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    The book titled, “Glycosylation and Glycation in Health and Diseases” is hereby planned to be completed in 10 chapters. While glycosylation is a physiological process engrossing glycoprotein and glycolipid synthesis via enzyme-assisted carbohydrates’ addition to proteins and lipids respectively; glycation is a pathophysiological process where excess carbohydrates are added to the proteins via biochemical reactions without the involvement of any enzymes.


    The book commences with an introductory chapter describing various aspects of glycosylation. Subsequently, each chapter is dedicated to the biological roles of glycosylated molecules and various aspects of congenital disorders associated with glycosylation, respectively. In the domain of glycation, one chapter describes the generation of advanced glycation end products (AGEs) and their effects on various mammalian life-sustaining events. Subsequently, five chapters illustrate the pathophysiological effects of the receptor for advanced glycation end products (RAGE) on various organs, about health concerns. Finally, one chapter is dedicated to the pro-inflammatory and pro-oxidative mechanisms through which RAGE complicates various diseased conditions. Thereby, the mechanistic and pathophysiological aspects of both glycosylation and glycation are comprehensively attempted for the first time, in this book.


    The study of glycans or carbohydrates has emerged as a necessity for the undergraduate and graduate syllabi of various Life Sciences related subjects, including cell biology, biochemistry, molecular biology, biotechnology, microbiology, immunology (host-pathogen interaction), and others. The fundamental biomolecular aspects have therein propelled glycation and glycosylation as major research themes in the biopharmaceutical and biotechnological industry including new drug discoveries against various cancers. Considering the prominent functions of glycans vis-à-vis immune interactions, conjugated carbohydrates are being promptly screened as next-generation therapeutics, vaccines, and diagnostic augmenters.


    Closing in on the footmarks of glycosylation, the study of glycation has swiftly emerged as an essential aspect of current research, considering the awareness of physical stress as a deteriorating health feature in developed and developing economies. The biology of glycation is one of the most evolving areas of present-day “Molecular Medicine” research. It is now widely accepted that the interaction of AGEs with RAGE enhances inflammatory and oxidative stress. This enhanced level of inflammation and oxidative stress propagates various non-communicable disorders, including diabetes, cardiovascular, pulmonary, and vascular complications, associated with major organs, viz. kidney, liver, pancreas, and nervous system. At present, the glycated haemoglobin i.e. HBA1c in the RBC is recognized as a decisive hallmark of diabetes, being in regular use for diagnosis. Finally, AGE-RAGE interaction aggravated extents of inflammation and oxidative stress complicates various cancers. Thus, studies probing the therapeutic usefulness of anti-AGE/anti-RAGE molecules against senescence and aging are being conducted with increasing reliability. Concerning this, every year thousands of manuscripts are published on “Glycosylation and Glycation”, across the globe. Essentially, not only the students and teachers but also the glycobiology researchers too, would substantially benefit from this book, which in due course, would cement its place in many libraries as well as laboratories.
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      Abstract


      Glycobiology aims at structure-function correlational analysis of carbohydrates (sugar or glycan). A monosaccharide is the simplest form of carbohydrate that no longer be hydrolyzed. The other forms of carbohydrates are formed by glycosidic linkages of monosaccharides, such as disaccharides, oligosaccharides, and polysaccharides, comprising two, three to ten, and more than ten monosaccharides, respectively. Carbohydrates act as one of the major energy sources (e.g., ATP) and are also involved in cellular protection, stabilization, organization, and barrier functions. In the cellular system, carbohydrates are present in pure and protein-conjugated forms, which are referred to as glycoproteins. Conjugated carbohydrates are also present in the form of glycolipids and proteoglycans. Notably, N- and O-linked glycosylation as major forms occur in the rough surface endoplasmic reticulum (RER) and Golgi apparatus respectively, adding carbohydrates to proteins and thus making glycoproteins. Relatively fewer common types of glycosylation are the C-linked glycosylation, S-linked glycosylation, glypiation, and phosphoglycosylation. A complex interplay of two enzyme groups such as glycosyl transferases (adding carbohydrates to proteins) and glycosidases/glycosyl hydrolases (removing carbohydrates from proteins) control the glycosylation extent. Prominent cellular factors regulating glycosylation are the availability of carbohydrates, proteins, enzymes, movement of proteins from RER to Golgi, and several other environmental factors regulating post-translational modifications. This chapter describes the various aspects of glycobiology including protein glycosylation, purification, and analysis of glycans, and their role in physiology and pathophysiology.
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      INTRODUCTION


      The study of structure, functions, and biological aspects of saccharides (carbohydrates, sugar chains, or glycans) is called “Glycobiology”. The generic term for carbohydrate is interchangeable with sugar (the sweet-tasting carbohydrate) or glycans (compounds containing manifold monosaccharides). Biochemically, carbohydrates are polyhydroxy aldehydes or ketones. Based on the chemical structure, the number of monosaccharides, and length, glycans are divided into monosaccharides, disaccharides, oligosaccharides, and polysaccharides. While monosaccharides consist of a single sugar molecule (e.g., glucose, fructose, and galactose), the disaccharides consist of two monosaccharides (e.g., maltose: glucose + glucose; sucrose: glucose + fructose; lactose: glucose+galactose, etc.) joined via glycosidic linkage(s) (Fig. 1). Carbohydrates that consist of three to ten monosaccharides are called oligosaccharides (e.g., raffinose consists of trisaccharide) and those containing more than ten monosaccharides are called polysaccharides (e.g., starch in plant cells and glycogen in animal cells). Dietary carbohydrates are the main sources of fuel (one gm of carbohydrate is equivalent to 4 calories) in most living organisms.


      Carbohydrates or glycans are also involved in cellular protection, stabilization, organization, and barrier functions. At present, glycobiology is a swiftly emerging domain of biology, exhibiting relevance for biotechnology, and biomedicine, as well as basic research of carbohydrates, about physiological and various pathophysiological conditions (e.g., host-pathogen interactions and subsequent adhesion, invasion, virulence, and pathogenicity of microorganisms). In the cellular system, carbohydrates exist in pure and conjugated form, with other molecules such as proteins and lipids. Following the synthesis of proteins via translation, several post-translational modifications are known to prevail. One of these modifications involves the addition of carbohydrates to the protein, at a specific pre-determined position using multiple enzymes. This process of carbohydrate-to-protein addition is called glycosylation. The glycosylated proteins are called glycoproteins. Not only proteins but some lipids and proteoglycans are also glycosylated. In general, the process of glycosylation occurs in specific cell organelles such as the endoplasmic reticulum (ER) and Golgi apparatus. Glycosyl transferases and glycosidases are the two enzyme groups involved in glycosylation. During glycosylation, the hemiacetyl group of a glycosyl donor reacts with the –OH or –NH2 group of the protein (glycosyl accepter) forming a covalent bond. Glycoproteins are found in almost all living organisms including eubacteria, archaea, and eukaryotes. All eukaryotic living creatures from single-cellular to complex multicellular, generate glycoproteins. In most organelles of eukaryotic cells, proteins prevail as glycoproteins and are, therefore, involved in glycosylation.
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Fig. (1))

      Structural distinctions of some eminent mono (a-c), di (d-f), and trisaccharide (f). Typical features comprise similar or dissimilar monosaccharides as linking units to confer a functional diversity to the respective di, oligo, and polysaccharides.

