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Summary

Siglecs (sialic acid binding immunoglobulin (Ig)-like lectins) constitute a group of 15 human and 9
murine cell-surface transmembrane receptors belonging to the I-type lectin family, mostly expressed
on innate immune cells and characterized by broadly similar structural features. Here, the prominent
inhibitory CD22 (Siglec-2), well known in maintaining tolerance and preventing autoimmune
responses on B cells, is studied in its human and murine forms in complex with sialoglycans. In
detail, the role of the N-glycolyl neuraminic acid (Neu5Gc) moiety in the interaction with both
orthologues was explored. The analysis of the binding mode was carried out by the combination of
NMR spectroscopy, computational approaches and CORCEMA-ST calculations. Our findings
provide a first model of Neu5Gc recognition by h-CD22 and show a comparable molecular
recognition profile by h- and m-CD22. These data open the way to innovative diagnostic and/or
therapeutic methodologies to be used in the modulation of the immune responses.



Introduction

Sialic acids (Sias) comprise a family of nearly 50 members of acidic monosaccharides, expressed
by species belonging to the vertebrates and characterized by a particular nine-carbon sugar
backbone. The two predominant forms of sialic acid in mammals are the N-acetyl neuraminic acid
(Neu5Ac) and the N-glycolyl neuraminic acid (Neu5Gc). The latter is biosynthesized by the
enzymatic addition of a hydroxyl group to N-acetyl moiety at 5’-position of Neu5Ac, catalyzed by an
hydroxylase/monooxygenase enzyme, the cytidine monophospho-N-acetyl neuraminic acid
hydroxylase (CMAH). However, in contrast to mouse or great apes like chimpanzee, in humans the
specific loss of Neu5Gc expression is ascribed to a fixed genomic mutation in CMAH that leads to
the gene loss in the hominin lineage (Okerblom and Varki, 2017). Despite the inability to produce
Neu5Gc, it can be exogenously introduced from specific dietary sources, such as red meat and cow’s
milk, and metabolized via the Neu5Ac biochemical pathway (Okerblom and Varki, 2017, Varki,
2017). Different studies reported the presence of Neu5Gc on fetal tissues and on tumor cells, such
as melanoma, retinoblastoma, colon cancer and breast cancer (Samraj et al., 2014). Low levels of
Neu5Gc were also detected on the surfaces of human secretory epithelia and small- and large-blood
vessels endothelia (Varki, 2017). Therefore, Neu5Gc can be considered a pioneering example of
“xeno-autoantigen”. The anti-Neu5Gc antibodies detected in humans contribute to establish
“xenosialitis”, a chronic inflammation state in Neu5Gc enriched tissues that can significantly impact
cancer progression, increasing tumor-associated inflammation (Altman et al., 2019, Zhou et
al.,2020).

Sia’s are considered self-associated molecular patterns (SAMPs) as they function as
determinant of “self” through their intrinsic recognition by specific inhibitory receptors belonging to
the Siglec family (Haubli and Varki, 2020, Duan and Paulson, 2020).These receptors assist immune
cells in the discrimination between “self” and “non-self” and constitute important regulators of the
immune system (Macauley et al., 2014).Their functions depend on their unique and precise
sialoglycans’ binding specificity as well as on their expression pattern within different cellular
compartments (Di Carluccio et al., 2021). Siglecs represent a family of immune proteins that can be
classified in two different and evolutionary conserved sub-groups; one comprises Sialoadhesin
(Siglec-1), CD22 (Siglec-2), MAG (Siglec-4) and Siglec-15, while the other includes the so called
CD33 (Siglec-3)-related family, rapidly evolving and displaying high homology with the precursor,
namely Siglec-3. Despite this differentiation, Siglecs share the ability to recognize and bind to sialic
acid epitopes through the N-terminal V (variable)-set domain. Siglecs also possess a variable
number (from 1 to 16) of “C2-set” Ig domains followed by a single pass trans-membrane region; most
of Siglecs feature cytoplasmic tyrosine motifs, such as ITIM (immunoreceptor tyrosine-based
inhibitory motif) and ITIM-like regions, which confer inhibitory signaling properties. A few activatory-
type Siglecs, like Siglecs-14-16, contain instead a positively charged amino acid in their
transmembrane region and associate with immunoreceptor tyrosine-based activatory motif (ITAM)-
containing adaptor proteins (Ajit and Angata, 2006).

