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Abstract

The influences of glycans impinge on all biological processes, disease states and pathogenic 

interactions. Glycan-binding proteins (GBPs), such as lectins, are decisive tools for interrogating 

glycan structure and function because of their ease of use and ability to selectively bind defined 

carbohydrate epitopes and glycosidic linkages. GBP reagents are prominent tools for basic 

research, clinical diagnostics, therapeutics, and biotechnological applications. However, the study 

of glycans is hindered by the lack of specific and selective protein reagents to cover the massive 

diversity of carbohydrate structures existing in nature. In addition, existing GBP reagents often 

suffer from low affinity or broad specificity, complicating data interpretation. There have been 

numerous efforts to expand the GBP toolkit beyond those identified from natural sources through 

protein engineering, in order to improve the properties of existing GBPs or to engineer novel 

specificities and potential applications. This review details the current scope of proteins that bind 

carbohydrates and the engineering methods that have been applied to enhance affinity, selectivity, 

and specificity of binders.
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1. INTRODUCTION

1.1 Glycan-Binding Protein Overview

Carbohydrates are ubiquitous molecules requisite for many biological processes, such as 

mediating interactions between cells, acting as regulatory elements in cellular signaling, and 

mediating membrane organization.1 Glycans can exist as glycopolymers, but are often found 

as glycoconjugates appended to proteins and lipids, influencing the structure and function 

of these biomolecules. The importance of glycans in biology has long been known, but 

significant challenges in their manipulation and analysis have hampered their study from 

being incorporated into general biological research.

The study of glycans is complicated by the amazing diversity of these structures, both at 

the monosaccharide level and at the glycoside-bond level. Unlike nucleic acids or amino 

acids, which are linearly polymerized by a single linkage type, glycans can form glycosidic 

linkages between any of several hydroxyl groups as either the α- or β-anomers. This also 

allows for branching structures. The diversity of individual monosaccharide building blocks 

also dwarfs that of nucleic acids and amino acids, with estimates of unique monosaccharides 

in bacteria being on the order of 800.2, 3 Glycans are not template-encoded, and their 

synthesis depends on the sequential action of multiple glycosyltransferase enzymes, making 

complete structures impossible to predict based only on genetic information. Furthermore, 

the presence of highly related stereoisomers can confound detection and analysis.

Diverse glycan-recognition approaches have been the focus of many research groups, 

including mass spectrometry, nucleic acid aptamers, boronolectins, pyrrole receptors and 

oligomeric aromatic molecules. These methods each have their respective disadvantages, 

broadly including time-consuming enzymatic digestion, large sample requirements, 

expensive and specialized equipment, the need for highly trained personnel for operation 

or synthesis, and potential degradation during analysis. Such methods are outside the scope 

of this review and the authors direct the reader to other reviews that cover these methods.4–8

Carbohydrate-binding reagents are important tools for the study and detection of glycans. 

Unlike many of the techniques mentioned above, these reagents do not require specialized 

equipment and can be readily utilized by the wider biological research community. Ideally, 
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these reagents bind selectively to specific glycan epitopes, allowing for qualitative structure 

analysis without extensive sample preprocessing. Carbohydrate-binding reagents fall into 

several categories: glycan-binding proteins (GBPs),9 nucleic acid aptamers,7, 8 and small-

molecule lectin mimetics.6, 10, 11 GBPs are the most commonly used carbohydrate-binding 

reagent, with many commercially available.

There are a number of different types of proteins that recognize carbohydrates. These 

glycan-binding proteins can be categorized into three major groups: lectins, carbohydrate-

binding modules (CBMs), and adaptive immune proteins (antibodies and variable 

lymphocyte receptors). GBPs are routinely utilized in many different ways (Figure 1). 

They enable a fundamental understanding of carbohydrate-protein interactions, and are 

used as tools to isolate or identify specific glycans or glycan-modified biomolecules.12 

In biotechnology, GBPs are important domains of biomass degrading enzymes, and are 

frequently used to purify or immobilize glycosylated targets.13 Because characteristic 

glycans are found on cell surfaces, GBPs are also used in clinical settings for diagnostics, 

including histology, blood typing, and microorganism detection.14–17 GBPs are important 

cancer diagnostics as well, as the aberrant glycosylation patterns found on malignant tissues 

can act as disease biomarkers.17 Therapeutic application of GBPs is also an active area 

of research, with GBPs being explored for cellular targeting of therapeutic molecules.18–20 

Certain GBPs have also been identified with direct anti-microbial, anti-viral and anti-cancer 

activity.21–24

Although many GBPs have been identified and characterized, they fail to cover the immense 

diversity of glycans present in nature, and often lack the affinity and specificity needed to 

be useful as reagents. For this reason, GBP engineering has been a growing area of research 

paced to match major unmet needs. Engineering efforts on the GBP groups highlighted 

here have been employed to increase affinity and/or specificity for a carbohydrate target, 

decrease affinity for an off-target carbohydrate, develop novel specificity or develop protein 

scaffolds for glycan-binding engineering. In this review, the current state of protein binders 

that recognize carbohydrates and the engineering methods to develop superior GBPs will 

be presented. To understand the strategies utilized for GBP engineering, it is imperative to 

first discuss general protein engineering approaches, screening methods, and the molecular 

determinants for protein-carbohydrate interactions.

1.2 Engineering and Screening Methods

GBP engineering focuses on the modification of existing protein scaffolds to exhibit more 

desirable properties, such as increased specificity or higher affinity towards the carbohydrate 

target. This can be accomplished by rational design, directed evolution or a combination 

of the two. In brief, rational design begins with a protein scaffold of interest, which is 

manipulated in a low-throughput manner by targeting specific residues to change.25 Directed 

evolution involves mutagenesis of the protein scaffold to generate a degenerate protein 

library, followed by iterative rounds of selection for the desired properties, amplification 

of the selected variants, and further mutagenesis (Figure 2A).26, 27 Generating library 

diversity can be executed in two ways: site-directed mutagenesis and random mutagenesis. 

The former is a low-throughput approach where defined residues are changed to specific 
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or randomized amino acids. This usually requires some prerequisite knowledge of the 

protein structure or, even better, the protein-glycan interaction. The latter approach involves 

mutation of a portion or entirety of the encoding gene randomly. Since there is no bias from 

structural information, this method can reveal changes distal to the interaction surface that 

may have otherwise been overlooked.

Appropriate display and screening methods are paramount to obtaining a GBP with the 

desired properties. Large protein libraries (diversity ca. 107-1014) are displayed using a 

method that links the phenotype of a selected protein to its genotype (Figure 2B). This 

underscores the ability to evolve a population of desired GBP variants in vitro. Surface-

based methods compartmentalize the genetic material inside of a cell (mammalian,28 

bacterial,29 or yeast30) or phage particle,31 which encodes for the protein variant fused to a 

cell-surface protein. Conjugation-based methods have a physical linkage between the protein 

variant and the genetic material, and includes techniques such as ribosome display32, 33 and 

mRNA display.34 To effectively isolate the displayed proteins, high-throughput screening 

methods are routinely employed. Sorting-based methods include magnetic-activated cell 

sorting (MACS) and fluorescence-activated cell sorting (FACS), where a target glycan is 

conjugated to a magnetic bead or fluorophore, allowing for target GBPs to be isolated by 

the respective glycan-conjugated handle. These methods are desirable for initial screens 

of protein libraries, where a simple reduction in diversity (e.g. MACS) or detection 

and collection of small populations of binders (e.g. FACS) can be achieved. Other high-

throughput methods, usually utilized later in the GBP engineering work flow, include plate-

based screens such as ELISA with colorimetric or fluorescent readouts and carbohydrate 

microarrays (Figure 2C).35, 36

Microarray technologies have revolutionized the way in which GBP screening 

is performed.37–39 They have been employed in many studies involving lectins, 

viral protein interactions, immunological investigations, anti-glycan antibodies, and 

vaccine development.35, 40–44 Production involves the modification of synthetically or 

chemoenzymatically-prepared glycans (sequence-defined), and glycans isolated from natural 

sources (shotgun) with a reactive handle and subsequent immobilization on functionalized 

glass surfaces.40, 41, 43, 44 The chemical combinations for immobilization are diverse and 

have been summarized in recent reviews.40 Glycan immobilization is performed by printing 

micrometer-sized spots, reducing both carbohydrate and GBP sample requirements. Such a 

miniaturization into a microarray format not only reduces sample amount, but also allows 

for multiple glycan epitopes to be screened at once, ultimately minimizing the time and 

effort to obtain glycan-binding information.