      Multiple kinds of glycosylation are known to happen within a cell, such as N-linked glycosylation, O-linked glycosylation, C-linked glycosylation, glypiation, and phosphoglycosylation. The N-linked glycosylation takes place in the ER lumen. In this mode of glycosylation, glycans bind to the –NH2 group of the amino acid asparagine. On the other hand, in O-linked glycosylation, monosaccharides bind to the –OH group of the amino acids- serine, threonine, tyrosine, hydroxylysine, hydroxyproline side chains, or oxygens on lipids such as ceramide within the ER, Golgi apparatus, cytosol, and nucleus. To complete the glycosylation process, N-linked glycosylation entails the association of a special lipid, called dolichol phosphate. About erstwhile small glycosylation contingents in glypiation, the glycan core links a phospholipid and a protein. In the C-linked glycosylation, mannose binds to the indole ring of amino acid tryptophan, and finally, phosphoglycosylation happens at the site corresponding to glycan binding with amino acid serine via phosphodiester linkage. Enormously diversified proteins are formed because of glycosylation. This large diversity of glycosylation is related to glycosylation modifications, at every stage during the process of glycosylation such as glycan composition: the sugar types that are linked to a particular protein, glycan length: short- or long-chain oligosaccharides, glycosidic linkage: identification of glycan (oligosaccharide) binding location, and glycan structure: the extent of branching.


      The purpose of glycosylation is to generate a functional protein, commencing from an immature protein. The process assists in adequate protein folding that enhances protein stability. The glycoproteins are involved in several physiological processes and maintenance of cellular homeostasis, which is not possible without the proper level of glycosylation of these glycoproteins. Briefly, some major utilities of glycosylation comprise: (i) Every glycoprotein is targeted to its proper destination. The functional proteins produced by glycosylation contain specialized signaling sequences called leader sequences that traffic the proteins to their specific destination, (ii) The newly synthesized glycoproteins are protected from being degraded by the various hydrolytic enzymes. Thus, glycosylation of the proteins serves as a protection from proteolytic degradation. (iii) Some membrane glycoproteins such as G-proteins act as receptors, which bind their specific cognate ligands and are involved in coordinating multiple signaling events of the cells. Finally, immunological molecules such as immunoglobulins (Igs) or antibodies (Abs) are nothing but glycoproteins. These immunological molecules safeguard our body against invading pathogens. Of late, several studies are dedicated to understanding the role of various glycoproteins (including antibodies) in targeting various immunological reactions, vaccine production, and next-generation therapy against multiple diseases such as cancers and manifold diagnostic assays (e.g., human chorionic gonadotrophin [HCG] antibody is used to examine pregnancy). This introductory chapter describes the process of glycosylation, factors affecting glycosylation, analysis of glycosylation, biological importance of glycosylation, significance of various glycoproteins produced, and finally disease conditions related to improper protein glycosylation [1-3].

    


    
      THE ENZYMES INVOLVED IN THE PROCESS OF GLYCOSYLATION


      The process of glycosylation predominantly takes place in the ER lumen and inside the Golgi apparatus as part of the post-translational modifications of various secretory proteins. A detailed analysis reveals more than 50% of all cellular proteins are typically subjected to some form of glycosylation. In the process of glycosylation, carbohydrates are covalently added to the proteins. The proteins that are glycosylated through the ER-Golgi secretory pathways are the secretory proteins (e.g., cytokine TNF and interleukins) and their receptors (e.g., TNF receptors or TNFR), cell surface receptors including receptors for peptide/protein hormones (e.g., insulin receptors), and growth factor (e.g., vascular endothelial growth factor receptors or VEGFRs), antibodies (e.g., IgM and IgD), ligands (e.g., P selectin glycoprotein) and organelle resident proteins (Gp96, a resident protein of ER). Not only proteins, lipids (e.g., rhamnolipids), and proteoglycans (e.g., decorin, a leucine-rich proteoglycan that can bind to collagen) also undergo glycosylation and therefore potentially contribute to the number of substrates for this modification regime.


      Many enzymes are involved in the process of glycosylation thereby making this process one of the most complex post-translational modifications. Typically, the process does not involve any template usage by the cells (unlike replication and transcription), but a host of enzymes that are added or removed as one or more sugars to proteins, producing a diverse group of glycoproteins. Despite being non-template dependent, the process of glycosylation is highly ordered, comprising stepwise reactions wherein individual enzyme activity depends on the completion of the preceding enzymatic reaction. At the cellular level, the molecular events of glycosylation involve the following three basic steps: (i) Linking monosaccharides together, (ii) Transferring sugars from one substrate to another, and finally (iii) Trimming sugars from the functional glycan structure. The enzymes involved in glycosylation may vary from cell to cell or even various compartments within a cell as also the glycan structure from one to another cell.


      The process of glycosylation can be regulated by the action of the following enzymes:


      • Glycosyltransferases


      • Glycosidases


      Here is a brief discussion about them:


      
        Glycosyltransferases


        • More than 30,000 glycosyltransferases (GTs) sequences are known for all living creatures /kingdoms (prokaryotic and eukaryotic).


        • In eukaryotes present in ER and Golgi apparatus.


        • Primary sequence analysis reveals these GTs consist of nearly 90 Gtf families.


        • It is known that the two structural folds GT-A and GT-B act as nucleotide sugar-dependent enzymes.


        • GTs add sugar residue to the oligosaccharide chain, protein, or lipid in the proper order.


        • The GTs are vast in scope since glycosidic linkages have been discovered in practically every protein functional group, with glycosylation being implicated to a considerable level in the incorporation of most regularly occurring monosaccharides.


        • Each GT has specificity for glycosidic linkage of a particular sugar with a donor (sugar nucleotide or dolichol) to a substrate (the –OH or –NH2 group of a protein, called glycosyl accepter), functioning independently of other Gtfs.


        • Thus, the transfer of mono- or oligosaccharide moieties from an activated nucleotide sugar to a nucleophilic glycosyl acceptor molecule is involved in the catalytic process of GTs. In this case, the nucleophile might be based on oxygen, carbon, or nitrogen. In addition, several transferases modify glycans by the addition of acetyl, methyl, phosphate, sulfate, and other groups.


        • The GTs transfer the glycosyl groups to a nucleophilic acceptor with either retention or inversion of configuration at the anomeric center. This allows the classification of GTs as either retaining or inverting enzymes.


        • The transglycosylation reaction requires the involvement of divalent cations such as Mg++ or Mn++ as cofactors and are active in the pH range that persists in the ER lumen and Golgi apparatus, i.e., of pH 5.0 to 7.0.


        • Several oligosaccharides can be produced using the available GTs and activated nucleotide sugars. Some of the most suited examples are, UDP-glucose (UDP-Glc), UDP-N-acetylglucosamine (UDP-GlcNAc), UDP-N-acetylgalactosamine (UDP-GalNAc), UDP-galactose (UDP-Gal), UDP-glucuronic acid (UDP-GlcUA), GDP-fucose (GDP-Fuc), GDP-mannose (GDP-Man) and CMP-sialic acid (CMP-NeuAc) [4].


        • The glycosyl transferase inhibition induced by nucleotide diphosphates formed during the reaction is a significant limitation to enzyme-catalyzed glycosylation.


        • GTs have been widely employed in drug discovery and development for the targeted synthesis of glycol-conjugates, as well as the synthesis of distinctively glycosylated libraries of medicines, biological probes, or natural products (a process referred to as glycol randomization).