The sialic acids are diversely recognized among the Siglec family, for example MAG only binds
to Neu5Ac, human and murine sialoadhesin show a strong preference for NeuSAc over Neu5Gc,
whereas murine and human CD22 bind both, with m-CD22 preferring Neu5Gc over Neu5Ac (Angata,
2018). Interestingly, major human pathogens have evolved the ability to mimic Neu5Ac containing
structures, either synthesized de novo or scavenged from the host, to escape immune surveillance.
In contrast, only a few pathogens express Neu5Gc or Neu5Gc-like structures (Varki, 2017).

Within this context, we here considered an interesting Siglec member, the inhibitory CD22 (h-
Siglec-2 and its murine ortholog m- Siglec-2), expressed on the surface of B-cells and to a lesser
extent of T cells, able to modulate B-cell tolerance by counteracting B-cell receptor (BCR) signaling.
On resting B-cells, CD22 is “masked” by cis interactions with sialoglycans exposed on the same
plasma membrane, resulting in the formation of CD22 homo-oligomers (Han, 2005). Conversely,



upon BCR activation, CD22 clusters are recruited to the BCR and, together with Siglec-10, negatively
regulate the B cell signaling. CD22 malfunctioning and the resulting lack of appropriate BCR
inhibition has been linked to several B-cell related pathologies, such as hairy cell leukaemia,
marginal zone lymphoma, chronic lymphocytic leukaemia and non-Hodgkin’s lymphoma (Muller and
Nitschke, 2014, Mahajan and Pillai, 2016, Dorner et al., 2012).

As Siglecs, and indeed CD22, are considered effective glyco-immuno checkpoints within cancer
immunotherapy (Duan and Paulson, 2020), and since changes in the Neu5Gc/Neu5Ac ratio can
potentially modulate Siglecs’ binding and signaling properties, understanding the basis of Neu5Gc -
Siglec interaction may have therapeutic implications. Thus, also considering that the molecular
details of Neu5Gc recognition by Siglecs are still far from being explored in-depth, we here aimed to
understand the differences in the ability of human and murine CD22 to recognize and bind to various
sialoglycans. To achieve this aim, we elucidated the molecular mechanisms of Neu5Gc recognition
by, and binding to, human CD22/Siglec-2 (h-CD22) and compared it to the murine ortholog m-Siglec-
2 (m-CD22). We combined NMR spectroscopy to computational approaches like Molecular
Dynamics, docking and CORCEMA-ST methods, thus collecting pivotal information concerning the
binding epitope and the conformational behavior of Neu5Gc containing glycans.

Results

The interaction between different sialoglycans bearing acetylated or glycolylated sialic acid, namely
Neu5Ac and Neu5Gc with human and murine CD22 was investigated as follows.

Binding specificity of m- and h- CD22 toward Neu5Ac and Neu5Gc ligands

The binding affinities of both m-CD22 and h-CD22 toward Neu5Gc and Neu5Ac containing ligands
were evaluated by fluorescence analyses; in detail, fluorescence titrations of increasing amounts of
sialoglycans into a fixed concentration of the proteins were performed. The results demonstrated the
ability of m- and h-CD22 to similarly recognize acetylated and glycolylated sialoglycans (Figure 1),
as supported by the derived values of binding constants (Ky), all in the micromolar range. Thus,
human and murine CD22 recognized the examined sialoconjugates comparably.

Glycolylated 6’SLN displays a comparable molecular behavior in the binding pocket of
murine and human CD22

