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A B S T R A C T

RgNanH is an intramolecular trans-sialidase expressed by the human gut symbiont Ruminococcus gnavus, to utilise 
intestinal sialylated mucin glycan epitopes. Its catalytic domain, belonging to glycoside hydrolase GH33 family, 
cleaves off terminal sialic acid residues from mucins, releasing 2,7-anhydro-Neu5Ac which is then used as 
metabolic substrate by R. gnavus to proliferate in the mucosal environment. RgNanH is one of the three intra
molecular trans-sialidases (IT-sialidases) characterised to date, and the first from a gut commensal organism. 
Here, saturation transfer difference NMR (STD NMR) in combination with computational techniques (molecular 
docking and CORCEMA-ST) were used to elucidate the specificity, kinetics and relative affinity of RgNanH for 
sialoglycans and 2,7-anhydro-Neu5Ac. We propose the first 3D model for the Michaelis complex of an IT- 
sialidase. This confirms the sialic acid to be the main recognition element for the interaction in the enzymatic 
cleft and highlights the crucial role of Trp698 to make CH-π stacking with the galactose residue of the substrate 
3′-sialyllactose. The same contact is shown not to be possible for 6′-sialyllactose, due to geometrical constrains of 
the α-2,6 linkage. Indeed 6′-sialyllactose is not a substrate, even though it is shown to bind to RgNanH by STD 
NMR. These findings corroborate the role of Trp698 for the α-2,3 specificity of IT-sialidases. In this structural 
study, the use of Differential Epitope Mapping STD NMR (DEEP-STD NMR) approach allowed the validation of 
the proposed 3D models in solution. These structural approaches are shown to be instrumental in shedding light 
on the molecular mechanisms underpinning enzymatic reactions in the absence of enzyme-substrate X-ray 
structures.

1. Introduction

The gut microbiota plays a crucial role in human health, influencing 
the development of the immune system and pathogen defence, as well as 
polysaccharide digestion [1]. The microbiota composition varies longi
tudinally along the gastrointestinal (GI) tract but also transversally from 
the lumen to the mucosa [2]. The mucus layer covering the gut consti
tutes the interface between the gut microbiota and the host [3]. The 
glycan structures present in mucins are complex, consisting of core O- 
glycans elongated by diverse carbohydrate sequences often terminated 
by α-L-fucose and sialic acid such as N-acetylneuraminic acid (Neu5Ac, 

Scheme 1a), via α1–2/3/4 and α2–3/6 linkages, respectively. Due to 
their terminal location, these sugar residues are key targets for 
commensal and pathogenic bacteria [4]. The release and utilisation of 
sialic acid by microbial sialidases confer gut bacteria competitive ad
vantages in the mucus niche [5,6,7].

Based on their substrate specificity and mechanisms of action, bac
terial exo-sialidases can be divided into three classes: hydrolytic, trans- 
sialidases and intramolecular trans-sialidases (IT-sialidases). Hydrolytic 
sialidases release free sialic acid (Scheme 1a), trans-sialidases transfer 
the cleaved sialic acid to other glycoconjugates, while IT-sialidases 
release 2,7-anhydro-sialic acid (Scheme 1b) [6]. The possibility to 
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carry out one or more of these enzymatic reactions, together with their 
capacity to catabolise the released sialic acids, influences the adaptation 
of the microorganisms to the mucosal environment [8,9].

RgNanH is an IT-sialidase produced by the human gut symbiont 
Ruminococcus gnavus. R. gnavus is a prevalent member of the ‘normal’ 
gut microbiota in adults [10,11] but it is over-represented in diseases 
such as inflammatory bowel disease [12,13]. RgNanH has specificity 
towards α2/3 sialic acid capping the mucin oligosaccharides [6]. The 
hydrolysis of the terminal sialic acid is followed by intramolecular 
transglycosylation at the C2 position of Neu5Ac, attacked by its own O7- 
hydroxyl group at the glycerol moiety, thus yielding 2,7-anhydro- 
Neu5Ac [14]. RgNanH is the third IT-sialidase to be characterised, 
after NanL from Macrobella decora [15] and NanB from Streptococcus 
pneumonia [16], and the first from a gut commensal species [4]. 
R. gnavus ATCC 29149 can grow on 2,7-anhydro-Neu5Ac as a sole car
bon source in vitro [17], owing to its specific 2,7-anhydro-Neu5Ac 
transporter and oxido-reductase, that allow the conversion of 2,7-anhy
dro-Neu5Ac to Neu5Ac [18]. This unique sialic acid metabolism 
pathway confers R. gnavus with a selective advantage over other mem
bers of the gut microbiota inhabiting the mucus niche [18a].