The predominant glycan microarrays available include those developed by the Consortium 

for Functional Glycomics (CFG) and the National Center for Functional Glycomics 

(NCFG). The CFG has a mammalian glycan array (in its fifth generation) which has about 

609 unique glycans as well as a pathogen array which contains over 300 glycans from 

various pathogens. The NCFG also has mannose-6-phosphate, modified sialic acid (Sia, N-

acetylneuraminicacid/Neu5Ac), schistosome glycan, Tn antigen glycopeptide, and soybean 

agglutinin (SBA) glycan arrays for more targeted investigations. Another array developed in 

the Seeberger group utilized a combination of automated glycan assembly, solution-phase 
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glycan synthesis, chemoenzymatic synthesis, and biological isolation was employed to 

generate a library with over 300 mono- to eicosaccharides.45 This array, called the Max 

Planck Society (MPS) glycan array, has a microbial focus, but also includes mammalian and 

plant glycan fragments and epitopes. Many shotgun microarrays are available, including the 

schistosome egg glycan and human milk oligosaccharide (HMO) arrays from the NCFG, 

as well as many lab-specific developed shotgun glycan arrays.46, 47 Finally, a neoglycolipid 

(NGL)-based microarray system is available from the Glycosciences Laboratory (https://

glycosciences.med.ic.ac.uk/glycanLibraryIndex.html) and contains about 800 glycan targets 

including N-glycans, O-glycans, glycolipids, glycosaminoglycans, blood group glycans, 

Lewis antigen glycans, neutral and sialylated glycans, as well as oligosaccharides from plant 

and microbial sources.42

Because microarrays are so useful for GBP analysis and development, improvements in 

microarray technology are of great importance and include advances in the chemical 

conjugation and the breadth of glycans sampled. One microarray development employs 

a chemoenzymatic approach to access N-linked glycosyl-asparagines that better mimic 

N-linked glycan epitopes.48 Another conjugates glycans to polymers and peptides for 

clustered glycan presentation. Progress in multiplexing with Luminex® beads,49 DNA-based 

arrays,50, 51 and cell-based arrays have also been investigated.52, 53

A major limitation of the current array landscape is the inaccessibility of glycans that 

accurately represent the glycan diversity of both mammals and microbes. It has been 

estimated that there are 3,000 unique glycan species on glycoproteins and glycolipids 

in mammals,54 meanwhile the bacterial glycome is even more diverse.55 Yet many of 

these glycans are difficult to obtain in large quantities for biochemical assays. Ultimately, 

the current glycan array space does not begin to comprehensively cover carbohydrate 

complexity and diversity, and many biologically-isolated glycans are not sequence defined. 

Efforts to overcome these limitations are in progress. Despite these limitations, the 

microarray remains an incredibly powerful tool for glycan-protein interaction analysis and 

GBP screening.

1.3 Carbohydrate-Protein Interactions

Understanding the interaction between a protein and its carbohydrate target provides a 

great opportunity for site-directed mutagenesis in GBP engineering. Analysis of residues 

proximal to bound carbohydrates in structures deposited in the Protein Data Bank reveals 

several trends.56 The first is a striking enrichment of the aromatic amino acids Trp, Tyr, 

and His in carbohydrate binding sites. This seems to contradict the highly hydrophilic 

nature of carbohydrates, but aromatic amino acids are one of the most important drivers 

of carbohydrate-protein interactions. The polarized C-H bonds of carbohydrates are able 

to form CH-π interactions with the electron rich π-systems of aromatic amino acids.57 

Trp in particular is highly abundant in carbohydrate-binding sites. This can be explained 

by the electronics of the aromatic system. The Trp indole system is more electron-rich 

than other aromatic amino acids, even when the additional surface area is factored in.56 

In addition to aromatic residues, the polar residues Asp, Asn, Gln, and Arg show some 

enrichment in carbohydrate-binding sites. Many glycans differ only in the positioning of 
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certain hydroxyl groups, therefore these polar residues are positioned to make direct contacts 

with these distinguishing hydroxyl groups. An example of this is shown in galactose- or 

mannose-binding lectins, which discriminate at the C4 hydroxyl group.58 These selective 

interactions can also be promoted by a coordinated Ca2+ ion instead of an amino acid, 

as is the case for C-type lectins.59 Aliphatic amino acids are particularly disfavored in 

carbohydrate-binding sites, indicating that the hydrophobic effect does not play a major role 

in binding.

Carbohydrate-protein interactions are often low affinity, with a single carbohydrate-binding 

site interacting with a monovalent ligand having KD values in the μM-mM range. However, 

GBPs are often oligomeric or contain multiple carbohydrate-binding sites per protein 

and thus exploit multivalent interactions, thereby increasing the overall strength of the 

interaction.60 This increased strength, or avidity, is presented as an apparent KD and can be 

orders of magnitude stronger than a monovalent interaction. There also exists multivalency 

on the glycan side, either manifested as repeating units in one polysaccharide or as multiple 

proximal carbohydrates, for example on the dense glycan-covered cell surface. The gain 

in avidity from interaction of GBPs with multivalent carbohydrate ligands is known as the 

“cluster glycoside effect”.61 A summary of reports of GBPs with multivalent saccharide 

ligands shows that in all cases a multivalent ligand will show enhanced avidity, though the 

magnitude of this enhancement is highly variable.61 As such, incorporating multivalency is 

frequently employed in GBP engineering.

2. LECTINS

Lectins are sugar-binding proteins without enzymatic activity. First discovered in plants, 

they have since been identified throughout the natural world in animals, fungi, bacteria, 

and viruses. There are several ways lectins are classified: by the natural source from which 

they are identified, by the types of carbohydrates they bind, by amino acid sequence, or 

by structure. When grouped by three-dimensional structures, lectins are categorized into 48 

different families.62 Many lectins are rich in β-structure, adopting folds such as β-sandwich, 

β-trefoil and β-propeller, although β-structure is not a necessity.62 This breadth of structural 

features provides lectins with the ability to recognize a panoply of carbohydrate targets 

with varying monosaccharide units, types of linkages and number of branches. Many lectins 

have shallow and solvent-exposed binding sites, and as mentioned previously often have 

low affinity for their carbohydrate targets, with apparent KD values in the high μM to 

mM range. Because of this, lectins are frequently oligomeric, thereby increasing avidity. 

However, such requisite oligomerization only complicates the in vitro production of this 

type of GBP.63, 64 Lectins also suffer from broad specificity toward carbohydrate epitopes, 

making data interpretation difficult. Regardless, many lectins have been identified and their 

binding characteristics defined.65

The glycobiology field over the past 30 years has embraced natural lectin engineering 

to overcome the aforementioned limitations and maintain these GBPs as useful tools 

for glycobiological research. Increased specificities, higher-affinity interactions, and novel 

carbohydrate-recognition properties have been attained through lectin engineering efforts. 

Common methods used for lectin engineering are described and specific examples for each 
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are highlighted. This does not include the computer-assisted directed evolution of inactivated 

carbohydrate-processing enzymes, called Lectenz®.66 For other lectin engineering reviews, 

we direct the reader to Hu et al. and Hirabayashi and Arai67, 68

2.1 Site-Directed Mutagenesis

Site-directed mutagenesis is the most frequently applied approach in lectin engineering. This 

method can be as simple as mutagenesis of a single residue to one or several other amino 

acids, or as complex as generating randomized mutations of many selected residues to create 

large libraries.