The glycolylated 6’-sialylactosamine [Neu5Gc-a-(2,6)-Gal-B-(1,4)-GIcNAc-B-OR, 6’SLN] was
investigated upon binding to human and murine CD22. A detailed STD NMR (Meyer and Peters,
2003, Angulo and Nieto, 2011) analysis allowed us to map the interacting epitopes of the ligand
when interacting to both m-CD22 (Figure 2a) and h-CD22 (Figure 2b). The glycolylated ligand was
recognized similarly by both receptors, as highlighted by an almost comparable binding epitope
(Figures 2a,b). The highest STD signal belonged to the glycolyl moiety of Neu5Gc, whose signal
was set to 100%. The sialic acid — galactose moiety was the main determinant of the binding to both
h-CD22 and m-CD22; in detail, H-7 of Neu5Gc (K7, Fig 2a) was saturated more than 50%, while H-
5, H-6 and H-8 of Neu5Gc (K5, K6 and K8 protons in Figure 2a), as well as H-5 and H-4 of Gal (B5
and B4, Figure 2a) were in the range of 40-50%. Furthermore, the STD signals of the diastereotopic
H-3eq and H-3ax protons (K3) showed the lowest effects with both murine and human CD22. The
GIcNAc residue (A) was completely excluded from the CD22 binding pocket (Figure 2a,b), indicating
its solvent exposure. The construction of STD build up curves (Yan et al., 2003) then allowed to
accurately define the glycolylated trisaccharide epitope excluding potential artifacts caused by
differences in the longitudinal relaxation time T1 of the ligand protons (Marchetti et al, 2016) (Figures
2a,b, Tables S1 and S2).



The topology and conformation adopted by 6’SLN when interacting with h- and m-CD22 (the

bioactive conformation) was achieved by transferred NOESY (ir-NOESY) analyses (Meyer and
Peters, 2003). The stability of ¢ and y dihedral angles of the glycosidic linkages in the free state was
monitored during 100 ns Molecular Dynamic simulation in explicit solvent, carried out using the
Amberl8 package (Case et al., 2018) (See also Methods and Figure S2). Differently from the
Neu5Ac trisaccharide, (Di Carluccio et al., 2019, Forgione et al., 2020) that in solution explores
different populations depending on the values of ¢ torsion angle (-60°/180°), the Neu5Gc glycan
preferentially adopts a conformation with ¢ around -60° (see Table S3).
As for the bound state, tr-NOESY analyses confirmed the preference of the glycolylated glycan for
the energetic minimum characterized by ¢/y dihedral angles of -60°/180°. The absence of NOE
contacts between the H6-proR of galactose and the diastereotopic (axial and equatorial) H-3 protons
of sialic acid and the key NOE established between the acetyl group of GIcNAc and H-5 of sialic acid
(Table S3) observed in the tr-NOESY spectra (Figures S1b,c), revealed a bent conformation of the
ligand, that assumed a shape characterized by an umbrella-like topology when bound either to h-
CD22 and m-CD22 (Chandrasekaran et al., 2008).

Molecular modeling showed similar binding features of murine and human CD22 in the
interaction with glycolylated ligands

Computational studies including homology modeling, docking and MD simulations were carried
out to describe the binding of CD22 with Neu5Gc ligands. The crystal structure of h-CD22 (PDB
entry 5vkj) (Erefio-Orbea et al., 2017) was used as structural template to model m-CD22, whose
three-dimensional structure is not available. The sequence encoding for m-CD22 extracellular V-set
and C2-set domains was aligned to the template sequence using BLAST (Basic Local Alignment
Search Tool) (Altschul et al., 1990). According to the sequence alignmentdisplayed in Figure 3a, m-
CD22 expectedly showed significant sequence identity (above 58%) relatively to h-CD22, in
agreement with the conserved nature of CD22. The target template alignment was submitted to the
SWISS-MODEL (Waterhouse et al., 2018) server to obtain a three-dimensional model of m-CD22;
the structure quality was assessed through PROCHECK web server (Laskowski et al., 1993), giving
a Ramachandran plot in which 80.3% of model torsional angles were in the mostly favored region
and 19.4% in the additional allowed region. The m-CD22 structural model obtained showed the
typical Siglec Ig-like folding, with the sialic acid binding site located at the summit of the N-terminal
V-set domain (Figure 3b). Similarly to other Siglecs, m-CD22 binding site architecture features a
shallow pocket constituted by the A, F and G strands and bound by the CC’ and GG’ variable loops.
Compared to h-CD22, the composition of the binding site residues entitled to sialylated epitopes
binding was overall conserved. The most relevant differences lied in the replacement of Lys23",
Tyr64" and Lys127" with Asp25™, Phe68™ and Arg131™, which slightly affected the polarity of the
binding region. Prior to docking calculations, the structural model was subjected to MD simulation,
monitoring along the trajectory the backbone RMSD and the RMSF of the whole structure, as well
as the RMSD of the CC’ and GG’ loops (Figures S3a-c). The analysis of the potential energy along
the simulation allowed to establish the m-CD22 structure at lowest energy, which was subsequently
employed for docking calculations.