RgNanH consists of an active domain belonging to the GH33 family 
and a carbohydrate binding module (CBM) from the CBM40 family 
[14,19]. The R. gnavus IT-sialidase structure has been solved in complex 
with 2,7-anhydro-Neu5Ac (PDB ID: 4x4a) [14] but no crystal structure 
of the Michaelis complex between an IT-sialidase and its substrate is 
available. In this work, saturation transfer difference NMR (STD NMR) 
was used to gain molecular insights into the structure of the RgNanH- 
GH33 catalytic domain bound to sialoglycan substrates, in the form of 3′- 
sialyllactose (Neu5Acα3Lac or 3′SL) and 6′-sialyllactose (Neu5Acα6Lac 
or 6′SL).

STD NMR is a robust and versatile technique frequently used for 
monitoring weak ligand binding to protein receptors (dissociation con
stant, KD, ranging from 10− 8 M to 10− 3 M). STD NMR relies on selective 
saturation of the 1H NMR signals of the protein receptor [20]. The 

generated saturation on specific residues of the receptor is transferred 1) 
across the whole protein by dipole–dipole relay NOE (intra-molecular 
saturation transfer via very efficient spin diffusion) and 2) to small 
molecules binding to the receptor (inter-molecular saturation transfer). 
Since the highest STD intensities correlate with the closest ligand–pro
tein contacts in the bound state [20a], STD NMR experiments highlight 
what are the ligand moieties closely contacting the protein surface. 
Thus, they provide a map of the binding, namely the ligand binding 
epitope map [21]. Differential epitope mapping STD NMR (DEEP-STD 
NMR) [22], which relies on a multifrequency STD NMR approach, al
lows to map which ligand protons are closer to certain type of amino 
acid side chains, e.g., aliphatic or aromatic patches of the protein surface 
[23,24,25,26]. In addition, if the protein 3D structure is known, the 
method allows to gain information on the orientation of the ligand. 
Comparing the DEEP-STD pattern of a complex of known 3D structure to 
the DEEP-STD patterns of unknown ligands on the same protein provides 
information on the binding mode and orientation of the unknown li
gands. This approach is termed the DEEP-STD NMR fingerprinting 
approach, and it was previously demonstrated for a set of ligands of 
cholera toxin unit-B [24].

We hereby exploited single- and multi-frequency STD NMR tech
niques, in combination with molecular docking and matrix relaxation 
prediction of STD intensities by CORCEMA-ST [27,28], to obtain 
experimentally validated 3D models of RgNanH-GH33 bound to 3′SL and 
6′SL in solution. While this approach is combined with STD variable 
temperature and competition experiments to gain information on rela
tive kinetics and binding affinities, this study is not focused on the ac
curate thermodynamic investigation of the binding processes, but on the 
structural elucidation of the Michaelis-Menten complex of RgNanH.

2. Results

2.1. Specificity, kinetics and relative binding affinity by STD NMR

The interactions of 3′SL and 6′SL with RgNanH-GH33 D282A cata
lytic mutant were analysed by STD NMR spectroscopy. Binding was 
detected for both 3′SL and 6′SL oligosaccharides (Fig. 1). The observed 
binding to 3′SL was in line with this ligand being the preferential sub
strate of RgNanH-GH33 [14], as shown by activity assays and supported 
by RgNanH-GH33 D282A binding to sialoglycan microarray [19]. STD 
NMR build-up curves at two different frequencies were obtained for 3′SL 
and 6′SL and, from these, binding epitopes were identified for the two 
ligands upon saturation at 0.60 ppm. Comparison of the binding epi
topes (Fig. 1a,b) showed that the Neu5Ac moiety of both ligands made 
the closest contact to the protein surface, with a comparable binding 
epitope pattern for both sialoglycans. The binding epitope also showed 
that the lactose moiety of 3′SL appeared to have closer contact to the 
protein surface than the lactose moiety of 6′SL.

