation of the ApNGT::peptide::UDP-Glc complex reveals 

relaxed acceptor binding. A) The pyrophosphate torsion angles UDP-Glc in ApNGT (colored 

sticks) are more similar to the pyrophosphate angles of UDP-GlcNAc in hOGT (orange sticks) 

than to other glycosyltransferases in the GT-B family (gray sticks). B) Two binding modes of 

peptide GN(8)HTVVN(9)ATN in ApNGT found by computational modelling presented in the 

purple and green cartoons (opposite N→C directions). Both peptides are bound to UDP-Glc 
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by Asn(9) (shown in stick). C) Close-up structure of the binding modes for the peptide 

GN(8)HTVVN(9)ATN, docked to UDP-Glc via Asn(9). D) Close-up structure of the binding 

modes for the peptide GN(8)HTVVN(Glc)ATN, docked to UDP-Glc via Asn(8). E) Schematic 

representation of the possible mechanisms in which the peptide is docked at site Asn(9), is 

glycosylated, and then slides in the forward direction (i) to allow glycosylation at site Asn(8), 

or in the reversed direction (ii). F) Space-filling model of the ApNGT::Glc-peptide::UDP-Glc 

complex shows that there is enough space for UDP to dissociate and UDP-Glc to associate in 

between glycosylation events. 

 

Figure 7. Model for the sliding mechanism in the fast phase in the semiprocessive 

glycosylation of HMW1ct by NGTs that results in processive glycosylation of adjacent sites 

(A) and dihexose formation (B). Blue circle = glucose; gray rectangle = UDP.  

Validation of the protein–peptide ab initio protocol. The astronomical number of 

possible protein–peptide conformations complicates finding the canonical binding 

pose. The lack of crystal structures of homologous of ApNGT in complex with the 

acceptor substrate complicates matter. As mentioned earlier in the thesis, whenever 

possible, it is important to corroborate that the numerical simulations reproduce 

reality. Hence, the same ab initio protocol was used to find the canonical binding site 

of a protein–peptide system with known crystal structure. The human 

xylosyltransferase 1 (XT1) was chosen for this validation task. Although XT1 has little 

resemblance with ApNGT (0% sequence identity using the MUSTANG32 method), 

the crystal structures of XT1 (PDB: 6EJ7 and 6EJ8)33 are bound to a peptide 

(QEEEGAGGGQGG and QEEEGSGGGQGG, respectively) of similar length as the 

peptide in this study, and the protein is also in complex with UDP-Xylose (analogous 

to UDP-Glucose). Using only the distance between the anomeric carbon, C1’, of UDP-

Xylose and the –Ser-OH of the peptide as constraint for the Rosetta FlexPepDock 

protocol, the structure of XT1 in complex with QEEEGSGGGQGG was generated. 

After refinement by a short MD simulation of 10 ns, the final complex can be 

compared to the reference crystal structure (Figure S3). The computationally-
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generated complex was in excellent agreement with the reference structure, 

corroborating the accuracy of the docking strategy employed in this study. 

Structure of the HMW1 adhesin protein (HMW1ct). To facilitate the 

computational modelling of ApNGT::adhesin, the protein-peptide ab initio docking 

was performed using a small peptide fragment of 10-aa, (GN(8)HTVVN(9)ATN), from 

adhesin instead of the much larger HMW1ct adhesin (342-aa). Nevertheless, we 

wanted to make the link between the molecular modelling observations of the short 

peptide fragment and the full protein, and explain the glycosylation profiles obtained 

experimentally (see Experimental Results). For that reason, a computationally-

predicted structure of HMW1ct adhesin was generated using the I-TASSER web 

server, a template-based method for predicting protein structures.25 The predicted 

structure for HMW1ct adhesin (Figure S4A) consists of an overall β-helix fold with 

all preferred glycosylation sites (sequons 8 and 9, and to a lesser extent sequons 5 and 