To analyze its binding mode, the Neu5Gc ligand was docked into h-CD22 and m-CD22 binding
sites by means of Autodock 4.20 (Morris e al., 2009). The energies and populations of the top
clusters were very similar for both receptors, ranging from —3.5 to -2 kcal mol™* (Table S4). Thus,
from analysis of the docking results, the h-CD22/ and m-CD22/ligand complexes displaying lower
relative energy and higher cluster populations were selected to run MD simulations. Notably, in the
aforementioned poses Neu5Gc ligand displayed a similar binding mode inside the receptors pocket,
in accordance with NMR data, showing the involvement of the following major determinants of



sialylated ligands binding, i.e. the conserved arginine (Arg120 and Arg124 for h-CD22 and m-CD22)
and aromatic residues (Trp24", Trp128" and Trp26™, Trp132™) (Erefio-Orbea et al., 2017). It is worth
noting that with both h-CD22 and m-CD22, the ligand assumed an umbrella-like conformation in the
chosen clusters.

To finely describe the complexes between Neu5Gc-containing glycans and h- and m-CD22, the
aforementioned structures were used as starting point to run MD simulations throughout 100 ns.
Along the trajectory, the receptor and ligand RMSD, the ligand dihedral angles fluctuations, as well
as hydrogen bonds and contacts between the ligand and the receptor were monitored (Figures S3-
S5). In either complexes, the ligand remained anchored to both h-CD22 and m-CD22 receptors until
the end of the simulation, as demonstrated by the ligand RMSD values within ~1.5/2 A, suggesting
the stability of the binding poses (Figures S4a,c). Representative complexes selected on the basis
of the cluster analysis of the dynamics (see Methods section for details), were then analyzed by
means of the CORCEMA-ST program (Jayalakshmi and Krishna, 2002) that allowed the comparison
between the theoretical and the experimental STD data and the validation of 3D models of the
complexes (Figures 3 and 4). Thus, as for the h-CD22/Neu5Gc model, several contacts between
the ligand and the receptor binding pocket residues were observed; the majority of them were
retained for most of the simulation time (Figure S4b). In particular, the polar network between h-
CD22 and the glycolylated ligand was similar to that already described for the corresponding Neu5Ac
ligand.?! Indeed, the highly conserved Arg120 established a salt bridge between its guanidine group
and Neu5Gc carboxylate. Neu5Gc glycerol moiety was involved in hydrogen bonds with Met129
backbone oxygen and amide, as well as CH-1T contacts with Trp128. Also, the Neu5Gc¢c OH-4 formed
a polar interaction with Glu126. Most importantly, the N-glycolyl group of Neu5Gc engaged a stable
hydrogen bond with Lys127 and hydrophobic contacts between its methylene protons and both
Trp24, Trpl28 aromatic moieties (present 82 and 100% of the simulation time, respectively, as
shown in Figure S4b). The Gal unit contributed to the receptor binding by means of CH—1t interaction
with Tyr64 aromatic residue (present for 100% of the simulation time). On the contrary, the GIcNAc
unit was far from the h-CD22 surface for the most part of the simulation and this sugar moiety
displayed higher RMSD with respect to the other sugar units (Figure S5a). Concerning the
conformational behavior along the MD simulation, the bound ligand maintained the umbrella topology
for 82% of the simulation (Figure S5b). Indeed, the distance between the CHs group of the N-acetyl
glucosamine and the H-5 of sialic acid assumed an average value of 4.9 A, in accordance with the
NOE derived distance (Figure S5c and Table S3).