        The following two techniques are known to subside enzymatic inhibition:


        1. The phosphatase enzyme, which removes the phosphate group and degrades the nucleotide diphosphates (Fig. 2A).


        2. Using multi-enzyme regeneration methods, nucleotide diphosphates are recycled to the appropriate nucleotide triphosphates. Although multiple enzymes and cofactors are involved in these in situ regenerations, the approach does not need the usage of stoichiometric sugar nucleotide concentrations (Fig. 2B).
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Fig. (2))

        Methods for preventing enzyme inhibition in glycosyltransferase-catalyzed synthesis. (A) Phosphatase addition. (B) Sugar nucleotide recycling (NDP = nucleotide diphosphates, NTP = nucleotide triphosphates, N = nucleotide, Pi = phosphate).
      


      
        Glycosidases


        • Except for some Archaeans and a few unicellular parasites, glycosidases, or glycoside hydrolases (GHs) are present in almost all living organisms.


        • GHs are used to retrieve information about carbohydrate groups conjugated to glycopeptides and glycoproteins.


        • GHs are critical for glycan processing in the ER, Golgi apparatus, and lysosomes. These enzymes are also found in saliva and the gastrointestinal tract.


        • These enzymes hydrolyze the glycosidic bonds to eliminate sugars from proteins. Each glycosidase is specialized for eliminating a particular sugar (for example, mannosidase).


        • Broadly, glycosidases are divided into exoglycosidases and endoglycosidases.


        • While exoglycosidases release a single monosaccharide from the non-reducing terminus of an oligosaccharide, the endoglycosidases cleave the internal glycosidic bonds [5].


        • For research purposes, endoglycosidases are promptly used followed by one or more exoglycosidases. In the next step, the product is analyzed using various modes of liquid chromatography and SDS-PAGE.

      

    


    
      THE PROCESS OF VARIOUS TYPES OF GLYCOSYLATION


      The following types of glycosylation occur in the cells:


      1. N-Linked Glycosylation


      2. O-Linked Glycosylation


      3. C-Linked Glycosylation


      4. S-Linked Glycosylation


      5. Glypiation


      6. Phosphoglycosylation


      N-linked and O-linked glycosylation are the major types of glycosylation that predominantly, but not exclusively occur in RER and Golgi apparatus respectively (Table 1). Fundamentally, both RER and Golgi are involved in both N-linked and O-linked glycosylation. The oligosaccharide GlcNAc2Man9Glc3 is co-translationally transferred to specific asparagine residues of nascent glycoproteins in the RER for N-linked Glycosylation, where it is trimmed by glucosidase and mannosidase enzymes to GlcNAc2Man. The GlcNAc2Man reaches the Golgi apparatus, where it undergoes further trimming and elongation. Modifications in the Golgi apparatus contribute to the structural variety of N-linked glycosylation.


      
        Table 1 The table summarizes the various types of glycosylation via their biological significance.


        
          
            
              	Types of Glycosylation

              	Distinctive Aspect
            

          

          
            
              	N-linked

              	Glycan binds with the -NH2 group of asparagine in the rough surface of the endoplasmic reticulum (RER).
            


            
              	O-linked

              	Monosaccharides bind to the -OH group of serine or threonine in the RER, Golgi apparatus, cytosol, and nucleus.
            


            
              	C-linked

              	Mannose binds with a tryptophan indole ring.
            


            
              	S-linked

              	Conjugation of oligosaccharides to the sulfur atom of cysteine.
            


            
              	Glypiation

              	Glycan core links a phospholipid with a protein.
            


            
              	Phosphoglycosylation

              	Glycan binds to serine via a phosphodiester linkage.
            

          
        


      


      O-linked glycosylation occurs on folded proteins and is triggered by the transfer of monosaccharides to serine and threonine residues. Some kinds of O-glycosylation begin in the RER, such as O-fucosylation [6] and O-mannosylation [7], whereas mucin-type O-glycosylation [8] and the glycosaminoglycan chain biosynthesis [9] commence within the Golgi apparatus.


      The following paragraphs briefly describe various types of glycosylation processes:


      
        N-Linked Glycosylation


        • Approximately 90% of glycoproteins are N-glycosylated and therefore it is called the most common type of glycosylation. The glycans are covalently bonded to the carboxamido nitrogen on asparagine (Asn or N) residues, hence the name “N” linked glycosylation (Fig. 3).


        • In this case, the glycan is bound to the nascent protein that is being translated and transported into the RER through sec61, a 61kDa pore-forming protein complex residing on the RER surface. This protein is involved in the activation and secretion of various secretory proteins and hence the name “sec” originated. Carbohydrates after being bound to the proteins undergo multiple processing steps and finally often produce large branched glycans.


        • The proteins are released from RER and enter the Golgi apparatus through multiple vehicles (e.g., COP-1, COP-II, etc.) and undergo manifold modifications to complete the process of glycosylation.


        • Several lines of evidence indicate that both in archaea and in various eukaryotic species, a considerable number of enzymes as well as the glycosylation process remain conserved.


        • Different enzymes are required for each phase of glycosylation, manifesting in glycans diversity.


        • However, N-glycosylation is initially similar for all proteins, and the diversity is not established until later trimming and glycan maturation.


        • These types of glycoproteins contain vast, typically heavily branched glycans that go through exhaustive processing after protein binding.


        [image: ]
Fig. (3))

        Basic core structure of N- glycans.

        N-glycosylation can be better understood via categorizing into the following events:


        • Precursor Glycan Assembly and Attachment of the Assembled Glycans


        • Glycan Trimming in the lumen of rough surface Endoplasmic Reticulum


        • Glycan Maturation in the Golgi Apparatus


        Here is a brief discussion of the above events:

      


      
        Precursor Glycan Assembly and Attachment of the Assembled Glycans


        The ribosomes are attached to the cytosolic face of RER. The N-terminus leader sequence of a de-novo generated linear sequence of amino acids or primary structure of a protein enters the RER lumen and this is the location where N-linked glycosylation takes place. So, the direction of the newly synthesized primary structured protein (newly generated nascent polypeptide chain which consists of amino terminus linear chain of amino acids) binds to the signal recognizing particles (SRPs) and subsequently enters RER.


        Additionally, the oxidizing environment in the ER lumen assists in the protein folding i.e., the formation of secondary, tertiary, and if needed, quaternary structure (only the proteins with multiple subunits such as heme protein in hemoglobin require a quaternary structure). Subsequently, amino acids are continuously added one by one to the newly generated nascent proteins, whereby the length of the ER lumen peptide is increased until protein synthesis is completed. Thus, it is in the ER lumen, where the simultaneous addition of sugars and protein folding happens.


        Since access to amino acids of a continuously folding nascent peptide is necessary for the sugar addition by glycosylation process, sugar addition occurs before protein folding, particularly for those amino acids that should be located deep inside the completely folded protein structure. However, the amino acids of a newly synthesized protein that is completely exposed have easy access with the ability to undergo glycosylation in the post-folded state. The preferred amino acids for N-linked glycosylation are the Asn residues. Because of the inherent complexity of protein synthesis (translation) and folding, not all Asn residues of the predicted consensus sequence undergo glycosylation.


        For glycosylation to occur, the precursor glycans must be assembled within the cytoplasm, followed by attachment on the RER surface, subsequent internalization into the RER lumen, and finally attachment with the specific amino acids of the protein that are newly generated and folded.


        • In the first step, a 14-sugar precursor molecule composed of N-acetylglucosamine (GlcNAc), mannose (Man), and glucose (Glc) produces oligosaccharides linked via N-glycosidic linkages.


        • Dolichol is a poly-isoprenoid lipid carrier that is incorporated in the RER membrane. It is used to transfer sugar molecules in the RER. In the process, 7 sugars are donated from sugar nucleotides (UDP- and GDP-sugars) within the cytoplasm, remaining bound to dolichol via pyrophosphate linkage (-PP-). The synthesis of a Man5GlcNAc2-PP-dolichol intermediate completes the process.


