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Abstract 

 
Genetically-encoded fragment-based discovery (GE-FBD) holds the 

promise for accelerate ligand discovery for protein targets. By chemical bridging 

of readily available genetically encoded (GE) libraries of polypeptides with 

constant fragments, this methodology opens a fast route to discover superior lead 

compounds. In GE-FBD the constant fragment guides the interactions of peptide 

and target to the close vicinity of the binding site on the target protein. Then, 

biochemical screening  can sample millions of peptide sequences and filter those 

that provide synergistic binding contributions and enhance the overall binding 

affinity towards the target. Glycan binding proteins (GBP) represent an important 

target, that is challenging to address for ligand development with conventional 

high-throughput screenings (HTS). Conveniently, glycans are in fact, excellent 

candidates for GE-FBD, however, to tackle challenging targets such as GBP, the 

need for optimization remains unmeet on GE-FBD.  

This thesis presents an optimization study for GE-FBD to enable the 

discovery of glycopeptides that inhibit human galectin-3(Gal3). First, I 

interrogated the limits of GE-FBD with respect to the initial affinity of the 

constant fragment (Chapter 2). To this end, GE-libraries of glycopeptides 

displayed on phage and expressing combinations of redundant Ser and Gly 

codons, enabled to track libraries individually by DNA sequencing. Next, 

aldehyde-based oxime ligation with hydroxylamine-containing monosaccharides, 

decorated each barcoded library with glycans of variable affinity towards Gal3. 

GE-FBD campaigns of those libraries, against plate-immobilized Gal3 discovered 
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glycopeptide ligands that bind to Gal3 in a sequence dependent manner. The 

sequence Gal-WHVP exhibited a 40-fold increase in binding potency for Gal3  

compared to random Gal-peptide but was inactive as monovalent ligand. GE-FBD 

of fragments with no detectable initial affinity discovered ligands that bind Gal3 

equally well with or without the fragment. Further implementations of GE-FBD 

employed a glycan fragment of higher affinity towards Gal3(Chapter 3). The 

glycan fragment was chemically attached to a library of 108 diverse phage 

displayed heptapeptides. Solution phase panning allowed to screen library-target 

interactions in 1:1 correspondence and in using selective elution of the bound 

phages I discovered monovalent ligands for Gal3. Next, the use of “silent 

barcodes” technology allowed to develop a genetically-encoded glycan array 

technology from which I performed the screening of 80+ glycan fragments 

(Chapter 4). This study permitted to identify new potential starting point glycan 

that could maximize the success of future GE-FBD campaigns on Gal3. This 

approach could be extended to other protein targets for which the initial fragments 

selection might not be obvious. 
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Chapter 1: Enabling synthetic chemistry for Genetically-encoded 

Fragment-Based Discovery 

1.1. Introduction 

Genetically encoded (GE) libraries are a major source of discovery of 

peptide-based drugs. Screening from libraries built on different display platforms 

such as bacteriophages, mRNA, and yeast, have discovered many therapeutic 

leads that are now approved drugs or are in clinical trials for treatment of  

hemorrhages1, cancer2-4 and immune disorders.5-7 Genetically-encoded fragment 

based discovery (GE-FBD) holds the promise for bridging readily available GE-

libraries of polypeptides with foreign fragments incorporated by synthesis. The 

chemistry for this conjugation, is like a matrix computation that converts all 

elements of a large array of starting materials to an array of products in one step. 

The conversion incorporates new chemical features into the constituents of the 

array.  

In this chapter we review the available synthetic strategies that can be 

used for chemical post-translational modification (cPTM) of GE-libraries, 

incorporate non-natural recognition moieties into GE-libraries, and enable GE-

FBD. We also review major consideration for future development of chemistry 

with the emphasis on the scar introduced by modification.  