The CORCEMA-ST highlighted a good agreement between the theoretical and experimental values
(Figure 4b). Indeed, the strongest STD effects in the h-CD22 complex were predicted for protons
belonging to Neu5Gc unit; significant saturation was also estimated for some protons of the Gal unit,
conversely no saturation was predicted for protons of GIcNAc units, in full agreement with the
experimental STD data (Figure 2b and Sla, Table S2). The high STD value of the glycolyl group of
the ligand was consistent with the close contacts with Trp24, Trpl128 and Glul26 side chains.
Regarding STD data of the Neu5Gc glycerol moiety, the higher STD effect observed for the H-7 is
due to the strong CH-T1 interaction of this proton with Trp128 indole group, beyond the contacts
between the entire moiety and Met129. Concerning the hydroxymethylene group, only the H-9S was
oriented towards Trp128, thus exhibiting a higher STD effect with respect to H-9R. Also, H-4 and H-
6 of Neu5Gc displayed significant STD effects for their vicinity to the receptor surface. For the Gal
unit, considerable saturation was predicted especially for the proton at position 4, due to its close
contacts with Tyr64 aromatic ring.

As for m-CD22/Neu5Gc validated model, the ligand interaction pattern showed many similarities
with its human ortholog. Still, Neu5Gc majorly contributed to the binding, interacting with Argl124,
Argl31, Trpl32, Metl33 receptor residues, whereas no participation of GICNAc residue was



observed (Figure 5 and S4d). Specifically, the carboxylate of Neu5Gc formed the key electrostatic
interactions with the Argl24 guanidinium group. Met133 established numerous polar interactions
with the hydroxyl groups of the ligand glycerol moiety. Additionally, the Arg131 played the same role
of Lys127 in h-CD22 receptor, thus forming a stable hydrogen bond between its backbone oxygen
and the amide nitrogen of Neu5Gc N-glycolyl moiety, that was also in close contact with Trp26 and
Trpl32 aromatic residues (present for 93% and 100% of simulation time, respectively).

Differently from h-CD22 complex, the hydroxyl group of the N-glycolyl moiety forms polar
interactions with Asp25 and Asn24 residues, which lie in proximity of the binding region, although
these contacts were observed for 60% and 40% of the MD simulation, respectively. Furthermore,
similarly to h-CD22 binding mode, the Gal unit is mostly engaged in CH-1T interaction with Phe-68
residue (contact present for 99% of the simulation time); also, the GIcNAc residue did not interact
with m-CD22, exhibiting a higher degree of fluctuation with respect to the other residues (Figure
S5d). In accordance with the experimental data, the ligand retained an umbrella-like conformation
for 89% of the simulation time, as supported by the average distance between the CHsz group of the
N-acetyl glucosamine and the H-5 of Neu5Gc along the simulation (Figures S5e-f).

Thus, a comparison of CORCEMA-ST results of m-CD22 and h-CD22 in complex with Neu5Gc-
containing trisaccharide highlights how the orientation of the glycan inside the receptors binding
pockets is comparable. The strong STD value observed for N-glycolyl moiety of Neu5Gc in the
interaction with m-CD22 could be explained by the contacts between the hydroxymethyl group and
Asp25 and Asn24 residues, beyond those observed with the Trp26 and Trpl32 aromatic residues
and the hydrogen bond with Argl31, analogous to that described in the human receptor. The
potential involvement of the Asp25 in the recognition of N-glycolyl trisaccharide by m-CD22 was
supported by the results of CORCEMA-ST analysis performed on several other structures lacking
the hydrogen bond involving the Asp25, resulting in higher R-NOE values due to the significantly
lower STD value attributed to the N-glycolyl moiety protons (data not shown). Considering the Gal
moiety, similar STD effects were predicted for the protons directed toward the residue aromatic side
chain, namely H-4 and H-3, in line with conservative mutation of Tyr64" into Phe68™.

STD NMR analysis revealed a comparable recognition profile of the acetylated 6’SLN by
murine and human CD22

