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1. Introduction 

Molecular recognition of a specific receptor by a given ligand is an invaluable source of 

information in an organism, and a cascade of such interactions constitutes the basis for all 

the biological processes in life. A complete understanding of the biomolecular interactions 

and the structural mechanisms governing molecular recognition is key to describing these 

biological processes. By elucidating the three-dimensional structure of biomolecular 

complexes, we can precisely map the binding interfaces, as well as conformational changes 

and dynamic features that drive molecular recognition. This knowledge is critical not only for 

understanding healthy biological systems, but also for identifying how structural defects 

lead to pathological outcomes, guiding the rational design of therapeutic interventions.  

Different methodologies are able to capture specific aspects of a biomolecule’s 

behavior, hence, an integrative approach is crucial for fully describing the biophysical and 

structural features of a system. The size of the system, its dynamics, the affinity (in case of 

an interaction), or simply, the sample preparation requirements and types of response 

detected are crucial when choosing the right techniques for the study.  

Among the different methods in structural biology, Nuclear Magnetic Resonance (NMR) 

comes as a powerful tool for the characterization of proteins and their interactions, providing 

atomic resolution insights into the structure of a complex. It is also a major tool for the study 

of dynamics or changes in the dynamic features of a system, such as molecular motions and 

conformational changes upon an interaction. 

Several experiments are available to explore each of these properties and are broadly 

divided into ligand-based and protein-based NMR experiments. Ligand-based experiments 

such as Saturation Transfer Difference (STD) and WaterLOGSY, are useful experiments 

focused on the detection of changes in the NMR spectrum of a ligand upon binding to a 

specific receptor. These experiments are particularly useful for ligand screening, the 

assessment of the binding affinity of a complex, the detection of transient and weak 

interactions, as well as to map ligand epitopes involved in the interaction. Protein-based 
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NMR experiments on the contrary, monitor the effect of a ligand on the NMR spectrum of a 

protein, most of the time, isotopically enriched in 15N and/or 13C isotopes. A larger number of 

protein-based NMR experiments are available to monitor protein-ligand interactions, among 

which, 2D NMR titrations monitored by 1H-15N HSQC experiments, NOESY, T1 and T2 

relaxation measurements are the most widely used. Important information such as the 

binding affinity, as well as other thermodynamic and kinetic parameters, mapping of the 

binding site, information about the protein residues involved in the interaction, and 

dynamics and conformational changes in the protein upon binding, can be obtained.  

More technical aspects of specific NMR experiments are further discussed in the 

methodology section of this thesis, however, the ability to monitor both ligand and protein 

signals in solution provides a complementary and comprehensive understanding of an 

interaction. This wide variety of approaches that can be applied through NMR makes it an 

essential tool for exploring the molecular details of protein-glycan interactions as well as for 

the structural characterization biologics. 

1.1 Biophysical characterization of carbohydrate binding proteins 

The sialic acid family 

Sialic acids (Sias), also known as neuraminic acids (Neus) are a member of the 

nonulosonic acid (NulO) family, a group of α-keto acid monosaccharides with a 9-carbon 

backbone1.  They are characterized for their diversity and high number of functional groups 

for a single monosaccharide, which combined with the various epimers and modifications, 

make them a complex molecule. In sialylated glycans, this complexity is further increased 

by the different types of glycosidic bonds that can link the Sia residue and the underlying 

glycan, making sialoglycans ideal as information carriers during cell-cell and host-pathogen 

recognition2.  

The structural diversity in sialic acids arises from the different chemical modifications 

the molecule can undergo. N-acetyl neuraminic acid (Neu5Ac), with an N-acetyl group in the 

C-5 position; N-glycolyl neuraminic acid (Neu5Gc), with a hydroxylated 5-N-acetyl group; 
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and 2-keto-3-deoxynonic acid (Kdn), with a hydroxyl group in C-5 position, are the most 

common forms of sialic acid (Figure 1). However, the less common neuraminic acid (Neu), 

with a non-acetylated 5-amino group can also be found in nature. Additional phosphate 

groups, O-acetyl, O-methyl, O-sulfate and O-lactyl modifications of these four core Sia 

forms (Neu5Ac, Neu5Gc, Kdn and Neu) on the hydroxyl groups at C-4, C-7, C-8 and C-9 are 

also found. Furthermore, the C-1 carboxylate group, is ionized at physiological pH, but it can 

also be converted into a lactone with hydroxyl groups of adjacent glycans, or into a lactam 

with the free amino group at C-5. All of these modifications, in combination with the different 

glycosidic linkages, generate an immense structural diversity in which Sia can be presented 

on the cell surface3,4. 

 

 

Figure 1. Chair conformations in the α configuration in C-2 position, with numbering of the positions indicated 

for: A) neuraminic acid (Neu), B) N-acetyl neuraminic acid (Neu5Ac), C) N-glycolyl neuraminic acid (Neu5Gc) 

and D) 2-keto-3-deoxynonic acid (Kdn). 

 

Typically, sialic acids are found as part of several glycoconjugates, capping different 

glycosphingolipids, as well as N- and O-glycans on the cell surface and conferring unique 

properties to the molecules containing them. In general, Sias modulate the stability and 

function of the glycoprotein or glycosphingolipid and influence the net charges on the cell 

surface5. Hence, aberrant sialoglycan expression has been associated with several 
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pathological conditions. In particular, the roles of hypersialylation in several types of cancer, 

as well as in bacterial and viral infections have been widely investigated6–10.  

Biosynthesis of sialylated glycoconjugates 

Three enzymes participate in the biosynthesis of Neu5Ac, the predominant form of sialic 

acid in humans. First, N-acetylmannosamine (ManNAc) is formed from the epimerization of 

UDP-acetylglucosamine (UDP-GlcNAc). ManNAc is then phosphorylated in the C-6 position 

by the same bifunctional enzyme, an UDP-GlcNAc-2-epimerase/Nacetylmannosamine 

kinase forming a ManNAc-6P intermediate. This 6-carbon intermediate is further condensed 

to the 3-carbon molecule phosphoenolpyruvate (PEP) by the N-acetyl neuraminic acid-9P 

synthetase (NANS) to yield the 9-carbon molecule N-acetyl neuraminic acid-9P. The 

molecule is then dephosphorylated by the N-acetyl neuraminate 9-phosphate 

phosphohydrolase (NANP), resulting in Neu5Ac. The whole process occurs in the cytosolic 

compartment as illustrated in Figure 21,2. 

Neu5Ac is then converted to cytidine monophosphate-sialic acid (CMP-Neu5Ac), which 

acts as an activated form of Neu5Ac, in a process that happens in the nucleus for reasons 

that remain unclear. In vertebrates, sialyltransferases then transfer Neu5Ac from CMP-

Neu5Ac to lipids and protein glycans in the Golgi, which are then further transported to the 

cell surface for glycan recognition. At last, these sialoglycans are taken up into lysosomes 

for degradation, and the metabolites reused. Additional modifications of Neu5Ac, such as 

the hydroxylation of N-acetyl group to form Neu5Gc or O-acetylation occur in the cytosol, 

while methylation or sulfation likely occur in the Golgi apparatus1. 
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Figure 2. Metabolic pathway of N-acetyl neuraminic acid in vertebrate’s cells. On the right column, a schematic 

representation of CMP-Neu5Ac biosynthesis from UDP-GlcNAc. The enzymes involved are highlighted in each 

step. On the left, a representation of the metabolism of Neu5Ac in the cell leading to sialoglycans presentation 

on the cell surface and further degradation. Reprinted from Essentials of Glycobiology, Chapter 15: Sialic Acids 

and Other Nonulosonic Acids (online version) by Varki A, Cummings RD, Esko JD, et al., 2022, Cold Spring 

Harbour, NY. Copyright © 2022 by The Consortium of Glycobiology Editors, La Jolla, California. 

 

In humans, sialylation of different glycoconjugates is performed by 20 different 

sialyltransferases (STs)11, a group of enzymes that transfer sialic acid from CMP-sialic acid 

to non-reducing ends of oligosaccharide chains in glycolipids and glycoproteins. These 

enzymes catalyze the formation of different types of glycosidic bonds, adding up to the 

diversity and complexity of the sialoglycans world. In addition to different glycosidic 

linkages, enzymes of the ST family are also “acceptor-specific”, since they’re able to 

discriminate in between different terminal carbohydrate sequences to be sialylated1,11,12. 

Typically, sialic acids are linked to galactose (Gal) or N-acetyl galactosamine 

(GalNAc) residues through α2,3 or α2,6 glycosidic bonds, as well as to other sialic acid 

residues through an α2,8 glycosidic linkage. Far less common α2,9 glycosidic linkages have 
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also been found in nature in linear sialic acid homopolymers or in linear copolymers with 

alternating α2,8- and α2,9-linked sialic acids13–16.  Synthesis of each of these sialoglycans is 

catalyzed by different STs, that are generally categorized in 4 different families. The ST3Gal 

family, comprise enzymes that catalyze the transfer of sialic acid to a terminal galactose of 

N- and O- linked glycans and glycolipids forming an α2,3 glycosidic linkage; the ST6Gal 

family, with enzymes that add sialic acid to galactose residues of N-glycans with an α2,6 

linkage; the ST6GalNAc family with enzymes that promote the addition of sialic acid to 

terminal N-acetyl galactosamine residues (GalNAc) in an α2,6 fashion; while enzymes from 

the ST8Sia family catalyze the formation of an α2,8 glycosidic bond between two sialic acid 

residues in N- and O- glycans17,18.  

Sialic acid-binding proteins 

Given their diversity and terminal location in glycoproteins and glycolipids, sialic acids 

serve as ligands for a variety of lectins, often referred to as sialic acid binding proteins.  These 

receptors play a crucial role in biological processes such as cell-cell interaction, regulation 

of immune system and pathogen recognition. 

Lectins with remarkable degrees of specificity towards different types of sialic acids and 

their glycosidic linkages, have been discovered in different organisms unable to produce 

sialic acid. This phenomenon is not strange for organisms such as bacteria or viruses, whose 

sialic-acid binding proteins mediate infection processes. Nevertheless, the majority of sialic 

acid-binding proteins are found in vertebrates that express sialic acid endogenously and play 

important roles in regulating immune responses, cell-cell adhesion, and cell and pathogen 

recognition. The most widely known sialic acid-binding proteins are the previously 

mentioned sialyltransferases, as well as sialidases, selectins, some adhesins and siglecs. 

All these proteins belong to different families and structural classes, and as so, are involved 

in diverse physiological functions, yet they all share the capability of binding sialic acid19.  
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Siglec family 

Among the endogenous sialic acid-binding proteins in humans are those comprising the 

15-member Siglec family. The sialic acid-binding immunoglobulin (Ig)-like lectins (Siglecs) 

are a group of transmembrane proteins that share a common N-terminal carbohydrate 

recognition domain (CRD), also known as V-set domain, able to recognize sialic acid 

containing glycoproteins and glycolipids. They also bear a variable number (1-16) of 

extracellular C2-set immunoglobulin domains, as well as cytoplasmic domains that contain 

different regulatory motifs responsible for their cell-signaling functions (Figure 3)20–22. 

They are usually classified in two different sub-categories depending on their 

evolutionary conservation and sequence similarity into conserved and CD33-related 

Siglecs. The evolutionary conserved Siglecs among all mammals include sialoadhesin 

(Siglec-1), CD22 (Siglec-2), myelin associated glycoprotein (MAG, Siglec-4) and Siglec-15. 

The remaining CD33 (Siglec-3), Siglec-5, -6, -7, -8, -9, -10, -11, -14 and -16 are part of the 

CD33-related category6.  

Not included in the category is Siglec-13 which, even though expressed in chimpanzees 

and baboons, is specifically deleted in humans12,13. Siglec-12, on the other hand, is 

expressed in humans but has lost the ability to bind sialic acid due to an R122C mutation in 

its binding site23. Interestingly, mutating C122 back to an arginine residue restores the 

capacity of the protein to bind sialic acid. Until today, there is debate on whether to include 

Siglec-12 in the human Siglec family and is always denoted as Siglec-XII to differentiate it 

from the non-mutated Siglec-12 in other mammals24.   

Except for sialoadhesin (Siglec-1), all the Siglecs bear structural features of regulatory 

motifs involved in cell-signaling, which can act as inhibitors or activators of immune 

responses. Activating signals arise from the immunoreceptor tyrosine-based activation 

motifs (ITAM). However, most Siglecs also contain one or more consensus immunoreceptor 

tyrosine-based inhibitory motifs (ITIM), including the classic ITIM motif (I/V/LxYxxL/V), and 

ITIM-like motif (D/E/xYxEC/IK/R), as well as the inhibitory tyrosine switch motif (ITSM, 

TxYxxV/I), that can participate in either inhibitory and activatory responses20,25.   
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Upon sialoglycans binding, the tyrosine in the ITIM motif gets phosphorylated by Src 

kinases, which generate binding sites for the Src-homology 2 domain (SH2), present in the 

SHP-1 and SHP-2 phosphatases. This phosphatases dephosphorylate the signaling 

molecules in the ITAM motif, suppressing different activatory pathways, modulating different 

physiological responses, depending on the Siglec and the cell-type20,26–28. 

 

Figure 3. Human and murine receptors from the Siglec family, including the conserved members across 

mammals, as well as the 4 murine and 10 human CD33-related Siglecs and their structural features.  Adapted 

from “Siglecs as Immune Checkpoints in Disease”, by S. Duan and J. C. Paulson, 2020, Annu. Rev. Immunol., 

38, 365-395.Copyright © 2020 by Annual Reviews. 

 

Siglecs have been found to be expressed in hematopoietic, as well as in most cells from 

the human immune systems, including several myeloid and lymphoid cells, with myelin 

associated glycoprotein (Siglec-4) being the only exception. Siglec-4 is instead found on 

oligodendrocytes and Schwann cells from the central and peripheral nervous system29,30. 
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Some of the Siglecs are cell-type specific and carry out a particular function in a cell, 

others can be expressed on a larger variety of cells and perform a broader range of functions. 

Siglec-1, for example, has been found exclusively in macrophages of the spleen, liver, lymph 

node, bone marrow, colon and lungs and in certain subsets of dendritic cells31,32, and play a 

role in pathogen recognition33 and in B-cell activation34,35. The other cell-type specific Siglec 

is Siglec-2, which is expressed on B-cells, where it regulates their function36. Siglec-7 and 

Siglec-9, on the other hand, can be found in a variety of cells such as monocytes, 

macrophages, dendritic cells, neutrophils, T cells (Siglec-9) and NK-cells. Their functions 

can be as broad as pathogen recognition and phagocytosis, antigen presentation, 

modulation of T-cell responses, regulation of immune cell surveillance and inhibition of NK-

cell cytotoxicity37,38.  

Siglecs ligand specificity 

Another remarkable feature of the Siglec proteins is their capacity to recognize a wide 

variety of sialic acid-capped glycoconjugates with a unique yet overlapping specificity. This 

feature defines the function of each of the proteins of the family in the context of the specific 

cells they are expressed on. This ligand specificity is determined by the structure of the sialic 

acid residue, the type of glycosidic linkage to the underlying glycan and the structure of the 

underlying glycan chain, as mentioned above. Figure 4 illustrates the types of the main 

sialoglycans that have been shown to bind the different Siglecs, although the binding 

capability can even be broader for some of them and bind several sialoglycans with a 

different range of affinities39.  
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Figure 4. Cell types expressing each Siglec, with their preferred natural sialoglycans. Most siglecs naturally 

bind other types of sialosides with lower affinity, not shown in the figure. Cell types are abbreviated as B cells 

(B), basophils (Ba), conventional and plasmacytoid dendritic cells (cDC and pDC), eosinophils (Eo), 

macrophagues (Mac), mast cells (MC), microglia (Mic), monocytes (Mo), natural killer cells (NK), neutrophils 

(N), osteoclasts (Ocl), T cells (T), oligodendrocytes (OD) Schwann cells (Sch) and placental trophoblasts 

(troph). Adapted from “Siglecs as Immune Checkpoints in Disease”, by S. Duan and J. C. Paulson, 2020, Annu. 

Rev. Immunol., 38, 365-395.Copyright © 2020 by Annual Reviews. 

 

Binding in Siglecs, as in most proteins, is greatly determined by its structural 

architecture. A shallow cavity on the N-terminal CRD acts as the sialic acid binding site. It 

contains a highly conserved arginine residue that mutagenesis experiments have confirmed 

to be essential for sialoglycan binding. This arginine is present in all the Siglecs, except for 

the previously mentioned Siglec-XII. At physiological pH, Siglecs interact with sialic acid 
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through a salt-bridge formed in between the guanidinium cation on its side chain and the 

negatively charged carboxylate group in C-1 position of the sialic acid36.  

Even though the CRD in Siglecs is highly conserved, besides the essential arginine, the 

residues in the binding site can differ from one Siglec to another, shaping the structure, 

charge and chemical composition of the active site for each of them. Furthermore, the 

binding preference is also determined by the different loops located in close proximity to the 

active site of the protein. These loops tend to be variable regions among different Siglecs and 

can play important roles that goes from masking the sialic acid binding sites for specific 

ligands, to shaping the active site of the protein. These differences in the binding sites 

account for the glycan selectivity and specificity and are crucial for their biological 

functions. 

Furthermore, Siglec ligands are generally sialylated glycans presented in a multivalent 

fashion on the cell surfaces or pathogens, and hence, avidity has been shown to be an 

important factor that influences sialoglycan recognition. The binding affinities measured in 

non-multivalent systems, for the Siglec interactions, have been reported to be relatively 

weak, ranging from 100 μM to 3 mM40. Different studies have acknowledged the important 

role of multivalency in modulating ligand binding affinities to Siglec receptors41–43.  

Sialic acid-binding immunoglobulin-like lectin - 7 

p75/AIRM1, also referred to as Siglec-7, is a member of the human CD33-related Siglecs 

that was almost contemporaneously cloned for the first time by the groups of Alessandro 

and Lorenzo Moretta, Paul Crocker and Ajit Varki, who published their findings in September 

199944, November 199945 and April 200046, respectively. It is the main Siglec expressed on NK 

cells and is composed of an N-terminal (V-set) CRD domain, which contains the active site 

of the protein; two C2-set Ig domains that are thought to play a structural role, projecting the 

sialic acid binding site away from the membrane surface; and two ITIM and ITIM-like motifs 

in its cytosolic region, that make Siglec-7 an inhibitory receptor37,44–46. 
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Before the discovery of Siglec-7, Siglec’s binding capabilities were restricted to α2,3- and 

α2,6-linked sialic acids. Instead, Siglec-7 has unique binding preferences towards α2,8 

disialylated or polysialylated molecules, as well as to α2,3 and α2,6-branched sialoglycans. 

Siglec-7 activity towards linear α2,3- and α2,6-linked sialylated glycoconjugates, as well as 

to free sialic acid has been reported to be either very weak or none.  

The preferred ligands known so far for Siglec-7 are disialylated gangliosides that exhibit 

an α2,8 glycosidic bond in between the sialic acid residues. Gangliosides, which are sialic 

acid-containing glycosphingolipids, are endogenous Siglec-7 ligands. These are structurally 

composed of a hydrophobic lipid portion embedded in the cell membrane, known as 

ceramide, and an extracellular carbohydrate moiety exposed for recognition. Ganglioside 

recognition by Siglec-7 is essential for the biological roles of the protein in cell-cell 

communication, modulation of immune responses and host-pathogen interaction and 

recognition46,47.  

Structure of Siglec-7 

The CRD of eight out of the fourteen Siglec structures have been determined so far, and 

even though Siglec-148, -749 and -550 saw their crystal structures elucidated on the earlier 

days of the Siglecs research  (1998, 2003 and 2008, respectively), most of the structures 

remained unknown until the last eight years. In 2016, the X-ray structure of Siglec-451, as well 

as an NMR-based structure for Siglec-852 were published. The crystal structure of Siglec-253, 

-354 and 1555, as well as the first X-ray structure of Siglec-856, followed in 2017, 2019, 2023 

and 2022, respectively.  

The elucidation of the structure of the Siglecs is fundamental to further understand the 

molecular basis for glycan recognition that govern their functions and provides new 

opportunities for the development of novel treatments for cancer, autoimmune disease and 

infectious diseases in which Siglecs are involved. These outbreaks in structure elucidation 

of the different members of the family, in fact, are a clear effect of the recent discoveries of 

the many biological roles of these proteins and their potential as therapeutic targets. 
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The structure of Siglec-7’s CRD is a typical Ig-like fold, comprised of a β-sandwich formed 

by two antiparallel β-sheets made of strands A’GFCC’ and ABED, as shown in Figure 5, that 

are stabilized by disulfide bonds. The strands are connected by the flexible A-B, B-C, C-C’, 

C’-E, E-F, F-G and G-A loops, and some of them are particularly important in shaping the 

binding site of the protein49.  

The sialoglycan binding site is exposed to the solvent and is located in the A’GFCC’ β-

sheet, which contains the conserved arginine R124. This residue is key for sialoglycans 

binding and interacts with the carboxylate group of the sialic acid through a salt-bridge, as 

previously described. The broader ligand specificity of Siglec-7 is attributed to the B-C, C-C’ 

and F-G loops located in proximity to the active site, that exhibit some degree of flexibility 

that allows the binding site to adapt to different types of sialoglycans.  

 

Figure 5. Crystal structure of Siglec-7 V-set Ig domain. The backbone of the protein is shown are ribbons 

and the conserved arginine in the active site of the protein (R124) is shown as sticks. Both faces of the a β-

sandwich formed by the two antiparallel β-sheets made of strands A’GFCC’ and ABED are indicated, as well as 

the loops shaping the binding site of the protein, B-C, C-C’ and G-F. (PDB code 1O7V). 

The research group of Prof. Chihiro Sato recently published the discovery of a second 

binding site, where R67 is the essential arginine for sialoglycans binding. The residue is 
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located at the end of the C β-strand and binding is thought to be highly influenced by the first 

binding site of the protein, controlled by the flexible C-C’ loop47.  

Siglec-7 as a therapeutic target 

Sigelec-7 is now considered an important immune checkpoint and has recently become 

an important therapeutic target in several contexts, such as cancer immunotherapy, as well 

as bacterial and viral infections.  

Upregulation of sialic acid (known as hypersialylation) on the surface of cancer cells is a 

well-known phenomenon and Siglec-7 engagement helps cancer cells to escape NK-cell 

surveillance57. As a result, Siglec-7 has gained attention as a target molecule for 

immunotherapy in cancer. Different studies have shown that anti-Siglec-7 mAb inhibits the 

proliferation of chronic myeloid leukemia cells in vitro, as well as the growth of mast cells in 

vitro and in mice models58, further confirming the potential of Siglec-7 as a treatment for 

cancer.   

A therapeutic application that is currently being explored for Siglec-7, is its potential in 

enhancing NK cell activity, reduced when targeted by hypersialylated tumors or pathogens. 

The rationale is that the blocking of Siglec-7 on NK cells would prevent its inhibitory 

responses, enhancing NK cell cytotoxicity57,59. Strategies that employ monoclonal 

antibodies and small molecules are currently being investigated, however, the little 

understanding on Siglec-7 recognition of different glycans is still a limitation. This strategy 

has also been proposed in combination with blocking other immune checkpoints, such as 

PD1 and CTLA4 in order to synergistically enhance antitumor responses60.  