To investigate the kinetics and relative affinity of 3′SL and 6′SL to 
RgNanH, variable temperature and competition STD NMR experiments 
were performed at 2 s saturation time with protein saturation at 0.60 
ppm, monitoring the intensity of the signals in the least crowded spectral 
regions. Variable temperature experiments (Fig. 2a,b) rely on the fact 
that the kinetics of exchange increase with temperature and that STD 
intensities depend heavily on exchange kinetics [27]. Thus, increases in 
STD signals with increasing temperatures is associated with strong in
teractions (yet still within the fast exchange conditions required for STD 
NMR observation). This is due to the relatively slow exchange processes 
(where STDs are weak due to inefficient accumulation of saturated 
ligand in the bulk free state) becoming faster and hence producing 
higher STD intensities upon heating the sample. Such profile was 
observed for 3′SL (Fig. 2a). In contrast, for 6′SL, decreases in STD signals 
with increases in temperature were observed (Fig. 2b), reflecting weaker 
interactions, i.e. a starting fast kinetics becoming faster and hence 
reducing the STD intensities due to the much shorter residence time in 
the bound state precluding an efficient transfer of saturation to the 

Scheme 1. Chemical structure of a) Neu5Ac and b) 2,7-anhydro-Neu5Ac. The 
atom nomenclature is given for the carbons of Neu5Ac and it applies to 
all ligands.
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ligand free state [27].
STD NMR competition is a traditional approach to probe if two or 

more ligands are binding in the same location on a given protein 
[29,30], as STD intensity reductions can be associated to the ligands 
displacing each other from the binding site. Here, we first assessed the 
competition between 3′SL and 6′SL by performing STD NMR experi
ments of RgNanH-GH33 D282A in the presence of 3′SL (1 mM), 6′SL (1 
mM) and 3′SL + 6′SL (1 mM + 1 mM). In all cases, the STD intensities of 
7 well-isolated reporter ligand signals were followed at 288 K (Fig. 2c,d). 
The STD intensities of the reporter signals of 3′SL were not significantly 
affected upon addition of 6′SL (Fig. 2c). In contrast, the STD intensities 
of the protons of 6′SL were considerably reduced upon addition of 3′SL 
(Fig. 2d). These findings support that both ligands were bound at the 
same site, with 3′SL having stronger binding affinity.

Additional STD competition experiments (Fig. S1 of the SI) showed 
that 2,7-anhydro-Neu5Ac could displace both 3′SL and 6′SL, therefore 
being the strongest binder of the three different ligands. Hence, based on 
the variable temperature and competition STD NMR experiments, we 
propose that (i) 3′SL and 6′SL fall into two different kinetics windows: 
3′SL binds to RgNanH-GH33 D282A with slow kinetics (higher affinity), 
while 6′SL binds with faster kinetics; and ii) the ranking of affinities of 
the three ligands to RgNanH-GH33 D282A is: 2,7-anhydro-Neu5Ac >
3′SL > 6′SL. Importantly, these experiments were performed on the same 
samples as those used for determining STD NMR binding epitopes, and 
allowed, to assess the relative affinity and kinetics of the three ligands 
without the use of additional material.

2.2. Binding mode and ligand orientation in the binding pocket through 
DEEP-STD NMR

DEEP-STD NMR was carried out to gain information on the binding 
mode and orientation of 3′SL and 6′SL ligand in the RgNanH-GH33 
D282A binding pocket by differential irradiation at 0.60 ppm and 6.55 
ppm. These are the same frequencies that had been chosen for the 
analysis of the complex between RgNanH-GH33 and the product 2,7- 
anhydro-Neu5Ac in [22]. In that work, these frequencies are shown by 
protein chemical shift prediction calculations to be centred in the 
aliphatic and aromatic protein spectral regions, respectively. In partic
ular, the predictions show that by irradiation at 6.55 ppm we are hitting 
tryptophan and tyrosine residues. Using here the exact same frequencies 
as in the seminal paper is also useful for comparability with the original 
work. Indeed, the already available DEEP-STD NMR data for the 
RgNanH-GH33/2,7-anhydro-Neu5Ac complex [22] (for which the 3D 
structure has been solved by X-ray crystallography [14]) served as a 
fingerprint to confirm the binding position and orientation of the sia
loglycans in the catalytic cleft of RgNanH-GH33.