Creation of chimeric lectins is a rational, site-directed design technique that was performed 

early on in lectin engineering efforts. This is done by mutating the binding-site residues of 

one lectin to those of another lectin in order to influence the binding specificity. This method 

requires knowledge of the residues responsible for carbohydrate interactions, and two lectins 

that are predicted to have highly similar folds. Structural data is useful for this method, but 

not essential, and biochemical or sequencing information alone can be used for identification 

of binding-site residues in certain families of lectins. This has been explored thoroughly in 

mannose (Man)- and galactose (Gal)-binding C-type lectins, a family of lectins that utilize 

a coordinated Ca2+ for protein stability and enhancing carbohydrate binding.69 Man-binding 

lectins have a conserved Glu-Pro-Asn motif in the carbohydrate binding site, while Gal-

binding lectins instead have a Gln-Pro-Asp motif. Galactose binding was engineered in C-

type Man-binding lectin (MBL) by mutagenesis of Glu185 and Asn187 create the Gln-Pro-

Asp motif of C-type Gal-binding lectins.70 Although Gal binding was achieved, the affinity 

was much lower than that of the native Gal-binding lectins, indicating other residues outside 

of the Gln-Pro-Asp motif are involved. To strengthen this interaction, additional binding-site 

residues of MBL were mutated. The C-type Gal-binding lectin asialoglycoprotein receptor 

(ASGPR) from rat liver contains a Trp residue and a five-residue glycine-rich insertion 

following the Gln-Pro-Asp motif that is not present in MBL (Figure 3A).71 Addition of these 

residues into the Gln-Pro-Asp mutant of MBL led to increased affinity and selectivity of 

the mutant MBL for galactose to near ASGPR levels. Manipulation of this region has also 

been applied to create Man recognition in the Gal/N-acetylgalactosamine (GalNAc) specific 

C-type lectin Bahinia purpurea agglutinin (BPA). BPA was engineered to recognize Man by 

replacement of nine amino acids in the metal ion binding region with homologous residues 

found in the legume Man-binding Lens culinaris agglutinin (LCA).72 The creation of 

chimeric lectins by swapping out one lectin binding site for another has shown some utility, 

but is only applicable to certain lectin families containing lectins of differing specificity with 

similar folds, and highly-characterized binding sites.

A lectin with high affinity for a tumor-associated epitope was the subject of site-directed 

engineering by mutagenesis of a single residue.73 Peanut agglutinin (PNA) is a legume 

lectin with clinical importance due to its affinity to the tumor-associated O-glycan Galβ1–

3GalNAc, known as the Thomsen-Friedenreich (TF) antigen. The residue Asn41 is critical 

for TF antigen specificity as it makes a water-mediated hydrogen-bonding contact with the 

GalNAc portion of the sugar.74 Replacement of this residue with several different amino 

acids revealed that the Asn41Gln mutant shows enhanced affinity for the TF antigen, likely 
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due to a direct hydrogen-bonding interaction with GalNAc, made possible by the increased 

side-chain length of Gln compared to Asn.73 Saturation mutagenesis, or the replacement of 

a residue with all other amino acids, was used successfully on the Agrocybe cylindracea 
galectin (ACG) to improve its selectivity. The WT ACG exhibits broad specificity as it 

recognizes β-galactosides like N-acetyllactosamine (LacNAc) and the TF antigen, as well 

as α2–3Sia-containing glycans such as 3’-sialyllactose (3’-SL). Sialic acid recognition is 

mediated by several key interactions with residues Ser44, Arg77, and Trp83 (Figure 3B).75 

In order to improve the specificity for α2–3Sia, residue Glu86, which makes important 

contacts with the Gal moiety of β-galactosides, was mutated to all other residues.76 The 

resulting proteins were assessed by surface plasmon resonance (SPR) with immobilized 

multivalent glycopolymers; a Glu86Asp variant retained binding to 3’-SL, but lost affinity 

for the β-galactosides LacNAc and the TF antigen. It was confirmed that this mutant 

preferentially binds α2–3Sia-containing N-glycans over asialo N-glycans using frontal 

affinity chromatography, a biophysical technique which is used to determine the affinity 

of immobilized lectins to various glycans in a flow-based system.77 A simple method to 

analyze the contributions of several residues to protein function is through the sequential 

mutation of residues to alanine, called alanine-scanning mutagenesis. This method was 

applied to the Gal binding site residues of the same ACG and produced proteins with 

high specificity for certain β-galactosides. Mutant Asn46Ala showed enhanced affinity for 

glycans terminating in GalNAcα1–3Galβ such as blood group A tetrasaccharide, and lost 

affinity to all other β-galactosides, as well as sialyl- and asialo-N-glycans. This specificity 

change can be explained by a cis/trans interconversion of Pro45 when the Asn46Ala mutant 

is made (Figure 3B).78, 79 Another mutant, Glu86Ala, lost binding affinity for all glycans 

tested except those containing a 3’-sulfo-Galβ1–4GlcNAc structure.80

A powerful method for protein engineering is creation of combinatorial libraries by random 

mutagenesis of selected residues. This allows for the rapid production of many protein 

variants that can then be screened for functional binding sequences. A combinatorial library 

was made with the Gal/GalNAc-specific lectin BPA, mentioned previously for development 

of a Man-binding chimera, and phage display was utilized for selection of variants with 

affinity for Man (Figure 3A).81 The nine amino-acid binding site of BPA was randomized, 

holding important Ca2+-binding residues and a conserved Trp constant. Affinity panning 

using Man-bovine serum albumin (BSA) coated plates isolated phage clones with a strong 

preference for Man-BSA compared to fucose (Fuc)-, Gal-, GalNAc-, or GlcNAc-BSA. 

Surprisingly, none of the clones examined contained the sequence of the BPA/LCA chimeric 

Man-binding lectin, underscoring the utility of unbiased, randomized mutagenesis of a lectin 

binding site.72 Phage display has also been used to pan a library of the α2–3Sia-specific 

plant lectin Maackia amurensis hemagglutinin (MAH) with human erythrocytes.82 Although 

multiple binding-site residues were randomly mutated, selected clones varied at only two 

residues. These clones showed wild-type-like affinity to α2–3Sia-containing glycans, but 

some had also gained a novel affinity to α2–6Sia. In another example, mammalian cell 

display (Figure 2B) was used for engineering α2–6Sia specificity into the Gal-specific 

peanut agglutinin (PNA).28 Mutagenesis of carbohydrate-interacting loops was performed, 

both to randomly change the amino acid sequence and to vary the length of each loop. An 

isolated clone gained the ability to bind α2–6Sia-containing glycans after positive selections 
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with Siaα2–6(Galβ1–3)GalNAc, though it still possessed some recognition of a terminal 

Gal.

2.2 Random Mutagenesis

Random mutagenesis over entire proteins is much less frequently used for lectin 

engineering, but this method has been successful for engineering of the Gal-binding 

earth worm lectin EW29. The C-terminal domain of this lectin, referred to as EW29Ch, 

underwent error-prone PCR to generate a mutant library, which was then used to isolate 

Sia and 6’-sulfo-Gal binders.83, 84 Sialic acid selections were carried out using the high 

throughput method known as ribosome display (Figure 2B).33, 85 Agarose beads modified 

with the glycoprotein Fetuin were used as the selection probe as this protein contains α2–

6-sialylated triantennary N-glycan as a major glycan determinant. Analysis of individual 

clones identified an α2–6Sia-binding mutant containing six amino acid changes. Structural 

studies of this variant show that one of two Gal-binding subdomains was modified by 

a dramatic flip in a loop region, allowing for formation of a hydrogen bond between 

Sia and mutated residue Gly239Ser (Figure 3C). Such a change would be difficult to 

engineer by site-directed mutagenesis, highlighting the utility of the random mutagenesis 

method. Frontal affinity chromatography shows this new lectin, named SRC, maintains 

some Gal recognition of the parental EW29Ch, but specificity shifts significantly towards 

α2–6-sialylated N-glycans. This new specificity does come with some loss of affinity, 

as EW29Ch has a KD value with Gal of about 10 μM, and SRC of about 100 μM. 

EW29Ch has also undergone selection for 6’-sulfo-Gal, again using ribosome display, but 

with agarose beads conjugated to biotinylated polyacrylamide polymers bearing 6’-sulfo-

LacNAc. Clones bearing the Glu20Lys mutation showed 6’-sulfo-LacNAc binding, with KD 

values determined using frontal affinity chromatography of ~3–4 μM, but maintaining a 

wild-type level of binding to Gal-terminated glycans with a KD of 20 μM. The mutation 

is located close to the 6’-hydroxyl group and is expected to make favorable electrostatic 

interactions with the sulfate group.

2.3 Engineered Multivalency

Because lectins often show low affinity for their targets, efforts have been made to boost 

avidity not by engineering of the binding site itself, but by engineering multivalency. 