        • In the final step, the seven sugars are conferred by Man- and Glc-P-dolichol molecules to make the Glc3Man9GlcNAc2-PP-dolichol precursor glycan.


        • Eventually, the entire complex is flipped into the RER lumen. The precursor glycan is then transferred to the Asn residues on the nascent protein by oligosaccharide transferase (OSTase).


        • The consensus sequence of the N-linked glycosylation is Asn–X–Ser/Thr where X is any amino acid except proline (pro). After N-linked oligosaccharides are transferred to nascent proteins by the OSTase, ER-resident glucosidases, and mannosidases generate a series of glycan-trimming intermediates that are specifically recognized by ER-localized lectins to direct the nascent proteins into protein folding.


        • As protein folding increases, the ability of OSTase to access the consensus sequence for glycan transfer, becomes impaired. It has been observed that more N-terminal Asn residues are glycosylated than C-terminal amino acids [10].

      


      
        Glycan Trimming in the Endoplasmic Reticulum


        • Both RER and Golgi are the glycosidase targets, where oligosaccharides are trimmed via the process of hydrolysis. However, glycan trimming in RER differs from the glycan trimming in the Golgi apparatus and serves multiple purposes.


        • Sugar hydrolysis is employed in the RER to both monitor protein folding and to identify the proteins that should be degraded.


        • Glucosidases I and II remove two Glc terminals from the precursor glycan, and then calnexin and calreticulin (the membrane-bound and soluble sugar-binding lectins, respectively), attach to the nascent glycoprotein via remaining Glc and function as chaperones to aid in appropriate protein folding.


        • Glucosidase II quickly hydrolyzes the last Glc, releasing the glycoprotein from the chaperone. UDP-glucose glycoprotein glucosyltransferase recognizes non-native folded proteins by transferring a Glc unit to the glycoprotein and subsequently binding the protein to the lectin chaperones to promote correct protein folding.


        • Until the protein is correctly folded the Glc addition and removal are cyclically repeated. At that point, no protein is reglycosylated and the glycoprotein is trafficked to the Golgi for additional processing.


        • As discussed previously, all the glycans are accurately folded glycoproteins that translocate to the Golgi apparatus, like Man9GlcNAc2 in higher eukaryotes.


        • The RER-resident mannosidase (RERManI) decisively identifies the accurately unfolded proteins. Proteins that lose 3-4 Man residues in the RER via RERMANI activity are moved out of the RER and deglycosylated by glycanase N (losing entire glycan en bloc), before being eliminated via RER-associated degradation (RERAD).


        
          NB


          Because of its slow rate of Man hydrolysis, RERManI acts as a sort of timer that enables multiple reglycosylation of nascent proteins for adequate folding before folding.

        

      


      
        Maturation of Glycans in the Golgi Apparatus


        • During the glycosylation process, all N-linked glycoproteins exhibit similar precursor glycan structure.


        • To distinguish the glycans on individual glycoproteins, the glycan processing in the Golgi apparatus is completed via combinative trimming and sugar addition.


        • The process of distinct glycan synthesis is a highly ordered sequential event involving multiple enzymes that reside in the specific compartment or cisternae of the Golgi apparatus. The compartmentalization of Golgi enzymes is highly essential to complete the glycosylation.


        The final glycan structures can be broadly divided into the following groups:


        • Complex oligosaccharides are made up of several different kinds of sugar.


        • Multiple Man residues found in high-mannose oligosaccharides.


        • Hybrid molecules are constituted of branches of high Man and complex oligosaccharides.


        • Glycans designed to be complex oligosaccharides are trimmed by Golgi mannosidases I and II, being glycosylated by GlcNAc transferase, with a common core region.


        • The core then functions as the substrate for multiple Gtfs which successively transfer sugar moieties from sugar nucleotides to build variable-length and -branched oligosaccharides such as GlcNAc, galactose (Gal), N-acetylneuraminic acid (NANA or sialic acid) chains and fucose.


        • Any glycoprotein that progresses through this processing from the common core stage becomes resistant to glycan removal by enzyme endoglycosidase H (endo H, cleaves the glycosidic bond between two N-acetylglucosamine (GlcNAc) residues in the core region of N-linked glycans), that used to experimentally determine the high-Man or complex oligosaccharide composition and structure of glycoproteins.


        • In contrast to complex oligosaccharides, high MAN oligosaccharides lack additional sugar moieties, though certain Man residues may be trimmed by Golgi mannosidase I.


        • The determination of whether a glycan is transformed into a complex oligosaccharide or prevails as a high Man-containing oligosaccharide, depends on how easily processing enzymes can access the glycan, which may remain delayed by the conformation of the glycoprotein.


        • Some glycoproteins possess hybrid oligosaccharides with a mixture of complex and high-MAN glycans.

      


      
        O-Linked Glycosylation


        • This mode of glycosylation occurs in the Golgi apparatus.Cytosols and nuclei are also possible sites of O-glycosylation.


        • O-glycosylation occurs frequently in the secretory pathway on glycoproteins that have already been N-glycosylated within the ER.


        • However, O-linked glycans usually have simpler oligosaccharide structures than N-linked glycans (Fig. 4).


        • O-linked glycosylation does not require a consensus sequence, and no oligosaccharide precursor is required for protein transfer.


        • In this process, carbohydrates are added post-translationally on serine and threonine amino acid protein residues.


        • The oxidized forms of lysine and proline i.e., hydroxylysine and hydroxyproline are also involved in the O-glycosylation process.


        • Mucin, a family of highly O-glycosylated, high-molecular-weight proteins that make up mucus secretions, is the best example of an O-glycosylated protein. Proteoglycan core proteins, which prevent the prevalence of other proteins that are substantially glycosylated including various antibodies, are also formed by O-glycosylation.


        [image: ]
Fig. (4))

        Basic core structure of O-glycans.
      


      
        Mechanism of O-linked glycosylation


        • The O-linked glycosylation process is simpler than N-linked glycosylation.


        • The sugar nucleotides act as monosaccharide donors during O-glycosylation.


        • Depending on the cell and species, some proteins, such as fucose, xylose, Gal, or Man are O-glycosylated with N-acetylgalactosamine (GlcNAc).


        • In this process, the proteins are O-glycosylated by GalNAc transferase (GalNAc-Ts), which transfers a single GalNAc residue to the serine or threonine β-OH group.


        • While the structural motif of this enzyme has been characterized, a consensus sequence for this enzyme has yet to be discovered.


        • Following the first sugar addition, a highly variable number of sugars (from only a few to more than 10) are consecutively added to the growing glycan chain [11].

      


      
        C-Linked Glycosylation


        • In this mode of glycosylation, the tryptophan residues of an extracellular protein bind with a Man subunit.


        • To date, two recognition signals of glycosylation have been characterized. They are W-X-X-W (the first or both tryptophan residues become mannosylated) and W-S/T-X-C.


        • In the case of C-mannosylation, C-C bonds rather than C-N or C-O bonds are formed.


        • Further, C-mannosyl transferase (c-Mtf) links C1 of Man to C2 of the tryptophan indole ring.


        • The enzyme recognizes the specific sequence Trp-X-X-Trp and transfers a Man residue from dolichol-P-Man to the first Trp subunit in the protein sequence.


        • The rat liver microsomes as well as multiple cell lines undergo C-mannosylation.