In Fig. 3, the DEEP-STD NMR fingerprinting analysis of the two 
sialoglycans in comparison to the reference 2,7-anhydro-Neu5Ac is re
ported. Comparison of the DEEP-STD histograms for the Neu5Ac moiety 
of the thrisaccharides with 2,7-anhydro-Neu5Ac (blue bars) showed a 
very similar DEEP-STD pattern for the three ligands. This was in 
agreement with the STD competition experiments, that indicated that all 
three ligands occupied the same binding pocket. Remarkably, it also 
showed that the reducing Neu5Ac of the sialoglycans sit in the same 
orientation as 2,7-anhydro-Neu5Ac, in the RgNanH-GH33 binding 
pocket.

However, minor differences were observed at the protons of the 

Fig. 1. STD NMR analyses of sialoglycans binding to RgNanH-GH33 D282A. Binding epitope mappings of a) 3′SL and b) 6′SL from STD NMR build-up curve 
experiments with irradiation frequency at 0.60 ppm. Relative STD % values were extracted from the spectra for each set of protons of each ligand. For both ligands 
the methyl group on the acetyl moiety of sialic acid showed the highest STD %, and therefore it was arbitrarily assigned at 100%, while all the other values were 
normalised relative to this. The pale rose circle highlights Neu5Ac as the main recognition element for both ligands. STD NMR spectra for c) 3′SL and d) 6′SL and 
proton assignment. For c) and d), reference spectra are shown in black (top); STD NMR spectra with on-resonance irradiation at 6.55 ppm (aromatic side chains) is 
shown in green (middle); STD NMR spectra with on-resonance irradiation at 0.60 ppm (aliphatic side chains) is shown in red (bottom). Spectra were acquired at 2 s 
saturation time. The magnification relative to the reference spectrum is given for each difference spectrum. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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polyhydroxy chain (H7 to H9), between the Neu5Ac moiety of the sia
loglycans and 2,7-anhydro-Neu5Ac, accounting for the different geom
etry of the sialic acid rings of 3′SL and 6′SL relative to 2,7-anhydro- 
Neu5Ac. During hydrolysis, the hydroxyl group at C7 attacks and 
forms a covalent bond with C2, while the lactose is released. The smaller 
|ΔDEEP-STD| values of protons H8 and H9s of 3′SL, relative to those of 
H8 and H9s of 2,7-anhydro-Neu5Ac, may be due to the displacement of 
the polyhydroxy chain further from the aromatic residues resonating at 
6.55 ppm (Tyr667, and Trp698), as the reaction takes place.

The DEEP-STD factors for the H8-H9 of 6′SL exhibited a greater 
difference than those of 2,7-anhydro-Neu5Ac. For 6′SL, the ΔDEEP-STD 
of H8 is positive and the |ΔDEEP-STD| of H9 was even smaller compared 
to those of 3′SL and 2,7-anhydro-Neu5Ac. This suggests that the poly
hydroxy chain of 6′SL is oriented in a different way in comparison to that 
of 3′SL (most likely pointing slightly further from the patch of aromatic 
residues).

In contrast, the DEEP-STD factors of the galactose and glucose moi
eties differed considerably among 3′SL and 6′SL, indicating a different 
orientation of their respective lactose moieties in the binding pocket. A 
homogeneous set of negative ΔDEEP-STD values were observed for the 
galactose moiety of 3′SL, suggesting that this galactose ring is in the 
vicinity of one or more aromatic residues. For 6′SL, instead, significantly 
negative ΔDEEP-STD were only observed for H5 and H6 of galactose and 
H2, H5 and H6 of glucose. Overall, the analysis of the DEEP-STD NMR 
fingerprints of the 3′SL and 6′SL compared against 2,7-anyhydro-Neu5Ac 

confirmed that both ligands bind in the same binding pocket, with 
analogous orientations of the reducing Neu5Ac but with a different 
orientation of the lactose moiety. A more detailed analysis of the dif
ferences in the DEEP-STD histograms of the lactose moiety is discussed 
in Sub-sections 2.3.2 and 2.3.3 with reference to the docking results.