Besides its role in cancer, Siglec-7 has also been shown to be targeted by several bacteria 

and viruses such as Fusobacterium nucelatum (F. nucleatum) and HIV to downregulate 

immune responses. This results in an inhibitory response from Siglec-7, preventing NK cell 

responses during bacterial of viral infections61–64. Ongoing research, such as that reported in 

this thesis and manuscript, is being carried out in order to understand the structural basis 

for molecular recognition of Siglec-7 by pathogens.  
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The role of Siglec-7 in Fusobacterium nucleatum infections 

Tumors that arise at the epithelial barrier surfaces are known to host high concentrations 

of microorganisms that alter and shape the way the tumor is recognized by the immune 

system. In certain types of colorectal cancer (CRC), F. nucleatum has been shown to be one 

of the predominant species on the cancer tissue65,66, where it modulates the tumor 

microenvironment, and promotes cancer progression and metastasis. In fact, patients with 

F. nucleatum-associated carcinoma have been reported to have a shorter survival period67, 

as well as higher levels of chemotherapy resistance68,69.  

Different strains of F. nucleatum have been shown to bind Siglec-7 using whole bacteria, 

F. nucleatum-derived outer membrane vesicles (OMVs) and bacterial lipopolysaccharide 

(LPS). These results strongly suggest Siglec-7 as the immunoreceptor targeted by the 

bacteria63. Interestingly enough, the LPS of one of the strains demonstrated to bind Siglec-7, 

F. nucleatum ATCC 51191, does not contain any terminal sialic acid residue. Treatment of 

the bacterial surface with sialidases does not abolish the binding, further confirming that the 

interaction is not mediated by sialic acid. STD NMR experiments further confirmed the 

binding of non-sialylated LPS from ATCC 51191 to Siglec-7 in what is still one of the very 

isolated cases of non-sialylated ligands for Siglec-763. 

F. nucletum ssp polymorphum 10953 is another strain highly abundant in CRC that has 

been shown to bind to Siglec-7. The structure of the repetitive unit of the LPS O-chain 

expressed on the surface of this strain is composed of N-acetyl neuraminic acid, galactose 

and 4N-acetylfucosamine residues. Even though ssp polymorphum 10953 is able to 

synthesize sialic acid, the glycosidic linkages found in between the sialic acid residue and 

the neighboring monosaccharides of the LPS have not been reported previously to be 

recognized by Siglec-7, with a repetitive unit of [→4)-α-Neup5Ac-(2→4)-β-Galp-(1→3)-α-

FucpNAc4NAc-(1→]70. In fact, the molecular basis of Siglec-7 recognition of F. nucleatum’s 

surface-exposed glycans remains a mystery and is addressed in this thesis work.   
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Bacterial siglec-like binding regions 

Even though Siglec expression is restricted to eukaryotic organisms, other sialic acid 

binding proteins are found in prokaryotes. In particular, certain pathogenic bacteria that use 

sialic acid binding proteins to interact with hosts cells by recognizing sialylated 

glycoconjugates have been found to express these proteins. One of the most common 

examples are sialic acid binding adhesins (not to be confused with the mammalian 

sialoadhesin, Siglec-1). 

Bacteria such as Streptococcus gordonii, Streptococcus sanguinis and Streptococcus 

oralis are a group of bacteria commensals to the oral microbiota, commonly found in 

patients with Infective Endocarditis (IE), a bacterial infection that affects the inner layer of 

the heart. The different strains of Streptococcus enter the bloodstream as a result of lesions 

in the oral epithelium, from where it can reach, and eventually infect different organs71.   

It is believed that adherence of the different strains of oral streptococci to the platelets 

in the bloodstream constitutes a crucial step in the pathogenesis of IE, in a process 

mediated by serine-rich repeat glycoproteins (SSRPs), anchored to the bacterial cell wall72. 

SRRPs are a group of proteins that belong to the family of bacterial sialic acid binding 

adhesins, known for their role in mediating adherence to the host’s sialylated glycoproteins 

and in tissue colonization72,73.  

SRRP’s structure includes an N-terminal signal peptide, a sialic acid binding region, 

known as siglec-like binding region (SLBR), located in between SRR1 and SRR2 regions and 

a C-terminus LPXTG motif anchored to the bacterial cell wall. In contrast to the Siglec 

proteins, the SLBRs are made up of two domains that are crucial for sialoglycans 

recognition: the Siglec domain, and the termed ‘adjacent unique domain’, involved in the 

modulation of the conformation of the first one. The most common ligands for SLRBs are 

α2,3-linked sialic acid-galactose residues located at the end of O-glycans, and normally 

found on the mucin and mucin-like glycoproteins. However, as in the Siglec proteins, 

different SLBRs exhibit different degrees of specificity towards different ligands, depending 

on the structure of the underlying glycan71,74.  
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Among the few known members of SLBR family, the roles of SLBR-B and SLBR-H in 

pathogenicity have been widely studied both in vitro and in animal models of IE. SLBR-B has 

been proved to be selective for sialyl T-antigen (sTa) and SLBR-H exhibits a broader 

specificity towards several linear ligands, such as sTa, 3-sialylactosamine (3’SLn) and sialyl-

Lewis C and their binding modes had been previously described74. In contrast with SLBR-B 

and SLBR-H and despite a sequence identity of 80%, Siglec-like binding region-N (SLBR-N) 

from Streptococcus gordonii strain UB10712, is characterized for recognizing fucosylated 

and sulfated derivates of 3’SLn, as well as a branched disialylated core 2 O-glycans. 

However, the structural basis for this recognition had not been investigated yet, until the 

studies reported in this thesis74. 

 

1.2 NMR for the characterization of Drug Delivery Systems  

Erythrocytes as drug delivery systems  

The development of drug delivery systems (DDS) is of great biomedical importance 

and has been a research area for several decades already. Optimization of DDS is critical for 

enhancing the efficacy and safety of traditional methods, that are normally limited by poor 

biocompatibility, poor biodegradability, rapid clearance, systemic side effects, and 

expensive costs75,76. The application of biological carriers, based on natural cells and their 

derivates is rapidly growing, and exploits the idea of combining their physiological and 

biophysical characteristics to overcome those limitations, with a particular focus on 

biocompatibility.  

Erythrocytes, or red blood cells (RBC) are the most abundant cells in the blood and 

have a great potential in the field of DDS due to their unique biological and biophysical 

properties77. Indeed, they have long been proposed as vehicles for drug delivery because of 

their biocompatibility, as well as low immunogenicity, being native to the organism and 

hence, recognized as self-component by the immune system. Moreover, RBCs are 

particularly suited for drug delivery given their concave shape and lack of organelles, 
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allowing for the encapsulation in their entire inner volume of different therapeutic agents 

that range from small molecules to large multimeric proteins78.  

In addition, erythrocytes offer the advantage of an extended circulation time of 

around 120 days in humans. This prolonged circulation, which is considerably longer than 

the one of many synthetic drug carriers, allows for a sustained activity or release of a 

therapeutic agent over time, reducing the need for a frequent dose supply; this is particularly 

beneficial for chronic conditions requiring long-term treatments. Furthermore, RBCs have 

also been engineered to achieve a targeted delivery, both through modifications on the cell 

surface that allow the binding of specific receptors or by loading them with stimuli-

responsive molecules that release their cargo in response to specific environmental triggers, 

such as pH changes.  

The extensive research, and the above mentioned properties, are turning RBC into an 

increasingly relevant system as a drug carrier with current application in the biomedical field 

that range from immunotherapy to bioimaging79–82.  

Methods for encapsulation of biologics in Red Blood Cells 

 Two general approaches have been proposed for the loading of RBC. The most 

common one is the ex-vivo encapsulation of different therapeutic agents, however the 

attachment of the drug to the erythrocyte’s membrane both ex-vivo and in-vivo have also 

been widely investigated.  

 Conjugation to the surface of erythrocytes represents an easier approach for the 

loading of RBC compared to encapsulation, and provides several advantages such as 

targeted delivery, rapid action of the conjugated drug and a less invasive method, since it 

doesn’t require the disruption of the erythrocyte’s membrane. However, this technique is 

often limited by the limited drug-load, shorter circulation time and mainly because its 

reduced biocompatibility gained by employing RBCs as carriers. When encapsulated, 

instead, drugs are isolated from the organism and can interact only with molecules that 

diffuse through the RBC’s membrane, but not with molecules outside of the RBC, thus 
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greatly reducing immune reactions not only towards the drug carrier, but towards the drug 

itself. 

Several methods have been developed for the erythrocyte encapsulation of 

therapeutic agents, of which, hypotonic dialysis is the most widely used. Other methods 

include hypotonic hemolysis, hypotonic pre-swelling, isotonic osmotic lysis, chemical 

perturbation of the membrane, entrapment by endocytosis and electrophoresis.  

Hypotonic dialysis takes advantage of the RBC’s ability to undergo reversible swelling 

in response to osmotic changes in the environment due to their shape and flexibility. In this 

method, the cells are first subjected to a hypotonic solution, causing water to enter the 

erythrocytes. This led to the swelling of the cells and the opening of pores in their membrane. 

These pores have been demonstrated to be big enough to allow the entrance of different 

therapeutic agents such as small molecules, glycosaminoglycans, nucleic acids and 

proteins. After drug loading, the erythrocytes are returned to an isotonic environment, 

causing the membrane to reseal and trap the therapeutic agents inside.  

Therapeutic enzymes encapsulated in Red Blood Cells: the examples of 
ANSII, GS and ADA 

Therapeutic enzymes are among the most promising candidates to be encapsulated 

in RBC, offering innovative solutions for enzyme replacement therapy, prolonging the half-

life of the enzyme while maintaining the therapeutic blood levels. Some of the most 

prominent examples are the encapsulation of asparaginase for the treatment of acute 

lymphoblastic leukemia (ALL), glutamine synthetase (GS) for ammonia detoxification and 

adenosine deaminase (ADA) for the treatment of immunodeficiency. Other examples of 

erythrocyte-encapsulated enzymes and small molecules are discussed in different reviews 

by Godfrin et al.83, Bax84 and Rossi et al85. 

The use of L-asparaginase type-II (ANSII) as a therapeutic agent for the treatment of 

ALL relies on the fact that leukemic cells are deficient in asparagine synthetase (ASNS), 

preventing them from synthesizing L-asparagine. ANSII is an enzyme that catalyzes the 

conversion of L-asparagine (L-Asn) into L-aspartate (L-Asp), as shown in Figure 6, hence, 
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killing the cell by depriving it from the metabolite. However, L-asparaginase treatment of ALL 

has been shown to produce several side effects, such as hypersensitivity reactions, 

coagulation disorders and hyperglycemia, particularly in patients with pre-existing diabetes. 

Encapsulation of L-asparaginase in RBC has then been proposed to decrease the secondary 

effects by limiting the increase of concentration of in-vivo L-asparaginase86–88.  

 

 

Figure 6. Schematic representation of the mechanism of action of erythrocyte-encapsulated L-asparaginase 

in the conversion of L-asparagine to L-aspartate for the treatment of acute lymphoblastic leukemia.  

 

Another example of an enzyme encapsulated in RBCs is the glutamine synthetase for 

the detoxification of ammonia, since high concentration of the metabolite can lead 

functional disorders in the central nervous system. This approach has been proved to be 

effective, while keeping most metabolites and metabolic parameters stable74,75.  

Moreover, adenosine deaminase (ADA) deficiency results in the accumulation of 2-

deoxyadenosine, which impairs lymphocyte differentiation, proliferation and function, and 

cause severe immunodeficiency. Treatment of patients with an erythrocyte-encapsulated 

ADA has been reported with very promising results91,92.  
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Current methods for characterization erythrocyte-encapsulated enzymes  

Characterization of biologics is essential to ensure their stability and functionality 

within a pharmaceutical formulation. Several techniques have been used to address the 

encapsulation of enzymes into red blood cells. Flow cytometry for example, has been used 

to evaluate the encapsulation efficiency by identifying the proportion of cells that have 

incorporated the enzyme. In addition, spectrophotometric and HPLC methods are used to 

quantify the enzyme concentration within the cells, and enzyme-specific assays are 

generally used to evaluate the functionality of the enzyme after their encapsulation.  

Structurally-wise, available methods are restricted to the characterization of the 

integrity of the RBCs after the encapsulation procedure. Scanning Electron Microscopy 

(SEM) and Transmission Electron Microscopy (TEM) provide a detailed visualization of the 

any perturbation on any structural alterations. However, none of these methods are oriented 

towards the characterization of the preservation of the higher order structure (HOS) 

encapsulated enzyme. In this thesis work and manuscript (still in preparation), we introduce 

the assessment of the preservation of the HOS structure of erythrocyte-encapsulated ANSII. 

This represents the first study addressing the structural integrity of a therapeutic 

biomolecule encapsulated within red blood cells.  

Human Transthyretin: a protein-based drug carrier 

Human transthyretin (TTR) is a vital transport protein found in both blood plasma and 

cerebrospinal fluid, where it plays a key role in shuttling thyroid hormone thyroxine (T4) and 

retinol (vitamin A) via the retinol-binding protein. Structurally, TTR is composed of four 

identical subunits, forming a stable tetramer with D2 symmetry and a total molecular mass 

of 55 kDa. This tetrameric assembly is crucial for its normal function, but mutations in the 

TTR gene can destabilize the tetramer, leading to its dissociation into monomers. These 

monomers are prone to misfolding and aggregation, resulting in the formation of amyloid 

fibrils that deposit in various tissues, causing amyloidosis-related diseases, such as familial 

amyloid polyneuropathy (FAP) and familial amyloid cardiomyopathy (FAC). TTR’s role in 
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health and disease has made it a significant focus of therapeutic strategies, with treatments 

aimed at stabilizing the tetramer and preventing amyloid formation.  

Tafamidis, a small molecule that binds to the T4 binding sites with nanomolar affinity 

and preventing tetramer dissociation, is one such therapeutic, offering a promising 

approach to preventing TTR-related amyloid diseases. The high affinity of this interaction 

makes tafamidis an ideal anchor for poorly soluble drugs. A similar strategy, using a different 

high-affinity TTR ligand has been previously used for targeting cancer cells with a cytotoxic 

molecule.  

Solid-state NMR of biomolecules is an emerging research area for the study of the 

structure and dynamics of biomolecules, particularly in systems where traditional solution 

NMR methods, X-ray crystallography and cryo-EM are limited. Especially, the capacity of 

analyzing non-crystalline insoluble samples, at atomic resolution turn solid-state NMR into 

an essential tool for the study of complex systems.  
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2. Aim and research topics of this thesis  

Nuclear Magnetic Resonance spectroscopy is a powerful tool in structural biology for the 

study of the three-dimensional structure and dynamic behavior of biomolecules. It provides 

atomic resolution insights into molecules, both in solution and in solid-state, and allows to 

capture important structural features involved in essential biological processes.  

This thesis focusses on the application of NMR to investigate structural and biophysical 

properties of sialic acid binding proteins, as well as for the characterization of drug delivery 

systems with the main goal of uncovering critical structural features that can be translated 

into therapeutic applications. During the 3 years of the Ph.D., I focused on the study of 

different biological systems and their interactions, with a particular emphasis on the Siglec 

proteins and on the study of the preservation of the Higher Order Structure of erythrocyte-

encapsulated enzymes with biological interest.  

Sialic acid binding proteins have recently become an important target for the treatment 

of different pathologies, given their role as inhibitory receptors, as well as mediators of host-

pathogen interactions. Studying the structural mechanisms by which these proteins bind to 

their ligands allows us to deepen our understanding of how these interactions influence 

immune responses. This is crucial for developing targeted therapies in cancer 

immunotherapy and bacterial infections.  

Moreover, the structural characterization of drug delivery systems is of uttermost 

importance for developing safe and efficient carriers. In particular, NMR is a unique and 

powerful technique for the characterization of biomolecules embedded in complex matrices 

such as the erythrocyte environment. The application of RBCs as biological drug delivery 

systems is rapidly growing due to their low immunogenicity and biocompatibility. Hence, the 

assessment of the structural integrity of erythrocyte-encapsulated biologics is critical for 

ensuring the preservation of their folding and stability, directly linked to their biological 

function.  
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In particular, the objectives of the research are organized to address the following 

scientific questions: 

• To dissect the structural basis for the molecular recognition of disialylated 

branched sialoglycans by the Siglec-like Binding Regions N (SLBR-N).  

• To determine the binding modes and affinities of different cancer-related 

gangliosides to Siglec-7, as well as to elucidate the molecular mechanisms of 

Fusobacterium nucelatum recognition.  

• To demonstrate the potential of both solution and solid-state NMR for the 

characterization of biomolecules embedded in different matrices such as 

protein-macrocycle frameworks and the erythrocyte environment.  

• To develop a protocol for the assessment of the preservation of the Higher Order 

Structure and semiquantitative analysis of therapeutically relevant enzymes 

encapsulated in red blood cells.  
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3. Methodological aspects 

Protein NMR assignment 

NMR is a widely used methodology in structural siology for the study of proteins and 

nucleic acids due to the advantages described in the introduction of this thesis. However, 

the resulting NMR spectra are complex maps of peaks, representing specific nuclei of the 

protein. These peaks provide key information about the structure and dynamics of a 

biomolecule and knowing the identity of each of them within the protein sequence is critical. 

Most of the time, the first step when analyzing proteins or protein interactions through NMR 

is, hence, the NMR assignment of its resonances.  

The complexity on the NMR spectra arises from the fact the proteins are big molecules 

(generally larger than 7 KDa), and the large number of nuclei contributing to the NMR signals 

results in crowded and unresolved 1D NMR spectra. Multidimensional heteronuclear NMR 

is key for resolving those signals and extracting atomic-resolution information. It allows to 

increase the spectral resolution and to resolve overlapping signals along the different 

dimensions by correlating different nuclei through heteronuclear scalar couplings. However, 

NMR active nuclei of biologically relevant atoms other than hydrogen, such as carbon, 

oxygen and nitrogen, are characterized by a lower sensitivity due to a lower gyromagnetic 

ratio and natural isotopic abundance. In consequence, isotopic enrichment of the protein 

with 13C and 15N is required to overcome these limitations.  Moreover, for relatively large 

proteins with a molecular weight higher than 30 KDa, deuteration is often applied for the 

acquisition of 3D NMR experiments for assignment.  

Resonance assignment on an NMR spectrum usually involves the acquisition of a series 

of multidimensional NMR experiments, designed to correlate the resonances of 1H, 13C and 
15N in the backbone of the protein. In particular, the 3D NMR experiments used for a 

complete backbone resonance assignment in the projects reported in this thesis are 3D 

HNCA, 3D HN(CO)CA, 3D CBCA(CO)NH, 3D HNCACB, 3D HNCO and 3D HN(CA)CO.  In 

these experiments, resonances from the HN, Cα, Cβ, and CO are detected for a specific 
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nucleus (i) and its predecessor (i-1), allowing to establish a sequential connection from one 

residue to the next one, by identifying the matching resonances.  

Upon backbone assignment, side-chain resonances assignment follows. This is achieved 

using additional 3D NMR experiments, such as HBHA(CO)NH, H(CCO)NH and CC(CO)NH 

which correlate the side chain 1H and 13C nuclei with the backbone amide signals.  

NMR line shape analysis 

The study of protein-ligand interactions through NMR is strongly dependent on the 

affinity of the interaction, and in general, are classified into three possible outcomes 

(considering a two-state model): slow (𝐾𝑒𝑥 ≪ 𝛥𝜈), intermediate (𝐾𝑒𝑥 ≈ 𝛥𝜈), and fast 

exchange (𝐾𝑒𝑥 ≫ 𝛥𝜈)93.  

In the slow exchange regime, signals from both free and bound states, are observed with 

a particular chemical shift, intensity and linewidth for each of them. In this case, the 

intensity of the peak directly reports on the population of the species and typically 

corresponds to affinities in the nanomolar and low micromolar range. 

The intermediate exchange rate is generally characterized by a line broadening, that often 

results in coalescence of the peaks into a single signal during the titration, until more than 

half of the stoichiometry is reached and the linewidth corresponding to the signal of the 

bound state sharpens. This, however, might not be true for all interactions at an intermediate 

exchange and the NMR signal of the bound component might remain broadened beyond 

detection.  This behavior is typically observed for interactions in the micromolar range.  

At the fast exchange usually one signal is observed with a chemical shift that reports on 

the population of each of the states as 𝛿𝑜𝑏𝑠 = 𝑃𝑓𝑟𝑒𝑒𝛿𝑓𝑟𝑒𝑒 + 𝑃𝑏𝑜𝑢𝑛𝑑𝛿𝑏𝑜𝑢𝑛𝑑. This is averaging in 

the chemical shift is due to the rapid interconversion in between the different states94,95.   

Chemical shift perturbation (CSP) analysis is a widely used NMR-based approach for the 

study of molecular interactions and conformational changes in biomolecules for systems 

on the fast to intermediate exchange rates. This is an invaluable source of information 

provided by changes in the chemical environment of a specific nuclei in response to a 
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binding event or a structural re-arrangement.  The analysis of the line-broadening and signal 

intensity of a peak becomes significant for interactions that occur on the intermediate to 

slow exchange regimes. A global analysis involving chemical shift perturbations and 

intensity of the NMR signal is successfully used to map the binding region of a protein, to 

determine protein residues involved in an interaction, as well as to extract kinetic and 

thermodynamic parameters.  

Saturation Transfer Difference NMR 

Saturation Transfer Difference (STD) is one of the most popular ligand-based NMR 

experiments for the study of protein-ligand interactions. Even though it’s a widely used NMR-

based technique for ligand screening, STD NMR has also been applied to the 

characterization of several systems, ranging from protein-glycan interactions to amyloid 

fibrils and hydrogels. It relies upon nuclear Overhauser effect (NOE), in which the signal 

intensity of a particular nuclei is perturbed due to cross-relaxation with another perturbed 

nuclei close-by in space96–98.  

The technique consists in the acquisition of a spectra on the complex with a saturation 

pulse, irradiating specifically at protein frequencies (on-resonance). The selective saturation 

is then transferred to the whole protein via spin diffusion. In case of an interaction, the 

saturation of the magnetization is transferred to the ligand’s nuclei through dipolar cross-

relaxation, resulting in the saturation of the ligand’s signals arising from the nuclei located in 

closer proximity to the protein. A second spectra is acquired with a saturation pulse 

irradiated far away from any protein or ligand frequency (off-resonance), which results in a 

regular NMR spectrum of the ligand. By subtracting the off- and on-resonance spectra (𝐼0 −

𝐼𝑠𝑎𝑡), the STD NMR spectrum is obtained, in which only the proton signals of the ligand’s 

nuclei located in close proximity to the protein are observed, and any signal from a non-

binder cancelled out.  
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Solid-state NMR 

Solid-state NMR is a powerful tool for the study of the structural properties at atomic 

resolution of materials and biomolecules in the solid-state. Unlike solution NMR, the 

linewidth of the NMR signal is independent on the molecular weight of the system and allows 

the study of large biomolecules.99–101  

  The absence of molecular tumbling in the sample results in broad spectral line-

widths due to Chemical Shift Anisotropy and dipolar couplings. Magic angle spinning (MAS) 

is the most common method to overcome these limitations. In MAS, the sample is spined at 

a ‘magic angle’ of 54.7° relative to the external magnetic field. This cancels out the 

anisotropic interactions, resulting in narrower and more resolved peaks.  

Proton-detected experiments in solid-state NMR are usually not acquired under low MAS 

rates (usually lower than 60 kHz) due to the strong dipolar interactions with each other given 

their high gyromagnetic ratio. MAS rate is physically limited by the size of the rotor. Typically, 

3.2 mm rotors, such as the ones used in the studies reported in this thesis are limited to a 

maximum spinning rate of 24 kHz, and hence the acquisition of 1H-detected experiments 

becomes challenging. To overcome the sensitivity limitations of 13C, 13C-detected 

experiments are usually acquired combined with a cross-polarization (CP) scheme, which 

enhances 13C signal intensity by transferring the polarization from the abundant, sensitive 1H 

nuclei to 13C, significantly improving the signal-to-noise ratio. Combined CP-MAS, provides 

high resolution 13C spectra in solids, making it one the most common 13C-detected 

techniques in ssNMR102,103.  
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4. Experimental Section 

This section contains my contributions to each of the papers and manuscripts attached in 

the section of “results and discussion”. 