1.1.1. Overview and premises of fragment-based drug discovery 

Fragment-based drug discovery (FBDD) has become one of the standard 

strategies for the development of new drug candidates. The theoretical 

foundations of FBDD were established ~40 years ago8 and enabling technology 
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for the practical implementations of FBDD emerged ~25 years ago when Fesik 

and co-workers9 performed NMR-based screenings of binding of small molecule 

“fragments” to a protein. Linking two fragments of micromolar affinities gave rise 

to a nanomolar ligand for the FK506 binding protein. Today, more than 30 drug 

candidates derived from FBDD, have entered clinical trials.10 

The major advantage of FBDD when compared with classical high-

throughput screenings (HTS) is more efficient sampling of the chemical space. 

Typical HTS libraries contain around 106 compounds, which represent a ~10-60 

sample from the calculated number of possible drug-like molecules with MW 

~500 Da estimated at 1063.11 The chemical space for a fragment is smaller. For a 

fragment of MW~100 Da the number of possible molecules is ~1011 therefore 

even a relatively small library of 1000 fragments covers a much larger fraction of 

the available fragment space.12 

1.1.2. High throughput considerations on GE-FBD 

The use of DNA to encode fragments was described by Liu,13 Harbury,14 

Nery,15 and others.16 DNA-encoding methods are used to build DNA encoded 

libraries (DEL). Libraries of complexity larger than 108 are now regularly 

synthesized and screened. DEL makes small footprint molecules from small 

fragments. Building large surface area molecules by DEL is hard because it 

involves either many steps on DNA or ligation of large preformed fragments.17-20 

GE-FBD starts from a large fragment that comes with no additional DNA 

ligation.  
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The GE-FBD technology is complimentary to DEL. Instead of linking 

2~3 fragments, GE-FBD covalently incorporates a fragment (F) into a library of 

~billion diverse peptides (P) and yields a new library (F-P). The peptide 

“fragment” can have deleterious, neutral or synergistic effect on the binding of 

fragment F. The structure-activity relationships (SAR) of peptides that emerged 

from selections can be used to predict consensus motifs within the “P” fragment 

.20-24 Several GE-FBD campaigns successfully established SAR in discovered 

ligands and identified fragment-peptide combinations that exhibited improved 

affinity and specificity towards the target when compared with the parent F 

fragment.20-26  

1.1.3. Biophysical analysis of cPTM as a matrix/array chemistry 

In GE-FBD the binding affinity of a discovered F-P ligand is related to 

that of F and P alone. W.P. Jencks in his seminal work8 postulated that 

contributions to the observed binding of two covalently attached fragments 

defined as GFP can be divided into three parts: 

∆𝐺𝐹𝑃 =   ∆𝐺𝐹 +  ∆𝐺𝑃 + ∆𝐺𝑠        (1) 

Were ∆GF and ∆GP are the intrinsic binding energies of F and P 

fragments, and ∆GS represents the change in Gibbs energy that results from the 

connection of F and P on F-P. The term ∆GS contains an entropic factor that 

describes the connection of the fragments. For example, the linkage F-P may 

decrease the freedom of movement of the P moiety when F binds, and this process 

might be less favourable than the binding of free F. Binding of F, also results in 

loss of internal entropy on F-P that is not required for the binding of free F. This 
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term is small for a small linker within the fragments e.g. single-bond rotation on a 

typical small ligand but may become large when F and P are large molecules or 

are connected with a structurally complex linker.  

To quantitatively review the ∆GS  in GE-FBD we noted that the cPTM 

that connects F and P fragments always introduces additional bonds (scars) in the 

structure of F-P to permit covalent linking of F and P moieties. These “scars”  

range from simple amide bonds, to large condensed multicyclic structures. Scars 

of large size add significantly to the structure of F-P and make it difficult to 

decouple the role of scars from the role of  the fragments.  

 In this chapter we review the development and applications of 

technologies enabling GE-FBD, with emphasis on cPTM, or enzymatic post-

translational modifications (PTM), and scars that these cPTM and PTM strategies 

produce. 