        • Some examples of C-glycosylated proteins are IL-12B, the erythropoietin receptor, and Trp2 in RNase.


        
          NB


          The C-glycosylated proteins are resistant to metabolic hydrolysis and therefore these proteins are the subjects of intense research interest across various species of bacteria, insects, and plants.

        

      


      
        S-Linked Glycosylation


        • This is a rare form of glycosylation documented in bacteria and humans.


        • In this process of glycosylation oligosaccharides are attached to the sulfur atom of cysteine.

      


      
        Glypiation


        • This type of glycoprotein is localized in the membranes of archaea, protozoa, fungi, and several other eukaryotic cells.


        • Thus, the specific purpose of this type of glycosylation is to anchor proteins to the biological membrane.


        • In the process of glypiation, there is a covalent attachment of a glycosylphosphatidylinositol (GPI) anchor into the membrane as a stage of post-translational modification of proteins as well as targeting of membrane proteins to the specific locations.


        • Enzymes like phospholipase C can cleave the GPI anchors and allow them to control the localization of the plasma membrane-anchored proteins.


        • It is claimed that GPI anchor is almost ubiquitous across eukaryotes.


        • A large number of functionally diverse proteins are GPI anchored including receptor proteins, prions, hydrolytic enzymes, protozoan coat proteins, complement regulatory proteins, adhesion molecules, and others.


        • Interestingly, in the mammalian system multiple variants of GPI-anchored proteins are produced, either as membrane-anchored or soluble proteins. These proteins are generated by alternative mRNA splicing. For example, neural cell adhesion molecule (NCAM) is present in the GPI-anchored protein, both in soluble (in the muscle) and membrane-anchored forms (in the brain).


        A GPI anchor consists of the following:


        • Phosphoethanolamine linker that binds to the C-terminus of target proteins.


        • The structure of the glycan core.


        • A Phospholipid tail anchors the structure to the membrane.


        NB: The lipid moiety of the tail and the sugar residues in the glycan core both exhibit significant variation, demonstrating substantial functional diversity including immune recognition, cell adhesion, and signal transduction.

      


      
        Mechanism of GPI Anchored Protein Synthesis


        The following steps are involved in the biosynthesis of GPI-anchored proteins:


        1. Pre-assembly of a GPI precursor in the ER membrane.


        2. Attachment of the GPI to newly produced protein in the ER lumen, while simultaneously removing a carboxy-terminal GPI-addition signal peptide.


        3. Lipid remodeling and/or carbohydrate side-chain modification in the ER and post-Golgi transport.


        The biosynthesis of GPI anchors, the precursor glycan for N-glycosylation, commences on the cytoplasmic side of the ER and ends on its luminal side. During this process, sugars obtained from sugar nucleotides and dolichol-P-mannose, both inside and outside the ER, to build 3-4 Man and various other sugars likeGlcNAc and Gal on a phosphatidylinositol (PI) molecule that is embedded within the membrane. Additionally, to facilitate anchor binding to proteins2-3 phosphoethanolamine (EtN-P) linker residues are contributed from phosphatidylethanolamine in the ER lumen.


        Proteins that are glypiated have two distinct signal sequences. The first is found at the N-terminus of the protein and directs its transport within the ER during translation. The second signal sequence is located at the C-terminus of the protein and is recognized by GPI transamidase (GPIT). Instead of relying on a predefined consensus sequence, GPIT identifies a specific C-terminal motif. After translation, this motif allows GPIT to covalently attach a GPI anchor to the protein, as it embeds itself in the ER membrane. Then the protein is separated from the sequence and linked to a pre-existing GPI anchor.


        The development of a cell-free system in Trypanosoma brucei(a species of parasite) enabled the study of GPI precursor biosynthesis. On the surface of each trypanosome are approximately 10 million molecules of variant-specific surface glycoprotein (VSG)with GPI anchors on the surface. Consequently, the enzymes and intermediate compounds involved in the GPI biosynthetic pathway are found in relatively large quantities in microsomal membrane preparations from this organism. Research into the sequence of events related to GPI biosynthesis has been conducted in various organisms, including T. cruzi, T. brucei, Plasmodium falciparum, Leishmania major, Toxoplasma gondii, Paramecium, Cryptococcus neoformans, Saccharomycescerevisiae, and mammalian cells. The emphasis on eukaryotic microbes is due to the abundance of GPI-anchored proteins (GPI-APs) in these organisms and the therapeutic significance of inhibiting GPI. This concept has been confirmed genetically in yeast, Candida albicans,and in the bloodstream of T. brucei [12].

      


      
        Phosphoglycosylation


        Phosphoglycosyltransferase (PTase, usually referred to as cyclic nucleotide phosphodiesterases) is an enzyme that transfers a prefabricatedphosphoglycan from a membrane-bound molecule; however, the exact structure and enzyme vary from species to species. This is a special type of glycosylation procedure wherein glycans are linked by serine or threonine via phosphodiester bonds. However, this is not a generalized glycosylation procedure across all the species since it is confined to parasites (e.g., Leishmania and Trypanosoma) and slime molds (e.g., Dictyostelium).Extensive studies demonstrate that phosphoglycosylation occurs in parasites such as Leishmania, where it prevails as the most abundant post-translational modification and is used to make proteophosphoglycans (PPGs), which are critical for host complement protection and promote parasite aggregation in the host [13].

      

    


    
      THE POST-GLYCOSYLATION MODIFICATIONS


      Multiple kinds of glycosylation could prevail with the same protein. Additionally, as part of the post-glycosylation events glycans can be modified and diversified by the various biochemical reactions.


      The following biochemical reactions are involved in post-glycosylation modifications:


      
        • Sulfation:


        This is the addition of sulfur group to the Man and GlcNAc residues during the glycosaminoglycans (GAGs) production, the typical proteoglycan components in the extracellular matrix (ECM).

      


      
        • Acetylation:


        This modification involves an addition of acetyl group at sialic acid to facilitate protein-protein interactions.

      


      
        • Phosphorylation:


        This type of post-glycosylation involves the addition of phosphorus to Man residues on precursor lysosomal proteins (mannose 6-phosphate) to ensure their trafficking to lysosomes via binding to mannose 6-phosphate receptor (M6PR) in the Golgi.

      

    


    
      FACTORS AFFECTING GLYCOSYLATION


      A single protein not only undergoes glycosylation at multiple sites but also involves the addition of glycans with diverse glycosidic linkages at distinct sites [14].


      Factors that affect the process of glycosylation are as follows:


      
        Protein Conformation


        The amino acids of a protein that need to be glycosylated, must be available for glycosylation. While glycosylation onsets as soon as the N-terminus of the newly synthesized protein (primary structure) enters the RER lumen, it continues even after the completion of protein folding. In a folded protein, only the exposed amino acids are the accessible sites of glycosylation.

      


      
        Amino Acid Sequence


        Specific amino acids and specific consensus sequences or motifs are required for glycosylation. For example, Asn is required for N-linked glycosylation, and Ser and Thr residues are needed for O-linked glycosylation.

      


      
        Enzyme Availability


        Available enzymes and their specific concentration at certain localized cellular compartments are another important requirement for the glycosylation process.


        Example: Following completion of the glycosylation process, the RER releases the glycoprotein in the Golgi apparatus where various vehicles and trafficking proteins (e.g., COP-1 and CPO-2) catch, transport, and release the glycoproteins. The manifold cisternae of Golgi have GTs and GHs which differ from the ones that act on the proteins within the RER lumen.