 

4.1 Biophysical characterization of carbohydrate binding proteins 

 Expression and purification of Siglec-7 CRD 

The plasmid containing the gene coding for Siglec-7 CRD (UniProt entry: Q9Y286) was transformed 

into BL21 (DE3) Codon Plus RIPL cells with chloramphenicol for antibiotic selection and cultured 

at 37 °C, 180 rpm in LB medium or M9 culture medium, accordingly supplemented with 1 mM 

MgSO4, 0.3 mM CaCl2, 0.2 % V/V solution Q, 1 µg/mL thiamine, 1 µg/mL biotin, 1 g (15NH4)2SO4 and 

3 g 13C6H12O6 for isotopic labeling. Overexpression was induced at OD600 = 0.8 with 1 mM IPTG, and 

further incubated for 24 hours at 25 °C and 180 rpm. The cells were harvested at 7500 rpm for 20 

minutes, using a Sorvall RC 6 Plus Superspeed Centrifuge (Thermo Scientific) and then collected 

and resuspended in lysis buffer (20 mM potassium phosphate, 500 mM NaCl, 20 mM imidazole, 

pH = 7.4). The resuspended pellet was subsequently sonicated for 10 cycles (30 seconds ON, 2.5 

minutes OFF, 70 % amplitude), using a Vibra-Cell sonicator (Sonics & Materials). The lysate was 

then ultracentrifuged for 40 minutes at 40000 rpm on an Optima LE-80K Ultracentrifuge 

(Beckman). At this point, Siglec-7 CRD was found incorporated into inclusion bodies, which were 

resuspended in 8 M urea lysis buffer (20 mM potassium phosphate, 500 mM NaCl, 20 mM 

Imidazole, pH=7.4) and sonicated for 10 cycles as previously described. 

The soluble fraction, containing unfolded Siglec-7CRD was purified using Immobilized Metal 

Affinity Chromatography (IMAC) on a HisTrap FF column (5 mL, GE Healthcare), previously 

equilibrated with 20 mM potassium phosphate, 500 mM NaCl, 20 mM imidazole, pH = 7.4. The 

column was eluted at a flow rate of 4 mL/min, with a buffer high in imidazole (20 mM potassium 

phosphate, 500 mM NaCl, 500 mM imidazole, pH = 7.4). The protein was then refolded using a 

dialysis protocol in a membrane with 10 KDa MWCO. Each dialysis was performed over night on a 

2 L container with the following buffers: 1) 20 mM potassium phosphate, 300 mM NaCl, 4 M urea; 
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2) 20 mM phosphate buffer, 300 mM NaCl, 2 M urea; 3) 20 mM potassium phosphate, 150 mM 

NaCl. Refolded Siglec-7 was collected from the dialysis membrane and ultracentrifuged at 40000 

rpm for 40 minutes. The supernatant was filtered on a 0.2 μm micropore membrane and purified 

using Size Exclusion Chromatography (SEC) on a HiLoad 26/60 Superdex 75 pg (GE Healthcare) 

coupled on an AKTA Go FPLC system. The column was previously equilibrated with 20 mM 

potassium phosphate, 50 mM NaCl, pH = 7.4. 

NMR experiments for backbone resonance assignment of Siglec-7 

NMR experiments for backbone resonance assignment were acquired on a sample of [U-
15N-13C] Siglec-7 at a concentration of 400 μM in 600 μL of aqueous buffered solution (20 mM 

potassium phosphate pH = 7.4, 50 mM NaCl, 0.01% NaN3, 1 mM protease inhibitors, 10 % 

D2O) in a 5 mM NMR tube. Triple resonance experiments for protein backbone NMR 

assignment HNCA, HNCACB, CACB(co)NH and HNCO were acquired at 298 K on a Bruker’s 

AvanceTM NEO 900 MHz spectrometer, equipped with TCI cryo-probe. 3D HNcaCO was 

recorded at 298 K on a Bruker’s AvanceTM NEO 500 MHz spectrometer equipped with an TCI 

cryoprobe. 93 % of the amino acid sequence from Y26 to T147 was assigned, excluding the 

5 proline residues. Data acquisition and processing was performed on TOPSPIN 4.1.1 

software and spectra were analyzed by using Computed Aided Resonance Assignment 

(CARA) software.  

NMR titration of Siglec-7 with GD3, DGb3-α3 and DGb3-α6 

2D 1H-15N HSQC NMR experiments were recorded on samples of [U-15N] Siglec-7CRD at 

a concentration of 200 μM in 200 μL of aqueous buffered solution (20 mM potassium 

phosphate, pH = 7.4, 50 mM NaCl, 0.01% NaN3, 1 mM protease inhibitors, 10 % D2O) in a 3 

mm NMR tube. Increasing aliquots of GD3, DGb3-α3 or DGb3-α were added in order to reach 

ligand concentrations of 12.5, 25, 50, 100, 200, 400, 800 ,1600 and 3200 μM. Experiments 

were acquired on a Bruker’s AVANCETM NEO spectrometer operating at 900 MHz (1H Larmour 

frequency), equipped with a triple resonance TCI cryo-probe. The spectra were acquired 

using 32 scans, 2048 data points in the direct dimension, 128 data points in the indirect 

dimension, a recycle delay of 1.2 seconds and the temperature was kept at 298 K. Data 
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acquisition and processing were performed with TOPSPIN 4.1.1 software and the spectra 

were analyzed using CARA. Chemical Shift Perturbations (CSP) were evaluated with the 

formula: 𝛥𝛿 =
1

2
√𝛥𝛿𝐻2 + (

𝛥𝛿𝑁

5
)2 , 93. 

 

NMR titration of Siglec-7 with OPS from Fusobacterium nucleatum ATCC 
10953 

A stock solution of 3.2 mg of OPS from F. nucleatum ATCC 10953 (MW = 650 Da / 

repetitive unit, total MW = 10 KDa – 20 KDa; 15 – 30 repetitive units / OPS molecule) dissolved 

in 800 μL of milliQ water was prepared and the solution was aliquoted in different fractions 

to reach 0.075, 0.075, 0.45, 0.6, 1.2 and 1.1 mg respectively after lyophilization. Each of the 

lyophilized aliquots were subsequently redissolved in 200 μL of a sample of [U-15N] Siglec-

7CRD 200 μM (or the previous titration point) to reach final concentrations of ligand of 25, 

50, 200, 400, 800 and 1160 μM assuming an average molecular weight of 15000 KDa for the 

OPS. Details are shown in Table 1. Experiments were acquired on a Bruker’s AVANCETM NEO 

900 MHz spectrometer equipped with a triple resonance TCI cryo-probe. The spectra were 

acquired using 32 scans, 2048 data points in the direct dimension, 128 data point in the 

indirect dimension, a recycle delay of 1.2 seconds and the temperature was kept at 298 K. 

Data acquisition and processing were performed with TOPSPIN 4.1.1 software and the 

spectra were analyzed using CARA. Chemical Shift Perturbations (CSP) were evaluated 

with the formula: 𝛥𝛿 =
1

2
√𝛥𝛿𝐻2 + (

𝛥𝛿𝑁

5
)2 , 93. 
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Table 1. Experimental set for the titration of the OPS from F. nucleatum ATCC 10953. The first row shows 

the number of the sample containing the ligand. The second row shows the volumes aliquoted from the stock 

solution of 3.5 mg of OPS dissolved in 800 μL of milliQ water. The third row shows the amount of material (in 

milligrams) obtained after lyophilization on each of the samples. And fourth indicated the final concentration 

of the OPS after dissolving the material in 200 μL of [U-15N] Siglec-7CRD, 200 μM.  

Sample Volume lyophilized 

from stock sol. (μL) 

Mass after 

lyophilization (mg) 

Final conc. in NMR 

tube (μM)  

1 17.1 0.075 25 

2 17.1 0.075 50 

3 102.9 0.450 200 

4 137.1 0.600 400 

5 274.2 1.200 800 

6 251.5 1.100 1160 

 

STD NMR experiments 

Saturation Transfer Difference (STD) NMR experiments were recorded on a Bruker 

AVANCETM NEO operating at 600 MHz (1H Larmour frequency) equipped with a cryo-probe 

and data acquisition and processing were performed with TOPSPIN 4.1.1 software. Samples 

were prepared in phosphate saline deuterated buffer (10 mM Na2HPO4, 2.7 mM KCl, 137 mM 

NAcl, 10 mM NaN3, pH = 7.4) at 298 K. [D4](trimethylsilyl)propionic acid, sodium salt (TSP, 

1%) was used as internal reference. A protein concentration of 25 μM was used and 

protein:ligand molar ratio 1:50 for all mixtures.  

STD NMR experiments were acquired with shaped pulse train for saturation on f2 channel 

alternating between on and off resonance with 20 ms spinlock pulse applied to suppress 

protein signals. The spectra were acquired with 104 scans and 65 K data points. The protein 

resonances were selectively irradiated by 40 Gauss pulses with a length of 50 ms using the 

off-resonance pulse frequency at 40 ppm and on-resonance pulses at 7.5 ppm and 0 ppm. 

The STD NMR spectra were carried out using a saturation time of 2 seconds. STD NMR effects 
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were determined using the formula 𝐼0−𝐼𝑠𝑎𝑡

𝐼0
, where 𝐼𝑠𝑎𝑡  is the relative intensity of STD NMR 

signal and 𝐼0 is the peak intensity on the unsaturated reference spectrum (off-resonance). 

The strongest STD NMR response was set to 100 % while all the other STD signals were 

normalized to this value to provide ligands epitope maps.  

Affinity constant calculations using TITAN-NMR 

Dissociation constants for the interactions of Siglec-7 with GD3, DGb3-α3 and DGb3-α6 

were calculated by simulating and fitting spectra from an experimental NMR titration using 

NMR-TITAN software. The data was fitted to a 2-state binding model for an 1H-15N HSQC 

pulse program. 10 of the most affected residues by the interactions were used for the fitting 

: Y26, H62, E126, K127, G128, N129, I130, K131, W132 and N133. Bootstrap error analysis 

was run with 50 replicas. 

HADDOCK models  

Docking models of the complex were obtained using the HADDOCK 2.4 software. Protein 

residues affected by CSP of changes in the intensity were selected as active residues. 

Carbohydrate residues exhibiting an STD NMR effect were selected as active glycan 

residues. Clusters with the lowest HADDOCK score and highest population were selected 

as a base for MD simulations performed by the group of Prof. Silipo. 

NMR titration of SLBR-N with sTa-Thr and 3’SLn 

 2D 1H-15N TROSY-HSQC NMR experiments were recorded on samples of [U-15N] 

SLBR-N at a concentration of 160 μM in 200 μL of aqueous buffered solution (PBS pH = 7.4, 

0.01% NaN3, 1 mM protease inhibitors, 10 % D2O) in a 3 mm NMR tube. Increasing aliquots 

of sTa-Thr or 3’SLn were added in order to reach ligand concentrations of 12.5, 25, 50, 100, 

200, 400, 800 ,1600 and 3200 μM. Experiments were acquired on a Bruker’s AVANCETM NEO 

spectrometer operating at 1200 MHz (1H Larmour frequency) equipped with a triple 

resonance TCI cryo-probe. The spectra were acquired using 32 scans, 2048 data points in 

the direct dimension, 128 data point in the indirect dimension, a recycle delay of 1.2 seconds 

and the temperature was kept at 298 K. Data acquisition and processing were performed 
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with TOPSPIN 4.1.1 software and the spectra were analyzed using CARA. Chemical Shift 

Perturbations (CSP) were evaluated with the formula: 𝛥𝛿 =
1

2
√𝛥𝛿𝐻2 + (

𝛥𝛿𝑁

5
)2 , 93. 

NMR titration of SLBR-N – sTa-Thr complex with 3’SLn for competition 
experiments 

The interaction of SLBR-N with both ligands was also investigated in a competition 

experiment. 2D 1H-15N TROSY-HSQC NMR experiments were recorded on sample of the 

complex formed by 160 μM [U-15N] SLBR-N and 1280 μM sTa-Thr. Increasing aliquots of 3’SLn 

were added in order to reach ligand concentrations of 40, 80, 160, 320, 640, 1280, 2560 μM. 

Experiments were acquired on a Bruker’s AVANCETM NEO spectrometer operating at 950 MHz 

(1H Larmour frequency) equipped with a triple resonance TCI cryo-probe. The spectra were 

acquired using 32 scans, 2560 data points in the direct dimension, 128 data point in the 

indirect dimension, a recycle delay of 1.2 seconds and the temperature was kept at 298 K. 

Data acquisition and processing were performed with TOPSPIN 4.1.1 software and the 

spectra were analyzed using CARA. Chemical Shift Perturbations (CSP) were evaluated with 

the formula: 𝛥𝛿 =
1

2
√𝛥𝛿𝐻2 + (

𝛥𝛿𝑁

5
)2 , 93. 

Solid-State NMR sample preparation with the microcrystalline RSL-sclx8 
material 

 The microcystaline RSL-sclx8 framework was prepared by the group of Prof. Crowley 

and 9.0 mg of the material were packed in a Bruker 3.2 mm rotor by using a ultra-centrifugal 

device (courtesy of Giotto Biotech s.r.l.) with a Beckman Coulter Optima L80K floor 

preparative ultracentrifuge equipped with a SW32 swinging bucket at 15,000 rpm and 4 °C. 

The rotor was sealed with a silicon plug (courtesy of Bruker) and the microcrystals were 

further packed by MAS spinning at 14 kHz.  

The sample devoid of sclx8 was flash-frozen in liquid nitrogen and lyophilized. 3.4 mg 

of sample were manually filled into a 3.2 mm rotor with the Bruker tools. This sample was 

rehydrated by multiple additions of milli-Q H2O until the maximum resolution was achieved 

in the 1D { 1H}13C cross-polarization spectrum. 
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Solid-State NMR experiments on the microcrystalline RSL-sclx8 material 

All the solid-state NMR spectra were acquired on a Bruker AVANCE III spectrometer 

operating at 800 MHz (19 T, 201.2 MHz 13C Larmor frequency) and equipped with a Bruker 

3.2 mm Efree NCH probe-head. 2D 15N-13C NCA, NCO, 13C-13C DARR (mixing times 15, 50 

and 100 ms) and 3D NCACX, NCOCX, CANCO, NCACB, N(CO)CACB were recorded at 14 

kHz. 3D CANCOCA and 2D 13C-13C PDSD (mixing times 25, 50, 100, 200 and 400 ms) were 

recorded at 20 kHz. The temperature was kept at 280 K.  

 

4.2 NMR as a tool for the biophysical characterization of drug delivery 

systems 

Expression and purification of Carbonic Anhydrase II 

The gene coding for α-Carbonic Anhydrase II (CAII) into a pCAM vector was transformed 

into E. coli BL21 (DE3) cells, which were subsequently pre-cultured overnight in LB medium 

containing ampicillin (0.1 mg/mL) and 1% glucose at 37 °C and at 160 rpm. A 1L culture was 

then incubated at 37 °C, 160 rpm until reaching OD600 of ~0.6 and harvested for 15 minutes 

at 4000 rpm. The isotopic enrichment was then applied following the Marley method, in 

which the cell pellet was resuspended in 1L of M9 medium supplemented with MgSO4, 

CaCl2, 3 g glucose, 1,2 g of (15NH4)2SO4, 0.5 mM ZnSO4 and 100 μg/mL ampicillin. The culture 

was incubated for 30 minutes at 37 °C and at 160 rpm, induced with 1 mM IPTG and 

incubated overnight at 25 °C and 160 rpm. The cell culture was harvested at 7500 rpm for 20 

minutes. The cell pellet was resuspended in 70 mL of 20 mM Tris-SO4, 0.5 mM ZnSO4  pH = 

8.0 and sonicated for 10 cycles of 30 seconds with a resting period of 3 minutes on ice and 

60 % amplitude. The lysate was ultracentrifuged at 40000 rom for 40 minutes and the 

supernatant containing the crude α-CAII protein was recovered and filtered through a 0.45 

μm filter. The protein was purified by nickel affinity chromatography using a linear 0-0.5 M 

imidazole gradiente on a HisTrap 5 mL column (GE Healthcare). The protein was then 
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subjected to a size-exclusion chromatography (SEC) on a Suoerdex 75pg 26/60 column 

(Amersham Biosciences) in 50 mM sodium phosphate buffer, pH = 7.0. 

Washing of Red Blood Cells 

Commercially available Bovine Red Blood Cells Packed 100% from Innovative Research, 

Inc., were used. RBCs were washed by diluting 5 mL of 100% packed RBC in 5 mL of cold 

PBS. The sample was centrifuged at 1000 g for 3 min at 4 °C and the supernatant removed. 

The process was repeated three times.  

Erythrocyte-encapsulation of α-CAII 

α-CAII, TTR and ANSII were encapsulated using an adaptation of a previously reported 

hypotonic dialysis protocol104. 700 uL of washed packed RBCs were mixed with 300 μL of a 

concentrated solution of the protein (3 mM [U-15N] α-CAII, 1.2 mM [U-15N] TTR and 0.9 mM 

[U- 2H, 13C, 15N] ANSII). The 1 mL of cell suspension was placed on a dialysis tube with 12 

KDa MWCO and the sample dialyzed against 150 mL of the hypotonic buffer (5 mM KH2PO4, 

5 mM K2HPO4, pH = 7.4) at 4°C for 3 hours to induce swelling of the RBCs. The erythrocytes 

were then resealed by transferring the dialysis tube into a container holding 150 mL of the 

isotonic buffer (PBS 1X, 5 mM glucose, 5 mM MgCl2) at 37 °C and dialyzing for 1 hour. Non 

encapsulated 15N isotopically enriched protein or released components from the 

erythrocytes were then removed by transferring the sample to a dialysis tube with a MWCO 

of 1000 KDa and dialyzing against 1L of isotonic buffer for 12 hours at 4 °C for three times. 

Finally, the dialyzed erythrocytes were washed with an equal volume of cold PBS three times 

before acquisition of NMR experiments and a 1D 15N-filtered NMR experiments were 

acquired to confirm the absence of labeled protein in the supernatant. 

Control experiments  

Two different control experiments were prepared 1) to rule out the possibility of having 

the protein absorbed on the surface of the RBCs and to confirm the efficacy of the washing 

procedures after encapsulation, as well as to 2) measure the background signal coming from 

the natural abundance 15N isotopes of the proteins inside RBCs.  
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Control 1 was prepared through a modification of the previously described previously 

described encapsulation protocol in which the initial hypotonic dialysis was substituted by 

an isotonic dialysis, hence, preventing encapsulation of the protein. Control 2 was prepared 

following the encapsulation protocol without the addition of the isotopically enriched 

protein.  Both control experiments were performed in parallel with the experiment of 

encapsulation of the respective isotopically enriched proteins. 

NMR sample preparation and NMR experiments on erythrocyte encapsulated 
proteins 

Samples for NMR were prepared with 540 μL of the protein-containing erythrocyte 

suspension and 60 μL of PBS 1X in D2O. 1H-15N sofast-HMQC experiments were acquired 

with an HN offset of 8.1 ppm, an excitation bandwidth of 4 ppm, 256 scans ,1.5 K datapoints 

in the direct dimension and 128 datapoints in the indirect dimension. NMR experiments were 

recorded on a Bruker’s AVANCETM NEO spectrometer operating at 900 MHz (1H Larmor 

frequency) equipped with a TCI cryo-probe, at 310 K. Data acquisition and processing were 

performed with TOPSPIN 4.1.1 software. 

Solution NMR experiments for backbone assignment of free-TTR  

Solution NMR experiments for backbone resonance assignment were acquired on a 

sample of [U-2H, 13C, 15N] samples of native TTR at a concentration of 500 μM of the monomer 

in 600 μL of aqueous buffered solution (50 mM MES pH= 6.5, 100 mM NaCl, 5 mM DTT, 0.1 % 

NaN3, 1 mM protease inhibitors, 10 % D2O) in a 5 mM NMR tube. Triple resonance 

experiments for protein backbone NMR assignment with a TROSY scheme105 [3D tr-HNCA, 

tr-HNCACB, tr-HNCO, tr-HN(ca)CO] were acquired at 310 K on a Bruker’s ACANCE MHD 

operating at 950 MHz (1H Larmour frequency) equipped with a  triple resonance cryoprobe. 

For 3D tr-HNCACB and tr-HN(ca)CO nonuniform sampling (NUS) at 57% and 25%, 

respectively, compressed sensing reconstruction were used. Data acquisition and 

processing was performed on TOPSPIN 4.1.1 software and spectra were analyzed by using 

CARA software. 
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TTR – tafamidis and TTR – Taf-Ptx complex formation monitored through 
solution NMR 

For the titration with Tafamidis, 2D 1H-15N TROSY-HSQC NMR experiments were recorded 

on samples of [U-13C-15N] TTR at a concentration of 800 μM of the monomer in aqueous 

buffered solution (50 mM MES pH= 6.5, 100 mM NaCl, 5 mM DTT, 0.1 % NaN3, 1 mM protease 

inhibitors, 10 % D2O). Increasing aliquots of the Tafamidis (solubilized in DMSO-d6) were 

added until the titration was completed. Same approach was used for the sample complex 

of TTR with Taf-Ptx, on a sample of [U-13C-15N] TTR at a concentration of 400 μM of the 

monomer.  

After the titrations, the excess of the ligands was removed using PD10 columns and the 

buffer exchanged to 10 mM MES pH=6.5 and 20 mM NaCl. PEG 1000 (on a 1:10 weight ratio) 

was added to protect the protein during the lyophilization process. And the samples were 

freeze-dried. 

The solid state NMR spectra of free TTR and TTR in the presence of Tafamidis or Taf-Ptx 

were collected on a Bruker Avance III spectrometer operating at 800 MHz (18.8 T, 201.2 MHz 
13C Larmour frequency) equipped with a Bruker 3.2 mm Efree NCH probe-head and on a 

Bruker Avance III wide-bore spectrometer operating at 850 MHz (20T, 213.6 MHz 13C Larmour 

frequency) equipped with a 3.2 mm DVT MAS probe head in triple-resonance mode. The 

spectra were recorded at 14 KHz MAS frequency and the sample temperature was kept at ~ 

290 K. Standard 13C-detected solid-state NMR spectra [2D 15N13C NCA, 15N13C NCO and 
13C13C DARR; 3D NCACX and NCOCX] were acquired. 3D CANCO was also acquired on the 

sample of free-TTR. All the spectra were processed with the Bruker TopSpin 3.2 software and 

analyzed with the CARA software. 