2.3. NMR-validated 3D model of the Michaelis complex of the IT- 
sialidase RgNanH-GH33 by docking calculations and CORCEMA-ST 
analysis

The crystal structure of the complex of RgNanH-GH33 with 2,7-anhy
dro-Neu5Ac (PDB ID: 4X4A [14]) was used as a template to generate a 
3D model of the structures in solution of RgNanH-GH33 in complex with 
3′SL and 6′SL. In the docking calculations, both 3′SL and 6′SL converged 
to lowest energy solutions showing that the Neu5Ac ring fits deeply into 
the catalytic cavity (with glide gscore and glide emodel of circa − 5.0 kcal/ 
mol and − 55 kcal/mol, respectively, comparable for both ligands), as 
shown in Fig. 4a,b. These results are discussed below in terms of the 
recognition of the different moieties (i.e. sialic acid, galactose and 
glucose) of the ligands:

2.3.1. Molecular recognition of the sialic acid moiety
In both models, the Neu5Ac reducing ring was found in a binding 

orientation comparable to that of 2,7-anhydro-Neu5Ac in the crystal 
structure (Fig. 4c,d). As deduced from DEEP-STD NMR, the glycerol 

Fig. 2. Variable temperature and competition experiments by STD NMR. Left: Variable temperature STD NMR experiments. STD intensities for a) 3‘SL and b) 
6‘SL upon binding to RgNanH-GH33 D282A at increasing temperatures. Upon increases in temperature, the STD signals were increased for 3‘SL and decreased for 
6‘SL. This supports that both ligands are located at the two different extremes of the kinetic window favourable for STD NMR observation (3′SL in the low kinetics 
extreme, and 6′SL in the very fast kinetics extreme). Right: STD NMR competition experiments. c) 3′SL, upon addition of 6′SL and d) 6′SL, upon addition of 3′SL. The 
samples containing the complexes 3′SL/RgNanH-GH33 D282A and 6′SL/RgNanH-GH33 D282A are compared with the sample containing both ligands 3′SL and 6′SL in 
the presence of RgNanH-GH33 D282A. 3′SL is able to displace 6′SL, but its binding is not affected by the presence of 6′SL.
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moieties of the trisaccharides (purple and cyan arrows in Fig. 4c) were 
found to be further away from residues Tyr667 and Trp698 (resonances 
around 6.55 ppm) than the polyhydroxy chain of 2,7-anhydro-Neu5Ac 
(where the hydroxyl on C7 is covalently bound to C2). Protons H8 and 
H9s of 6′SL (purple histogram in Fig. 4d) appeared to point in the 
opposite direction relative to the same protons of 3′SL (cyan histogram 
in Fig. 4d), in agreement with the experimental DEEP-STD fingerprint 
data.

2.3.2. Molecular recognition of the galactose moiety
The main difference between the binding of 3′SL and 6′SL was in the 

orientation of the lactose disaccharide moiety. The α2/3 glycosidic 
linkage directs the galactose of 3′SL so that the region encompassing C3, 
C4 and C5 of the sugar ring can form a very efficient CH-π interaction 
with the aromatic side chain of Trp698 (Fig. 5a,c). For 6′SL, a distinct 
bending imposed by its more flexible glycosidic linkage brought the 
galactose into a lateral orientation with respect to the aromatic side 
chain of Trp698, exposing only protons H5 and H6 towards the indole, 
while the rest of the ring protons pointed outwards (Fig. 5b). This is in 
strong agreement with the DEEP-STD NMR results and the binding 
epitope mappings, which show weaker contacts for the galactose of 6′SL 
relative to the galactose of 3′SL (Fig. 1a,b). The lack of CH-π interactions 
for the α2/6 sugar may also account for the lower affinity compared to 
the α2/3 substrate.

2.3.3. Molecular recognition of the glucose moiety
The glucose residue of 6′SL was in closer proximity to the side chain 

of Trp698 than the adjacent galactose ring. The glucose C2 and C6 were 
shown to point towards the tryptophan, in strong agreement with the 
negative DEEP-STD factors observed for H2 and one of the H6s (Fig. 5d). 
In contrast, the glucose ring of 3′SL pointed towards the opposite side of 
the binding pocket, accounting for more positive or neutral values of the 
histogram in Fig. 5c.

To demonstrate that the mutation from aspartate to alanine at po
sition 282 did not affect the binding mode of the sialoglycans into the 
RgNanH-GH33 binding pocket, a 3D structure of the mutant was 
generated computationally, from the crystal structure of RgNanH-GH33 
[14], mutating the single aspartate 282 residue to an alanine (see Ma
terials and Methods). Docking of 3′SL and 6′SL was repeated in the newly 
defined grid, and the resulting poses and clustering matched those ob
tained for RgNanH-GH33 WT (see Supporting Information). Addition
ally, the DEEP-STD NMR patterns of i) 2,7-anhydro-Neu5Ac/RgNanH- 
GH33 WT and ii) 2,7-anhydro-Neu5Ac/RgNanH-GH33 D282A were 
equal within the experimental error (Fig. S2). These results strongly 
suggest that the D282A mutation does not affect the binding mode of 
3′SL and 6′SL in the catalytic cleft.