The previously described C-terminal domain of the earthworm lectin EW29 engineered 

for Sia binding (SRC) had affinity too low to be useful as a reagent in a monovalent 

state. The parent lectin, EW29, is a tandem repeat-like lectin with two homologous Gal-

binding domains separated by a short linker.86 The authors genetically fused two SRC 

domains together using a modified linker and found a 10-fold increase in affinity toward 

α2–6-sialylated glycans compared to the monovalent SRC (Figure 3C).87 This affinity is 

comparable to that of the commercially available α2–6-Sia specific lectin from Sambucus 
sieboldiana (SSA), and was successfully used as a reagent for flow cytometry, fluorescence 

microscopy, lectin chromatography, and lectin blotting. A similar strategy was used to 

increase the affinity of a bacterial F-type lectin with Fuc specificity.88 Partial duplication of 

the binding site to mimic eukaryotic Fuc-binding proteins led to a 12-fold greater binding 

affinity than the wild-type lectin to multivalent fucosylated glycans. Although only one Fuc 

binding site was functional, the protein gained avidity by oligomerizing into higher-order 
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structures. Another method of engineering lectin multivalency is to fuse the carbohydrate 

binding domain to a dimeric protein. To this end, a modified high-Man specific lectin from 

actinomycete (actinohivin) was fused to the fragment crystallizable (Fc) domain of human 

immunoglobulin G 1 (IgG1).89 This dimeric “lectibody” showed a 10-fold improvement in 

binding to high-Man type glycans and maintained the wild-type specificity as assessed by 

glycan microarray (Figure 2C).

3. CARBOHYDRATE BINDING MODULES

Carbohydrate-binding modules (CBMs) are distinct from lectins as they are sugar-binding 

domains of a larger sugar-processing enzyme involved in the synthesis, transport, or 

metabolism of carbohydrates and glycan polymers. CBMs act to increase the catalytic 

efficiency of the enzyme by either targeting the enzyme to specific regions of the 

carbohydrate substrate, by increasing the concentration of the enzyme in the vicinity of 

the substrate, or by disrupting the polysaccharide structure to allow for easier enzyme 

access.90–93 CBMs fall into three types.94 Type A CBMs bind to the surface of crystalline 

polysaccharides, and have a planar binding face rich in aromatic residues. Type B CBMs 

are endo-type CBMs that recognize internal glycan chains with a binding cleft or groove 

that can accommodate multiple monosaccharides. Type C CBMs bind glycan termini with 

a small binding pocket that can only accommodate 1–3 monosaccharide units. Because of 

this, Type C CBMs are said to be more “lectin-like”. According to the Carbohydrate-Active 

Enzymes Database (CAZy), these three CBM types are grouped into 87 families based 

on amino acid sequence.95 They have also been grouped into seven families based on 

structure.94 Like lectins, the most common fold is the β-sandwich, but β-trefoil, cysteine 

knot, oligonucleotide/oligosaccharide-binding (OB), and hevein folds are also found.94

CBMs often recognize plant and fungal cell wall polysaccharides like cellulose, xylose, and 

chitin, but glycoside hydrolase enzymes with CBM domains are also secreted by pathogenic 

microorganisms that act on human glycans such as hyaluronan.96 CBMs, like lectins, often 

have low affinity for small oligosaccharides, but compensate with either multiple binding 

sites per domain or multiple domains per enzyme for increased avidity.94 CBM engineering 

has mostly been applied with respect to industrially-important polysaccharides to increase 

enzyme action toward biomass, but may also be a good starting point for engineering of 

biotechnologically relevant CBMs. Some examples of CBM engineering and the methods 

used are described here. For other CBM engineering reviews, please see Armenta et al.97

3.1 Site-Directed Mutagenesis

Like lectin engineering, site-directed mutagenesis has been the most frequently applied 

approach for CBM engineering. The demand for cost-effective biofuel production has 

prompted the engineering of high-affinity binders of cellulose, as efficient cellulolytic 

enzymes are needed. Toward this goal, the cellulose-binding CBM1 of Trichoderma reesei 
cellobiohydrolase Cel7a has undergone site-directed mutagenesis to increase cellulose 

affinity.98 This CBM is a small cysteine knot protein with a flat binding face rich in aromatic 

amino acids. A homologous cellulose-binding domain from an endoglucanase found in the 

same organism differs by only nine amino acids, but has higher affinity for cellulose. Four 
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variants were constructed by mutagenesis of seven different positions to the corresponding 

residues of the endoglucanase CBM to make two single and two triple mutants. Only the 

single Tyr5Trp mutant had increased affinity for cellulose, likely due to the differences 

in the π-systems in these aromatic amino acids (Figure 4A). This same CBM has also 

undergone site-directed mutagenesis to increase the specificity for cellulose over lignin, 

the major non-carbohydrate component of cellulosic biomass that can inhibit enzymatic 

hydrolysis.99 Four residues were mutated to several other amino acids to vary the charge and 

polarity at these positions. The protein variants were produced as cellobiohydrolase-CBM 

complexes and their affinity for microcrystalline cellulose and lignin was quantified using 

partition coefficients between adsorbed protein to solid or soluble polysaccharide substrate. 

Substitution of amino acids Val and Pro with the negatively charged Glu at positions 27 and 

30 both shifted specificity to cellulose over lignin (Figure 4A). These residues, when paired 

with several mutations in the linker between the CBM and cellobiohydrolase enzyme, has 

2.5-fold reduction in lignin affinity and had no lignin inhibition when assayed for cellulose 

degradation.

The CBM4–2 of the Rhodothermus marinus xylanase, Xyn10A, has been the subject of 

many CBM engineering efforts. CBM4–2 is a type B CBM with affinity for xylans, 

β-glucans, and amorphous cellulose. This broad binding specificity, paired with the high 

thermostability and ease of production in E. coli, made this module an attractive candidate 

for protein engineering. Twelve residues around the binding site were selected for limited 

substitution of related residues in order to not destabilize the structure.100 Phage display 

was used to select binders to the carbohydrate polymers birchwood xylan, Avicel (a 

microcrystalline cellulose) and ivory nut mannan, as well as the human glycoprotein IgG4. 

The clone selected for xylan, referred to as X-2, is highly specific for xylan, having lost 

the wild-type CBM4–2 affinity for glucan-containing polysaccharides like β-glucans and 

xyloglucans.101 This clone is unique as one of the two binding site aromatic residues 

(Phe110) was mutated to the aliphatic residue Leu, leaving only one π-stacking interaction 

with the xylan chain. Clone X-2 with position 110 mutated back to the wild-type Phe 

is once again able to bind carbohydrates with glucose-based backbones, regaining the 

broad specificity of the wild-type CBM4–2 (Figure 4B).102 The human IgG4-binding clone 

underwent a dramatic change in specificity as it was shown to bind to the protein itself, not 

the attached glycans.103 This phage library has also been screened for binders to xyloglucan, 

a plant cell wall polysaccharide which lacks appropriate reagents for its study.104 Xylan was 

used as a soluble competitor to remove phage displayed variants with wild-type specificity 

toward xylan. This competition strategy was successful, as two selected clones showed 

remarkable specificity toward xyloglucan over xylan, Avicel, arabinoxylan, and β-glucans. 

Structural studies of one clone, XG-34, shows the binding cleft is more narrow than that of 

the wild-type protein, with Trp69Tyr and Tyr110His moving closer by 5.5 Å (Figure 4C).105

3.2 Random Mutagenesis

Random mutagenesis has been performed successfully to change CBM specificity. The 

family 11 CBM of the Ruminoclostridium thermocellum enzyme CelH, RtCBM11, has 

undergone randomized mutagenesis to create a combinatorial phage library.106 The wild-

type RtCBM11 binds to linear polysaccharides such as glucans and Avicel with high 
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affinity, but binds branched polysaccharides like xyloglucan with low affinity. Structural 

studies of the wild-type RtCBM11 complexed with mixed-linked β-glucans show that CH-π 
stacking with Tyr residues and a hydrogen-bonding network with multiple residues are 

responsible for ligand binding.107 Phage selection using xyloglucan revealed a double 

mutant binder with His102Leu and Tyr152Phe mutations. This variant has about 22-fold 

higher affinity for xyloglucan compared to the wild-type protein and has reduced affinity 

for β-glucan. Molecular dynamics simulations were employed to rationalize this enhanced 

affinity toward the branched xyloglucan and reveal the creation of a xylosyl binding cleft 

at His102Leu and modified hydrogen-bonding network. Importantly, fusion of the mutant 

CBM to a xylanase enzyme increased catalytic efficiency of xyloglucan hydrolysis by 

38%. Randomized mutagenesis can greatly improve the binding characteristics of a protein 

that has already been selected from a combinatorial library. This process, referred to as 

affinity maturation, was performed on the xyloglucan-binding clone XG-34 isolated from 

the CBM4–2 combinatorial library described previously.104 Error-prone PCR introduced 

random mutations throughout the length of the gene to generate a new phage display 

library.108 Selections for tight xyloglucan binders produced several clones with higher 

affinity for xyloglucan than the parent protein. These clones shared a single mutation in 

close proximity to the carbohydrate-binding site that reverts Asp112 back to the wild-type 

residue Glu112 that is speculated to directly interact with the bound ligand (Figure 4C). 