Solid-state NMR sample preparation of the TTR in complexes 

The material obtained from lyophilization was used to pack 3.2 mm zirconia thick wall 

rotors. The materials were then rehydrated by multiple addition of MilliQ H2O until the 

resolution of the 1D [1H]13C CP solid-state NMR spectra stopped improving. Silicon plugs 

placed below the turbine cap were used to close the rotor and preserve hydration. A sample 
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of 25 mg of [U-13C-15N] free TTR lyophilized in the presence of PEG1000 (1:10 weight ratio) 

was also analyzed in 3.2 mm zirconia rotor after rehydration, as reference for the solid-state 

NMR experiments.  
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5. Results and Discussion 

5.1 Biophysical characterization of carbohydrate binding proteins 

Siglec-7 NMR assignment and binding specificities to GD3 and its derivatives 
for new immunomodulatory strategies against cancer  

*Article in preparation  
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Abstract 

 

Gangliosides are sialylated glycosphingolipids widely distributed in human cells and tissues and 

play crucial roles in cellular processes, such as neurotransmission, interaction with regulatory 

proteins of the nervous system, cell-cell recognition and modulation of signal transduction 

pathways. However, altered expression of gangliosides has been correlated with pathological 

processes, including cancer, inflammatory disorders and autoimmune diseases. Notably, 

gangliosides are ligands for Siglecs, I-type lectins found on most white blood cells of the immune 

system that specifically recognize sialic acid–containing glycans. Indeed, certain Siglecs are 

engaged by endogenous gangliosides to trigger important physiological and pathophysiological 

signaling events. For example, sialoglycans expressed on cancer cells surface can engage Siglec-

7 on natural killer (NK) cells, leading to the inhibition of immune responses. Moreover, the 

presence of ligands for Siglec-7 and Siglec-9 has been found to be high in various cancer types, 

such as pancreatic cancer and melanoma. We here present a comprehensive analysis of the 

structure, conformation, and interactions of Siglec-7 with the sugar moieties of α2,8-linked 

gangliosides, including GD3 and Gb3 (globotriaosylceramide) derivatives, named DSGb3α3 and 

DSGb3α6. Understanding these interactions could provide valuable insights into disease 

mechanisms and facilitate the use of gangliosides as potential diagnostic and therapeutic strategies 

for cancer treatment. To this aim we combined structural biology approaches, NMR techniques, 

physico-chemical studies, and in silico methods to provide information on the binding affinities 

and 3D models of the complexes.  
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Introduction 

 

Sialic acids are a family of negatively charged nonulosonic acids[1] attached to the terminal portion 

of N-glycans, O-glycans and glycosphingolipids via the enzymatic activity of membrane-bound 

sialyltransferases (STs). Depending on the enzyme, these STs can add one or more sialic acids 

(Sias) to a sugar residue of the glycan through α2-3, α2-6 and/or α2-8 glycosidic linkages, resulting 

in an immense diversity among the sialoglycans. Moreover, the sialoglycan recognition can be 

translated into a specific biological response when they are recognized by receptors like lectins[2]. 

Among these, Siglecs, sialic acid-binding immunoglobulin-like receptors, are I-type lectins that 

share an N-terminal Ig domain that recognizes sialic acid–containing glycans[3]. They are mostly 

expressed by immune cells, including B-cells, NK cells, eosinophils, neutrophils, dendritic cells 

and play a crucial role in distinguishing between self and non-self via glycan recognition[4]. 

Gangliosides, glycosphingolipids containing sialic acid (Scheme 1), are endogenous Siglec 

ligands[5], structurally composed of an extra-cellular carbohydrate moiety which is linked to a 

ceramide, a hydrophobic lipid portion embedded in the membrane. Their biosynthetic pathway 

starts in the endoplasmatic reticulum where glycosphingolipids are formed by specific 

glycosyltransferases which add sugars to the ceramide; the elongation of glycan structure, for 

example with the addition of one or more sialic acids to lactosylceramide (LacCer), the precursor 

of most gangliosides, ends in the Golgi. When complete, gangliosides are transferred to the 

extracellular environment by vesicular delivery. Based on the number of sialic acids on their glycan 

structure, gangliosides are classified as a-, b- and c-series corresponding to one, two or three Sias, 

respectively[6,7]. 

Recently, the study of gangliosides has made significant strides, particularly with respect to their 

role in pathological events. Even though they are broadly distributed, gangliosides predominate in 

the brain[8], and in particular, disialyl gangliosides play crucial roles in cellular processes such as 

neurotransmission, interaction with regulatory proteins of the nervous system, cell-cell recognition 

and modulation of signal transduction pathways[9-12]. In the nervous system, GD1a and GT1b, 

containing α2-3-linked sialic acids, are recognized by Siglec-4 (or myelin-associated glycoprotein 

MAG) to support axon-myelin interactions essential for long term axonal survival. Changes in the 

glycan structures of gangliosides are also associated to malignancies and cancer, such as the 
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increase of GD3 or GM2 in melanoma, of GD2 in neuroblastoma; certain cancers also produce 

and shed gangliosides that have immunosuppressive effects. Disialylated gangliosides in cancers 

affect cell behavior such as proliferation, migration, invasion, adhesion, and angiogenesis, as well 

as tumour immunosuppression[13-15]. The abnormal increase of gangliosides in serum has also been 

closely linked to cancer, presenting the possibility of predicting prognosis and recurrence in cancer 

patients[16,17]. 

Ligands for Siglec-7 and Siglec-9 have been found to be high in various cancer types, such as 

pancreatic cancer and melanoma[18]. Siglec-7 is an inhibitory immune receptor expressed on 

human natural killer (NK) cells and subsets of myeloid and dendritic cells[19,20]. Sialoglycans 

expressed on cancer cells surface can engage Siglec-7 and therefore inhibit NK cell-mediated 

killing, this making Siglec-7 and cognate ligands novel glyco-immune checkpoints for cancer 

immunotherapy[21-23]. Siglec-7 preferentially binds internally branched α2,6-linked disialylated 

gangliosides, such as DSGb5, disialosyl Lc4 (DSLc4), and α2,8-linked gangliosides such as GD2, 

GD3, and GT1b[24,25]. In particular, GD3 (NeuAcα2-8NeuAcα2-3Galβ1-4Glcβ1-1′Cer) plays 

essential roles in brain development but its levels are decreased in adults[26]. Conversely, GD3 is 

upregulated in pathological conditions, such as cancers and neurodegenerative disorders[27]. Once 

sialoglycans on cancer cells surface target Siglec-7 on NK cells, they evade immune detection and 

replicate [28,29]. Recent findings indicate that cell surface GD3 with regular ceramide supports 

Siglec-7 binding, whereas GD3 with ceramide alterations, including an extra hydroxyl group on 

sphingosine C4 (phytoceramide) or a 2-hydroxyl group on the fatty acid amide, does not 

effectively engage with Siglec-7. Furthermore, it was observed that dehydroxylated ceramide-

containing GD3 reduced the sensitivity to NK cells, indicating that ceramide structures in 

glycosphingolipids not only influence Siglec-7 binding but also impact the biological effects 

triggered by their interactions[5,30]. This raises the intriguing speculation that glycan binding, 

specifically of the Neu5Acα2-8Neu5Acα2-3Galβ1-4Glc of ganglioside GD3 enhances 

engagement with the hydrophobic ceramide. Understanding the dynamics of these interactions 

holds great promise for providing insights into disease mechanisms and potentially opening the 

door to the development of diagnostic and therapeutic strategies[31]. This can have significant 

implications in the field of immunotherapy, where targeting these interactions may lead to novel 

therapeutic strategies against cancer, which often exploits sialic acid-containing molecules in 

immune evasion mechanisms[32,33]. To deeply understand how Siglec-7 can bind closely-related 
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sialoglycan structures, and with the long-term goal of developing potential ligands within cancer 

immunotherapy, we undertook a comprehensive study of Siglec-7 recognition and binding to the 

sugar portions of GD3[34] and two Gb3 (globotriaosylceramide) derivatives[35], such as DSGb3α3 

and DSGb3α6 (Scheme 1). For this purpose, we employed a combination of multidisciplinary and 

complementary methods, consisting of fluorescence, high-resolution ligand- and protein-based 

NMR experiments, isothermal titration calorimetry and computational approaches, including 

docking, molecular dynamic simulations and RedMat 3D structure evaluation program[36] to 

achieve information about binding preferences, affinities and 3D molecular features of such 

protein-ligand complexes. Comprehending these interactions is instrumental in elucidating their 

roles in immunology, disease pathology, and potential therapeutic applications.  
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Results 

The molecular binding between the glycosylated Siglec-7 and gangliosides (ligands 1, 2 and 3, 

Figure S1 and Scheme 1) was investigated using a combination of biophysical, NMR and 

computational methods.  

 

NMR assignment of the backbone 1H and 15N resonances of Siglec-7 CRD 

The N-terminal Ig-like C-type carbohydrate recognition domain (CRD) of Siglec-7 (Scheme 1) 

has been expressed in E. coli in M9 culture medium containing 15N NH4Cl and 13C-glucose. The 

protein was recovered from inclusion bodies and after a refolding protocol, highly pure Siglec-7 

CRD was obtained isotopically enriched. 1H, 15N and 13C backbone resonances were assigned 

through solution state NMR. 2D 1H-15N HSQC NMR experiments showed well-dispersed 

resonances, which were used as a confirmation of the folding state of the protein (Figure 1, Table 

S1). 3D triple-resonance experiments HNCA, HNCACB, HNCO and CBCAcoNH were acquired 

at 900 MHz, HNcaCO a spectrometer operating at 500 MHz. 93 % of the amino acid sequence 

from Y26 to T147 was assigned, excluding the 5 proline residues and the His-tag tail. The 

recombinant Siglec-7 CRD was then used in protein-based NMR experiments for binding studies 

with gangliosides 1-3 (see below). 
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Scheme 1. A) Amino acids sequence of the two different forms of Siglec-7 studied in this work, the carbohydrate recognition domain 

(CRD) and the full extracellular domain (FED). The PDB structure of Siglec-7-CRD (2hrl) is also shown with BC, CC’ and GG’ 

loops highlighted. B) Ligands studied in this work: GD3 and Gb3 (globotriaosylceramide) derivatives DSGb3-α3 and DSGb3-α6. 

 

Figure 1. Siglec-7 production and backbone assignment by NMR. A) SDS-PAGE representation: Lysis step - (1) supernatant, (2) 

cell debris; Solubilization of Inclusion bodies - (3) supernatant, (4) cell debris; Solubilization of Inclusion bodies - (5) supernatant, 

(6) cell debris; Solubilization of Inclusion bodies - (7) supernatant, (8) cell debris; Solubilization of Inclusion bodies - (9) 

supernatant, (10) cell debris; Solubilization of Inclusion bodies - (11) supernatant, (12) cell debris; Solubilization of Inclusion 

bodies - (13) supernatant, (14) cell debris. B) SDS-PAGE representation: HisTrap purification, 1-st cycle - Flow-through (15), 

Column wash (16), Elution (17); HisTrap purification, 2-nd cycle - Flow-through (18), Column wash (19), Elution (20), 1-st Elution 

and 2-nd Elution (21). C) SDS-PAGE representation: Size-exclusion chromatography - collected fraction of Siglec-7 CRD. D) Size-

exclusion chromatogram representation of Siglec-7 CRD as single peak. E) 2D 1H-15N HSQC NMR spectrum of the apo Siglec-7 

CRD in 20 mM KPi, 50 mM NaCl, pH 7.4   acquired on a spectrometer operating at 900 MHz at 298 K. NH amino acid resonances 

obtained by the protein assignment are reported in the spectrum. 

 

Binding specificities 

Concentration dependent reduction in fluorescence intensity upon ganglioside binding was used 

to monitor the interaction and the binding affinities were determined by non-linear regression 

analysis[37]. In details, fluorescence titrations of increasing amounts of sialoglycans into a fixed 

concentration of the proteins showed that the tryptophan residues of Siglec-7 were quenched by 

ligand addition, therefore proving the complex formation[38]. These measurements allowed to 

calculate the binding affinities (Kb) for all systems. The results showed the ability of Siglec-7 to 
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recognize all gangliosides; while a stronger preference for ligand 1 was observed, the binding 

constants were all in the micromolar range (Figure 2). To understand if Siglec-7-ganglioside 

binding was enthalpically and/or entropically driven, fluorescence analyses of all systems were 

performed at different temperatures (10°C, 25°C and 35°C) and the corresponding association 

constants were derived accordingly. By assuming that ΔH° was temperature-independent, the van’t 

Hoff equation was applied. In all cases, the enthalpy values were negative, meaning that the 

binding was exothermic and therefore, dominated by hydrogen bonds (Figure S2A). Slight 

variations among the systems were attributed to the entropy (ΔS), although it was negative in all 

cases. It is worth mentioning that the thermodynamic values (ΔH°, ΔS and ΔG) of the Siglec-7 - 

ligand 1 system were also calculated by isothermal titration calorimetry (ITC), which confirmed 

the results obtained by the application of the van’t Hoff equation (details in Methods section, 

Figure S2B) [39]. Overall, we can affirm that Siglec-7 interactions with GD3 and DSGb3 

containing α2,3 and α2,6 linkages (DSGb3α3 and DSGb3α6, respectively) have affinities in the 

low micromolar range (Figures 2 and S2).  

Binding affinities were also studied using NMR lineshape analysis of 2D 1H-15N HSQC 

experiments. Solution NMR is a powerful tool for the study of biomolecular interactions, and 

changes on 2D NMR spectra of a free protein upon titration with a given ligand is a rich source of 

information capable of characterizing the thermodynamic features of an interaction. Dissociation 

constants for the interactions between Siglec-7 and ligands 1, 2 and 3, were estimated using TITAN 

(TITration ANalysis)[40], a software that uses quantum mechanical simulation and fitting of whole 

2D spectra to specific binding models, depending on the system. The data was predicted and fitted 

for HSQC spectra and a 2-state binding model for all three interactions. Supplementary figures S, 

show the fitting obtained for representative residues involved in the interaction. Dissociation 

constants in the high micromolar range were obtained for all three interactions. 
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Figure 2. Binding isotherms measured by fluorescence spectroscopy following the formation of the complex between Siglec-7 and 

(A) GD3 (B) DSGb3α3 and (C) DSGb3α6 in phosphate buffer saline (PBS) buffer, pH 7.4, at temperatures of 10°C (blue circles), 

25°C (green squares) and 35°C (red rhombuses). The solid lines represent the best fit of the experimental data according to a 1:1 

binding model.  

  

Molecular binding between Siglec-7 and ligand 1 

The interaction between Siglec-7 and GD3 (ligand 1) was used to assess the functionality of the 

recombinant protein, to describe the binding mode and to dissect the 3D complex. 

The molecular details of the interaction between Siglec-7 and its natural ganglioside GD3 were 

unveiled by both ligand- and protein-based NMR spectroscopy, as well as computational 

approaches[41] (MM and MD simulations) (Figure 3). Saturation Transfer Difference (STD) NMR 

experiments were performed on the mixture to map the recognized epitope of GD3, therefore, to 

determine the protons closest to the receptor surface (Figure 3A). The different profiles between 

the reference (in black, Figure 3A) and the STD NMR (in red, Figure 3A) spectra were a clear 

indication of selective binding between the protein and ligand 1. Furthermore, the STD spectrum 

did not contain signals from Gal (D) and Glc (B) residues; the main STD signals belonged to the 

terminal sialic acid (N), indicating its primary involvement in the interaction with Siglec-7, while 

residue K contributed mainly with H7, H4 and its acetyl group, and at lower extent with H5-H6. 

The highest STD NMR response was attributed to the acetyl group of the terminal sialic acid (AcN) 

and was set to 100%; the %STD effects of the magnetization transferred from Siglec-7 to the other 

protons of GD3 were derived accordingly.  

The interaction of Siglec-7 with GD3 was further investigated by protein-based NMR experiments 

(Figure 3B). Aliquots of GD3 were sequentially added to [U-15N] labelled Siglec-7 CRD and 1H-

15N-HSQC NMR spectra were acquired. As expected, during the NMR titration, some protein 
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signals experienced aa decrease in signal intensity and/or chemical shift perturbations (CSP) 

(Figure 3B and 4A-B), These changes were particularly noticeable in signals located near Arg124, 

the canonical residue in the Siglec-7 binding site . In particular, the signals affected by the largest 

CSP were assigned to Lys127, Lys131 and Trp132, followed by Glu126, Gly128, Ile130, as well 

as Tyr134 and Lys135 of GG’ loop, supporting the anticipated interaction involving Arg124. Other 

CSP effects were observed for Tyr26, Ser27, Arg111, and for His62 of BC loop and Ile72, Ser73 

of CC’ loop. On the other hand, the signals affected by the largest decreases in intensity were 

assigned to Asn133, that even disappeared with the addition of the ligand, and Lys127 and Lys131, 

the same residues that also experienced CSP located close to Arg124. To a lesser extent, other 

intensity decreases were also observed for Thr56, Gly63, Phe95, Met125. 

The findings from both the NMR titration and STD experiments were key in constructing the 

binding site (Figure 4A and 4B). The α2-8 linkage connecting the two sialic acids of GD3 shows 

high levels of conformational flexibility due to the five torsion angles by which it is characterized: 

F (C1-C2-O-C8′), Y (C2-O-C8′-C7′), ω9 (O9′-C9′-C8′-O), ω8 (O8′-C8′-C7′-O7′), and ω7 (O7′-C7′-

C6′-O6′). Once the conformational behavior of GD3 in the free state, previously evaluated[42], was 

here further studied via MD simulations, (Figure S3A), the ligand in its representative pose was 

then modeled into Siglec-7. Depending on the φ (C1-C2-O-C’3) torsion angle around the Neu5Ac-

α-(2,3)-Gal glycosidic linkage, ligand 1 could populate two different conformations, namely –g 

and t, corresponding to φ values of -60° and 180°, respectively. In the bound state, a preference 

for φ = -60° was observed from MD simulations (Figure S3B), also supported by tr-NOESY 

experiments (Figure S3C). Overall, the spectral shifts observed in Siglec-7 upon the addition of 

ligand 1 were in agreement with a protein-ligand binding affinity at a low micromolar level. The 

combination of ligand- and protein-based NMR experiments allowed the modelling of 1 into the 

binding site. The complex was subjected to MD simulation (Figure S3B) and validity of the 3D 

models were evaluated and validated with RedMat (Figure 4E), a program that calculates the 

predicted STD-NMR intensities from MD trajectories and compares them to the measured STD 

effects. Notably, the calculated STDs, matched well with those experimentally observed, therefore 

confirming reliability of the MD simulation on Siglec-7 and GD3 (ligand 1) and thus of the 

proposed 3D model in Figure 4. As shown in Figures 4C and 5, the carboxylate group of the 

terminal sialic acid established the key salt bridge with the Arg124. Also, a significant H-bond was 

detected between the H5N of terminal sialic acid N and Lys131, one of the amino acid most 
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perturbed by both CSP and intensity decrease (Figures 3B and 4A-B). At lesser extent, H-bonds 

between O8 of glycerol chain of N with Asn133 were observed, the most perturbed amino acid in 

signal intensity decrease. Regarding the internal Sia residue K, an H-bond between O4 of sialic 

acid and Trp74 was recurrent along the simulation. The analysis also revealed the presence of 

hydrophobic amino acids in the binding pocket involving the aromatic components of Trp132 and 

Trp74, this latter situated within the CC' loop of the protein, in proximity to the residues N and K, 

respectively (Figure 4C). In particular, in our 3D model, Trp132 established a π-π interaction with 

Tyr26, both amino acids affected by CSP variations during the protein NMR titration (Figures 3B 

and 4B). 

Overall, the 3D model of Siglec-7 and GD3 (ligand 1) here proposed matched NMR binding 

studies, indicating the terminal sialic acid of the ganglioside as the main residue involved in the 

interaction with Siglec-7 and the internal sialic acid partially contributing to the recognition, while 

the other residues were solvent exposed. 

 

Figure 3. Ligand- and Protein-based NMR analysis of ligand 1 in interaction with Siglec-7. A) Epitope mapping of ligand 1 

highlights the protons most involved in interaction with Siglec-7. %STD values are obtained by the ratio (I0 − Isat)/I0, where (I0 

− Isat) is the signal intensity in the STD-NMR spectrum (red) and I0 is the peak intensity of the off-resonance spectrum (black). 

Despite some isochronous signals between N and K, the isolated signals from K as K8 as well as the diastereotopic K9 and K3 

(axial and equatorial) protons were not recognized by the protein. However, an STD enhancement referring to the acetyl group 

(AcK) was observed, meaning that a partial contribution of the internal sialic acid (K) occurred. Bioactive conformation of ligand 
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1, the surface was colored according to the STD effects. B) Plots representing chemical shift perturbation (CPS) in red and 

decreases in signal intensity in blue. Surface representation of a model of Siglec-7 with the residues experiencing the largest 

decrease in intensity in blue and CSP in red in the presence of 200 μM of ligand 1. Arg124 is colored green. 

 

Figure 4. 3D model of Siglec-7CRD -ligand 1 complex. A) 3D complex with the protein surface colored according to the chemical 

shift perturbation (in red) and intensity decreased (in blue) detected by protein-based NMR titration. B) 3D views of the Siglec-

7−1 complex: the amino acids involve in the interactions as revealed by protein-based NMR experiments were represented as 

sticks; the ligand surface was colored according to the STD edit code. C) 2D plot of the interactions establishing at the protein-

ligand interface. D) RMSD along MD simulation. E) Comparison between experimental (blue) and calculated %STD for protons 

of ligand 1 by RedMat analysis. A NOE R-factor of 0.2 was calculated. 

 

Molecular binding between Siglec-7 and ligand 2 

The molecular recognition of DSGb3α3 (ligand 2) by Siglec-7 was analogously investigated by 

NMR and computational studies. STD NMR experiments indicated that Siglec-7 mainly 

accommodates sialic acid residues, primarily the terminal Sia (N) (Figure 6A). An inspection of 

the STD spectra highlighted the above, for instance K3 signals were based in the STD spectrum, 

the acetyl group and N4 STD signals were higher for Sia N then for the internal Sia K. 

Furthermore, other sugar residues (galactoses, D and C, and glucose, B) were mostly excluded 

from recognition by Siglec-7 (Figure 6A). 
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Siglec-7 titration with ligand 2 was then performed in order to have a deeper insight into the 3D 

complex; both CSP and decreases in signal intensity were observed and allowed to map the region 

of the protein involved in the interaction with DSGb3α3, especially surrounding the key Arg124 

(Figures 6B and 7). In this region, the most significative CSPs were attributed to Gly128, Ile130, 

Lys131, Trp132 and Tyr134, while Lys131, Trp132, Asn133 and all the amino acids from Lys135 

to Gln138 of the GG’ loop experienced a decrease in signal intensity. The residues of GG’ loop 

(Tyr134 by CSP and Lys135, Tyr136, Asp137 and Glu138 by intensity decreases) were indeed 

particularly influenced by the presence of ligand 2; we also observed a CSP of Ala76 of the BC 

loop and decreases in signal intensity of Tyr50 and Val52 belonging to the BC loop. Besides 

Lys131, Trp132 that were affected by both kinds of variations, we also found Tyr26, Ser27 and 

His62, close in space to the binding site (Figure 7). 

The bioactive conformation adopted by ligand 2 upon binding to Siglec-7 was then explored by tr-

NOESY experiments (Figure S6) coupled to MD simulation. In the free state, ligand 2 could 

populate –g and t conformations according to the φ (C1-C2-O-C’3) torsion angle around the 

Neu5Ac-α-(2,3)-Gal glycosidic linkage (-60° and 180° respectively, Figure S4). Therefore, an MD 

simulation in the bound state was first carried out with ligand 2 in the t conformation (Figure S5A), 

maintained for approximately 20 ns after which the φ torsion angle turned to -60° (change from t 

to -g) and maintained until the end of the MD simulation. In addition, a second MD simulation in 

the bound state was undertaken considering ligand 2 in -g conformation as starting pose (Figure 

S5B): for the entire simulation time, the φ torsion angle populated the value at -60°. Therefore, in 

both MD simulations of the bound states, the conformation of the φ torsion angle around Neu5Ac-

α-(2,3)-Gal of ligand 2 converged to -60º, suggesting the preference for the -g conformation. 