Finally, to validate the 3D structures of the 3′SL/RgNanH-GH33 and 
6′SL/RgNanH-GH33 complexes in solution, we used the full matrix 
relaxation approach CORCEMA-ST to simulate STD NMR build up 
curves from the 3D models generated by docking, and compared them 

Fig. 3. DEEP-STD NMR fingerprint approach for sialoglycans vs. 2,7-anhydro-Neu5Ac. Differential Epitope Mapping (0.60 ppm/6.55 ppm) ΔDEEP-STD of a) 
3′SL and b) 6′SL, in complex with RgNanH-GH33 D282A, and of c) 2,7-anhydro-Neu5Ac in complex with RgNanH-GH33 (histogram in c) adapted from data in 
reference[22]). DEEP-STD factors from protons of the Neu5Ac moiety are shown in blue, those from protons of the galactose moiety are shown in magenta, and those 
from protons of the glucose moiety are shown in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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with the experimental STD NMR data at an irradiation frequency of 0.60 
ppm [27,28]. The accuracy of the model was validated by calculating an 
R-factor, called here NOE R factor; NOE R factors lower than 0.3 in
dicates validation of the 3D models by the experimental STD NMR data. 
Remarkably, NOE R factors of 0.22 and 0.26 were obtained for the 
lowest energy poses of 3′SL and 6′SL respectively, validating these as 
reliable models for the complexes in solution (Figure S3 and S4).

3. Discussion

The formation of the Michaelis complex of the catalytic domain of 
RgNanH-GH33 with its sialoglycan substrate is the first step in the 
release of 2,7-anhydro-Neu5Ac in the gut. RgNanH has a reported 
specificity for α2/3-linked sialic acid, as demonstrated by enzymatic 
assays using a range of oligosaccharides and by glycan microarrays 
[14,19].

Here, STD NMR binding epitopes, variable-temperature and 
competition STD NMR experiments revealed that RgNanH-GH33 D282A 
binds both 3′SL and 6′SL though with different affinities and kinetics, 
with 3′SL inhibiting the binding of 6′SL in competition assays. DEEP-STD 
NMR spectroscopy led to the first NMR-validated 3D model of the 
Michaelis complex for an IT-sialidase. We showed that 3′SL and 6′SL 
bound to the active site via the sialic acid ring at the non-reducing end, 
and mainly differed in the orientation of the lactose disaccharide moi
ety. For 3′SL, a CH-π interaction with the side chain of Trp698 is formed, 

while the α2/6 glycosidic linkage of 6′SL directs its galactose ring further 
away from the tryptophan. Trp698 has been proposed to be one of the 
key residues involved in the IT-sialidase reaction, providing a hydro
phobic environment that would repel water molecules from the catalytic 
cleft, and promote the O7 nucleophilic hydroxyl group to attack the 
covalent intermediate of the Neu5Ac bound to the nucleophilic tyrosine, 
therefore favouring an intramolecular reaction [6]. Trp698 has also 
been associated with the specificity of the IT-sialidases for α2/3 sialo
glycans [31]. Our 3D models showed that the galactose ring is in a 
favourable position for CH-π interaction with the side chain of Trp698 
for 3′SL, but not for 6′SL. This accounts for the lack of enzymatic activity 
on 6′SL, which is also recognised with much lower affinity. The higher 
affinity of 3′SL for the catalytic domain of RgNanH can be explained 
thermodynamically as resulting from: i) favourable enthalpy contribu
tion coming from the CH-π interaction with the side chain of Trp698 
(only possible for 3′SL), and ii) unfavourable entropy contribution for 
6′SL, due to the flexibility of the additional rotatable bond present at the 
α2/6 glycosidic bond.