1.2. Modification Handles and Scars 

The chemical ligation of a fragment into a library of peptides displayed 

on phage, RNA or other carrier in GE-FBD, occurs in the presence of functional 

groups present on the library and the carrier. Thus, synthesis of F-P libraries 

requires site specific ligation chemistry27-29 that produce stable products in high 

yields, in mild reaction conditions and that have minimal impact on the encoding 

carrier (DNA, RNA or phage)  

A related field of bioorthogonal chemistry30 focus on development of 

highly selective, fast, and modular reactions and place no specific emphasis on the 

size of scars derived from the chemical modification handles in ligated products. 
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Examples of bioorthogonal modifications forming prominent scars include trans-

cyclooctene-tetrazine, norbornene-nitrile oxide, dibenzocyclooctyne-azide and 

Staudinger ligation reactions31-35 (Figure1-1A).  

Another related field of total synthesis of proteins places 100% emphasis 

on the exact structure of the final product and strives to develop “scar-free” (aka 

traceless) strategies for assembly of glycoproteins and introduction of natural 

PTM into intact proteins.  

Demands for scar size in GE-FBD are somewhere between those of total 

protein synthesis and biorthogonal ligations. GE-FBD campaigns could aim to 

build a library with a known natural linkage and demand synthesis of GE-libraries 

with native N/O-glycosylation,36 native lysine methylation37 or other known  

PTM. In most GE-FBD campaigns, there is not a notion of a “native” linkage, 

making it possible to use any linkage between F and P that do not obstruct the 

binding.  
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Figure 1-1. Modification handles and scars. (A) Examples of bioorthogonal 

reactions that introduce bulky scars into ligated fragments. (B) Chemoselective 

ligations of fragments that leaves minor scars on conjugated fragments.  

Examples chemical ligations that yield native linkage and no scars 

(Figure1-1B), are native chemical ligation,38 traceless Staundinger ligation39 and 

recent example of chemical ligation to cysteine-derived dehydroalanine.40 The 

later yields mixture of two enantiomers.     
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Figure 1-2. Examples of scars introduced on several fragment-peptide conjugates 

identified on GE-FBD studies. (A) Roberts 2011. (B) Derda 2016. (C) Derda 

2015. (E) Derda 2018. (F) Derda 2018. Fragments incorporated into the library, 

are in blue. Peptide is highlighted in green. Chemical scars, in red.       

Some chemical conjugation strategies can leave as little as one-bond-

long scar between fragment and peptide portions (Figure1-2A). Most frequent 
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reported examples of GE-FBD introduced five atom scars between fragment and 

peptide portions (Figure1-2B:E). 

In classical FBDD, major challenge resides in finding the optimal linker 

that connects prospectively discovered weak fragments.41 The role of scar in GE-

FBD, in success and reproducibility of discovery, is less clear. It is tempting to 

propose that, scars generated by cPTM introduce a major selection factor but the 

evidence for this hypothesis is currently insufficient. Only one example of GE-

FBD to date tested two linkers in similar selection campaigns and observed a 

larger number of differentially enriched ligands associated with “short” but not 

“long” linker between a mannose fragment and heptapeptide. 

All other examples of GE-FBD employed only one linker geometry  and, 

naturally, yielded a set of ligands in which linker/scar productively connected the 

F and P portions. It is not clear whether re-running the same campaign with the 

same fragment and P library connected via a different linker might yield more or 

less successful discovery campaign. At least two factors are needed: (i) diverse 

method for ligation of fragments to P libraries; (ii) robust definition and measure 

of the “success” of the screen.   

1.2.1. Aldehyde modification handles and scars. 

Serine residues at the N-terminus of phage displayed peptides can be 

selectively oxidized with sodium periodate, yielding aldehyde handles.42 

Aldehyde handles can be conjugated to fragments containing hydroxylamine 

groups (Figure1-3). This approach had been exploited in multiple GE-FBD 
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campaigns to enable ligation of foreign fragments to linear and cyclic peptide 

libraries .20, 22, 25-26  

Figure 1-3. Modification scars on phage displayed peptides. Aldehydes are 

formed from oxidative cleavage of N-terminus serine and  subsequently coupled 

with aldehyde reactive fragments.  

In addition to oxime ligation, many other bioconjugation reactions could 

in principle, be implemented on aldehyde displayed peptide libraries (Figure1-4). 