These clones showed specificity for galactose-decorated xyloglucans, with no affinity for 

fucosylated xyloglucans. The evolved proteins were fluorescently labeled and subsequently 

used to visualize the non-fucosylated xyloglucan found in tamarind seed, performing better 

than the parent protein.

4. ADAPTIVE IMMUNE PROTEINS

4.1 Antibodies (Abs)

Unlike lectins and CBMs, antibodies (Abs) are part of the mammalian immune system 

and form the foundation for the adaptive response to foreign antigens. Ab proteins contain 

a constant (Fc) region and two variable (Fv) domains composed of heavy (H) and light 

(L) chains (Figure 5A). The Fv domains provide clonal diversity for specific antigen 

recognition; the Ab repertoire includes more than 1012 different variants in humans.109 

Such diversity typically generates Abs with diverse structural features, which exhibit high 

specificity and affinity to their target.

While Abs are exceptional for detecting protein antigens, they are not as robust in 

detecting carbohydrates for many reasons.110, 111 Anti-glycan immune responses are less 

T-cell dependent, as polysaccharides do not always recruit T-cell assistance for B-cell 

maturation.112, 113 As a result, the immunoglobulin G (IgG) and M (IgM) Ab isotypes 

elicit the greatest response to glycan antigens, and their somatic mutation to mature Abs 

is decreased compared to other antigenic groups. The IgG isotype is bivalent, with binding 

regions approximately 50–100 Å apart (Figure 5A). The IgM isotype is a pentavalent 

arrangement of the Ab scaffold, where the individual binding domains exhibit lower 

affinities than IgG, but the Ab-glycan avidity is increased through ten possible binding 

sites.114 Abs also preferentially target larger, more complex antigens, and therefore tend to 
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recognize the non-glycan (e.g. peptidic or lipidic) portion of a biomolecule antigen rather 

than the carbohydrate. Carbohydrates are not very immunogenic in traditional monoclonal 

Ab (mAb) production hosts due to the similarity of glycans from mammalian sources and 

many bacteria employ antigenic mimicry to evade mammalian host immune systems.113 

Accessibility of pure glycans further hinders mAb development. Glycans may not be easily 

synthesized or isolated from the host organism, rendering many interesting glycans from 

pathogens and symbionts inaccessible.

The generation of Ab-based GBP reagents is a long and often unrewarding process. Despite 

various limitations, anti-glycan mAbs have been developed against a number of different 

targets, including cancer epitopes,20, 115–117 glycosaminoglycans,118 human blood group 

oligosaccharides,119 viral envelope proteins,120–122 bacterial cell wall components,123–125 

and many more. Many studies exploring anti-glycan Abs, either generated as monoclonals or 

isolated directly from host-derived samples, have been recently reviewed by Haji-Ghassemi 

et al., focusing on their carbohydrate-antibody recognition mechanisms.113 Much of the 

current anti-glycan Ab landscape has been collated in the Database of Anti-Glycan Reagents 

(DARG).110 The common engineering approaches used to improve anti-glycan Abs are 

summarized. Despite their prevalence in the glycobiology field, anti-glycan Abs still suffer 

from the specificity, affinity and development issues described above and, as a result, could 

benefit greatly from novel or orthogonal engineering tactics.

4.1.1 Fragmentation and Phage Display—Manipulations of the prototypic 

immunoglobulin form are prominent in Ab engineering. Removal of the crystallizable 

fragment (Fc) results in the antigen binding fragment (Fab), which is frequently employed 

for the development of Abs as reagents and for structure determination (Figure 5B). 

The HIV-1 Ab PGT128 is one example of an anti-glycan Fab which recognizes the 

high-Man region and a short β -strand segment of the gp120 envelope protein.126 Further 

fragmentation to the single-chain variable fragments (scFv) (Figure 5B) generates another 

major scaffold in Ab engineering as these variants may exhibit superior pharmacokinetic 

properties, are smaller and more amenable to biochemical manipulations, and are generally 

easier to produce in vitro compared to mAbs.127 Due to their small size, they also 

present ideal scaffolds for a phage display library. However, scFvs also exhibit prominent 

disadvantages including decreased stability, aggregation and misfolding when recombinantly 

produced in E. coli.128, 129 Therefore, it is common to conjugate scFvs with a crystallizable 

fragment (Fc) to recapitulate some of the IgG structure (scFv-Fc) (Figure 5B) and regain 

stability.130 Nevertheless, the development of anti-glycan scFvs has been commonly 

explored through the general procedure of immunization, scFv gene isolation, phage 

expression system incorporation and phage display enrichment. This is exemplified by an 

scFv that recognizes Man-6-phosphate (M6P), a glycan determinant required for transport 

of lysosomal hydrolases.131 Rabbits immunized with a pentamannose phosphate afforded an 

Ab library that was subsequently enriched by phage display to provide a single scFv variant 

that displayed an apparent KD of 28 μM for the M6P substrate and does not exhibit affinity 

for Man or Glc-6-phosphate. After interrogation with a phosphorylated glycan array, it was 

found that this scFv Ab binds specifically mono- and diphosphorylated Man6 glycans and 

diphosphorylated Man7 glycans, all containing the M6P determinant. Structural studies of 
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the scFv:M6P complex reveal six hydrogen-bonding contacts with the Man ring and two salt 

bridge contacts with the phosphate group imparting specificity.132

In another example, Kubota et al. utilized this method to target an α-linked GalNAc, also 

known as the Tn antigen, a prominent cancer epitope.133 The phage library was developed 

using extracted RNA from mouse spleen cells immunized with the Tn antigen. The resulting 

scFv library was then incubated with a biotin-conjugated Tn antigen; clones were isolated 

using streptavidin-coated magnetic beads and binding was verified by ELISA. Selected 

variants were then genetically fused to an Fc domain to promote Ab-dependent cellular 

cytotoxicity. Two scFv-Fc variants, 3–9 and 3–18, were obtained with high specificity 

for the Tn antigen. The marked specificity was presumed to result from the mouse pre-

immunization and a negative-panning step against blood group A (BGA) trisaccharide 

(another prevalent antigen with the same terminal a-GalNAc determinant). Although binding 

affinities were not determined, the two variants obtained from this study were confirmed to 

selectively recognize the Tn antigen-expressing cell lines Jurkat and CHO-Lec8.

This approach was routinely utilized in many studies to develop anti-glycan antibodies 

against the GAGs chondroitin sulfate (CS), dermatan sulfate (DS), heparan sulfate (HS) 

and heparin epitopes.134 Since GAGs are non-immunogenic in traditional mAb hosts, a 

semisynthetic human library with 50 VH genes conjugated to the same VL gene then 

fused to a phage coat protein was utilized for the scFv library. Binders to the GAG 

epitopes were selected in an iterative manner using glass-surface immobilized GAGs. 

After multiple rounds of scanning, the resulting scFvs were then subcloned into bacteria 

for soluble expression and analysis. One particular study that followed this procedure to 

isolate scFvs to HS afforded three variants, one of which, HS3G8, was obtained after 

negative-selection screens against CS and DS.135 An apparent binding affinity of HS3G8 

to HS was determined to be 0.15 μM by ELISA. The HS specificity was characterized by 

immunofluorescence after incubation with GAG-digested and undigested tissue sections. 

Immunostains of these tissues with HS3G8 showed affinity for the HS target while 

showing no affinity for other GAGs and polyanionic species, including CS, DS and DNA. 

Interestingly, the use of this scFv Ab was able to discern heterogeneity of HS in different 

tissues. These examples highlight the use of Ab scaffold fragments, namely scFvs, and a 

phage display system to provide Ab-based GBPs. The procedures further emphasize that 

orthogonal counter selections are key for imparting greater specificity for the target glycan. 

However, these studies did not incorporate affinity maturation steps in between selection 

rounds, which could potentially instill greater affinity for the glycan.