The STD NMR analysis of the interaction of Neu5Ac containing trisaccharide [Neu5Ac-a-(2,6)-
Gal-B-(1,4)-GIcNAc] with murine CD22 (Figures 2c and Sla, left panel) revealed an epitope map and
a binding mode fully comparable to that of human CD22, previously characterized by our group.?The
several changes in the multiplicity and relative intensity of signals observed in the STD NMR
spectrum with respect to the corresponding reference (Figure S1a) were diagnostic of the binding
specificity. In detail, the sialic acid residue (K) mostly participated to the interaction with m-CD22,
with the acetyl group giving the highest STD signal. On the contrary, the acetyl group belonging to
the glucosamine residue (A) disappeared from the STD spectrum, highlighting its distance from the
binding site. Additionally, H-6 proton of sialic acid gave a good STD signal, close to 70%, followed
by the protons belonging to the glycerol chain and the H5 (range of 30-50%). The contribution of the
diastereotopic H-3 protons was less remarkable (< 30%). Interaction of the galactose unit (B) was
also detected, mainly relative to protons H-4, H-5 and H-6. Notably, as further confirmation of the
binding specificity, the multiplet around 3.9 ppm in the off-resonance, deriving from the overlapping
of H-6 A and H-6 B, was converted into a triplet corresponding to the only H-6 Gal B in the STD
spectrum, further evidence that the N-acetylglucosamine moiety was excluded from the recognition
process. Additional data gathered from the construction of STD build-up curves (Figure 2c)
corroborated the results obtained from the qualitative STD NMR analysis (Table S5). The above



experimental data highlighted a totally comparable binding mode of Neu5Ac containing trisaccharide
with human and murine CD22.

Comparison of acetylated and glycolylated glycans interaction with murine and human CD22

To directly compare the mode of interaction of Neu5Ac/Neu5Gc with m-CD22, a computational
approach was performed to establish a three-dimensional complex of m-CD22 and Neu5Ac glycans,
thus defining a reliable model of interaction (Figure 6). According to our results, the Neu5Ac ligand
displayed a similar orientation with respect to Neu5Gc ligand, establishing the crucial salt bridge with
Arg124 through its carboxylate. The hydroxyl groups of the glycerol lateral chain interacted through
hydrogen bonds with the Met133 backbone. The N-acetyl group was involved in the binding with
Argl31 as well as hydrophobic interactions with Trp26 and Trp132 aromatic residues. The Gal
residue, similarly to Neu5Gc ligand, was involved in CH-1T interactions with Phe68, and the GIcNAc
was far from the binding region. Thus, it can be assessed that m-CD22 interacts with Neu5Ac and
Neu5Gc ligands in analogous manner. A comparison of the 3D structures of the models showed
slightly different shape and polarity of the receptor cavities, which accommodate the Neu5Ac and
Neu5Gc moieties (Figure 6a,b). Indeed, whereas the h-CD22 region responsible for N-acetyl and N-
glycolyl binding is essentially constituted by aromatic residues, m-CD22 also comprises the Asp25
residue in optimal position to interact with the longer N-glycolyl chain.

Finally, MM/GBSA and MM/PBSA analysis (Srinivasan et al., 1998) was performed with
Amber to have an indication of the relative binding energy of the complexes (Table 1). As result, all
four complexes exhibited comparable AGb values, in agreement with the similar binding properties
of the receptors toward the different forms of sialic acid here discussed (Figure 6c¢,d). Therefore,
despite some differences in the binding regions described above, it is possible to assess that human
and murine CD22 similarly recognize Neu5Ac and Neu5Gc ligands, in accordance with the
experimental results.

Discussion

The family of Sias includes nearly 50 structurally diverse members deriving from naturally
occurring modifications in different positions of the original nonulosonic acid skeleton (Pearce and
Laubli, 2016). Usually, Sia’s cap the terminal moiety of cell surfaces glycoconjugates and glycolipids
as well as secreted glycoproteins are attached to the underlying glycan via a-(2—3), a-(2—6), or a-
(2—38) linkages. By virtue of their location, diversity and ubiquity in vertebrates, Sia’s serve as ligands
of endogenous and exogenous glycan binding proteins, thus representing important regulators of
several biologically relevant recognition processes (Varki, 2008). Sialylated glycans from human
cells mainly terminate with the 5’ acetylated isoform of neuraminic acid, Neu5Ac, because of the
evolutionary loss of the Neu5Gc, which differs from Neu5Ac by one additional oxygen atom. In
contrast with the majority of other mammals, humans do not possess the ability to synthesize
Neu5Gc; it can be however metabolically incorporated from dietary sources, i.e. red meat, and
becomes present on some epithelial and endothelial cell surfaces (Alisson-Silva et al., 2018). Also,
the presence of Neu5Gc on nontypeable Haemophilus influenzae (NTHi) LOS (lipooligosaccharide)
that forages exogenous sialic acids from the host was recently demonstrated (Preston et al., 2018).
Being Neu5Gc a xeno-autoantigen mostly present on malignant cells, the interaction between
inhibitory CD22 and Neu5Gc glycans may indeed play a key role in the regulation of the tumor
immune response (Samraj et al.,2014), impact on cancer progression and increase tumor-
associated inflammation. Here, we evaluated the effect of sialic acid glycolylation on the binding with
CD22, comparing the behavior of different ligands in complex with murine and human CD22,
improving the knowledge of the structural basis of the recognition of sialylated N-glycans from CD22
receptor.