      


      
        

        Movement of the Proteins Through the Rough Surface ER and Golgi Apparatus


        • The ribosomes at the surface of ER synthesize the secretory proteins.


        • While protein synthesis continues at the N-terminus, the newly synthesized proteins enter the ER lumen through the leader sequence or signaling sequence. Sec61, a pore-forming protein at the RER surface helps in the N-terminus entry of the newly synthesized proteins into the ER lumen. It is claimed that the oxidizing environment of the RER lumen aids in chaperon-assisted protein folding, including disulfide bond formation between cysteine amino acids. Consequently, or simultaneously, glycosylationoccurs in the RER lumen.


        • Following competition, all kinds of post-translational modifications including glycosylation, phosphorylation, sulfation, addition of lipids, metals, etc., the proteins move out of RER.


        • Outside the RER, the protein vehicular traffic such as COP-1, and COP-2 brings them inside the cis-Golgi apparatus.


        • Additional protein modification, including O-linked glycosylation happens in the Golgi apparatus (various cisternae of Golgi apparatus), following which proteins move from cis to trans-Golgi apparatus via medial Golgi apparatus and are finally secreted from the trans-Golgi apparatus into the cytoplasm.


        • In the next step, completely modified proteins are subjected to “protein sorting”. The specific signaling sequences, called leader sequences present at the N-terminus of a protein determine the destination of a protein. During this process, depending upon the signaling sequence, the Golgi secreted properly folded and modified proteins would move to their proper destination (for example plasma membrane-targeted proteins should reach the plasma membrane, nucleus-targeted proteins should reach the nucleus, etc.).


        • However, the unfolded/misfolded proteins would reach lysosomes and endosomes for their degradation.


        • Thus, the trafficking of proteins from the ribosomes on the RER surface into the RER and from the RER to Golgi is important for complete and proper folding as well as for the completion of various post-translational modifications including the several kinds of glycosylation.

      


      
        Availability of Sugars


        The sugar content in a cell culture medium can influence the glycoforms of proteins, according to experimental evidence from in vitro cell culture studies. In a comprehensive review article in 1918, Blondeel and colleagues discussed the following: “Glycosylation metabolism is affected when nucleotide-sugar precursors and associated substances are introduced to the growth medium in cell cultures. Though the results can differ, these supplements raise the nucleotide-sugar pools within cells and influence the distribution of glycoforms. Five primary factors account for these variations: (i) Cell type differences, which can affect the expression levels of enzymes and transporters; (ii) Variations in the recombinant proteins being produced, especially about glycan-site accessibility; (iii) Factors related to the fermentation and sampling timeline, such as glucose availability and exoglycosidases building up; (iv) Glutamate levels, which can affect ammonia levels, which in turn affects Golgi pH and UDP-GlcNAc pools; and (v) Finally, there are no standard metrics for consistently evaluating changes in glycol form distributions (glycosylation indices) across various experiments [15].

      


      
        Environmental Factors


        • Several factors that affect the proliferation and maintenance of the in vitro cell culture also affect the process of glycosylation.


        • The major factors that affect the proliferation and maintenance of cells include cell culture medium components, pH, temperature of the culture medium, aeration, CO2 content (generally 5%), and moisture content (95%). These factors also affect glycosylation.


        • The process of glycosylation is affected by the integrity, health, and physiology of RER and ER membranes.


        
          NB


          When bioprocessing scientists optimize the culture medium for protein productivity and quality, they may modify the above factors to achieve the desired glycoform.

        

      

    


    
      ANALYSIS OF GLYCANS


      As discussed previously, the process of glycosylation and the specific glycoproteins produced therein affect the integrity, health, and physiology of the cells. It is also pertinent to mention that impaired glycosylation may cause multiple diseased conditions. Therefore, it is essential to determine the cellular level of glycosylation, and the specific glycoproteins produced by them. Besides checking the abundance of specific glycoproteins, the glycosylation site(s) and the glycoproteins’ structure also need rigorous screening for monitoring the overall glycosylation status of cellular proteins [16, 17].


      • The growing impact of glycoproteins on biological processes and pathological conditions has spurred the advancement of high-throughput and highly sensitive detection and analytical methods to gain a better understanding of the various structures and biochemical characteristics of glycoproteins.


      • The great diversity in glycan structure and composition further adds to the complexity of glycoprotein analysis. The complexity arises from the fact that glycoproteins, being a fusion of proteins and oligosaccharides, are more challenging to scrutinize compared to non-glycosylated proteins.


      The standard procedure of glycosylation involves the following:


      • Site-specific enzymatic proteolysis (usually with proteolytic enzyme trypsin).


      • Fractionation of glycopeptides (most often by liquid or affinity chromatography).


      • Glycopeptide analysis using mass spectrometry (MS).


      The following paragraphs briefly describe the various procedures that help to analyze glycoproteins. The protocols are herein standardized and are retrieved from 2012 review article by Roth and Khalaila [18].


      
        Glycan Staining and Labeling


        • Because of their structure, glycan sugar moieties are not responsive to staining or labeling molecules.


        • Therefore, a chromogenic gel staining method called periodic acid staining (PAS) is used to stain glycosylated proteins in various biological samples.


        • In addition to PAS staining, some other stains are alcian blue and Stains-all, which are employed for staining glycans, particularly for screening proteoglycans, glycosaminoglycans, and negatively charged glycoproteins.


        • Glycans can be stained using periodic acid to make sugars reactive, allowing them to form covalent bonds with labeling molecules like biotin or immobilized support such as streptavidin for detection or purification purposes.


        • To perform this staining, glycoprotein samples are first separated on an SDS-PAGE gel. Subsequently, the gel is treated with aperiodic acid-Schiff (PAS) stain to detect glycoproteins.


        • The PAS reaction results in the development of a magenta color. During this color development, periodic acid oxidizes two adjacent diol groups, forming an aldehyde that then reacts with the Schiff reagent to create the magenta color.


        • This staining method is typically done with fuchsin acid, which can be detected fluorescently at 535 nm, making it two to four times more sensitive than traditional visible staining methods.


        • Certain fluorescent stains available in the market utilize periodate oxidation to attach a fluorescent hydrazide directly to glycoproteins, eliminating the need for further reduction steps. These fluorescent dyes are sensitive and capable of detecting even tiny amounts of glycoproteins down to 18 ng.


        
          NB


          However, it is important to note that periodate oxidation methods can lead to non-specific reactions with proteins of inherent oxidizable functional groups like aldehydes or ketones. Furthermore, the staining intensity may be lower in proteins with fewer glycosylation sites or less complex glycan structures than in heavily glycosylated proteins. Likewise, stains such as alcian blue and Stains-All can cause non-specific reactions with phosphoproteins and other negatively charged proteins. When glycosylation is required the removal of carbohydrates from a protein reduces its molecular weight, allowing SDS-PAGE to screen for glycosylation. Deglycosylases are used to remove glycans from glycoproteins, followed by SDS-PAGE to determine whether a protein is glycosylated.

        

      


      
        Affinity-Based Procedures


        The more specific methods for the determination of the glycosylation regime are given below:

      


      
        Saccharide Binding Proteins


        • Various living creatures including microbes, plants, and animals express a specialized carbohydrate (mono/oligosaccharide) binding protein, called lectin (plant proteins that bind carbohydrates).


        • At present, several companies such as Roche, Applied Bioscience, Sigma, etc. commercially sell various lectins. These lectins are widely used for carbohydrate detection and characterization.


        • To complete the Western blot, the denatured proteins/samples resolved in denatured protein gel (SDS-PAGE), transferred onto nitrocellulose or polyvinylidene fluoride (PVDF) membrane and then incubated with a specific lectin.