4.1.2 Mutagenesis and Engineered Multivalency—Anti-glycan Abs from an 

immunized host exhibit reduced mutagenesis, as the immune response to glycan targets 

presents as a lack of rearranged variable-region genes.136 This results in essentially the 

germline sequence, providing a dearth of clonal diversity and generally low affinity, broadly-

specific Abs. Therefore, in vitro mutagenesis techniques, as discussed for lectins and 

CBMs, should effectively re-install desired binding characteristics to existing anti-glycan Ab 

scaffolds. Such mutagenesis has afforded varying success, usually resulting in anti-glycan 

Abs with increased affinity but decreased specificity.137 A random codon-based mutagenesis 

strategy was applied to the anti-Lewis Y (Fucα1–2Galβ1–4(Fucα1–3)GlcNAc; LeY) Ab, 
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BR96 (Figure 5C).138 Originally expressed as an Fab, BR96 was first fragmented to an scFv 

for improved expression. Mutagenesis of the three most exposed heavy chain loops, H1, H2 

and H3, within the complementarity-determining regions (CDRs) afforded variant M1; the 

single mutation of Asp97Ala in the H3 region, provided 5 to 10-times greater binding than 

parent BR96. A double mutant was then developed by site-directed mutagenesis to introduce 

Asp in the H2 region (Gly53Asp) and bound even better than M1. Affinity maturation on 

the H1 region of M1 was performed by repeating the codon-based mutagenesis; one triple 

mutant, M4, exhibited greater binding affinity to LeY-coated ELISA plates but diminished 

binding to LeY-positive cells. Although this study was able to produce some Abs with higher 

binding properties relative to the parent Ab, the specificities decreased (Figure 5C). An 

scFv was also derived from the anti-BGA trisaccharide IgM, AC1001, and a combination 

of rational design and phage display was utilized to explore increasing binding affinity.119 

Site-directed mutants of the Leu at position H103 to Ile and Val led to 15- to 30-fold 

increased binding to BGA compared to the parent scFv. This mutation, though it had a 

dramatic effect on affinity, did not directly contact the antigen, rather stabilized a nearby 

loop to reduce entropic contributions to binding. The single mutant scFVs did not show 

binding to blood group B (BGB) trisaccharide, maintaining some specificity, although a 

thorough binding analysis with other targets was not performed.

As highlighted previously, protein-glycan binding interactions are characteristically weak 

and rely on multivalency to increase binding avidity. Exploiting protein oligomerization for 

multivalent interactions in Ab engineering is usually seen as a genetic fusion of an Ab 

fragment back with its Fc domain (e.g. scFv-Fc). One study used a ligase chain reaction 

mutagenesis strategy to develop scFvs against the O-polysaccharide of Salmonella.139 

Phage panning provided mutants rich in substitutions that increased hydrogen-bonding 

contacts to the polysaccharide and substitutions that removed steric clashes in distal loop 

regions. Interestingly, this library was predominantly enriched with dimeric and higher 

order oligomeric scFvs with apparent KDs in the low nanomolar region, confirming the 

importance of multivalency for greatest avidity.

One unique case of multivalency is exemplified by 2G12, another anti-HIV Ab which 

recognizes the high-Man glycan of gp120.140 In 2G12, a phenomenon called domain 

swapping allows for an Ab conformation with four, proximal binding sites as opposed 

to two, distal ones (Figure 5D). The two variable heavy chains, VH and VH’, cross to 

the opposite binding region, which brings all four variable sites in close proximity for 

multivalent binding (Figures 5D). The Lai group developed a phage display approach for 

engineering glycan-binding Abs utilizing this domain-swapped chain arrangement.141 The 

phage library utilized a chimeric construct comprising the stalk, hinge, and variable regions; 

the stalk and hinge regions were optimized to bring the variable chains into the proper 

orientation and proximity for domain swapping. A survey of existing anti-glycan Abs and 

the amino acids that contact the glycan with a van der Waals distance <2.5 Å, revealed 

that Tyr, Ser and Asp are prevalent in all anti-glycan Abs – in contrast, Arg, Asn and His 

prevalence are antigen-dependent. Two phage libraries were then developed with random 

mutagenesis at the NMC codon (where N and M are any nucleic acid), which can encode 

Tyr, Asp, Ser, His, Asn, Thr, Ala and Pro. Although this codon represents most of the 

high-frequency residues identified in glycan-Ab interactions, it does not encode for Trp, 
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the amino acid involved in prominent CH-π interactions in GBP binding (See Section 1.3 

and Figure 5D). This approach, although conceptually sound and able to provide domain 

swap-engineered Abs against gp120, the EC50 values paled in comparison to the wild-type 

2G12.

In summary, many factors contribute to relative lack of engineered Abs compared to lectin 

and CBM GBPs. There has been relatively limited success in anti-glycan Ab development to 

highly-selective and tight-binding proteins, likely due to the restricted number of genes 

that comprise the variable region and the lack of T-cell helper functions for affinity 

maturation.113 It is also challenging to develop ideal glycan antigens for mAb generation, 

especially for bacterial glycans, which are more difficult to isolate or synthesize, and can 

mimic the mammalian host glycans. Therefore, although there have been attempts at further 

engineering antibodies by fragmentation, display libraries for evolution, and mutagenesis, 

these efforts have not resulted in significant improvements in glycan-binding properties.

4.2 Lamprey Variable Lymphocyte Receptors (VLRBs)

Lamprey, a jawless vertebrate, also exhibits an adaptive immune system, in this case via 
variable lymphocyte receptors (VLRs).142 Recent investigations into these variable antigen 

receptors have facilitated the development of novel GBPs which exhibit strong binding 

characteristics to carbohydrate antigens. VLRs gain specificity against foreign antigens 

through somatic recombination of leucine-rich repeat (LRR) modules (Figure 6A), providing 

a diversity of 1014 different proteins.143 Lamprey have two VLR genes, VLRA and VLRB, 

which are expressed by mutually exclusive lymphocyte populations. VLRB-related proteins 

have been shown to recognize various foreign antigens and are more widely utilized in the 

development of binders as they are the prevalent component of the humoral response of the 

VLR-based immune system.144

Carbohydrates are highly immunogenic in lampreys;145 a few examples in recent years show 

VLRBs with high affinity and specificity to glycan targets. In 2008, Alder et al. showed 

that lamprey lymphocytes responded to carbohydrate and protein determinants on bacterial 

or mammalian cells.144 Lamprey immunized with human O erythrocytes produced VLRB 

antibodies that recognized Chinese hamster ovary (CHO) cells expressing the blood group 

H (BGH) trisaccharide (Fucα1–2Galβ1–4GlcNAc), the key antigen on O erythrocytes. This 

study also established that VLRBs are composed of multiple VLRB monomers linked by 

disulfide bonds to form large oligomeric macromolecules; this is the nascent form in the sea 

lamprey, leading to the high-binding avidities for glycans as they are naturally multivalent 

immune proteins. In addition, the study showed VLRBs are unresponsive to the soluble 

proteins BSA or keyhole limpet hemocyanin, two proteins commonly used as conjugates 

for vaccine development. The utility of the lamprey VLRB system is further emphasized by 

a comparison of mouse and lamprey glycosyltransferases, which suggests that the lamprey 

glycan-related genome and glycome are distinct from those of humans and mice.146 This is 

promising for the application of glycans and glycoconjugates in lamprey immunization for 

anti-glycan VLRB development.

VLRBs are excellent candidates as next generation GBPs for many reasons. The lamprey 

VLRB and mouse immunoglobulin responses to influenza A virus are extremely similar,142 
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yet advantageous structural features provide the VLRB with a greater ability for glycan 

binding. A structural analysis exemplified this by showing VLRB antigen contact area 

(~1500 Å2) is similar to that of Igs (1400–2300 Å2), but results in a deeper binding 

pocket that promotes greater binding affinity. Furthermore, the concave structure contains 

a “thumb” from the C-terminal LRR capping region (LRRCT), which can effectively 

clamp down onto the carbohydrate antigen (black arrows in Figures 6A).147 The VLRBs 

utilize the same non-covalent forces for binding (salt bridges, hydrogen bonds, and van 

der Waals forces) as other GBPs, and sequence analysis also reveals an enrichment 

of aromatic amino acids. Indeed, the variable positions on the concave surface, which 

contact the carbohydrate antigen, are highly biased towards Tyr, Trp, Asn and Asp.145 

The structural “thumb” specifically contains a conserved Trp residue that utilizes CH-π 
interactions at the carbohydrate binding site. Understanding the molecular determinants 

for VLRB-carbohydrate binding will inform mutagenesis efforts to engineer VLRBs with 

greater specificity and/or affinity.