Analogously, a detailed analysis of key tr-NOE contacts indicated a propensity of 2 for adopting 

the -g conformation upon binding to Siglec-7. This was supported by a decrease in NOE intensity 

corresponding to K3ax-D3, and the appearance of a weak NOE corresponding to K9-D3, denoting 

a preference for φ at -60°. Regarding the torsion angles around Neu5Ac-α-(2,8)-Neu5Ac linkage, 

φ (C1-C2-O8-C8) can populate different conformational states between -60° and -180° in the free 

state (Figure S4), while φ at-60° was favored in the bound state (Figure S5B). In addition, tr-NOE 

contacts between the terminal sialic acid (N) and the glucose residue (B) further suggested a bent 

conformation for 2 upon binding with Siglec-7, well matching with a φ torsion angle around 

Neu5Ac-α-(2,8)-Neu5Ac at -60° (Figure 5-6). Notably these torsions remained stable along the 
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MD simulation (Figure S5). Moreover, the MD simulation trajectories were analyzed through 

RedMat algorithm: the frame more in accordance with the experimental data was extrapolated by 

the MD simulation and a 3D model of Siglec-7 with DSGb3α3 was proposed (Figures 7 and 8). 

The results obtained (Figure 8), correlating with the previous analysis of ganglioside GD3 (ligand 

1), illustrate the key role of the carboxylate group of the terminal sialic acid N in establishing a 

salt bridge with Arg124. Additionally, hydrogen bonds were identified again between the H5N of 

the terminal sialic acid N and Lys131, affected by both CSP and decrease of signal intensity, as 

well the previous interactions with Asn133, which showed a strong reduction in signal intensity 

during the protein NMR titration (Figure 6B). Within the internal Sia residue K, this residue was 

facing toward the aromaticTrp74 belonging to the CC’ loop by which a hydrogen bond was also 

established (Figures 7C and 8). Other aromatic amino acids located in the binding site included 

Tyr26 and Trp132, which were affected by both CSP and intensity decreases and established π-π 

interactions with each other.  

Figure 5. Representation of the Siglec-7−1 complex with the BC, CC’ and GG’ loops highlighted in cyan, green and orange, 

respectively. Different views highlighting the H-bonds monitored by MD simulation were shown (in the zoom, the amino acids were 

colored according to the loops legend). 
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 Figure 6. Ligand- and Protein-based NMR analysis of ligand 2 in interaction with Siglec-7. A) Epitope mapping of ligand 2 

highlights the protons more involved in interaction with Siglec-7. %STD values are obtained by the ratio (I0 − Isat)/I0, where (I0 

− Isat) is the signal intensity in the STD-NMR spectrum (red) and I0 is the peak intensity of the off-resonance spectrum (black). 

Bioactive conformation of ligand 2, the surface was colored according to the STD effects. B) Plots representing chemical shift 

perturbation (CPS) in red and decreases in signal intensity in blue. Surface representation of a model of Siglec-7 with the 

residues experiencing the largest decrease in intensity in blue and CSP in red in the presence of 200 μM of ligand 2. Arg124 is 

colored green. 
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Figure 7. 3D model of Siglec-7CRD -ligand 2 complex. A) 3D complex with the protein surface colored according to the chemical 

shift perturbation (in red) and intensity decreased (in blue) detected by protein-based NMR titration. B) 3D views of the Siglec-

7−2 complex: the amino acids involve in the interactions as revealed by protein-based NMR experiments were represented as 

sticks; the ligand surface was colored according to the STD edit code. C) 2D plot of the interactions establishing at the protein-

ligand interface. D) RMSD along MD simulation. E) Comparison between experimental (blue) and calculated %STD for protons 

of ligand 2 by RedMat analysis. A NOE R-factor of 0.3 was calculated.  
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Figure 8. Representation of the Siglec-7−2 complex with the BC, CC’ and GG’ loops highlighted in cyan, green and orange, 

respectively. Different views highlighting the H-bonds monitored by MD simulation were shown (in the zoom, the amino acids were 

colored according to the loops legend). 

 

Molecular binding between Siglec-7 and ligand 3 

NMR and computational studies have been also performed to study the molecular recognition of 

ligand 3 by Siglec-7. Similarly to ligand 2, STD NMR experiments of ligand 3 showed that the 

terminal Sia residue (N) was crucial in the interaction (Figure 9A). Interestingly, as for the 

diasterotopic methylene signals of Sia, a low STD enhancement was only noticed for N3E, while 

the other protons of Sia N contributed from N4 to N9, including the acetyl group that gave the 

100% of STD effect. Regarding Sia K, the main STD responses were attributed to K4 and K7 

(both partially overlapped to N7), K6 and the acetyl group, while no effects were shown for K8 

and K9, resonating in a more isolated region of the spectrum. Similarly to ligands 1 and 2, the 

other residues were excluded from interaction with Siglec-7, as indicated by the absence of 

corresponding STD NMR signals.  

 

Figure 9. Ligand- and Protein-based NMR analysis of ligand 3 in interaction with Siglec-7. A) Epitope mapping of ligand 3 

highlights the protons more involved in interaction with Siglec-7. %STD values are obtained by the ratio (I0 − Isat)/I0, where (I0 

− Isat) is the signal intensity in the STD-NMR spectrum (red) and I0 is the peak intensity of the off-resonance spectrum (black). 

Bioactive conformation of ligand 3, the surface was colored according to the STD effects. B) Plots representing chemical shift 
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perturbation (CPS) in red and decreases in signal intensity in blue. Surface representation of a model of Siglec-7 with the residues 

experiencing the largest decrease in intensity in blue and CSP in red in the presence of 200 μM of ligand 3. Arg124 is colored 

green. 

 

The molecular binding between Siglec-7 and ligand 3 was also investigated by protein-based NMR 

binding experiments (Figure 9B). Both CSP and decreases in signal intensity were observed during 

the titrations, which allowed the definition of the binding site of Siglec-7 (Figures 9B and 10). 

Therefore, residues from Glu126 to Tyr134, in the vicinity of Arg124, exhibited consistent 

perturbations; in particular, Lys127, Lys131 and Trp132 experienced the largest CSP, followed by 

Glu126, Gly128, Ile130, and Tyr134; the remaining amino acids were instead affected by intensity 

decrease (Lys127, Asn129, Lys131 and Asn133). Notably, Lys127 and Lys131 were affected by 

both CSP and intensity decrease. Moreover, the amino acids in proximity to this latter region 

included Tyr26, Ser27, which gave only CSP effects. On the other hand, lower perturbations were 

evidenced for residues His62 of the BC loop and Ala76 of the CC loop influenced by CSP and for 

Ile72 of the CC loop affected by both CSP and intensity decrease (Figures 9B and 10). 

TrNOESY experiments and computational studies allowed to depict the 3D model. Thus, 

Neu5Acα2-6-Gal linkage was affected not only by φ (C1-C2-OC6′) and ψ (C2-O-C6′-C5′), but by 

an additional ω torsion angle around the C5′-C6′ (O-C6′-C5′-O5′). Previous computational studies 

in the free state (Figure S7A) showed the ψ angle mainly acquired values around 180°[43,44], also 

maintained in the bound state (Figure S7B). As for the φ torsion angle, the absence of NOE contacts 

between the diastereotopic protons at position 3 of sialic acid (K3A and K3E) and protons at 

position 6 of galactose (D residue) could be an indication of a preference for the -g conformation 

(Figure S8A). MD simulations (Figure S7) confirmed the strong preference for φ = -60° (-g 

conformer). Additionally, the ω torsion angle could populate three different values in the free state, 

60°/180°/-60°, corresponding to gt/tg/gg conformations, respectively (see Newman projection in 

Figure S8B)[45,46]. Overall, both MD simulations (Figure S7A-B) and tr-NOESY NMR 

experiments (Figure S8A) revealed no conformational differences between free and bound state, 

and that both tg and gt conformations were likely populated (Figure 10 and S9). Indeed, ω at -60° 

was less energetically favored and, the different multiplicity of the diastereotopic protons at 

position 6 of the galactose residue D observed on the 1H13C-HSQC spectrum confirmed the 

exclusion of the gg conformation (Figure S8B). As for the other two torsions, no significant NOE 

contacts were found for ligand 3 to discriminate in the bound state between the two conformers 
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(Figure S7B). The coexistence of both gt and tg conformers was further supported by protein-

based NMR experiments (Figures 11 and 12), which showed that amino acids located in the CC' 

loop of the protein, such as Ile72 and Trp74, were affected in both cases. This also occurred with 

amino acids nearby or part of the GG' loop such as Lys131, Trp132, Asn133, Tyr134 or Lys135. 

The interactions of the key Arg124 with the terminal sialic acid K of the ligand occurred in the gt 

and tg conformations, hydrogen bonds could also be identified between Lys131 and the terminal 

sialic acid, in particular the NH of the acetyl group. Particularly, in the tg conformation the H-

bonds between the terminal sialic acid (N) O8 and (at lesser extent) O9 of glycerol chain and 

Asn133 were also observed. Within the internal Sia K residue, a hydrogen bond with Trp74 was 

observed in both conformers (Figures 11 and 12). 

 

Figure 10. A) Superimpositon of 3D models of Siglec-7CRD bound to ligand 3 in tg and gt. B) 3D views of the Siglec-7−3 complex: 

the amino acids involve in the interactions as revealed by protein-based NMR experiments were represented as sticks; the ligand 

surface was colored according to the STD edit code.  
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Figure 11. Representation of the Siglec-7−3 complex in the gt conformation with the BC, CC’ and GG’ loops highlighted in cyan, 

green and orange, respectively. Different views highlighting the H-bonds monitored by MD simulation were shown (in the zoom, 

the amino acids were colored according to the loops legend). 

 

 

Figure 12. Representation of the Siglec-7−3 complex in the tg conformation with the BC, CC’ and GG’ loops highlighted in cyan, 

green and orange, respectively. Different views highlighting the H-bonds monitored by MD simulation were shown (in the zoom, 

the amino acids were colored according to the loops legend). 
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Discussion 

 

Gangliosides are sialylated glycosphingolipids ubiquitous in all human cells, but most abundant in 

the brain and nervous system. Based on their location in the plasma membrane, these sialylated 

glycosphingolipids play several biological roles under healthy conditions, such as cell-cell and 

cell-matrix interactions, modulation of signal transduction, coordination of signal events with other 

cells.  

However, ganglioside composition could be altered during malignant transformation and high 

levels of ganglioside expression contribute to pathological conditions, such as GD3 and GD2 in 

melanoma and neuroblastoma respectively, leading to tumor initiation and progression. Moreover, 

the presence of gangliosides was detected in the blood circulation of certain cancer patients, 

making them potential biomarker for tumor diagnosis and/or prognosis[47] or targets for antibody 

therapies[48,49]. Several in vitro studies have shown that most gangliosides containing one or two 

sialic acids have suppressive effects against the activation of immune cells, such as B cells, NK 

cells, dendritic cells, monocytes, promoting tumor progression, while structures with more than 

two sialic acids stimulate T cell activity and pro-inflammatory cytokines. Thus, certain 

gangliosides, for example GD2, GD1b and GT1b, play dual role in immunity, depending on their 

composition, sialylation pattern and specific tumor type [50],i but the mechanism is still unclear. 

GM3, GM2 and GD3, present in the nervous system, could inhibit NK cell activity [51] ii and one 

possible mechanism by which gangliosides can regulate NK cell cytotoxicity is through their 

recognition by Siglecs (sialic acid–binding immunoglobulin-like lectins). Indeed, GD3 strongly 

engages Siglec-7 on NK cells, leading to immunosuppressive response in vitro and in vivo[52].  

Siglec-7 is a glycan-binding immune receptor that is emerging as a significant target of interest for 

cancer immunotherapy. Siglec-7 ligands offer valuable insights into the motifs and key elements 

essential for engaging Siglec-7 and evading immune recognition. This interaction establishes 

Siglec-7 and its corresponding ligands as innovative glyco-immune checkpoints in the realm of 

cancer treatment. Indeed, the structure of the N-terminal V-set domain of Siglec-7 interacting with 

a synthetic analog of GT1b was solved[53]. 

In the context of Siglecs-gangliosides axis of the modulation of immune response and tumour 

microenvironment, antibody therapies have been investigated in pre-clinical and clinical studies[54] 
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and synthetic mimetics of carbohydrate portions of GD2 and GD3 gangliosides have been tested 

as potential vaccines[55]. However, the antibody therapies only partially succeed, and ganglioside 

mimetic vaccines need improvement to be effective against a wider range of tumours.  

Therefore, molecular level understanding of gangliosides interaction with Siglec-7 not only could 

shed light on the mechanisms underlying immune evasion in cancer cells but it could also help the 

development of targeted strategies to modulate these interactions. To this aim, we combined 

structural biology methodologies, NMR techniques, chemical-physical studies, and computational 

approaches to provide information on binding affinities and 3D models of Siglec-7 interacting with 

its preferred ganglioside, GD3, and structurally related derivatives.  

We here expressed the full extracellular domain (FED) in human cell lines (HEK293) and, for the 

first time, we assigned the carbohydrate recognition domain (CRD) of Siglec-7 using NMR 

spectroscopy.  

The combination of STD NMR, tr-NOESY and protein-based NMR with MD simulations and 

Redmat calculations allowed to achieve 3D models of the Siglec-7-ganglioside complexes, 

highlighting the interactions occurring at the interface.  

GD3 was used as the main ganglioside ligand for Siglec-7. To investigate whether the glycosidic 

linkages of gangliosides could affect their binding accommodation, we decided to further study 

the molecular binding with modified GD3 structures, which maintained the disialylated Neu5Ac-

α-(2-8)-Neu5Ac portion, varying the linkage of the internal sialic acid to galactose, via α-(2-3) and 

α-(2-6) glycosidic linkages. Variations in elongation and in type of glycosidic linkage between the 

internal sialic acid (K) and the galactose unit (D) of Gb3-derivatives (DSGb3α3 and DSGb3α6) 

allowed to obtain more detailed information on gangliosides recognition from Siglec-7. Indeed, all 

these complexes show affinity in the micromolar range, stronger for GD3 as expected, and their 

formation is enthalpically and entropically favored in all cases, with similar negative Gibbs free 

energy (ΔG < 0). The reason is that the sialic acid moieties of GD3, DSGb3α3 and DSGb3α6 are 

the only residues involved in the interaction with Siglec-7, with a bias for the terminal sialic acid 

of the Neu5Ac-α-(2-8)-Neu5Ac glycosidic linkage, while the other sugars result solvent exposed 

and, as they make any contacts with the protein, consequently, represent the more flexible portions 

of the ligands. Furthermore, in order to define the binding site of Siglec-7, protein-based NMR 

experiments were performed by adding increasing amounts of each ganglioside in solution. The 

results showed some similarities on the effects of binding site residues. The amino acids more 
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affected by the presence of gangliosides correspond to those located in the vicinity of Arg124, 

which is crucial for sialoglycan binding, exhibiting consistent perturbations. For example, Gly128, 

as well as the region close to and partially including GG’ loop, the residues from Ile130 to 

Tyr134GG’, were subjected to CSP (Gly128, Ile130, Lys131, Trp132GG’, Tyr134GG’) and decrease 

of signal intensity (Lys131 and Asn133GG’) in all the three complexes. These results support the 

importance of the binding site neighboring Arg124 that always establishes key salt bridge with the 

carboxylate group of the terminal sialic acid. Additionally, other CSPs in common to the three 

complexes were shown for Tyr26, Ser27 and His62BC. In particular, the terminal sialic acid (N) of 

all gangliosides is involved in making hydrogen bonds mainly with its carboxylate group, NH of 

the acetyl group and glycerol chain, but we also observed the vicinity of this residue to the aromatic 

Trp132GG’ that is stabilized by π-π interactions with Tyr26, both amino acids always affected by 

CSPs. Moreover, two different lysine residues are also perturbed in the binding site of Siglec-7: a 

CSP of Lys135GG’, observed in protein complex with both GD3 and DSGb3α3 (ligands 1 and 2, 

respectively), and signal intensity decrease of Lys127, detected in protein complex with both GD3 

and DSGb3α6 (ligands 1 and 3, respectively). Overall, the numerous chemical shift perturbations 

and the lower effects of signal intensity decrease of the Siglec-7 binding site agreed with the 

binding affinities calculated by fluorescence analyses, resulting in the micromolar range.  

These findings, combined with the results of NMR assay and STD experiments, are instrumental 

in delineating binding site characteristics influenced by interactions with ligands 1, 2, and 3. By 

incorporating the unique effects of each ligand on the protein structure and dynamics, a deep 

understanding of ligand-protein interactions and their impact on binding site architecture can be 

achieved for further optimization and drug development. 

Therefore, exploring the structural diversity of gangliosides and their dynamic interplay with 

Siglec-7 provides understanding of the intricate cellular communication processes, offering 

potential avenues for therapeutic interventions aimed at restoring immune recognition and 

enhancing anti-cancer immune responses. 
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Methods 

 

Sequence design of the carbohydrate recognition domain (CRD) of Siglec-7 

The carbohydrate recognition domain (CRD) of Siglec-7 was added to pET29b(+) vector in 

between NdeI and XhoI restriction sites. The vector sequence was designed as previously 

published [56] iii. In brief, the coding region containing Glu18-His148 sequence from the full-

length mature protein was codon optimized by Twist Bioscience. An additional modification to the 

lectin domain was done by replacing Cys41 with a serine residue, to avoid unspecific disulphide 

bridge formation.  

 

Expression and purification of the carbohydrate recognition domain (CRD) of Siglec-7 

The Siglec-7 CRD carrying-plasmid was transformed into BL21(DE3) Codon Plus RIPL or 

Rosetta 2 cells with the specific antibiotic selection and cultured at 37℃, at 180 rpm, in either LB 

or M9 culture medium, correspondingly supplemented with 1 mM MgSO4, 0.3 mM CaCl2, 0.2 % 

v/v solution Q, 1 µg/mL thiamine, 1 µg/mL biotin, 1 g (15NH4)2SO4 and 3 g 13C6H12O6 for isotopic 

labeling. The overexpression was induced at OD600 = 0.8 with 1 mM IPTG (isopropyl β-D-1-

thiogalactopyranoside) and incubated further for 24 h at 25 ℃ under 180 rpm. The cells were 

harvested at 7500 rpm, for 20 minutes, using a Sorvall RC 6 Plus Superspeed Centrifuge (Thermo 

Scientific) and then collected and resuspended in the lysis buffer (20 mM potassium phosphate, 

500 mM NaCl, 20 mM imidazole, pH 7.4) and subsequently sonicated for 10 cycles (30 seconds 

ON, 2.5 minutes OFF) at 70 % amplitude, using a Vibra-Cell sonicator (Sonics & Materials). The 

lysate has been ultracentrifuged for 40 minutes at 40 000 rpm with Optima LE-80K Ultracentrifuge 

(Beckman). Siglec-7 CRD is then found incorporated into inclusion bodies. While supernatant was 

discarded, the inclusion bodies were resuspended in 8 M urea lysis buffer (20 mM potassium 

phosphate, 500 mM NaCl, 20 mM imidazole, pH 7.4) and re-sonicated. The solubilization of the 

inclusion bodies has been repeated for improved recovery yield of the protein of interest. The 

soluble, unfolded fraction containing Siglec-7 CRD has been further subjected to IMAC 

purification on a HisTrap FF (5 ml, GE Healthcare). The column was previously equilibrated with 

20 mM potassium phosphate, 500 mM NaCl, 20 mM imidazole, pH 7.4 and the protein was loaded 

at a flow rate of 3 mL/min, in closed cycle, for 2 h. The column was eluted at a 4 mL/min flow 
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rate, with high-concentration imidazole buffer (20 mM potassium phosphate, 500 mM NaCl, 500 

mM imidazole, pH 7.4) (Figure 1A-B). To proceed with the refolding of the unfolded, purified 

protein of interest, a series of dialysis were set in place. The protein was placed in a 10 kDa cut-

off membrane and each dialysis was performed overnight by changing the buffer in a 2 L tank, as 

it follows: 1st dialysis) 20 mM potassium phosphate, 300 mM NaCl, 4 M urea; 2nd dialysis) 20 mM 

potassium phosphate, 300 mM NaCl, 2 M urea; 3rd dialysis) 20 mM potassium phosphate, 150 mM 

NaCl. Siglec-7 CRD, now refolded, is collected from the membrane and ultracentrifuged out from 

the formed aggregates at 40 000 rpm, for 40 minutes and then, filtered on a 0.2 µm micropore 

membrane. The final purification was achieved by a size-exclusion chromatography on a HiLoad 

26/60 Superdex 75 pg (GE Healthcare) coupled on an AKTA Go FPLC system, equilibrated with 

20 mM potassium phosphate, 50 mM NaCl, pH 7.4 (Figure 1C-D). 

 

Backbone resonance assignment of Siglec-7 

NMR protein experiments for backbone assignment were acquired on a sample of [U-15N-13C] 

Siglec-7 at the concentration of 400 μL in 600 μL of aqueous buffered solution (20 mM potassium 

phosphate, pH 7.4, 50 mM NaCl, 0.01% NaN3, 1 mM of protease inhibitors, 10% D2O, in a 5 mm 

NMR tube. Triple resonance experiments for protein NMR assignment HNCA, HNCACB, HNCO 

and CBCAcoNH were recorded at 298 K on a Bruker’s AvanceTM NEO 900 MHz spectrometer, 

equipped with TCI cryo-probe. 3D HNcaCO was recorded at 298 K on a Bruker’s AvanceTM 500 

MHz spectrometer. 93 % of the amino acid sequence from Y26 to T147 was assigned, excluding 

the 5 proline residues. Data acquisition and processing was performed on TOPSPIN 4.1.1 software 

and spectra were analyzed by using CARA (Computer Aided Resonance Assignment) software) 

http://wiki.cara.nmr.ch/FrontPage. 

  

Protein-based NMR experiments  

For ligand binding studies, 2D 1H-15N HSQC NMR experiments were recorded on samples of 200 

μM [U-15N] Siglec-7 CRD in 200 μL of aqueous buffered solution (20 mM potassium phosphate, 

pH 7.4, 50 mM NaCl, 0.01% NaN3, 1 mM of protease inhibitors, 10% D2O in a 3 mm NMR tube. 

Experiments were acquired on a Bruker's Avance™ NEO 900 MHz spectrometer, equipped with 

triple resonance TCI cryo-probe. The spectra were acquired using 32 scans with 2048 data point 

in t2, 128 increments in the indirect dimension (t1), a recycle delay of 1.2 seconds, and the 

http://wiki.cara.nmr.ch/FrontPage
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temperature was kept at 298 K. The interaction of Siglec-7 CRDwith the ligands was investigated 

by adding increasing amounts ligands 1, 2 or 3, to three different tubes containing Siglec-7 CRD, 

to reach ligand concentrations of 12.5, 25, 50, 100, 200, 400, 800, 1600 and 3200 μM. 2D 1H-15N 

HSQC spectra were added upon the addition of each ligand aliquot. Data acquisition and 

processing were performed with TOPSPIN 4.1.1 software and the spectra were analyzed using 

CARA. Chemical Shift Perturbations (CSP) were evaluated with the formula: 𝛥𝛿 =

1

2
√𝛥𝛿𝐻2 + (

𝛥𝛿𝑁

5
)2 iv.  

 

Dissociation constant calculation 

Dissociation constants for the interactions of Siglec-7 with ligands 1, 2 and 3 were calculated by 

simulating and fitting spectra from an experimental NMR titration using NMR-TITAN software. 

Data was fitted to a 2-state binding model for an HSQC pulse program. 10 of the most affected 

residues by the interactions were used for the fitting: Y26, H62, E126, K127, G128, N129, I130, 

K131, W132 and N133. Bootstrap error analysis was run, and the results are reported on supporting 

table on the supplementary materials.  

 

Ligand-based NMR experiments. 