Moreover, since the STD NMR competition experiments showed that 
6′SL does not interfere with the interaction of 3′SL with RgNanH-GH33 
D282A, the potential for RgNanH-GH33 to recognise and weakly bind 
α2/6 sialoglycans also present in mucins is not expected to affect the 
efficiency of hydrolysis of α2/3 sugars under physiological conditions. 
This is in line with the broad specificity of the carbohydrate binding 
module CBM40, associated to the GH33 of RgNanH, for a wide range of 

Fig. 4. DEEP-STD NMR data validation of docking poses: Neu5Ac moiety. Superimposition of the lowest energy convergent docking solutions for RgNanH-GH33 
in complex with a) 3′SL, 10 poses, and b) 6′SL, 6 poses. c) 2,7-anhydro-Neu5Ac (in orange) from PDB ID: 4X4A, overlapped with the Neu5Ac rings of the best docking 
solutions for 3′SL (cyan) and 6′SL (purple). Protein residues within 3 Å are shown and labelled. C8 and C9 are pointed by arrows. Protons are omitted for clarity (here 
and in the following molecular schemes). d) ΔDEEP-STD for 2,7-anhydro-Neu5Ac [22] and the Neu5Ac rings of 3′SL and 6′SL, following the same colouring scheme as 
in c), which is adapted from Fig. 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sialic acids derivatives including both 3′SL and 6′SL (as shown by 
microarrays, ITC, STD NMR and crystal structures [19]).

4. Conclusions

The use of multifrequency STD NMR in combination with compu
tational techniques (docking and full matrix relaxation calculations with 
CORCEMA-ST) provided the first 3D structures of the complexes of 
RgNanH-GH33 with 3′SL and 6′SL ligands. While RgNanH-GH33 has 
been crystallised with its product 2,7-anhydro-Neu5Ac [14] and its 
crucial role in sialic acid scavenging to colonise the mucus environment 
has been demonstrated [18a], the structure of its Michaelis complex 
remained elusive. Here, we provide NMR-validated high-resolution 3D 
models for the complexes of RgNanH-GH33 with both the substrate, 
3′SL, as well as with 6′SL in solution. Multifrequency DEEP-STD NMR 
provided atomic level details of the crucial side chain-to-ligand contacts, 
confirming hypotheses on the residues responsible for the substrate 
specificity of the IT-sialidase. These results highlight the huge potential 
of multifrequency STD NMR approaches, such as DEEP-STD NMR, as a 
powerful tool in the structural biology of enzyme-substrate complexes, 
to shed light on the architecture and specificity of protein–ligand in
teractions at the atomic level, when a X-ray complex structure is 
unavailable.

5. Materials and Methods

5.1. Chemicals and proteins

Neu5Ac, deuterium oxide (99.9 % 2H), sodium chloride and tris- 
(hydroxymethyl-d3)-amino-d2-methane (Tris-d11, 98 % 2H) were ob
tained from commercial providers. 3′SL and 6′SL were from Carbosynth. 
Enzymatically synthesised 2,7-anhydro-Neu5Ac and recombinantly 
produced RgNanH-GH33 D282A were produced as previously described 
[19].

5.2. NMR measurements and processing

3′SL and 6′SL were assigned on the basis of 1D 1H, 2D 1H,1H-DQF- 
COSY, 1H,1H-TOCSY, 1H,13C-HSQC and 1H,1H-NOESY experiments ran 

on samples of the free ligands in unbuffered D2O, pH 7.0. For STD NMR 
experiments, all the samples consisted of 1 mM ligand and 50 μM 
RgNanH-GH33 D282A in a D2O pH 7.8 buffer solution, adjusted with 
HCl, containing 10 mM Tris-d11 and 100 mM NaCl (ligand: protein ratio 
20: 1). To obtain the binding epitope mappings of the ligands, the STD 
NMR experiments were carried out at different saturation times (0.5, 1, 
2, 3, 4 and 5 s) with 512 scans. A sequence that includes 2.5 ms trim 
pulses and a 3 ms spoil gradient was used (Bruker library name: 
stddiff.3). Saturation was achieved applying a train of 50 ms Gaussian 
pulses (0.40 mW) on the f2 channel, at 0.60 ppm and/or 6.55 ppm (on- 
resonance experiments) and 40 ppm (off-resonance experiments). The 
protein signal was removed using a 40 ms spinlock (T1ρ) filter. All the 
experiments were recorded at 1H frequency of 800.23 MHz on a Bruker 
Avance III spectrometer equipped with 5-mm TXI probe. The STD NMR 
build-up curves were fitted to a mono-exponential equation, from which 
the initial slopes were obtained [20b]. The binding epitope was obtained 
by dividing all the initial slopes by the one of a convenient proton of the 
sialic acid residue (depending on the ligand), to which an arbitrary value 
of 100% was assigned. DEEP-STD factors were calculated using the 
DEEP-STD equation [22]: 