NMR analysis revealed a comparable binding epitope of both murine and human CD22 towards
glycolylated glycans (Figures 2a-c and S1). In both complexes a bent umbrella-like conformation of



the ligand was adopted, as supported by the results achieved from the NMR data and MD simulations
(Figures S1d-e and S5c,f). From molecular modeling, it was confirmed that Neu5Gc/ Neu5Ac ligands
displayed a similar orientation inside the binding site of murine and human CD22, independently
from the Sia nature, as supported by a comparison of the molecular surfaces of h-CD22 and m-
CD22 in the interaction with N-acetyl/N-glycolyl Sia chains, in Figure 6. Furthermore, it was
evidenced the possibility for m-CD22 of forming additional interactions with Neu5Gc ligand, mainly
involving the hydroxymethyl group of N-glycolyl moiety. This was further supported by a comparison
of the molecular surfaces of h-CD22 and m-CD22 deputed to interact with N-acetyl/N-glycolyl Sia
chains. In addition, the substitution of Asp25™ in place of Lys23" in the binding subsite of m-CD22
influences the possibility to establish hydrogen bonds with the hydroxyl group of the glycolyl moiety.

Overall, our studies indicate that, despite the different nature of sialic acid residue, the
recognition region of h-CD22 is almost invariant comparing Neu5Ac and Neu5Gc containing glycans.
These results agree with the similar affinity of h-CD22 toward Neu5Gc/Neu5Ac structures, as
recently reported by Angata (Angata, 2018). In conclusion, the obtained outcomes provide a global
vision of how the most diffuse neuraminic acid forms of sialylated N-glycans in mammals arrange in
the binding pocket of CD22. Hence, potential high affinity analogues of ligands naturally recognized
from the CD22 could be specifically designed and synthetized for targeting the receptor protein in
order to impede the biological interaction, thus modulating immune responses.

Limitations of the Study

This study reports the interactions of the biologically relevant CD22, in human and murine variants,
with the two predominant forms of sialic acid in vertebrates. A comparison of the binding mode was
carried out mainly by NMR spectroscopy, molecular modelling and CORCEMA-ST calculations. In
the absence of high-resolution coordinates of the murine CD22, we employed homology modeling
and different computational approaches to validate the generated models (docking, MD simulations,
CORCEMA-ST). Despite the high homology with respect to the template, the structural conclusions
we derived from homology modeling will require the definition of the three-dimensional structure of
the murine CD22 to avoid misinterpretation of the data.
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Main Figures Title and Legends

Figure 1 Fluorescence titrations. Fluorescence spectra of m-CD22 (upper panel, black lines) or hCD22
(lower panel, black lines) in the presence of increasing amounts of Neu5Gc containing ligand (colored lines)
or Neu5Ac containing ligand (colored lines), respectively. The binding isotherm and the values of the binding
constants (Kb) are also reported.