Saturation Transfer Difference (STD) and transferred-NOESY NMR experiments were recorded 

on a Bruker AVANCE NEO 600-MHz equipped with a cryo-probe and data acquisition and 

processing were performed with TOPSPIN 4.1.1 software. Samples were prepared in phosphate 

saline deuterated buffer (10 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, 10 mM NaN3, pH 7.4) at 

298 K. [D4] (trimethylsilyl)propionic acid, sodium salt (TSP, 1 %) was used as internal reference. 

A protein concentration of 25 µM was use and protein:ligand molar ratio was  1:50 for all the 

mixtures. 

STD NMR experiments were acquired with shaped pulse train for saturation on f2 channel 

alternating between on and off resonance with 20 ms spinlock pulse applied to suppress protein 

signals. The acquisition was set with 65 k data points and 104 number of scans. The protein 

resonances were selectively irradiated by 40 Gauss pulses with a length of 50 ms, using the off-

resonance pulse frequency at 40 ppm and on-resonance pulses at 7.5 ppm and 0 ppm. The STD 

NMR spectra were carried out using a saturation time of 2 s. STD NMR effects were determined 
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using the formula (I0 – Isat)/I0, where Isat is the relative intensity of the STD NMR signal and I0 the 

peak intensity of an unsaturated reference spectrum (off-resonance). The strongest STD NMR 

response was set to 100% while all the other STD signals were normalized to this value to provide 

ligands’ epitope maps[58]. 

2D 1H-1H NOESY experiments were acquired by using data sets of 4096x800 points and 100-400 

ms as mixing times. Proton – proton cross relaxation rates were calculated by integration of cross 

peaks normalized against the corresponding diagonal peak. 1H-1H distances were calculated using 

the following equation: 𝑟𝑖𝑗 = 𝑟𝑟𝑒𝑓 √σ𝑟𝑒𝑓/σ𝑖𝑗
6 , where 𝑟𝑖𝑗 is the unknown distance to be estimated, 

𝑟𝑟𝑒𝑓 is the reference interproton distance, σ𝑟𝑒𝑓 is the cross-relaxation rate of the NOE cross peak 

of interest and σ𝑖𝑗 is the cross-relaxation rate of reference[59]. 

 

Fluorescence analysis 

Stationary-state fluorescence spectra were collected on a Fluoromax-4 spectrophotometer (Horiba, 

Edison, NJ, USA). Emission spectra were recorded in the range of 310 to 450 nm with excitation 

at 295 nm. The slit widths were set to 5 nm for excitation and to 5 nm for emission wavelength. A 

quartz cuvette with a pathlength of 1 cm and a volume of 0.2 mL was used. The starting solution 

of Siglec-7 CRD protein, prepared at a fixed concentration of 4 μM in PBS buffer (pH 7.4), was 

titrated by adding small aliquots of each ligand (1-3). The experiments were carried out at 10°C, 

25°C and 35°C and triplicate at each temperature was considered. For all ligands analyzed, the 

fluorescence intensity was quenched. The binding curve was obtained by fitting the data using 

nonlinear regression with a 1:1 binding model using the function described by Ribeiro et al [60].v 

(plotting the ratio between the fluorescence intensity at each addition of ligand (F) and the 

fluorescence intensity of the protein in absence of ligand (F0) against the to the total ligand 

concentration [L] in µM.  

 

Isothermal titration calorimetry  

The ITC experiment was carried out by means of a Nano ITC-III from TA Instruments (New 

Castle, DE, USA). Briefly, a 500 µM solution of GD3 was placed in the calorimetry vessel. Then, 

a solution of Siglec-7 CRD, at the concentration of 62.5 µM was injected (injection volume of 15 

µL) into the calorimetry vessel. The heat of dilution of the protein was evaluated by performing 



 
74 

 

injection in the calorimetry vessel containing buffer only. The temperature was set to 25 °C and 

the stirring speed to 250 rpm. The ΔHb° was calculated by integration of the peaks, then 

subtraction of the heat of dilution, and normalizing them by the amount of injected protein[41]. 

 

MD simulations  

Glycans were generated on GLYCAM website[61]. and MD simulations were performed by using 

AMBER 18[62,63]. The prmtop and inpcrd files were generated with the tLEaP module. The force 

fields were GLYCAM06j-1 for carbohydrates parameters and protein.ff14SB for SLBR-N. 

Complexes were properly prepared for the MD simulations by adding counter ions to neutralize 

the systems  using the Leap module and placing them in octahedral boxes with explicit TIP3P 

water molecules. MD simulations were run by using the CUDA implementation of PMEMD in 

AMBER18. Minimization steps of all complexes were performed using Sander. The smooth 

particle mesh Ewald method was employed to describe the electrostatic attractions in the system 

while applying periodic boundary constraints and the grid spacing was 1 Å. The system underwent 

the first annealing gradually and gently over a 25-ps period from 100 °K to 300 °K. Throughout 

50 ps, a steady temperature of 300 °K was maintained with progressive energy minimizations. The 

MD coordinates were gathered to acquire 10000 frames of the progression of the dynamics. Using 

the K-mean algorithm implemented in the ptraj module of the AMBER18 software, the trajectories 

were submitted to cluster analyses, to obtain the main representative poses. MD simulations were 

visualized by using VMD program[64]. 

 

RedMat 

The analysis was employes considering the STD NMR effects and the best poses of the complexes 

between Siglec-7 and ligands 1 and 2. The parameters were set as follows: NMR spectrometer 

frequency at 600 MHz, the concentration of protein at 25 μM, the concentration of ligand at 1000 

μM, the cut-off distance at 10 Å and the dissociation constants as derived from the fluorescence 

analysis. The goodness of the complexes and the accordance between the theoretical and 

experimental data were evaluated from the R-factor (R-NOE) values, 0.2 and 0.3 for ligands 1 and 

2, respectively, and calculated using the following formula:  
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𝑅 − 𝑁𝑂𝐸 = √
∑ 𝑆𝑇𝐷𝑒𝑥𝑝,𝑖 − 𝑆𝑇𝐷𝑐𝑎𝑙𝑐,𝑖2

∑ 𝑆𝑇𝐷𝑒𝑥𝑝,𝑖2  

 

Where STDexp,i is the experimental STD value for a generic proton I, while STDcalc,i is the STD 

value simulated with the RedMat algorithm. 
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Introduction 

 

Fusobacterium nucleatum (Fn) is a Gram-negative obligate anaerobe, among the most abundant 

species residing in the human oral cavity and rarely found in the lower gastrointestinal tract of 

healthy individuals. Fn has been identified as one of the pathobionts that outgrow during dysbiosis 

that precedes periodontal disease[1,2]. Fn can disseminate systemically in different body sites, such 

as genitourinary tracts, and overcome placental and blood-brain barriers. A large number of studies 

suggest that Fn is closely related to the developments of various systemic diseases, including 

rheumatoid arthritis, Alzheimer's disease, adverse pregnancy outcomes and gastrointestinal 

disorders such as IBD[3]. In addition, Fn has gained attention as emerging cancer-associated 

bacterium, overabundant in various types, including colorectal (CRC), pancreatic, esophageal, and 

breast cancers[4-6], and associated with shorter patients survival. In particular, CRC is accompanied 

by dysbiosis of the intestinal microbiota with a reduction of protective or beneficial bacteria such 

as Clostridium and Faecalibacterium and an increase in cancer-associated polyketide synthase E. 

coli, enterotoxigenic Bacteroides fragilis, and as most abundant species Fusobacterium 

nucleatum[2, 7-10]. Indeed, Fn promotes colorectal cancer progression by several mechanisms, 

including inhibition of host antitumor immunity, innate immune cell modulation, activation of cell 

proliferation, promotion of cellular invasion, induction of chronic inflammation and immune 

evasion, mobilization of immune cells in the tumor microenvironment[10-12].  

A possible virulence factor in Fn is the lipopolysaccharide (LPS), a microbe-associated molecular 

pattern located on the outer membrane of Gram-negative bacteria. LPS is an amphiphilic molecule 

with a general structural architecture composed by i) a glycolipid moiety named lipid A and ii) a 

heteropolysaccharide portion containing the core oligosaccharide (OS) and the O-antigen 

polysaccharide. Structural studies on the LPS of Fn have identified a wide array of carbohydrate 

components, including sialic acids and/or unusual sugars like fusaminic acid [3], highlighting the 

complexity of its glycome. These sugars contribute to the unique immunogenic properties of the 

bacterium, playing critical roles in its pathogenicity and immune evasion.  

The sialic acid-binding immunoglobulin-type lectins (Siglecs) comprise a family of 15 cell surface 

proteins, mostly inhibitory receptors, which can be divided in two different classes according to 

their sequence and evolutionary similarity: the main subset of CD33-related Siglecs and the 

conserved Siglecs’ subgroup (Scheme S1). Siglecs recognize sialic acid (Sia) containing glycans, 
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by means of a key conserved arginine residue present in the N-terminal domain that establishes a 

salt bridge with the carboxylate group of Sia (Scheme S1). Therefore, engagement of sialylated 

glycoprotein and glycolipids on all mammalian cells by Siglecs induces tolerance to self-antigens 

and prevents unwanted autoimmune responses. However, hypersialylation, frequent trait of tumor 

cells, increases Sialoglycans-Siglecs interactions to evade immune surveillance in the favourable 

immunosuppressive tumour microenvironments. This makes Siglecs novel emerging immune 

checkpoint for cancer therapy[13]. In addition, a number of bacterial pathogens developed cell 

surface Sia mimicry to engage Siglecs as an immune evasion strategy[14-18]. Indeed, E. coli K1 and 

N. meningitidis, important agents of bacterial meningitis, group B streptococcus, N. gonorrhea, C. 

jejuni possess sialylated capsules and/or LPS to evade immunosurveillance. 

Siglec-7 (CD328), a member of the CD33-related Siglecs subgroup, is primarily expressed on the 

surface of innate lymphoid human NK cells, and also found on T cells and dendritic cells [19]. It 

exhibits a binding preference for α2,8-linked disialylated ligands and internally branched α2,6-

sialyl residues. Siglec-7 consists of an extracellular region, containing an N-terminal V-set domain 

representing the carbohydrate binding region and two C2-type Ig-like domains, and an 

immunoreceptor tyrosine-based inhibitory (ITIM) motif in the cytosolic region (Figure S1)[20]. 

Siglec-7 trans interactions with cognate ligands drives phosphorylation of its cytoplasmatic ITIM 

domain motif that triggers the inhibition of NK cell pathways. Tumour cells and bacteria/pathogens 

can exploit this mechanism to evade immune recognition and facilitate their migration through the 

circulatory system. For example, group B streptococcus binds Siglec-7 on NK cells, inhibiting 

pyroptosis and suppressing NK cell sentinel activity [21]. The interaction between the LPS of 

Campylobacter jejuni and Siglec-7, which occurs through GQ1b-like epitopes and potentially 

contribute to Guillain-Barré syndrome, has also been reported[22]. We have already shown that Fn 

ssp. animalis ATTC19919, the most predominant in CRC, interacts with Siglec-7 expressed on 

innate immune cells, observed using either bacterial outer membrane vesicles and LPS. This 

interaction induced immunosuppression, thus likely contributing to the bacterial carcinogenic 

behaviour[23], and unveiled LPS O-antigen as potential ligand for Siglec-7. Furthermore, while the 

direct causal link between Fn and CRC has been highlighted, the molecular basis of Siglec-7 based 

immune subversion by cancer upon engagement by Fn surface-exposed glycans has not been fully 

disclosed yet. To contribute in filling this gap, we here isolated the LPS from Fn ssp polymorphum 

ATCC 10953, abundant in CRC tissues, whose LPS O-antigen composition consists in a peculiar 
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repeating unit of [→4)-α-Neup5Ac-(2→4)-β-Galp-(1→3)-α-FucpNAc4NAc-(1→], and combined 

complementary approaches, including NMR spectroscopy from both protein and ligand 

perspectives, computational methods, biochemical and biophysical techniques to demonstrated its 

binding to Siglec-7 and to reveal a novel binding mode.  

 
 
Scheme 1. SNFG schematic representation of Fusobacterium nucletum ATCC 10953 structure. A) OPS containing the o-antigen 

repeating unit and the core oligosaccharide[43].43 B) O-antigen trisaccharide repeating unit: →4)-β-D-Galp-(1→3)-α-D-

FucpNAc4NR-(1→4)-α-Neup5Ac-(2→; R=H (70%), R=Ac (30%). 

 

Results 

The full extracellular domain of Siglec-7 was expressed in HEK293 GnTI- (human embryonic 

kidney) cells. The LPS from Fn ATCC 10953 (referred to as Fn10953) was extracted and 

purified[24] and the presence of a trisaccharide repeating unit [4)-α-Neup5Ac-(2→4)-β-D-Galp-

(1→3)-α-D-FucpNAc4NAc-]n was confirmed (Figure S2). Notably, the acetylation of FucpNAc4N 

(AAT) unit at N4 was around 25% [25]. Furthermore, oligomers containing an increasing number 

of O-antigen (OPS) repeating units were obtained by performing a mild acid hydrolysis which 

exploited the lability of sialic acid linkage. Structural insights on recognition and binding of 

Fn10953 O-antigen to Siglec-7 was then evaluated as follows (Figure S2).  

 

Fn10953 LPS binds Siglec-7 and differentially activate blood cells 

To assess the recognition of Fn10953 LPS by Siglec-7, we evaluated the binding choosing a cell 

model overexpressing Siglec-7. To this aim several haematopoietic cell lines were tested, and 

finally RPMI8226 cells, a model of multiple myeloma, were identified as those most strongly 

expressing Siglec-7 on their surface (Figure S3). The cells were titrated with increasing 

concentrations of Fn10953 LPS and the isolated O-antigen and subsequently the fluorescence 
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signal associated with Siglec-7 was assessed. As shown in Figure 1A, both Fn10953 LPS and its 

O-antigen bound Siglec-7-expressing RPMI8226 cells (affinity of approximately 2 µg/ml for LPS 

and 18 µg/ml for OPS). We did not detect binding with Salmonella LPS, used as a negative control. 

 

Figure 1. A) ELISA binding assay of Salmonella LPS (green line), Fn10953 LPS (black line) and Fn10953 full polysaccharide 

(OPS) (red line) with RPMI8226 cell line. In table are reported the Kd and R2 value. The worse binding quality associated with the 

use of LPS could be due to the steric cluster generated by this molecule, which could cover the binding sites and generate a worse 

signal than OPS B) Fluorescence analysis of Siglec-7 with different oligomers from Fn10953. The quenching fluorescence titration 

of Siglec-7 with Fn10953 3RU, Fn10953 4RU and Fn10953 full polysaccharide (OPS) were fitted in a non-linear regression with 

One Site- Specific Binding model for the determination of the association constants Kb and the corresponding dissociation constants 

KD. 

In addition, steady-state fluorescence analysis was undertaken to provide the binding affinities of 

Siglec-7 for Fn10953 O-antigen. A concentration dependent reduction in fluorescence intensity of 

Siglec-7 upon glycan addition was used to monitor the interaction, and the binding constants (Kb) 

were determined by non-linear regression analysis (Figure 1B) [26,27]. The trisaccharide containing 

a single repeating unit (1-Mer) showed no changes in fluorescence intensity, thus suggesting that 

it was not sufficient for the recognition by the protein (Figure S4A). On the contrary, the titration 

of longer oligomers containing up to four repeating units (4-Mer) quenched tryptophane residues 

of Siglec-7, therefore proving complex formation. In all cases, fluorescence results provided 

similar KD values in the low micromolar range, fully comparable to the value obtained for the 

entire LPS O-antigen. 
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Figure 2. Siglec-7 protein in blood cells. A) Cytofuorimetric analyses of Siglec-7 protein levels, in Monocytes (pink), NK (magenta), 

T-Lymphocytes (light blue) and B-Lymphocytes (blue). Percentage of HLA-DR+ cells in PBMC derived from 5 healthy donor (B) 

and in purified B-lymphocytes (C), T-Lymphocytes (D) and NK-cells (E) from the same subjects. Black bars represent no activated 

cells. Light green bar represents LPS Salmonella treated cells. Red bars represent Fn10953 LPS treated cells. Blue bars represent 

O-antigen Fn10953 LPS treated cells. *= p-value<0,05. ***= p-value< 0,001. **** p-value < 0,0001. n.s.= not significant. Paired 

t-test.  

 

To test the effect of Fn10953 LPS on blood cells, the level of surface expression of Siglec-7 was 

firstly assessed on all blood cells, resulting in  highest expression levels on NK cells (Figure 2A 

and S5). The ability of Fn10953 LPS to activate individual blood components was investigated. 

PBMCs from 5 healthy donors were processed, and the activation levels of individual cells were 

assessed by measuring HLA-DR expression levels. T-lymphocytes, B-lymphocytes, and NK cells 

were identified, and HLA-DR expression levels on the gated cells were simultaneously assessed 

(as described in the gating strategy in Figure S6). As shown in Figure 2B, the increase in HLA-

DR positive cells, compared to untreated cells, was significant only in the case of activation with 

Fn10953 O-antigen and only specific for NK cells. All other variations were not significant (Table 

S1). The individual components of PBMCs (T lymphocytes, B lymphocytes, and NK cells) were 

purified, and subsequently activated with Fn10953. No significant changes were observed in the 

degree of activation of T lymphocytes (Figure 2C), and B lymphocytes (Figure 2D). In the case of 

NK cells, in contrast to the general analysis above, significant changes were observed compared 
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to untreated cells in the case of both Fusobacterium and Salmonella activation with LPS. 

Activation of NK cells with Fn10953 O-antigen results in a significant increase in cell activation 

levels compared to both untreated and treated cells with both LPSs used (Figure 2E). These data, 

although preliminary, suggested an involvement of Siglec-7 in the activation process of NK cells 

in the presence of Fn. 

 

Molecular details of Siglec-7 and Fn10953 O-antigen oligomers  

Ligand- and protein-based NMR binding studies  

The molecular recognition features of Fn10953 by Siglec-7 were unveiled by a combination of 

NMR and MD simulations. Firstly, NMR approaches, including STD NMR, tr-NOESY and 

relaxation experiments (Table S2), were employed to investigate the molecular details of the 

interaction between Siglec-7 and Fn10953 oligomers, elucidating the ligands binding epitopes [28] 

28 and their conformational behaviour. In accordance to the fluorescence results (Figure S4A), no 

STD NMR effects, and therefore no binding, were detected on the system formed by Siglec-7 and 

1-Mer (data not shown), confirming that a single repeating unit of Fn10953 O-antigen was not 

sufficient for recognition and binding by Siglec-7. On the other hand, NMR binding experiments 

conducted on the core-OPS fraction showed a selective binding of Siglec-7 to the O-antigen 

portion, while no STD NMR effects were observed from protons belonging to the core region. 

(Figure S4B).  

With the aim to achieve accurate details on the minimal epitope required for O-antigen binding to 

Siglec-7, STD NMR experiments were performed on the mixture with shorter OPS oligomers. The 

STD NMR analysis carried out on the isolated 2-Mer (Figure 3A) in the presence of Siglec-7 shed 

light on the recognized epitope, revealing that the recognition primarily occurred through the 

internal sialic acid (N') and the AAT (FucpNAc4N) (A') residues of the OPS (Figure 2A). The 

protons at positions 4, 5 and 7 of N’ exhibited clear STD NMR enhancements, differently from the 

reducing sialic acid unit N. Additionally, a slight STD NMR enhancement relative to N3eq’ was 

further indicative of the protein preference for the internal sialic acid residue. Moreover, while the 

intensity of STD signals belonging to the acetyl groups of N, A and A’ residues was quite low, a 

strong STD response was detected for the acetyl group of N’. Protons at position 6 and 9 of N’ 

also received a good magnetization transfer, further confirming that the N’ unit strongly 

contributed to the interaction with Siglec-7. Regarding the AAT, we observed a strong STD NMR 
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signal only for the anomeric proton of A’ (the internal AAT), whereas A residue gave no STD 

signals. Similarly, proton signals at position 2 and 6 of A' exhibited medium STD effects, while 

the remaining protons of A' gave STD signals below 20 %. Therefore, the above confirmed the 

involvement of the internal AAT in the binding event. Remarkably, the galactose units were not 

involved in the binding process and revealed no STD NMR signals (Figure 3A), thus were oriented 

further from the protein binding pocket. Therefore, the Fn10953 2-Mer preferentially 

accommodated the internal sialic acid and AAT residues into Siglec-7 binding site. 

 

Figure 3. NMR studies on the interaction between 2RU and Siglec-7. A) Schematic structure of the 2RU ligand depicted following 

the Symbol Nomenclature for Glycans. STD NMR spectrum composed by 1H NMR reference spectrum (bottom) and 1D STD NMR 
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spectrum (top), of the Siglec-7:2RU mixture at a 1:50 ratio. 2D representation illustrating the interacting epitope map derived from 

STD NMR data, showcasing the interactions between 2RU and Siglec-7. B) Spectrum of the tr-NOESY NMR study conducted on 

the Siglec-7:2RU mixture at a 1:50 ratio. The key NOE contacts shown in the spectrum were indicative of extended bioactive 

conformation of 2RU. C) Diagrams of the CSP (top) and decrease in signal intensity (bottom) of the amino acids of 200 μM Siglec-

7 in the presence of 4 mM of 3RU from Fn-10953. The CSP effect were evaluated with the formula ∆𝛿 =  
1

2
√∆𝛿𝐻

2 + (∆𝛿𝑁 5⁄ )2. 

The residues experiencing the largest CSP (S27, D57, I72, S73, K75, W85, H96, K131, W132, K135, L146 and T147) have been 

highlighted in red; the residues experiencing the largest decrease in signal intensity (Y26, S27, L28, T29, S47, Y50, V52, F123, 

R124, K131, N133, Y134, K135, Y136, D137, Q138 and L146) have been highlighted in blue. On the right the 3D surface of Siglec-

7 with the amino acids colored according to the CSP (red) and decrease in signal intensity (blue) effects. 

To gain further insights into the binding process, tr-NOESY NMR experiments were carried out 

on the 2-Mer. Additionally, computational studies were conducted to investigate the binding mode 

and propose a 3D model of the complex between Siglec-7 and the 2-Mer. Comparing NOESY 

(Figure S7) and tr-NOESY spectra (Figure 3B), no differences neither in the NOE contacts nor in 

the interproton distances were observed, indicating that the hexasaccharide containing two 

repeating units underwent no substantial conformational changes upon binding. Notably, the 

presence of key NOEs, as the contact of B4-N’3 (axial and equatorial) and B1-A2 (Figure 3B and 

S7), as well as the absence of the NOE between N’3 with A5’ and A6’ identified a ligand 

conformational preference toward the t conformation (φ =180°). To depict a 3D complex, the 

uncommon AAT unit was parametrized using AMBER18 package [29] and then, the 2-Mer was 

built according to the energetic minima calculated through the adiabatic maps by molecular 

mechanics calculation (see details in supporting information, Figure S8A) and subjected to MD 

simulation (Figure S8B). The ligand conformation in the free state mainly changed with respect to 

the φ (C1-C2-O-C4’) torsion angle around Neu5Ac-α-(2,4)-Gal glycosidic linkage (Figure S8B). 

Indeed, while ψ (C1-O-C4'-H4') torsion angle always assumed a value around 0°, φ dihedral angle 

could populate two different values, corresponding to 180° (conformer t) and -60° (conformer g), 

which lead to an extended and folded shape, respectively (Figure S8C). The MD simulations 

(Figure 3) agreed with NOE-based results, since the cluster analysis in the free state showed that 

the ligand remained in t conformation for the 70 % of time, thus indicating that 2-Mer 

preferentially adopted a more extended conformation in the free state. Similarly, and according to 

tr-NOESY experiments, the 2-Mer adopted an extended conformation upon binding. An almost 

comparable binding epitope and bioactive conformation was detected for 3-Mer, resulting in a 

similar accommodation and recognition from Siglec-7 (Figure S9). 