        • In the next step, the lectin-treated membrane is labeled with either digoxigenin (DIG) or biotin.


        • Finally, the membrane surface is coated with alkaline phosphatase/horseradish peroxidase (HRP)-conjugated secondary antibody or avidin.


        • The color change intensity of luminescence would be assessed to understand and know about the saccharide binding proteins.

      


      
        Enzyme-Based Techniques


        • Enzymes in Click chemistry can be employed to label and separate glycosylated proteins.


        • A prime example of glycosylated protein carries O-β-GlcNAcylation or features O-α- and N-glycans with a terminal GlcNAc.


        • This protein, whether in pure form or within a protein mixture, is exposed to GALT (β-1,4-galactosyltransferase), which specifically adds an azidogalactose to GlcNAc.


        • In the subsequent step, a fluorescent alkyne [a dye that can be used to label azide-tagged molecules through a copper-catalyzed click reaction (CuAAC)] is used to react with the modified O-GlcNAc.


        • Following this, the sample is subjected to SDS-PAGE, allowing for the visualization of the modified protein under UV light using a gel imager.


        • Likewise, mass spectrometry (MS) can be employed to label the O-GlcNAcylated peptides for further analysis.

      


      
        Antibody-Based Methods


        • To identify O-β-GlcNAc, a unique glycan structure, a method with a specific affinity for this glycan moiety can be employed. This is possible because primary antibodies, like commercially available CTD 110.1 and RL2 antibodies, have been developed specifically against O-β-GlcNAc.


        • To detect O-GlcNAcylated proteins by Western blotting, antibodies are utilized in conjunction with secondary antibodies that are enzyme-conjugated (such as HRP or catalases). These enzymes catalyze reactions that generate color or luminescence, and this can be leveraged through techniques like blotting to identify O-GlcNAcylated proteins. Fig. (5) illustrates the step-by-step process of using antibodies to analyze post-translational modifications of proteins.

      


      
        Glycoprotein Purification and Enrichment


        For the purification of glycoproteins, lectins are widely used. As discussed in the previous paragraphs, lectins are specialized sugar molecules produced by microorganisms, plants, and animals. These proteins assist in protein folding inside the RER. Other studies reveal that lectins are associated with host-pathogen interaction. The specialized sugar lectins are the choice sugars for glycoprotein purification for the following reasons:


        [image: ]
Fig. (5))

        Identification and Quantification of Protein Glycosylation.
      


      
        Stability of Lectins


        Compared totemperature-sensitive antibodies, lectins are stable over a wide range of temperatures.

      


      
        Affinity towards Various Sugars


        Lectins exhibit a specific affinity towards distinct sugar molecules and are, therefore, widely used for glycoprotein purification and their subsequent biochemical characterization.

      


      
        Affinity towards Fluorophores, Horseradish Peroxidase, And Biotin


        Just like antibodies, lectins can also bind with fluorophores, HRP, and biotin, via immobilization over a solid support including avidin or streptavidin.

      


      
        Commercial Liability of Lectin


        Compared to antibodies, lectins are cheaper and are, therefore, a preferential choice of interest. Examples of important lectins available as diversified commercial kits are Concanavalin A (ConA) from the Jackbean, Jacalin, wheat germ agglutinin (WGA), and lentil lectin (LCA).


        Lectins are used for the following purposes:


        • Characterization of cell surface glycoconjugates (e.g., glycoproteins, glycolipids, GPI-anchored molecules).


        • Screen a relative abundance of specific glycoprotein(s).


        • Identify tissue and cellular localization of glycoprotein(s).


        • The generation of mutants against glycoprotein(s).


        • Activity analysis of GTs, GHs,etc.

      


      
        Glycome and Glycoproteome Analysis


        • Carbohydrate analysis requires sophisticated instruments since glycans prevail either as neutral molecules or charged molecules with no intrinsic UV absorbance. Although some of the carbohydrates do possess a surface charge, they are without any intrinsic UV absorbance or auto-fluorescence.


        • The first phase of glycan analysis comprises the confirmation of glycan presence in a protein, i.e., to confirm whether the experimental protein is a pure protein or a glycoprotein. While it may be preferred to analyze the glycan molecules of a glycoprotein on its release, the glycans can also be screened whilst being bound with the native protein or in its glycoprotein form.


        • To liberate glycans from the glycoprotein, the choice between using endoglycanase H (endo H) or peptide-N4-(N-acetyl-beta-glucosaminyl) asparagine amidase (PNGase) treatment depends on the specific experiment type.


        • The structural makeup of the glycan moiety within a glycoprotein can be investigated through chromatography or mass spectrometry.


        • For quantitative comparative analysis of glycoproteomes, researchers can employ stable isotope labeling of amino acids in cell culture (SILAC) reagents.


        • Furthermore, absolute quantification of targeted glycoproteins can be achieved using selected reaction monitoring (SRM) with isotopically labeled “heavy” reference peptides.


        • Thin layer chromatography (TLC)is generally used for screening glycans where manifold glycans are abundant. However, as observed from the TLC, results the resolution is poor for complex mixtures and large molecules.


        The basic steps through which glycoproteins are analyzed are as ahead:


        • Enrichment of glycoproteins/glycopeptides.


        • Multidimensional separation by Liquid Chromatography (LC) and Tandem Mass Spectrometry.


        • Data analysis using bioinformatics.


        Here the first two methods for glycans analysis are briefed, the excerpts could be traced in the 2009 contribution of Mulloy and colleagues in the second edition of “Essentials of Glycobiology”.

      


      
        Glycan Analysis by Mass Spectrometry


        • Mass spectrometry (MS) analysis relies on glycan ionization, fragmentation, and the subsequent identification of mass fragments. Suitable MS methods for glycan analysis include electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI).


        • To prepare the glycan sample for analysis and prevent ionization interference during ESI and MALDI, it is necessary to desalt it. In MALDI analysis, the analyte is ionized using a matrix, often resulting in the formation of a single sodiated ion [M+Na]+.


        • Various matrices are suitable for glycan screening, with 2,5-dihydroxybenzoic acid (DHB) being the most used. However, due to the diverse polarities of glycans, 2,4,6-trihydroxyacetophenone (THAP) is a more appropriate matrix in certain cases.


        • In ESI and nanospray methods, the solvated analyte is converted into an aerosol using the electrospray technique. In these methods, ions are typically multiply charged, which can add complexity to the analysis of glycans.

      


      
        Glycan Analysis Using Chromatography


        • Chromatography is a laboratory technique for the separation of various biological molecules or mixtures of solutes based on the relative distribution of each solute between a moving fluid stream, called the mobile phase, and a contiguous stationary phase.


        • The fluorescent moiety is conjugated by reductive amination to the glycan-reducing end.In this study, 2-aminobenzoic acid (2-AA), 2-aminobenzamide (2-AB), and 2-aminopyridine (2-AP) are the most frequently used fluorophores.


        • On the other hand, conjugation may result in significant desialylation with aminopyridine-based fluorophores, whereas the relative extent of desialylation is


        low with the other two fluorophores, 2-AA and 2-AB. This can hinder a specific glycan characterization.


        • Because of its negative charge, 2-AA is more suitable for electrophoresis but less suitable for chromatography and MS.


        • The 2-AB fluorophore labels glycans in a non-selectively 1:1 stoichiometry, allowing sub-picomolar detection while preserving adequate molar proportions.