4.2.1 Yeast Surface Display—VLRBs have been shown to be amenable to engineering 

tactics to generate GBP reagents with desirable characteristics. Yeast-surface display (YSD) 

has emerged as a predominant VLRB engineering technique (Figure 6E). Tasumi et al. 

produced VLRBs in immunized lamprey and consequently developed a YSD vector for 

screening of the VLRB library.143 Two libraries were developed: a hen egg lysozyme 

(HEL) library from HEL-immunized lamprey, and a composite library from lamprey 

immunized with various antigens including β-gal and sheep erythrocytes. The libraries were 

incorporated into a YSD system and screened for binding to targets including multivalent 

proteins as well as BGA and BGB trisaccharides. Seven VLRB binders to the trisaccharides 

were identified, and 6 of the 7 exhibited 1.6- to 4.3-fold higher affinity for BGB compared 

to BGA, with apparent KDs in the 10–900 nM range for all clones. Further, the anti-

trisaccharide VLRBs showed no inhibition of binding in the presence of BGH, indicating 

specificity among the blood group antigens. This study also employed error-prone PCR 

and FACS enrichment to increase affinity of the isolated protein VLRB.HEL.2D; although 

this was not a glycan-binding protein, it still exemplifies the possibility of utilizing diversity-

generating methods for engineering anti-glycan VLRBs.

In 2013, Hong et al. utilized a YSD library expressing VLRs in a screen against 

biomedically-relevant glycotopes including the Tn and TF antigens, Lewis A and Lewis 

X, N-glycolylneuraminic acid, poly-Man9, HIV gp120, and glycoproteins asialo-ovine 

submaxillary mucin (aOSM) and asialo-human glycophorin A (aGPA).148 Initial screens 

were performed with a monomeric VLRB library, and the selected VLRBs were then 

fused with an Fc domain to provide a dimeric VLRB-Fc protein. One of the isolated 

proteins, VLRB.aGPA.23, was shown to be selective for the BGH trisaccharide, aGPA, and 

TF by flow cytometry and microarray analysis. Using SPR with its fusion construct, the 

apparent binding affinities to each glycan target were determined to be in the low nM range. 

Isothermal calorimetry (ITC) performed on monomeric proteins provided a KD of 0.221 

mM, suggesting that the previously determined nanomolar apparent affinity resulted from 

multivalent interactions.149 Tissue microarrays with this VLRB selectively detected cancer-

associated carbohydrate antigens in 14 different cancers. Later, the crystal structure of the 
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VLRB.aGPA.23-TF complex was determined at 2.2 Å resolution.149 The structural analysis 

reveals the basis of specificity for the tumor-associated antigen. Key hydrogen-bonding 

contacts are made between residues Asn86, Asp134 and Ser87 and the TF disaccharide 

hydroxyls. Trp residues 62, 84, 156 and 187 also contribute to specificity binding through 

the aforemenmtioned CH-π interactions. Meanwhile, significantly fewer hydrogen-bonding, 

van der Waals, and CH-π interactions are observed for the VLRB.aGPA.23-BGH. This 

structure also corroborated the general molecular architecture for VLRB-based glycan 

binding. The TF disaccharide is sandwiched between the LRRCT domain molecular thumb 

and the concave surface formed by the short β-strands of the LRR and CP modules 

(Figures 6A). This is atypical compared to lectins and Abs and allows for greater contacts 

along the β-strands by larger oligosaccharide targets, potentially accommodating up to 6 

monosaccharides.

4.2.2 Mutagenesis and Microarray Enrichment—Specificity for VLRB-based 

antibodies, like other GBPs, is predominantly determined through the use of glycan 

microarrays. Lampreys immunized with O erythrocytes generated VLRBs that recognize 

the BGH trisaccharide.145 YSD on the immunized library followed by MACS and FACS 

generated specific VLRBs. The isolated VLRBs were then conjugated to an Fc domain 

(Figure 6C) to generate the dimeric form for glycan microarray analysis, which revealed 

a greater specificity for the BGH trisaccharide compared to plant lectin UEA-1. Purified 

monomeric VLRBs were utilized for isothermal calorimetry (ITC) studies, which found that 

one VLRB, O-13, exhibited a KD of 2.6 μM for the BGH trisaccharide. O-13 did not bind 

2’-fucosyl-Lac or LeY antigens and bound lacto-n-neotetraose (LNnT) with low affinity (KD 

160 μM). A combination of affinity measurements, microarray analysis and crystal structure 

comparison revealed a greater specificity of the O-13 VLRB for the BGH trisaccharide 

compared to other selected VLRBs. Mutational studies of the VLRB O-13 then followed; 

mutants with further enhanced specificity for H-trisaccharide were developed based on 

site-directed mutagenesis to eliminate cross-reactivity with LNnT, while retaining high 

affinity interactions with the BGH trisaccharide. One double mutant (Asn81His-Asn82Glu) 

decreased the size of O-13 binding pocket and eliminated a water-mediated hydrogen bond 

between position 81, position 82 and C2 hydroxyl group of the internal Gal residue of LNnT 

(Figure 6D). ITC showed that this mutant binds the BGH trisaccharide with the same affinity 

as WT O-13, but does not bind LNnT.

Finally, a combination of direct lamprey immunization, YSD, immunoglobulin Fc domain 

conjugation and microarray analysis afforded a robust platform for generating libraries of 

VLRB-based anti-glycan reagents (Figure 6E).150 Identification of glycan-specific VLRBs 

after immunization with whole fixed cells, tissue homogenates, and human milk was 

achieved with this platform. The cDNA from lamprey lymphocytes was cloned into 

a YSD system for VLRB enrichment. VLRB-Fc chimeras (smart anti-glycan reagents, 

SAGRs) were constructed and specificity was determined by microarray analysis and 

immunohistochemistry. Fifteen VLRBs were discovered that discriminated between various 

glycosidic linkages, functional groups and unique presentation of terminal glycan motifs, 

providing a high throughput method for obtaining binders to a variety of carbohydrate 
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antigens. The VLRB/YSD system to recognize and enrich glycan binders is a nascent yet 

promising tool for advancing the scope of GBPs.

5. CONCLUSION AND FUTURE OUTLOOK

Glycan binding proteins are critical reagents for biotechnology and biomedical research 

and the engineering of novel GBPs is necessary to create reagents with properties superior 

to those of naturally-existing GBPs, and to address the large diversity of carbohydrate 

structures found in nature. The lectins, carbohydrate binding modules, antibodies, and 

lamprey variable lymphocyte receptors (VLRBs) described within this review have 

expanded the landscape of GBPs well beyond the scope of natural proteins as the foundation 

for reagents with greater specificity and avidity for previously unaddressed glycan targets.

The utility of lectins in biomedical science has long been known. Many lectins, generally of 

plant and fungal origin, are well characterized and commercially available, and many efforts 

to modify these proteins have been published. The predominant engineering approaches for 

lectins are based on structure-guided site-directed mutagenesis. These include approaches 

where the diversity of protein variants explored is low, such as the creation of chimeras 

by swapping of binding site residues from one lectin to another, and mutation of one or 

several residues to a subset of other residues. Site-directed mutagenesis has also been used 

to make high-diversity combinatorial libraries by creating variation at targeted residues at 

or near to the sugar binding site. There are, however, fewer reports of library generation 

using extensive randomized mutagenesis, but this technique has been successful for lectin 

EW29. Creation of synthetic multimers by duplication or fusion to a multimerization domain 

is another strategic approach for boosting lectin affinity and does not require modification of 

the lectin sequence itself.

There are fewer reports of CBM engineering than lectin engineering, however, like lectins, 

structure-guided site-directed mutagenesis is the most commonly used method. CBM4–2 of 

R. marinus has been the object of many CBM engineering efforts. A combinatorial library 

with variable residues proximal to the binding cleft of the protein has been used to isolate 

binders of many structurally-distinct polysaccharides. Although most CBM engineering 

studies have targeted plant polysaccharides, the development of CBMs that recognize 

other biotechnologically-relevant polysaccharides is possible. For example, hyaluronan is 

structurally similar to other glycosaminoglycans (GAGs) and the CBMs that recognize it can 

serve as a starting point for the directed evolution of CBMs that recognize heparan sulfate 

and other GAGs.