2) located in exposed loops. Additionally, for this thesis chapter, a new HMW1ct 

adhesin structure is presented (Figure S4B). The new structure was generated using 

the newly-released AlphaFold 2 pipeline for protein structure prediction. AlphaFold 

is a template-free method that can generate the 3D structure of proteins from the 

sequence of amino acids alone with almost experimental-level accuracy.26 The 

structure generated by AlphaFold follows an overall β-helix fold, with the 

glycosylation sites located in exposed β-helix regions. There are some differences in 

the location of the preferred glycosylation sites (Figure 3C) with respect to the 

structure generated by I-TASSER. The sequon pairs 8_NHT+9_NAT and 

5_NVT+6_NTT are both located along two β-strands in the AlphaFold model (which 

is not true for the I-TASSER model). Sites 8 and 9 were observed to be modified in a 

processive manner by ApNGT with dihexose formation in site 9. For HiNGT, we 

observed modification of sites 5_NVT and 6_NTT, next to dihexose formation at sites 

2_NVT and 9_NAT. These sites are located in closer proximity in the AlphaFold 

model of HMW1ct adhesin than in the I-TASSER model. Since all preferred 

glycosylation sites in the AlphaFold-generated structure are located on the same site 

of the β-helix, the sliding mechanism (Figure 6) proposed in the published manuscript 

is more plausible. 

 

Discussion 

Protein glycosyltransferases are abundantly present in all domains of life, and are 

found to catalyze a wide range of protein modifications, with new examples emerging 

at a steady pace.34 They show an intriguing level of diversity in specificity for both 

sugar donors and protein substrates but also recognition elements (amino acid 

residues, structural folds) and timing of modification (co- or post-translational). As 
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protein glycosylation is not genetically encoded, the spatiotemporal drivers and effects 

of protein glycosylation are at the same time exciting and challenging to study. 

As discussed in the original publication, our results reveal how ApNGT, and to a lesser 

extent HiNGT, perform hyperglycosylation of HMW1ct adhesin in a two-phase 

mechanism (Figure 5). In the beginning of the reaction, ApNGT glycosylates 

HMW1ct using a processive mechanism that yields a broad distribution of 

intermediate glycoforms. Compared to the starting substrate HMW1ct, especially the 

early glycoforms seem to be suitable substrates for processive modification, which is 

a characteristic of processive enzymes. However, the enzyme−substrate complex is 

receptive to the presence of the fully modified Glc-HMW1ct product that successfully 

competes with binding to the enzyme, resulting in a shortening of the processive 

phase. After this fast processive phase, both ApNGT and HiNGT are increasingly 

inhibited by the high affinity for the glycosylated product Glc-HMW1ct and only 

incrementally add glucose residues to remaining sites. The fact that dihexose 

formation and modification of nonsequon sites generally happens on and in close 

proximity to defined sequons further strengthens the hypothesis that NGTs employ 

proximity-induced processive glycosylation. However, whether NGTs stay fully 

associated to ensure processivity or they engage in “hopping” (i.e., microscopic 

dissociation followed by quick reassociation), in analogy to processivity in DNA-

binding proteins, is currently impossible to determine.35,36 A hallmark of processivity 

is the high affinity of the enzyme for its product. Therefore, processive enzymes may 

be more sensitive to product inhibition than enzymes that employ a distributive 

mechanism.37 Conversely, because distributive enzymes dissociate after catalysis, 

they may also be susceptible to competitor binding. For distributive protein kinases, 

an increase in substrate concentration results in accumulation of partially 

phosphorylated species, that serve as competitive kinase inhibitors.38 As the NGTs 

studied here display characteristics of both processes, we suggest denoting the 

mechanism of these NGTs as semiprocessive. We propose a mechanistic model that 

starts with NGT binding to HMW1ct, followed by fast and processive glycosylation 

of adjacent sites facilitated by sliding over the NGT surface (Figure 5A) or dihexose 

formation (Figure 5B). We expect that this promiscuous surface binding is a structural 

basis for processivity, as the lack thereof may be at the basis of the distributive 

character observed in hOGT.14,28 After a few additional modifications, NGT enters a 

slower distributive phase, in which it may randomly bind to both sequon and 

nonsequon sites on the surface of HMW1ct. The resulting products have high affinity 

for the NGTs, resulting in retardation of glycosylation by product inhibition. Together, 

this leads us to propose a semiprocessive mechanism for NGTs. 