        • For glycans separation, the most widely used chromatographic methods are normal-phase high-performance liquid chromatography (NP-HPLC), gel filtration (on Bio-Gel P4), weak anion exchange (WAX), and high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD).


        • Though all methods are efficient, the appropriate method should be carefully selected to meet the specific requirements and properties of the glycans being analyzed. Gel filtration chromatography and WAX necessitate many oligosaccharides, whereas HPAECPAD necessitates high-pH and high-salt buffers (which must be removed before analyzing the separated glycans, as in the exoglycosidase sequencing).


        • With its high resolution and repeatability, NP-HPLC is the most effective method for glycan analysis. Using a partially hydrolyzed 2-AB-labeled dextran as an external standard, the retention time of the unknown glycan (about the standard) is converted to glucose units (GU).


        • The GU estimate is compared to an experimental value database to derive an approximate glycan structure. For some glycans, however, the NP-HPLC resolution might not be sufficient. Consequently, a supplementary technique like reverse-phase-HPLC (RP-HPLC) is needed.


        • Because the dextran standard does not resolve well on RP-HPLC, arabinose is used as an alternate standard. An array of exoglycosidases can be used to validate the glycan sequence further, which involves sequentially applying specific exoglycosidases to cleave terminal monosaccharides from the non-reducing glycoprotein terminal. This chromatographic method also allows for the quantification of relative glycans by computing the peak area, which estimates the percentage of a specific oligosaccharide in the total glycan repertoire. Furthermore, the same oligosaccharide can be quantified relative to other samples.

      

    


    
      DEGLYCOSYLATION AND ITS IMPORTANCE


      For analysis of a protein existing as a glycoprotein, deglycosylation is highly essential since a protein prevails as a collection of glycoforms. The presently available proteomic analysis software is not capable of handling the myriads of possibilities that arise. Thus, the specific glycosylated protein fragment(s) may remain unrecognized. Because of this reason, deglycosylation is often recommended before performing any protein analysis experiments, in case the experimental protein is a glycosylated one and not a pure protein.


      Two methods that are used for protein deglycosylation are as follows:


      • Enzymatic Cleavage of Glycans


      • Chemical Removal of Glycans


      Here is a brief description of these methods:


      
        Enzymatic Cleavage of Glycans


        Under mild conditions, glycosidases remove sugars while maintaining the integrity of peptide bonds. Under native conditions, enzymes can also be utilized for folded proteins, though their effectiveness may be reduced by steric hindrance and other limitations.


        • Most of the commercially available glycan-cleaving enzymes are specific for N-glycans.


        • Glycoamidase, especially glycoamidase F (can also use PNGase F), is the most effective cleaving enzyme for the N-glycan moiety. It cleaves the bond between GlcNAc and an Asn residue, changing Asn to Asp. Most N-linked oligosaccharides, including complex structures like high Man, hybrid, and multi sialylated structures, as well as oligosaccharides with SO42- substituted residues and tetra-antennary trees, are broken down by PNGase F.


        • On the other hand, high PNGase F concentrations might be needed for native proteins. PNGase F will not cleave the N-glycan moiety of an oligosaccharide containing α-1,3 core fucosylation or a single N-acetylglucosamine attached to asparagine; in such an instance, PNGase A, the other glycoamidase, must be utilized. The cleavage of large peptides or intact proteins by PNGase A, however, may pose a challenge because of its high molecular weight (MW) of 80 kDa, which restricts its accessibility to the cleavage site.


        • Furthermore, PNGase F and A activity is decreased when the N-glycan is adjacent to the N- or C-terminus of the protein.


        • Therefore, endoglycosidases that cleave the N-glycan tree between the two core GlcNAcs (GlcNAc1-4GlcNAc) are preferred for native glycoproteins or known glycan moieties.


        • There are fewer enzymes available for O-glycans than for N-glycans. Due to the wide range of O-glycans, it may require multiple enzymes to analyze a single sample, which limits their usefulness. Therefore, O-glycans are better suited for chemically assisted elimination.


        
          NB


          Different glycoproteins are targeted by the various endoglycosidases that are currently in use. For instance, Endo F1 cleaves the high-mannose and hybrid-type glycans; Endo F2 cleaves the high-mannose and biantennary glycans; and Endo F3 cleaves the bi- and tri-antennary glycans. The images suggest that endoglycosidases function in a very particular way. Conversely, Endo-H cleaves most hybrid-type oligosaccharides, including core-fucose, bisecting glycans, and high-mannose.


          • A few glycosidases are combined in one reaction mixture; one such mixture is called deglycosylation Mix II (NEB #P6044), and it contains five different glycosidases.


          • Other combinations are possible until the optimized pH range allows for the use of a common reaction buffer.


          • When exoglycosidases and endoglycosidases are combined, the glycans that are released may be trimmed and thus not recovered whole. Furthermore, because pH changes can impact performance, a longer incubation time may be required when an enzyme is functioning as a non-typical buffer.


          • Any specific affinity method capable of selectively capturing the protein of interest (e.g., protein G for immunoglobulins) is suitable for protein purification.


          • Size exclusion chromatography is not recommended unless the protein's size differs significantly from that of the glycosidase. Finally, some NEB glycosidases (Remove-iTTMPNGase F, Endo S, Endo D) have an affinity tag to aid in enzyme removal from the reaction mixture via chitin beads assisted capture of tagged glycosidase.

        

      


      
        Chemical Removal of Glycans


        β-elimination and hydrazinolysis are the main chemical methods for removing O- and N-linked oligosaccharides.


        A brief description of these is as follows:


        
          β-Elimination


          • In this method, glycan release is facilitated by exposing a glycoprotein to an alkaline environment (e.g., NaOH).


          • Additional β-elimination reactions can be used to degrade free glycans into monosaccharides until complete degradation, referred to as a “peeling reaction,” occurs. However, degradation of glycan can be prevented if the reaction is carried out with NaOH, which lowers the remaining aldehydes [19].


          • Although this is an efficient method, but also has a significant lacuna as the oligosaccharides have only one group that can be labeled, i.e., the reduced end aldehyde. After glycan release, labeling the terminal group is not possible because this group is eliminated during the reaction.

        


        
          Hydrazinolysis


          • In a hydrazinolysis reaction, the hydrolysis reaction is started by adding anhydrous hydrazine to a lyophilized, salt-free glycoprotein. By altering the reaction conditions, this method may be used for both N- and O-linked carbohydrates, which can be released separately even after being mixed. For instance, at 60°C, O-linked oligosaccharides are released, whereas N-linked oligosaccharides are released at 95°C.


          • The released glycan moiety remains intact, whereas the protein may break down [20].

        

      

    


    
      BIOLOGICAL IMPORTANCE OF GLYCOSYLATION


      • Prokaryotic and eukaryotic cells exhibit glycosylation of proteins to carry out multiple biological functions.


      • Glycosylation is a quality control mechanism in the ER, monitoring protein folding status and ensuring that only correctly folded proteins are trafficked within the Golgi.


      • Specific receptors in the trans-Golgi network can bind sugar moieties on soluble proteins, facilitating their trafficking to the appropriate destination.


      • Additionally, these sugars can mediate attachment or activate signal transduction pathways by acting as ligands for the cell surface receptors.


      • Oligosaccharides can either facilitate or inhibit protein binding to cognate interaction domains in protein-protein interactions because they can be huge and bulky. They can change a protein's solubility due to their hydrophilic nature [21].


      • Thus, glycosylation of proteins is necessary because of its role in various biological processes.


      The biological importance of glycosylation is briefly described in the following subtitles:


      • Importance of glycosylation in protein targeting.
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