ΔDEEP − STDi =
STD exp1,i

STD exp2,i
−

1
n
∑n

i

(
STD exp1,i

STD exp2,i

)

5.3. Docking calculations

All molecular modelling was performed with the Glide module 
within Schrödinger’s Maestro software suite, version 11 [32,33,34]. 
Coordinates for the receptor were obtained from the Protein Data Bank 
(PDB ID: 4X4A [14]). Where necessary, coordinates for missing atoms 
were added according to known protein chemistry and sidechain pro
tonation was optimised for neutral pH. A short minimisation was run 
using the OPLS3 force field, converging heavy atoms to a RMSD of 0.3 Å. 
The receptor grid was then calculated, centring on the centroid of 2,7- 
anhydro-Neu5Ac and with a length of 30 Å (WT grid). Re-docking of 
the 2,7-anhydro-Neu5Ac in the prepped protein was performed and the 
docking conditions optimised based on the run that provided poses with 
minimal RMSD to the original XRD pose. The lowest re-docking pose is 
shown overimposed to the XRD pose in Fig. S5 of the SI. 3D structures of 
3′SL and 6′SL were generated using a conformational search, 

Fig. 5. DEEP-STD NMR data validation of docking poses: lactose moiety. Lowest energy docking solutions for 3′SL (a, c) and 6′SL + 3′SL (b, d) bound to RgNanH- 
GH33. a,b): top view of the galactose orientation relative to the side chain of Trp698 (shown in magenta). c,d): side view of Trp698 (shown in magenta) relative to 
the galactose of 3′SL and the glucose of 6′SL. For the sake of easy comparison, ΔDEEP-STD histograms (0.60 ppm/6.55 ppm) of the galactose and glucose protons of 
both ligands, respectively, (adapted from Fig. 5) are shown at the bottom. Positions of ligands protons with negative ΔDEEP-STDs are pointed by arrows and labelled 
to show their close contact to the aromatic residue Trp698. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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implementing Monte-Carlo torsional sampling, keeping only unique 
structures (RMSD > 0.5 Å) and eliminating all structures with an energy 
21 kJ mol− 1 greater than the lowest energy structure. All resulting 
structures were then minimised using conjugate gradient minimisation. 
For each ligand, the lowest energy conformations were used to initiate a 
preliminary round of docking, using the same conditions as for the re- 
docking run (OPSL3e force field, with standard precision, and sam
pling ring set to false). The docking consisted of further conformer 
generation, docking and then minimisation. Ten conformers were 
generated with 4x enhanced sampling and during docking, the non- 
bonded term of the potential energy function was softened for non- 
polar ligand atoms (charge < |0.15|) by applying a scaling factor of 
0.8. Finally, minimisation was performed using implicit solvent with a 
distance dependent dielectric constant of 4. In a second round of dock
ing, the 5 most diverse poses of the first round of docking were exported 
and re-docked in the same conditions, generating about 50 poses. To 
determine if the mutation D282A did not affect the binding mode, the 
D282 of the minimised receptor was mutated to A282 and a new grid 
was generated (mutant grid) with the same feature as the first. The 3D 
builder toolbox was used to mutate the residue. A second round of 
docking was then repeated with the mutant grid and a similar set of 
poses was generated.

5.4. CORCEMA-ST predictions

For CORCEMA-ST ([27]), the cut-off distance around the protons of 
the ligand in the binding pocket was 10 Å. The concentrations of ligand 
and protein used were 2 mM and 50 μM, respectively. kon was set to 1 ×
10-8 M− 1 s− 1. The bound ligand correlation time was 50 ns, whereas the 
free correlation time was 1 ns. The equilibrium constant used was 5000 
M− 1 and 2000 M− 1 for 3′SL and 6′SL respectively. The non-specific 
relaxation leakage term (ρ leak) used was 0.4 Hz, to account for the 
effect of traces of dissolved paramagnetic oxygen, and the irradiation 
frequency was set to the range 0.1–1.1 ppm to simulate the conditions of 
irradiation at 0.60 ppm. The NOE R-factor was calculated on the aver
aged simulated data obtained, with the following equation: 

NOER =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ (

STD%exp − STD%calc
)2

∑(
STD%exp

)2

√
√
√
√
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