Protein-based NMR experiments were also employed to evaluate the interaction from the protein 

viewpoint (Figure 3C). The NMR titration was performed between [U-15N] Siglec-7 and increasing 
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amounts of 3-Mer that allowed to define the binding pocket of the protein following chemical shift 

perturbation (CSP) and/or signal intensity of the cross-peaks in the 2D 1H-15N TROSY-HSQC 

spectrum. The addition of the ligand mainly induced a decrease of signal intensity, and the residues 

experiencing the largest intensity decrease were Tyr26, Ser27, Leu28, Thr29, Ser47, F123, R124, 

Lys131 and Asn133 as well as Tyr50 and Val52 of BC loop and the amino acids Tyr134, Lys135, 

Tyr136, Asp137 and Gln138 of GG’ loop. Otherwise, Ile72, Ser73 and Lys75 of CC loop were 

affected by CSP, together with Ser27, Trp85, His96, Lys131, Trp132, Leu146, Thr147 and Asp57 

of BC loop as well as Lys135 of GG’ loop. These results indicated that the key Arg124 and the 

neighbouring amino acids from Lys131 to Gln138 formed the main binding site of Siglec-7, with 

residues from BC and CC’ loops partially involved in the binding with 3RU. 

 

3D complex 

The extended, bioactive conformation of 2-Mer was modelled in the V-set Siglec-7 binding site 

(crystal structure pdb 2HRL [30]) and once optimized with Maestro Schrödinger, the complex was 

subjected to MD simulations (Figure 4) [31]. The results demonstrated the stability of the complex 

(Figure 4D) and confirmed that 2-Mer preferentially accommodated in the bound state with an 

extended conformation. MD results indicated that 3D complex of Siglec-7 and Fn10953 2-Mer 

exhibited significant contacts primarily mediated by residues N' and A'. These findings closely 

aligned with the experimental results (Figure 4). Particularly, the carboxylate moiety of N' played 

a pivotal role by establishing a stable salt bridge with the crucial Arg124, which emerged as the 

most robust interaction throughout the MD simulation (Figure 4) anchoring and orienting the 

glycan into the binding site. Further interactions were engaged by N’ with Asn133 and Lys131 

residues, both located in the GG' loop, through the hydroxyl group at position 8 of the glycerol 

chain and the NAc moiety, respectively. Additionally, the hydroxyl group at position 9 interacted 

with both Asn133 and Lys135 residues. On the other hand, Lys131 simultaneously stabilized A' 

residue through interacting with its acetyl group. Notably, the interaction between Siglec-7 and the 

AAT residue (A') further involved Asn129, which formed polar contacts with the positively 

charged amino group at position 4. Furthermore, Asn70 and Trp74 of the CC' loop established 

transient hydrogen bonds interactions with the NAc moiety of the reducing N residue. Overall, 

computational studies combined with STD and tr-NOESY NMR results, indicated that the 2-Mer 
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adopted an extended conformation, with residues N' and A' playing crucial roles in the interaction 

with Siglec-7, engaged in polar, charged and hydrophobic interactions. 

With the aim to propose a 3D complex of Siglec-7 and 3-Mer, the nonasaccharide was modelled 

into the receptor binding pocket, considering that, according to the experimental results, the 

reducing sialic acid unit (Sia-1) did not interact with the protein and therefore was oriented far 

from the protein surface. Conversely, both Sias units (Sia-2 and Sia-3) could interact with the 

residue of Arg124. On the one hand, the engagement of Sia-3 in the interaction with of Arg124 

resulted in the elongation of the ligand towards the CC' loop. On the other hand, the 

accommodation of 3-Mer Sia-2 interacting with Arg124, extended the saccharide chain towards 

the BC loop rather than only the CC’ loop. This maintained the potential interactions with the CC’ 

loop while also adding the possibility of interacting with the BC loop. In addition, MD simulations 

were performed by using different ligand conformations (both g and t conformations) and 

orientation in the binding site. The results revealed that, as expected, the ligand preferentially 

adopted the t conformation around Sia-Gal linkage, with all the other torsion angles adopting 

values in accordance with the exo-syn anomeric conformation, and that the most stable interactions 

throughout the dynamics involved the internal trisaccharide epitope (Figure 5A-E). Indeed, the 

carboxylate group of Sia-2 acted as an anchor in the interaction with Arg124, making this the most 

stable interaction along the MD simulation. In addition to Arg124, Asn133 and Lys131 stabilized 

the hydroxyl group at the position 8 and the NAc group of Sia-2, respectively. Furthermore, AAT-

2 established hydrogen bonds with Lys131 and Asn129 which interacted respectively with the 

acetyl and positively charged amino groups, as already seen in Siglec-7-2-Mer complex. Moreover, 

in Siglec7-3RU complex, the ammonium ion at N4 of AAT-2 also interacted with Asp53, part of 

the BC loop that acted as hydrogen bond acceptor. Moreover, the analysis of RMSF (Root Mean 

Square Fluctuation) during the molecular dynamics revealed a high degree of flexibility of BC and 

CC' loops also in the bound state, unlike the GG’ loop that exhibit a decrease in flexibility (Figure 

5F). This could be a consequence of the GG' loop residues being close to the binding pocket cavity, 

where the interaction with the internal trisaccharide epitope occurs. Thus, while the internal 

repeating unit remained stable along the MD, creating polar interactions with Arg124, Asn129, 

Lys131 and Asn133, the BC and CC’ loop act as wings allowing the establishment of polar and 

hydrophobic interactions with the terminal and reducing trisaccharide respectively (Figure 5 and 

S9).  
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Figure 4. Analysis of MD Simulations for the Siglec-7:2RU Complex: A) A 3D model of the Siglec-7:2RU complex, showing the 

protein surface with the interacting amino acids highlighted in yellow. B) 3D depiction of the interaction, with the ligand surface 

coloured based on STD NMR and computational findings. C) A 3D representation of a dominant pose from the most prevalent MD 

simulation cluster. The primary amino acids involved in binding are highlighted in yellow, with the key Arg124 in orange. The 

ligand is depicted in magenta, indicating a preference for an extended conformation in the MD simulations. Dashed yellow lines 

represent observed hydrogen bond interactions. A detailed view illustrates the interactions between Siglec-7 and the sialic acid 

(N') and AAT (A') units. D) Protein (black) and ligand (red) RMSD of the Siglec-7:2RU system. The ligand RMSD was calculated 

in reference to the protein. 
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Figure 5. Dynamics and stability of the Siglec-7:3RU complex across MD simulations. A) 3D visualization of the Siglec-7:3RU 

complex through the overlay of various representative poses (from light to dark blue) to depict the mobility of the complex during 

MD, with the 3RU ligand shaded in varying tones of blue over time. The BC, CC', and GG' loops are highlighted in cyan, green, 

and orange, respectively. Amino acids involved in 3RU recognition are marked in yellow, with the key Arg124 in orange. B) Left: 

RMSD analysis of the Siglec-7:3RU system; Right: RMSD of the inner trisaccharide (Gal2-AAT2-Sia2), illustrating the internal 

trisaccharide's stability during MD simulations, in contrast to the 3RU's variability due to the movements of terminal and reducing 
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trisaccharides. C) Temporal representation showcasing simultaneous movements of both terminal and reducing trisaccharides 

along with the BC and CC' loops, highlighting the anchored internal trisaccharide amidst 'wing-like' movements. D) A 3D model 

of the Siglec-7:3RU complex shows the protein surface with interacting amino acids in yellow. E) 3D view of a representative pose 

from the most common MD simulation cluster, with the amino acids involved in the binding colored in grey, Arg124 in orange, and 

Asp53 from the BC loop in cyan. BC, CC', and GG' loops are again depicted in cyan, green, and orange, respectively, with dashed 

yellow lines indicating hydrogen bond interactions. A closer inspection reveals the interactions between Siglec-7 and the sialic 

acid (Sia-2, bottom) and AAT (AAT-2, top). F) RMSF results showing protein flexibility in free (black) and bound (red) state. A 

slight decreasement of the flexibility is observed only for the GG' loop. 

 

Discussion 

Fusobacterium nucleatum is an oral oncobiont mostly associated with the development of 

periodontitis, and highly in various diseases, including gastrointestinal disorders and colorectal 

cancer. Recent research has demonstrated its involvement in tumour growth, metastasis, and 

modulation of immune responses. Current evidence suggests that tumour localization by Fn is 

dictated by glycan-lectin interactions; FadA and Fap2 adhesins[32] have been widely accepted to 

contribute to the pathogenicity of Fn, once it enters the bloodstream during transient bacteremia, 

frequent in periodontal disease. Surface exposed Fap2 lectin recognizes Gal-GalNAc epitope (the 

Thomsen–Friedenreich antigen), abundantly overexpressed in colorectal and breast cancer cells 

[4]. In addition, we have already shown the interaction between Fn strains and Siglec-7 on immune 

cells, although the molecular basis behind this recognition process is not fully explored. In this 

frame, shedding light on the recognition mechanisms underlying CRC tumorigenesis and 

understanding Siglec-7 Fn10953 interactions may provide insights into the development of 

targeted therapies for colorectal cancer and other related diseases. Thus, we here investigated the 

interaction between Fn ATCC 10953 and Siglec-7 through the application of multidisciplinary 

approached that include fluorescence, NMR, computational studies, as well as biological assays. 

Therefore, the LPS was extracted and oligomers containing increasing number of repeating units 

were isolated and evaluated in their interaction with Siglec-7.  

Our study demonstrates that the Fn10953 LPS, along with its isolated O-antigen, specifically binds 

to Siglec-7 on RPMI8226 cells, a multiple myeloma model. Salmonella LPS, used as a negative 

control, did not show binding, confirming specificity. 

Siglec-7 is highly expressed on NK cells among blood cells, aligning with its known role in 

modulating NK cell functions. When PBMCs from healthy donors were exposed to Fn10953 LPS 
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and O-antigen, only the O-antigen significantly increased HLA-DR expression in NK cells. T-

lymphocytes and B-lymphocytes did not show significant activation. 

Purified NK cells exhibited significant activation responses to both Fn10953 LPS and O-antigen, 

unlike T-lymphocytes and B-lymphocytes. This suggests a direct influence on NK cell activation 

through Siglec-7 binding. Salmonella LPS also activated NK cells but to a lesser degree, indicating 

a broader response pathway for Salmonella LPS. The higher activation induced by Fn10953 O-

antigen in NK cells suggests a potent immunostimulatory role mediated by specific Siglec-7 

engagement, making Fn a microorganism that could impact the tumour microenvironment. 

Our data revealed that the core region of Fn10953 LPS did not interacted with Siglec-7; indeed, 

the equilibrium affinity constants measured for the full O-antigen portion and for the 

oligosaccharides containing various number of repeating units were comparable, all in the 

micromolar range, according to the protein-based NMR experiments that showed numerous 

intensity decreases of the most perturbed chemical shifts (Figures 3C and 6). In addition, a single 

repeating unit (1-Mer), including a reducing sialic acid, was not interacting with the protein, 

suggesting the necessity of a longer glycan chain to induce recognition process. Therefore, the key 

contributors to the receptor binding were the internal sialic acid N' and the AAT residue A', while 

the galactose unit did not significantly interact with the receptor. Overall, these data indicated that 

at least two repeating units were required for stable and long-lasting interactions with Siglec-7. 

Computational studies of the 2-Mer alone and interacting with Siglec-7 provided a model of the 

3D complex (Figure 4). The 2-Mer preferentially adopted an extended shape in the free state that 

is also maintained in its bioactive conformation (Figures 3B and S7). Extensive MD simulations 

confirmed the ligand's preference for the t conformation around the Sia glycosidic linkage 

(φ=180°). The internal Sia residue N' was accommodated in the binding pocket establishing the 

crucial salt bridge between its carboxylate group and the key Arg124 residue, as well as hydrogen 

bonds with its NHAc and the glycerol chain and Lys131, Asn133 and Lys135 residues, 

respectively. Additionally, significant interactions were observed between the positively charged 

amino group at N4 of AAT A' and the carbonyl group of Asn129 backbone. The above lead to the 

overall stabilization of the protein GG' and CC' loops upon binding. The ligand containing three 

repeating units (3-Mer) likely showed a preference for Sia-2 to interact with Arg124 over the 

unstable reducing Sia-1 and the Sia-3. The internal Sia-2 and AAT-2 residues emerged as the key 

actors of the recognition, causing their presence a chemical shift perturbation and an intensity 
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decrease of the amino acids near these sugars as evidenced by protein-based NMR experiments 

and corroborated by their stability in the RMSD analysis. Indeed, protein-based NMR experiments 

showed that the main protein residues affected upon ligand binding corresponded to those 

monitored along the MD simulation. Among these, Arg124 and the contiguous/adjacent amino 

acids comprising Lys131, Asn133, Lys135, were affected by an intensity decrease of their chemical 

shifts and were also the main residues in contact with Sia-2 and AAT-2 of the 3-Mer 

oligosaccharide. Notably, Lys135, together with Tyr134, Tyr136, Asp137 and Glu138 were all 

affected by intensity decrease upon binding and belonged to the GG’ loop, which was slightly 

stabilized in the bound state, as monitored by the RMSF (Figure 5F). Furthermore, despite of the 

computational viewpoint in which a "wing-like" movement of the BC and CC' loops alternately 

approaches the terminal and reducing portion of the O-antigen ligand, the BC loop was predicted 

to establish more stable interactions compared to the CC' loop that, instead, is involved in more 

transient interactions. Indeed, from protein-based NMR results, BC loop contains Tyr50 and Val52 

affected by intensity decrease and Asp57 affected by chemical shift perturbation (CSP); instead, 

CC’ loop is only affected by CSP effect detected for Ile72 and Lys76, thus involved in a faster 

exchange with the ligand. In this context, the comparison between GT1b and the 2-Mer and 3-Mer 

ligands (Figure 7), reveals that while the GT1b ligand interacts more extensively with the GG’ and 

CC’ loops due to its terminal sialic acid, the 2-Mer and 3-Mer, which feature an internal sialic acid, 

occupy different spatial regions within the binding site. This leads to a distinct distribution of 

interactions, particularly involving the BC loop. These differences in spatial distribution suggest 

that the internal sialic acid of the 2-Mer and 3-Mer induces a different engagement of the binding 

site compared to GT1b. This alternative engagement of BC and CC' loops by the ligand opens 

avenues for understanding the mechanistic underpinnings of Siglec-7 engagement by Fn envelope 

glycans and therefore, the role of bacterial glycome in immune modulation and cancer progression.  

In conclusion, our comprehensive investigation into the interaction between Fn ATCC 10953 and 

Siglec-7 highlighted the essential role of the internal sialic acid residue, in forming stable 

complexes through a key salt bridge with Arg124, from the 2-Mer to more elongated structures 

that simulate the OPS. These findings not only advance our understanding of the intricate 

mechanisms governing immune cell recognition and bacterial evasion but also underscore the 

potential of targeting Siglec-7 for therapeutic strategies against colorectal cancer and other related 

diseases.  



 
98 

 

 

 

 

 

Figure 8. 3D views of Siglec-7 in complex with 2-Mer and 3-Mer. A) Best 3D model of Siglec-7 which amino acids are colored 

according to protein-based NMR titration with 3-Mer. B) Superimposition of the complexes of Siglec-7 in interaction with 2-Mer 

(cyan) and 3-Mer (grey); the amino acids of Siglec-7 are colored according to protein-based NMR titration. C) Superimposition of 

the different poses of Siglec-7 in interaction with 3-Mer obtained by MD simulation. 
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Methods 

 

Healthy subjects and cell line Healthy subjects in this study were enrolled according to the protocol 

approved by IRCCS Pascale, Institutional Ethical Review Board (CE: Protocollo n. 4/21, 2021). 

RPMI 8226 cell line were obtained by IRCCS SYNLAB SDN Biobank (10.5334/ojb.26) and 

cultured in RPMI supplemented with 10 % fetal bovine serum and 1 % Glutamine. For the 

interaction study, 3x104 cells/well were seeded in a 96-well plate and incubated at 37 °C and 5 % 

CO2. After O/N incubation different concentration of LPS from Salmonella, Fusobacterium 

nucleatum and OPS from Fusobacterium nucleatum were added (from 0.39 µg/mL to 200 µg/mL) 

for 1 h at 37 °C. After two PBS washing steps, cells were labelled with PE-conjugated anti-Siglec-

7 antibody (#12-5759-42, Invitrogen). After appropriate wash, a minimum of 10 000 events were 

recorded on a Cytoflex cytofluorimeter (Beckman coulter). For the interaction analysis, the 

normalized (respect to the untreated sample) mean of anti-Siglec-7 antibody were reported with 

respect to the concentrations of LPS and OPS. Experiment was repeated three times with similar 

results. The kDs were calculated using GraphPad 6 software (One-site Total equation). For the 

blood cells separation, T-Lymphocytes, B-Lymphocytes and NK-cells were purified from 5 healthy 

subjects using Easy SepTM kit (#17961, #19044, #17995, STEMCELL). For Cytofluorimetric 

analyses, PBMC were labelled using CD45-KO, CD3-APC700, CD14-PC5.5, CD19-PC7, CD56-

APC750, CD45-56-19-3 tetrachrome and HLADR-PC5 antibodies (Beckman coulter). Kaluza 

software (Beckman Coulter) was used for the determination of the percentage of gated cells 

according to the gating strategy.  

 

Cytokines evaluation For the cytokines expression evaluation, 200 ng/mL of LPS from Salmonella, 

Fusobacterium nucleatum, and OPS from Fusobacterium nucleatum were added to 5x105 PBMC 

from 3 healthy donors (male, median age 32 years) for O/N incubation at 37 °C. Cells were 

harvested and cytokine expression levels were evaluated in the medium using LEGENDplex™ 

Human Inflammation Panel (13-plex), according to the manufacturer instruction (740118, 

Biolegend), using Cytoflex (Beckman Coulter).  

 

Protein-based NMR experiments Uniformly 15N-labeled Siglec-7 was resuspended in buffer 

containing 10 mM Na2HPO4 at pH 7.4, 2.7 mM KCl, 137 mM NaCl and 10 mM NaN3, with a final 
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concentration of 100 M. The buffer also included 0.05 mM [D4](trimethylsilyl) propionic acid 

sodium salt (TPS) as an internal standard for spectra calibration. 1H-15N HSQC experiments were 

conducted at 298 K. The 15N-Siglec-7 was titrated with increasing equivalents of ligands until full 

saturation was achieved. The experiment was acquired with 32 scans were recorded, with 256 (t1) 

× 2048 (t2) complex data points in 15N and 1H, respectively. Data analysis was performed using 

CARA softare,33 and the average chemical shift changes were calculated by using the following 

equation [34]. 34 

𝛿𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = √
1

2
[Δ𝛿𝐻

2 +  (0,14Δ𝛿𝑁
2 )2] 

 

Ligand-based NMR experiments. All NMR experiments were recorded on a Bruker AVANCE NEO 

600 MHz spectrometer equipped with a cryo-probe. Data acquisition and processing were 

performed using TOPSPIN 4.1.1 software. Samples were prepared in phosphate-buffered saline 

(10 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, 10 mM NaN3, pH 7.4) at 298 K, using D4 

propionic acid sodium salt (TSP, 0.05 mM) as internal reference. The NMR experiments were 

conducted with a protein ratio of 1:50. Saturation Transfer Difference (STD) NMR Experiments: 

STD NMR spectra were acquired using 32k data points, zero-filled to 64k before processing. 

Protein resonances were selectively irradiated with 40 Gauss pulses lasting 50 ms, with the off-

resonance pulse frequency set at 40 ppm and the on-resonance pulses at 0 ppm. To suppress protein 

signals, a 20 ms spinlock pulse was applied. The acquisition parameters included 65k data points 

and 112 scans. The STD NMR experiments were performed at a saturation time of 2 seconds. 

Ligand epitope mapping was achieved by calculating the ratio (I0 – Isat)/I0, where Isat corresponds 

to the intensity of the STD NMR signal and I0 to the intensity of the off-resonance spectrum. The 

strongest STD response was normalized to 100 %, and all other proton STD signals were scaled 

accordingly. Control experiments were also performed in the absence of the protein to ensure the 

specificity of the observed STD signals. Transferred NOESY (tr-NOESY) Experiments: 

Transferred NOESY spectra were recorded with data sets of 2048 x 512 points, using a mixing 

time of 0.3 seconds. Homonuclear 2D NOESY experiments were performed to analyse the 

interproton distances within the ligand, with mixing times ranging from 100 to 400 ms. The cross-

relaxation rates (σij) were calculated by integrating the NOE cross peaks and normalising against 
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the corresponding diagonal peaks. Experimental interproton distances (rij) were then determined 

using the isolated spin pair approximation. 

 

Parametrization The non-parametrised AAT unit was parametrised using a custom protocol with 

Gaussian 09 [35],35 performing a Restrained Electrostatic Potential (RESP) charge calculation with 

a Hartree-Fock method and a 6-31G* basis set. The .prep and .frcmod files were generated by 

combining Antechamber and xLeap [36]. 36 Trajectory analysis was conducted using the ptraj 

module in AMBER 18 [29],29 and the molecular dynamics MD results were visualised with the 

VMD program [37].37 

 

Molecular mechanics calculations were performed using the MM3* force field available in the 

MacroModel 8.0 software from the Maestro package [38].38 A dielectric constant of 80 was applied 

to simulate vacuum conditions, and the disaccharide structures were explored by incrementally 

varying the Φ and Ψ angles with an 18° grid step. Each (Φ, Ψ) point was optimised using 2000 

conjugate gradient steps.  

 

Molecular dynamics simulations were conducted with the AMBER 18 suite, employing specific 

force fields: ff14SB for the protein[39], Glycam06j-1[40] for the saccharide portion of the ligands 

and TIP3P for the water molecules. A glycam-adapted force field was prepared for the AAT unit. 

Proteins were prepared using the Maestro Protein Preparation Wizard, which added missing 

hydrogens, adjusted the protonation states of ionisable groups, and capped the termini. Systems 

were hydrated with a truncated-octahedral box of TIP3P water, with a 15 Å buffer, and counterions 

were added to neutralise the system. Input files were generated using the tleap module of AMBER 

18. Initial energy minimisation was performed using the Sander module, while molecular 

dynamics simulations were carried out with the PMEMD module. Periodic boundary conditions 

and the particle mesh Ewald method were applied to represent electrostatic interactions, using a 

grid spacing of 1 Å. The initial minimisation was conducted with the complex fixed, followed by 

minimisation of the entire system. Subsequently, the system was gradually heated from 0 to 300 

K, starting at constant volume and then transitioning to an isobaric ensemble. The temperature was 

maintained at 300 K for 50 ps with progressive energy minimisations and solute restraints. After 

the equilibration phase, restraints were removed, and the simulations proceeded in an isothermal-
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isobaric ensemble during the production phase. System coordinates were saved every 2 ps, 

generating a set of 10,000 structures per complex for further analysis. 

Trajectories were analysed using the ptraj module in AMBER 18, and the molecular dynamics 

results were visualised with the VMD program[37]. Cluster analysis based on ligand RMSD was 

performed using the K-mean algorithm in the ptraj module. The representative structure of the 

most populated cluster was used to illustrate the complex interactions. Hydrogen bond 

determination was carried out with the CPPTRAJ module [41], defining a hydrogen bond as having 

a maximum distance of 3 Å between donor and acceptor atoms and a minimum A-H-D angle of 

135°. 3D images were prepared using PyMOL[42], and dihedral conformation analysis was 

performed using a custom script that generated histograms of the most populated values during the 

simulation. 
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5.2 NMR for the Characterization of Drug Delivery Systems 

Characterization of the preservation of the Higher Order Structure of 
erythrocyte-encapsulated biologics 
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Introduction 

 

Therapeutic enzymes are currently used in the treatment of several diseases. 