Adaptive immune proteins are also exciting starting points for the development of novel 

GBP reagents. To date, antibody engineering has employed fragmentation techniques, 

mutagenesis and phage display and multivalency is incorporated by recapitulating an Ab 

fragment with an Fc domain. Additionally, a recent method of incorporating multivalency 

involved the development of a domain-swapped Ab phage library. However, even after 

exploiting such tactics, engineered Abs may be limited by poor affinity and/or specificity. 

On the other hand, lamprey adaptive immune proteins, VLRBs, have recently provided 

highly-specific and tight-binding GBPs. The VLRB development strategy includes lamprey 
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immunization with a target glycan followed by yeast surface display and site directed 

mutagenesis. With this strategy anti-BGH, anti-Tn and anti-TF VLRBs have been obtained, 

suggesting that 1) the VLRBs represent a robust GBP generation platform and 2) 

implementation of tactics, such as affinity maturation, could further improve the affinity 

or specificity of these reagents.

Alternative scaffolds can be also explored for GBP development. Single-domain Abs 

(sdAbs) can be obtained by isolating the variable heavy chain (VHH) of animals such as 

camelids and cartilaginous fishes, or that of the mammalian IgG Ab. Such sdAbs have 

been utilized in various studies for antigen recognition,151 although they have not yet been 

employed for anti-glycan development. These small Abs, also called “nanobodies,” are 

good scaffolds for phage152 and yeast display,153 and the single domain can be engineered 

into a multivalent display for greater avidity. Designed ankyrin repeat proteins (DARPins), 

which are structurally similar to VLRBs, represent another potential scaffold for GBP 

development.154

For all GBPs, the ability to obtain pure glycans is critical to all aspects of GBP engineering. 

Whether through chemical/chemoenzymatic synthesis or isolation from nature, it is essential 

that continued efforts to increase glycan accessibility are pursued. For immune-based GBPs, 

developments in the synthesis of glycoconjugates are also important. Robust chemistries 

for glycoconjugate generation exist, although creative methods for stimulating immune 

responses could enhance many efforts.155, 156 For example, glycan antigens have recently 

been appended to virus-like particles to bring B- and T-cells in close proximity and increase 

helper T-cell function, and therefore Ab maturation, during the immune response.112

Together, the progress to date clearly advises that investigating alternate protein scaffolds, 

improving glycan availability and glycoconjugation methods, and advancing microarray 

technologies will greatly promote the success of future GBP engineering efforts leading to 

broadly-available reagents for fundamental and applied research and interrogation of the 

“glyco-universe”.
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Figure 1. 
Applications of glycan-binding proteins (GBPs). GBPs find many uses in therapeutic, 

clinical, biotechnological and basic research applications. Some of the prominent methods in 

which they have been utilized are depicted for each application area.
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Figure 2. 
Evolutionary and screening methods. (A) The directed-evolution process includes an 

iteration of three main stages: mutagenesis, screening, and amplification. (B) Many display 

methods have been developed for linking phenotype to genotype in directed evolution 

experiments. (C) High throughput screening enhances the feasibility of directed evolution by 

efficient separation or detection of binders to intended targets.
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Figure 3. 
Lectin engineering. (A) Sequence alignment of rat mannose binding protein (MBP) and 

rat asialoglycoprotein receptor (ASGPR) binding sites. Orange residues indicate mutations 

made in mutant MBP, and red arrows indicate residues shown in structures. Wild-type (WT) 

MBP structure with bound mannose (green) and interacting residues (orange) (PDB 1KX1). 

Red indicates Gln-Pro-Asp motif residues. Human ASGPR with bound galactose (green) 

and interacting residues (orange) (PDB 5JPV). Red indicates Glu-Pro-Asn motif residues. 

Chimeric MBP structure with bound Gal showing interacting residues in orange (PDB 

1AFA). (B) WT A. cylindracea galectin (ACG) with bound 3’sialyllactose (green) showing 

interacting residues (orange) (PDB 1WW4). Residues in red show interactions with sialic 

acid. Alanine scanning found Asn46Ala mutant and Glu86Ala mutant with GalNAcα1–

3Galβ specificity and 3’sulpho-Galβ1–4GlcNAc specificity. Saturation mutagenesis found 

Glu86Asp with 3’sialyllactose specificity. (C) Left: WT Earth worm galectin C-terminal 

domain (EW29Ch) with bound lactose (green) and interacting residues (orange) (PDB 

2ZQN). Center: Mutant EW29Ch (SRC) with bound 6’sialyllactose (green), with interacting 

residues (orange), mutant residue Ser239 shown in red (PDB 2DS0). Right: Multivalent 

tandem SRC with increased affinity.
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Figure 4. 
CBM engineering. (A) Cel7a CBM1 engineering. Site directed mutagenesis used to increase 

affinity for cellulose, and to decrease affinity for lignin. Structure shows residues involved 

in cellulose binding, and residues involved in lignin binding (PDB 1CBH). (B) Wild-type 

CBM4–2 showing the locations of residues mutated to create a combinatorial phage display 

library (PDB 1K45). Xylan selections isolated clone X-2, shown with bound xylotetraose 

(green) with interacting residues (orange) (PDB 2Y6K). Green spheres are bound Ca2+. 

Box: Zoom in of interacting residues of clone X-2 with bound xylotetraose, with key residue 

L110 shown in red. Clone X-2 with F110L mutation shows decreased xylan specificity. 

Interacting residues (orange) shown with bound cellopentaose (green), key residue F110 

shown in red (PDB 2Y6G). (C) Xyloglucan selection of combinatorial CBM4–2 library 

produces xyloglucan binding clone XG-34. Structure of wild-type CBM4–2 structure 

showing important residues W69 and F110 in blue (PDB 1K45) compared to clone XG-34 

structure with decreased binding cleft width. Mutations Y69 and H110 shown in blue. After 

random mutagenesis and xyloglucan selection, E112D XG-34 has increased affinity for 

xyloglucan.
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Figure 5. 
Antibody (Ab) structure and engineering. (A) Schematic of immunoglobulin G Ab denoting 

the heavy (H) and light (L) chains, crystallizable fragment (Fc), and variable fragment 

(Fv). (B) Engineered Ab fragments include the antigen binding fragment (Fab), single-chain 

variable fragment (scFv), and chimeric scFv with crystallizable fragment (scFv-Fc). (C) 

Engineering strategy for anti-glycan Ab development. A sequence of fragmentation, random 

mutagenesis and phage display, and site directed mutagenesis on the anti-LeY Ab, BR96 

(PDB 1CLY). Regions subjected to mutagenesis are colored orange, magenta and salmon 

Ward et al. Page 34

ACS Chem Biol. Author manuscript; available in PMC 2022 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the surface representation. Mutated residues denoted in red in the inset. Ultimately, a 

gain of affinity for the LeY substrate was seen at the consequence of loss of specificity. (D) 

Domain swapping of IgG variable heavy chains (VH and VH’) brings binding sites closer 

together for multivalent glycan binding to the Man-containing glycan epitope (green circles). 

Detailed structure of the 2G12 Fab in complex with Man9 epitope of the gp120 target (PDB 

6N2X). The inset shows the residues mutated during random mutagenesis which contact the 

Man9 glycan within van der Waals distance. In all 3D structures, the protein backbone is 

colored tv blue and marine for heavy and light chains respectively. Green sticks represent the 

glycan ligands and orange sticks represent main chain residues.
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Figure 6. 
VLRB structure and engineering. (A) VLRBs are composed of leucine rich repeat (LRR) 

regions which fold to form a concave variable binding surface. A schematic of the 

protein sequence, highlighting the LRR motif, and a detailed structure of a monomeric 

protein in complex with glycan target are shown. Black arrows denote the conserved 

tryptophan in the LRRCT domain, Trp228, which acts as a molecular “thumb” in anti-

glycan recognition. (B) Engineering an anti-blood group H (BGH) trisaccharide VLRB. 

The VLRB O-13 obtained after lamprey immunization and phage display exhibits affinity 

to BGH and lacto-n-neotetraose (LNnT). WT O-13 in complex with BGH trisaccharide 

shows residues involved in binding; mutated residues, denoted in red, maintain BGH binding 

while preventing LNnT binding. Conjugation of VLRBs to antibody Fc domain generates 

a dimeric construct utilized in YSD, affinity measurements and specificity determination. 

(D) An initial YSD selection with VLRBs followed by glycan microarray enrichment can 

provide VLRBs to any glycan present on the array. For all 3D structures, the protein 

backbone is tv-blue and marine, contacting residues are colored orange, and glycan substrate 

is green. PDB 5UF1.
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