Figure2. STD NMR analysis of glycolylated and acetylated Sia-a-(2,6)-Gal-B-(1,4)-GIcNAc-
B-OCH2CH2NH: interacting with murine and human CD22. a) Reference *H NMR spectrum (black) and
STD 1D NMR spectrum (red) with a molecular ratio m-CD22/glycolylated ligand of 1:100 at saturation time of
2s. On the right, STD build-up curves are reported. STD build-up curves are calculated using the following
monoexponential equation: STD (tg,.) = STD™** (1 — e ksattsat) where STD (tsar) is the STD signal intensity of
each proton at tsar Saturation time, STD™ is the asymptotic maximum of the curve and ksa represents the
observed saturation rate constant measuring the speed of STD build-up. The highest STD signal intensity is
referred to the glycolyl/acetyl group of sialic acid, set to 100% while the other protons were normalized to this
value. The STD-derived epitope mapping on the molecular envelope of Neu5Gc ligand in the bioactive
conformation, with color code according to the observed STD effects is also shown. b-c) Epitope maps of the
glycolylated/acetylated ligands interacting with m/h-CD22, calculated from the ratio (lo—lsat)/lo, where (lo—lsat) is
the STD signal and lo is the peak intensity of the unsaturated reference spectrum. STD effects lower than 10%
are not indicated in the epitope mapping. H6R, H6S, HI9R, HIS protons refer to H6-proR, H6-proS, H9-proR
and H9-proS, respectively.

Figure 3. Comparison of h-CD22 and m-CD22 structures. a) BLAST alignment of the extracellular regions
of murine CD22 and human CD22. Key amino acids are highlighted in blue and Cys forming disulfide bridges
in green. Sequence corresponding to the V-set domain is evidenced in pink, sequence of C2 — set domains in
purple. Conservation between the two sequences is evaluated using Jalview (Waterhouse et al., 2009) b)
Comparison of the N-terminal V-set domains of h-CD22 (pink), PDB entry: 5VKM, and m-CD22 homology
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model (orange). Common residues constituting the binding sites are highlighted in cyan. Residues of m-CD22
pocket differing from h-CD22 are colored in green. A direct comparison of the binding site residues can be
found in the table on the right.

Figure 4. Interaction between h-CD22 and Neu5Gc ligand. a) Three-dimensional model of Neu5Gc ligand
bound to h-CD22 V-set domain as derived by STD, tr-NOESY and MD. b) The three-dimensional h-
CD22/Neu5Gc complex showing the best fit between theoretical (solid line) and experimental (dashed line)
STD data derived by CORCEMA-ST analysis. (R-NOE values of 0.24). ¢) Two-dimensional plots representing
the interactions between the glycolylated trisaccharide and h-CD22 binding site residues, derived from a
representative frame of the MD simulation. Dotted arrows represent hydrogen bonds with functional groups
from side chains and solid arrows those with functional groups of the backbone. The interaction diagram was
produced by Maestro 10.4.018 program.

Figure 5. Interaction between m-CD22 and Neu5Gc ligand. a) Three-dimensional model of Neu5Gc ligand
bound to m-CD22 V-set domain as derived by STD, tr-NOESY and MD. b) The three-dimensional m-
CD22/Neu5Gc complex showing the best fit between theoretical (solid line) and experimental (dashed line)
STD data derived by CORCEMA-ST analysis. (R-NOE values of 0.21). ¢) Two-dimensional plots representing
the interactions between the glycolylated trisaccharide and m-CD22 binding site residues, derived from a
representative frame of the MD simulation. Dotted arrows represent hydrogen bonds with functional groups
from side chains and solid arrows those with functional groups of the backbone. The interaction diagram was
produced by Maestro 10.4.018 program.

Figure 6. Comparison of the interaction of Neu5Ac/Neu5Gc ligands with m-CD22 and h-CD22. a) Close
up view of N-Acetyl (purple) and N-glycolyl (cyan) binding region of h-CD22, showing the protein surface (pink).
b) Close up view of N-Acetyl (purple) and N-glycolyl (cyan) binding region of m-CD22, showing the protein
surface (orange). c) Superimposition of h-CD22/Neu5Gc (pink) and h-CD22/Neu5Ac complexes (dirty violet)
d) Superimposition of m-CD22/Neu5Gc (bright orange) and m-CD22/Neu5Ac complexes (olive).

Main Tables and legends

Table 1. Relative binding energies of h-CD22 and m-CD22 with acetylated and glycolylated ligands. All
units are expressed in kcal/mol.

Complex AGb (MM/GBSA) AGb (MM/PBSA)
h-CD22/Neu5Gc -41.24 +0.15 -12.66 + 0.16
h-CD22/Neu5Ac -38.43 +0.18 -10.75 + 0.18
m-CD22/Neu5Gc -38.29 + 0.16 -11.73+0.19
m-CD22/Neu5Ac -34.69 + 0.26 -10.72 £+ 0.18
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