Enzymatic replacement in genetically deficient patients or the clearance of essential 

precursors for cancer cells are two of the most representative examples1,2. Often, the 

benefits are limited due to poor in vivo stability, immunogenicity, and the related inactivating 

antibodies. These problems can be partially resolved by coating the therapeutic proteins 

with biocompatible polymers like PEG, which extend their half-life by increasing the size and 

masking the enzyme from proteases and the reticuloendothelial system3,4. However, 

pegylation is also plagued by several side effects that are emerging because of its more 

extensive use. In particular, hypersensitivity and immune reactions to PEG up to anaphylaxis, 

and cytoplasmic vacuolation have been documented for pegylated protein delivery5,6. The 

idea of using of erythrocytes to deliver enzymes is even older than pegylation and it was 

firstly reported for beta-glucosidase and beta-galactosidase and proposed Gaucher's 

disease7. Erythrocytes have been experimentally tested in treating patients due to their 

biocompatibility, biodegradability, long life in the bloodstream, and ability to decrease side 

effects. They protect the drug from the immune system and plasma proteases, allowing for 

increased therapeutic effects and safer blood concentrations8. 

Although red cells are now being considered also for the delivery of small molecules, 

several erythrocyte-encapsulated enzymes are currently under development, with one of 

them having undergone clinical evaluation. L-Asparaginase was one of the first approved 

biologics used to treat acute lymphoblastic leukemia (ALL) and lymphoblastic 

lymphoma9,10. This enzyme derived from various sources is still used in its unmodified and 

pegylated forms, and its encapsulated erythrocyte formulation (GRASPA) has already been 

evaluated in clinical trials against ALL and pancreatic cancer11–13. Although the company is 

no longer pursuing GRASPA’s approval for clinical use against ALL, this therapeutic 

candidate remains a model for developing analytical tools to characterize this innovative 

class of biologics. To date the characterization of the erythrocyte-encapsulated enzymes 

has indeed largely relied on assessing their enzymatic activity, either within the 
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encapsulated formulation itself or after extracting the enzyme following cell lysis. However, 

the assessment of the preservation of the high order structure (HOS) is important for a 

comprehensive understanding of these formulations and for the optimization of the 

encapsulation protocols, handling of the sample and storage. In this regard, solution NMR is 

extensively used to investigate the structural features of proteins and peptides also 

embedded in cells, hydrogels and in general, in confined environments. Here we show how 

the NMR characterization of three erythrocyte-encapsulated proteins provide information 

on their HOS preservation together with a semiquantitative evaluation of the encapsulation 

yield. 
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Results 

Biologics, unlike small molecules, are produced in living systems, and are 

characterized by a primary, secondary, tertiary and sometimes quaternary structure. 

Assessment of the Higher Order Structure (HOS) of therapeutic proteins encapsulated 

within red blood cells (RBCs) is crucial for ensuring their functionality and stability14. In this 

study, three proteins –Carbonic Anhydrase II (CAII), Transthyretin (TTR), and Asparaginase II 

(ANSII)– were selected as model biomolecules to evaluate their structural integrity upon 

encapsulation based on expression levels, structural complexity and therapeutic relevance. 

Using solution NMR, we investigated the preservation of the HOS of these proteins within the 

erythrocyte environment. The results highlight the suitability of NMR for assessing protein 

structure in complex matrices and offer insights into the encapsulation efficiency and 

structural stability of these therapeutics. 

Selection of protein drug targets 

CAII is a 30 kDa enzyme that catalyzes the interconversion between CO2 and H2O to 

the respective carbonic acid ions, such as carbonate and bicarbonate. The enzyme was 

chosen as a model for the optimization of the encapsulation protocol given its high over-

expression levels in a bacterial vector and its stability in concentrated solution, up to 3 mM.  

TTR, is a 55 kDa homotetrameric hormone carrier with a complex quaternary 

structure15,16. The protein is a potential drug carrier17, as well as a suitable model to 

investigate the preservation of the HOS of a tetrameric biomolecule upon erythrocyte 

encapsulation18.  

ANSII, on the other hand, consists of a 138 kDa dimer of dimer and is an important 

therapeutic drug in the treatment of several types of cancer, in particular for acute 

lymphoblastic leukemia (ALL). The enzyme has already been encapsulated in red blood cells 

(GRASPA® [Globule Rouge ASPAraginase], Erytech)13 and the formulation has been already 

evaluated in clinical trials against ALL and pancreatic cancer, hence, it comes as an ideal 

model for the structural characterization of biologics within the erythrocyte environment19.  
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NMR Spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful tool for assessing 

the HOS of proteins, particularly in complex matrices or in pharmaceutical formulation, due 

to its atomic resolution, short acquisition times and little sample preparation. [U-15N] CAII, 

[U-15N] TTR and [U-2H, 13C, 15N] ANSII, were encapsulated in red blood cells and used as 

models for the characterization of the preservation of the HOS of the proteins within the 

erythrocyte environment. Encapsulation and structural characterization were monitored 

using 1H-15N sofast-HMQC NMR experiments instead of 1H-15N-HSQC (for CAII) or 1H-15N-

TROSY HSQC (for TTR and ANSII) given the low lifetime of the NMR samples.  The 1H-15N 

sofast-HMQC spectra acquired on the encapsulated CAII and TTR exhibited good quality. 

The backbone resonances on the spectra are superimposable with those of the “free”, non-

encapsulated proteins as shown in Figure 1, demonstrating the preservation of the HOS.  

 

Figure 1. 1H-15N sofast-HMQC NMR spectra of A) CAII encapsulated in RBC (black) and free CAII (red), and B) TTR 

encapsulated in RBC (black) and free TTR (red). Experiments were acquired at a spectrometer operating at 1200 MHz (1H 

Larmour Frequency), at 310 K. 
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Furthermore, a partial assignment of the most-resolved peaks was easily obtained by 

comparison with the assigned 1H-15N HSQC spectrum of the free CAII with the 1H-15N sofast-

HMQC spectrum acquired on the encapsulated protein (Figure 2A). Most of the residues 

whose resonances were re-assigned, are located in all of the secondary structural motifs of 

the protein (Figure 2B), serving as a further proof of the HOS preservation of the 

encapsulated biomolecule. In the case of TTR, the signals on the 1H-15N sofast-HMQC are 

affected by line broadening even for the free protein given its size (MW 55 kDa), and the 

quality of the spectrum inside the cells is close to that one of the free proteins.  

Overall, much broader cross-peaks in the spectra for the encapsulated CAII and TTR 

are observed due to the intrinsic line-broadening effect obtained for a protein encapsulated 

inside a cell. These are a) a crowded and viscous environment that causes molecules to 

diffuse slowly, leading to increased transverse relaxation rates (R2), which in turn causes 

line-broadening of the signal; b) magnetic field inhomogeneities resulting from the internal 

heterogenous structure of the RBCs; and c) the presence of paramagnetic species that can 

enhance relaxation rates, such as iron in the hemoglobin 20,21. 
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Figure 2. A) NMR backbone resonance re-assignment of CAII encapsulated in Red Blood Cells obtained by comparison 

with the assigned 15N HSQC spectra of free CAII with the sofast-HMQC spectra acquired on the CAII protein encapsulated 

in Red Blood Cells. Experiments were acquired at a spectrometer operating at 1200 MHz (1H Larmour Frequency), at 310 K. 

B) X-ray structure of CAII (PDB code: 3KS3), with residues for which the backbone resonances have been reassigned inside 

the Red Blood Cells by superposition highlighted in blue. 

 

In order to confirm the encapsulation of the CAII inside the RBC, two different control 

spectra were acquired. Control 1, for a sample of RBC that underwent the dialysis protocol 

for encapsulation described in the methodology, but in the absence of the [U-15N] CAII, and 

Control 2, for a sample of RBC in the presence of the [U-15N] CAII which was not subjected 

to hypotonic dialysis. The 1H-15N sofast-HMQC spectra of the control confirm the absence 
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of the protein and the NMR signal from the 1st FID of the 1H-15N sofast-HMQC confirms the 

encapsulation of the protein with the protocol used (Figure 3). Background signal from 

natural abundance of 15N-hemoglobin is observed given the high concentration of this 

protein (~5 mM in intact erythrocytes).   

 

Figure 3. NMR signal from the 1st FID of the so-fast HMQC of encapsulated 15N CAII (black), control 1 (red) and control 2 

(green). The spectra were acquired at 310 K at a spectrometer operating at 1200 MHz (1H Larmour frequency). 

 

The 1H-15N sofast HMQC spectrum acquired on the erythrocyte-encapsulated [U-
2H,13C,15N] ANSII exhibits particularly clear, well-resolved signals, with a line-width 

comparable to that obtained on the spectrum of the free protein (Figure 4). Upon deuteration 

of the protein, the signal-to-noise in the NMR spectra is significantly improved by reducing 

spin diffusion and decreasing relaxation rates. Hence, the quality of spectra was significantly 

improved compared to the non-deuterated CAII and TTR. The remarkably resolved spectra 

of the encapsulated ANSII, not only confirms that the HOS of the protein is preserved within 

the erythrocyte environment, but also enable a semiquantitative estimation of the 
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encapsulated enzyme. Comparison of 1D 1H, 15N-filtered NMR experiments of free and 

encapsulated protein, allowed an estimation of the ANSII encapsulated within the red blood 

cells in ~25 μM, which corresponds to an encapsulation efficiency of ~10 %.   

 

 

Figure 4. 1H-15N sofast-HMQC NMR spectra of ANSII encapsulated in RBC (black) and free ANSII (red). Experiments were 

acquired at a spectrometer operating at 900 MHz (1H Larmour Frequency), at 310 K. 

 

Discussion 

The preservation of the high order structure (HOS) of therapeutic proteins 

encapsulated in red blood cells (RBCs) is critical to ensure their functionality and stability 

within the pharmaceutical formulation. In this study, we applied solution NMR spectroscopy 

to investigate the structural integrity of three model proteins (Carbonic Anhydrase II (CAII), 

Transthyretin (TTR) and Asparaginase II (ANSII)), encapsulated in RBCs. The findings indicate 

that the proteins preserve their HOS within the erythrocyte environment without significant 

alterations. 
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CAII served as an optimal model for the initial optimization of the encapsulation 

protocol due to its stability and high expression levels. The protein maintained its native 

conformation upon encapsulation, as evidenced by the superposition of the resonances on 

the 1H-15N sofast HMQC NMR spectra of the free and encapsulated proteins. The most 

resolved resonances on the sofast-HMQC spectra of the encapsulated protein that were 

easily reassigned are located on all the different secondary structural motifs of the protein, 

which serves as a further confirmation of the preservation of the HOS. TTR, a larger protein 

with a complex quaternary structure, also retained its structural integrity upon 

encapsulation, as shown by the 1H-15N sofast-HMQC spectra. Given the size of the protein, 

the line broadening and quality of the spectra suggest the preservation of its quaternary 

structure. This is of uttermost importance, because maintaining the quaternary structure of 

TTR is crucial for its function as a carrier. These results demonstrate the preservation of HOS 

upon encapsulation in RBCs for structurally more complex proteins.  

Finally, we demonstrated the preservation of the HOS of ANSII upon erythrocyte 

encapsulation, which is critical to ensure its enzymatic function and therapeutic potential. 

The 1H-15N sofast-HMQC spectra of the free and encapsulated ANSII are superimposable, 

with highly resolved resonances even for the protein in the complex matrix of erythrocytes. 

This aspect is attributed to the deuteration of the protein sample, that improves the 

resolution and sensitivity of the NMR spectra by minimizing spin diffusion and decreasing 

relaxation rates. This study represents the first structural characterization of a therapeutic 

biomolecule encapsulated within red blood cells. This is of significant importance, given the 

rapidly growing interest in the application of red blood cells as systems for drug delivery.  

Conclusion 

This study demonstrates the preservation of the HOS of different proteins upon 

erythrocyte encapsulation.  By using three model proteins, we have demonstrated that 

erythrocyte encapsulation of such biomolecules does not perturb their higher order 

structure. This is critical for maintaining the therapeutic efficacy of biologics. This 
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methodology provides valuable insights for assessing the HOS of biologics in complex 

environments such as RBCs. The results obtained in this study support the potentiality of 

red blood cells as effective drug delivery systems for therapeutic proteins, while maintaining 

their structural and functional integrity, offering a reliable approach for the development and 

quality control of encapsulated biologics in pharmaceutical formulations.  
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Methods 

Expression and purification of uniformly isotopically enriched Carbonic Anhydrase II 

[U-15N] 

The gene encoding α-CAII into the pCAM vector was transformed into E.coli BL21(DE3) cells, 

which were subsequently pre-cultured overnight in LB medium containing ampicillin (0.1 

mg/mL) and 1 % glucose at 37 ℃ and at 160 rpm. The main culture is then incubated at 37 

℃, 160 rpm until reaches the OD600=0.6 and harvested for 15 minutes at 4000 rpm, in order 

to proceed with the isotopic enrichment according to Marley method. The cell pellet is 

resuspended in 1L M9 medium supplemented with 1mM MgSO4, 0.3 mM CaCl2, 3 g glucose, 

1.2 g 15N-Amonium sulfate, 0.5 mM ZnSO4 and 0.1 mg / mL ampicillin. The new culture is 

further incubated for 30 minutes at 37 ℃ and at 160 rpm, before inducing with 1 mM IPTG 

and incubating overnight at 25 ℃ and 160 rpm. The cell culture was harvested at 7500 rpm 

for 20 minutes. The cell pellet is resuspended in 70 mL of 20 mM Tris-SO4, 500 µM ZnSO4 pH 

8 and sonicated for 30 seconds with a resting period of 3 minutes on ice, 60 % power, 10 

cycles. The lysate is ultracentrifuged at 40 000 rpm for 40 minutes and the supernatant 

recovered is filtered with a 0.45 µm filter. The supernatant, containing crude α-CAII protein, 

was purified by Ni2+ affinity chromatography using a linear 0-0.5 M imidazole gradient on a 

HisTrap 5 mL (GE Healthcare). Finally, the α-CAII was subjected to size-exclusion 

chromatography on a HiLoad 26 / 60 Superdex 75 pg column (Amersham Biosciences) in 50 

mM sodium phosphate buffer at pH 7. 

Expression and purification of uniformly isotopically enriched TTR [U-15N]. 

E. coli BL21(DE3) RIPL cells were transformed with pET28a(+) plasmid coding for TTR 

gene. The cells were cultured in enriched M9 minimal medium and further grown at 37 ℃, 

until OD600 reached 0.6-0.8 for the induction with 1 mM IPTG. The cells were incubated 

overnight at 37 ℃ and then harvested by centrifugation at 7500 rpm (JA-10 Beckman Coulter) 

for 15 min at 4 ℃. The pellet was suspended in 20 mM Tris-HCl, pH 8.6, buffer supplied with 

5 mM DTT and sonicated at 4 ℃ for 10 cycles of 30 seconds ON and 3 minutes OFF, at 60 % 
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power. The suspension was centrifuged at 40 000 rpm (F15-6x100y Thermo Scientific) for 40 

minutes and the pellet discarded. The protein was purified by anionic-exchange 

chromatography using a HiPrep Q FF 16 / 10 column (GE Healthcare Life Science), previously 

equilibrated with 20 mM Tris-HCl, pH 8.6. The protein was eluted in 20 mM Tris-HCl, pH 8.6 

with a 0-1 M NaCl linear gradient. Fractions containing pure TTR were joined and purified by 

size exclusion chromatography using HiLoad 26 / 60 Superdex 75 pg in 50 mM phosphate 

buffer, pH 7.5. 

Expression and purification of uniformly isotopically enriched L-Asparaginase II [U- 
2H,13C,15N]. 

E. coli (DE3) C41 cells were transformed with pET21a(+) plasmid with ANSII insert. 

The cells were cultured in 2D-13C-15N-enriched medium (E. coli-OD2 rich growth media) 

supplemented with ampicillin, and grown at 37 ℃, until OD600 reached 0.6, then further 

induced with 1 mM IPTG. All reagents were previously dissolved in D2O. The culture was 

incubated at 37 ℃ overnight and then harvested by centrifugation at 6 500 rpm (JA-10 

Beckman Coulter) for 15 minutes at 4 ℃. The pellet was suspended in 10 mM Tris-HCl, pH 

8.0, 15 mM EDTA, 20 % sucrose buffer and incubated at 4 ℃ for 20 minutes under magnetic 

stirring. The suspension was centrifuged at 10 000 rpm (F15-6x100y Thermo Scientific) for 

30 minutes and the supernatant discarded. The recovered pellet was re-suspended in milli-

Q H2O and newly incubated at 4 ℃ for 20 minutes under magnetic stirring. The suspension 

was centrifuged at 10 000 rpm (F15-6x100y Thermo Scientific) for 30 minutes and the pellet 

was discarded, whereas the supernatant was treated with ammonium sulfate. Still under 

magnetic stirring, solid ammonium sulfate was added in aliquots up to 50 % saturation. The 

precipitate was removed by centrifugation, then more ammonium sulfate was added up to 

90 % saturation to trigger the precipitation of ANSII. The precipitated ANSII was re-dissolved 

in a minimal amount of 20 mM Tris-HCl, pH 8.6 and dialyzed extensively against the same 

buffer. ANSII was purified by anionic-exchange chromatography using a HiPrep 16 / 10 Q FF 

column (GE Healthcare Life Science). The protein was eluted in 20 mM Tris-HCl, pH 8.6 with 
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a 0-1 M NaCl linear gradient. Fractions containing pure ANSII were identified by Coomassie 

staining SDS-PAGE gels, then joined and dialyzed extensively against final buffer.  

Washing of packed Red Blood Cells. 

Commercially available Bovine Red Blood Cells Packed 100% from Innovative 

Research were used for encapsulation. RBCs were washed by diluting 5 mL of 100% packed 

RBC in 5 mL of cold PBS. The sample was centrifuged at 1200 g for 1 min at 4 °C and the 

supernatant removed. The process was repeated two more times.  

Encapsulation of 15N-labeled CAII in Red Blood Cells.  

CAII, TTR and ANSII were encapsulated using a previously reported hypotonic dialysis 

method of encapsulation22. 7 parts (700 μL) of washed packed RBC were mixed with 3 parts 

(300 μL) of a concentrated solution of the protein (3 mM solution of CAII, 1 mM solution of 

TTR and 0.9 mM solution of ANSII). 1 mL of cell suspension was placed on a dialysis tube (12 

kDa MWCO). The sample was dialyzed against 150 mL of the hypotonic buffer (5 mM KH2PO4, 

5 mM K2HPO4, pH 7.4) at 4 °C with a rotation of ~20 rev/min for 180 minutes. The erythrocytes 

were then resealed by transferring the dialysis tube into a container holding 150 mL of the 

isotonic buffer (PBS 1X, 5 mM glucose, 5 mM MgCl2) at 37 °C under continuous stirring for 60 

minutes. In order to wash away non-encapsulated 15N isotopically enriched protein or 

released components from the erythrocytes, the sample was transferred into a dialysis tube 

of 1000 kDa MWCO and dialyzed against 1L of isotonic buffer at 4 °C for 12 hours. This 

dialysis was repeated 2 times. The dialyzed erythrocytes were then washed with an equal 

volume of cold PBS three times. A 1D 15N sofast-HMQC spectra of a sample from the last 

wash was acquired in order to confirm the absence of any 15N-labeled protein outside of the 

Red Blood Cells.  

Control experiments  

Two different control experiments were prepared to rule out the possibility of having 

the protein absorbed on the surface of the Red Blood Cells and to confirm the efficacy of the 

washing procedure. Control 1, in which the protein was added but not encapsulated, was 
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prepared by mixing 7 parts of washed packed RBC with 3 parts of a 3 mM solution of the 15N-

labeled CAII. 1 mL of cell suspension was placed on a dialysis tube (12 kDa MWCO). The 

sample was dialyzed against 150 mL of isotonic buffer at 4 °C with a rotation of ~20 rev/min 

for 180 minutes. The sample was then dialyzed against the same isotonic buffer at 37 °C and 

continue stirring for 60 minutes. Control 2, in which the erythrocytes were subjected to 

hypotonic dialysis in the absence of the protein, was prepared by mixing 7 parts of washed 

packed RBC with 3 parts of cold PBS. 1 mL of cell suspension was placed on a dialysis tube 

(12 kDa MWCO). The sample was dialyzed against 150 mL of hypotonic buffer at 4 °C with a 

rotation of around ~20 rev/min for 180 minutes. The dialysis tube was then transferred to a 

container holding 150 mL of isotonic buffer at 37 °C and continue stirring for 60 minutes. 

Both controls were washed as described in the section of ‘Encapsulation of 15N-labeled CAII 

in Red Blood Cells’. Both control experiments were performed in parallel with the experiment 

of encapsulation of 15N-labeled CAII.  

Sample preparation and NMR measurements. 

NMR experiments were recorded on a Bruker Avance III spectrometer operating at 

900 MHz 1H Larmor frequency (28.2 T) at 310 K. 

The NMR samples were prepared with 540 μL of RBC suspension and 60 μL of PBS 1X 

in D2O for field frequency lock purposes.  sofast-HMQC experiments were acquired with an 

HN offset of 8.1 ppm and an excitation HN bandwidth of 4 ppm. NS = 256. All spectra were 

processed on a Bruker TopSpin 3.4 software package.  
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6. Conclusions 

The structural and biophysical characterization of biomolecules is fundamental to 

deepening our understanding of complex biological systems, and to set the bases for the 

discovery and implementation of new therapeutic strategies. Elucidating the structural basis 

of molecular recognition is essential for the identification of critical binding sites and binding 

modes, conformational changes and dynamic features of the biomolecular complexes 

ruling biological processes. Equally important is the characterization of drug delivery 

systems, which play an important role in the stability, efficacy and targeted delivery of 

therapeutic agents. The application of NMR spectroscopy has been an important tool in this 

Ph.D. project for the structural characterization of the above-mentioned systems at an 

atomic level. Moreover, NMR excels as the only tool in structural biology for the 

characterization of specific systems, in particular biomolecules embedded in complex and 

non-uniform matrices.  

The structural characterization of Siglec-7CRD and siglec-like binding region-N revealed 

important details about its binding specificity towards sialoglycans. The integration of 

protein-based and ligand-based NMR experiments were crucial in the determination of the 

binding features of GD3, DGb3-α3 and DGb3-α6, as well as the OPS from F. nucleatum ATCC 

10953. We were able to determine how this binding events influence and shape the protein 

binding site and ligand architecture. This provides an understanding of the biological and 

pathological processes mediated by Siglec-7 both in the tumor microenvironment and 

bacterial infections.  

Furthermore, we demonstrated the preservation of the Higher Order Structure (HOS) 

upon erythrocyte encapsulation. This is a critical factor for ensuring functionality and 

stability of therapeutic biologics. The obtained NMR data confirmed the preservation of the 

native conformation of three different proteins, human carbonic anhydrase II, human 

transthyretin and asparaginase II. This supports the versatility and efficiency of the 

encapsulation protocol and NMR methodology applied for the study of different proteins in 

complex environments.  
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Finally, solid-state NMR proved to be a powerful technique for the structural 

characterization of protein-drug conjugates. Atomic-resolution insights into a non-

crystallizable complex obtained by solid-state NMR, underscores the importance of the 

availability of multiple analytical approaches to overcome the limitations of individual 

techniques. This, at the same time, allows to advance in the rational design of effective drug 

delivery systems.  
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