NGTs have a high preference for sequons that are exposed on the surface of the 

acceptor protein, which is consistent with the post-translational timing of the 
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modification. Moreover, especially the bacterial adhesins and autotransporters share a 

general β-helical fold,39,40 which is also highly associated with two-partner secretion 

proteins in different species.41,42 It will be highly revealing to investigate other known 

and predicted NGTs for processive characteristics43 and revisit currently known β-

helical adhesins to find an associated NGT. The clear processive features in the NGTs 

under study here raises the question of the functional relevance. Processivity is well-

established in template-driven production of oligonucleotides. For post-translational 

modifications, such as phosphorylation and glycosylation, there is little knowledge on 

the importance of multisite modifications, but the sheer number of modifications may 

seem more important than the specific locations. Multisite glycosylation may be an 

elegant solution to ensure efficient bacterial attachment to receptors through 

multivalency,44–46 to overcome the generally poor (mM range) affinity of proteins for 

carbohydrate ligands. 

The knowledge that NGTs can support processive characteristics is important in the 

biotechnological use of such enzymes to create well-defined glycoproteins. Several 

studies have focused on employing NGTs (and their engineered variants) in the 

biosynthesis of defined glycoproteins for biotechnological applications and vaccine 

development.30,43,47–49 The ApNGT mutant Q469A showed reduced product inhibition 

and produced a more homogeneously glycosylated HMW1ct, with up to 10 residues. 

On the basis of the central position of Q469 in both UDP-Glc and peptide binding as 

revealed by molecular modelling, we propose that Q469 may function as a “processive 

switch,” preventing the glycosylated product from leaving the binding site, and 

thereby increasing the association required for an additional round of catalysis.30 

Sequence alignment indicates a corresponding Gln residue in a conserved region in 

HiNGT (Gln495) but without more structural information, it is difficult to assess its 

involvement in the mechanism. 

 

Conclusions 

In the published manuscript, we provided evidence that both ApNGT and HiNGT 

display processive characteristics in the first fast phase of HMW1ct glycosylation, 

followed by a phase with distributive features, together resulting in a semiprocessive 

mechanism. Molecular modelling revealed that ApNGT has promiscuous substrate 

binding preference, which allows for sliding of the enzyme along the adhesin surface. 

Further investigations into the mechanisms of other bacterial NGTs will reveal 

whether processivity is a general mechanism that bacteria use to achieve 

hyperglycosylation of extracellular proteins involved in virulence. 
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Supporting information 

 

 

Figure S1. Binding modes for GNHTVVN(Glc)ATN glycosylated at sequon 9. Both figures 

show the protein::peptide::UDP-Glc complex with the two binding modes found by 

computational modelling. We hypothesize that after the first glycosylation (at sequon 9), the 

peptide could slide and adopt the presented position. White arrows show that UDP would have 

enough space to leave the binding pocket, and let a new UDP-Glc molecule enter to continue 

the second glycosylation (at sequon 8). Carbon atoms in UDP-Glc are colored orange. 

Glycosylations at sequon 9 are circled in white. Electrostatic potential surface was calculated 

in VMD (https://www.ks.uiuc.edu/Research/vmd/), and shows that the glucose moieties bind 

to positively-charged regions. 

 

 

https://www.ks.uiuc.edu/Research/vmd/
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Figure S2. hOGT::peptide::UDP-GlcNAc complex. Two binding modes for hOGT from 

crystal structures. The green cartoon corresponds to PDB codes 6MA3, 6MA2, 6MA5, 6MA4, 

4N3A, and 4N39. The purple cartoon corresponds to PDB codes 5HGV, 3PE4, 4GYW, 4GZ3, 

4N3B, and 4N3C. 

 

Figure S3. Comparison of the peptide binding pose generated by the computational protocol 

(cyan) and the binding pose of the crystal structure (gray) of XT1 (blue). The computational 

protocol was run using only the distance between the hydroxyl of serine (peptide) and the 

anomeric carbon C1’ of UDP-Xylose (protein) as constraint. From all the astronomical number 
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of possible conformations, the protocol was able to find the canonical pose and score (Rosetta 

Interface Score) it as the best binding pose. 

 

Figure S4. Structure of the HMW1ct adhesin obtained by computational prediction. A) 

Structure obtained using I-TASSER. B) Structure obtained using AlphaFold 2. Asparagine 

residues in putative glycosylation sites are colored yellow. 
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