Few considerations are important for the development of new ligations: first, high 

rate of reaction allow to perform bioconjugations on a practical time scale using 

lower concentration of reagents. Reductive amination of aldehydes is a plausible 

strategy that introduces minimal chemical scar but reported examples of reductive 

amination, required 6 to 48 h at pH = 6 for 30-70% conversion43 (Figure 1-4A).  

Hydroxylamine or substituted anilines in the same conditions (pH 4~5) yield the 

corresponding oximes and imines44 at higher rate (Figure1-4B,C). In buffer 

containing 100 mM aniline, the speed of oxime bond formation via attack of 

intermediate aniline-imine can be increased by a factor of 400 when compared to 

oxime bond formation from nascent aldehyde.45  
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Figure 1-4. Synthetic chemistries that enable incorporation of diverse fragments 

into a library of aldehyde-decorated peptides. (A) Reductive amination. (B) 

reaction with hydroxylamine to form of oximes. (C) Condensation with 

substituted anilines. Generated imines can be further functionalized with 

nucleophilic reagents. (D) Reaction with aminobenzamidoxime derivatives. (E) 

Pictet-spengler reaction with indoles. (F) Wittig reaction on peptides generates a 

reactive olefin that can undergo Michael addition (H) or Diels-Alder reaction (I) 

with cyclopentadiene to generate a norbornene handle that can be further reacted 

with tetrazines. 
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Other important consideration is the stability of the ligated product, 

oximes can undergo hydrolysis in aqueous media depending on the pH and 

conjugates’ stability. Unlike classical oxime ligation, reaction of aldehydes with  

2-aminobenzamidoxime (ABAO) fragments (Figure1-4D) produced conjugation 

product that proved to be hydrolytically stable. Ligation of ABAO fragments gave 

rise to a new class of condensed-ring structures based on dihydroquinazoline, as 

chemical scar.  

 A variation of the Pictet-Spengler reaction introduces another 

hydrolytically stable conjugation of similar size/scar using indolyl-substituted 

nucleophiles.46 This bioconjugation achieved rate constants of about k ~10 M-1 s-1 

in aqueous conditions at pH 4.5. 

Wittig reaction of aldehyde terminated peptide libraries with stabilized 

ylides, successfully diversified genetically encoded phage libraries47 (Figure1-

4F). The conjugation exhibited rates of 0.7 to 5 M-1 s-1 on model peptides 

containing N-terminal glyoxal handles. Wittig product contains a Michael 

acceptor that can be further functionalized with thiols yielding potential for 

ligation of two fragments to phage displayed peptides (Figure1-4G). Additionally, 

these Wittig-generated olefins can undergo Diels-Alder reaction with 

cyclopentadiene under biocompatible conditions, to produce norbornene scar 

(Figure1-4H). The norbornene handle could, in principle, be used for further 

bioorthogonal conjugation of tetrazine derivatives via inverse electron-demand 

Diels-Alder cycloaddition (Figure1-4I). These conjugations are often praised for 

rate constants exceeding 1000 M-1 s-1 33, 48, but such tetrazine ligations introduce 
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bulky chemical scars in ligated products, and the use of such reaction for GE-FBD 

might not be optimal.  

1.2.2. Cysteine modification handles and scars. 

Cysteine residues had been frequently employed as chemical 

modification handles for regioselective bioconjugation strategies in protein and 

peptides.49 High nucleophilicity of thiolate groups under physiological conditions  

and its relatively low abundance in native proteins make them amenable for the 

development of chemical modification strategies in GE-FBD.50 If needed, 

cysteine residues can be removed from phage virions prior to expression of 

libraries, allowing control over the site of modification. Such cysteine-free phages 

are much easier to produce than phage that uniformly lack other amino acids.4, 51   
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Figure 1-5. Cysteine based point-modifications and scars on GE-FBD campaigns. 

(A) Disulfide bond exchange allowed the generation of glycopeptide libraries. (B-

D) Modification by substitution with haloalkyl electrophiles. (E) RNA-displayed 

glycopeptides generated after bis-alkylation-elimination of cysteine to 

dehydroalanine, followed by conjugate addition of thioglycosides.  

 
Modifications may target individual cysteine side chains, or they may 

cross-link at least two cysteine residues forming macrocyclic structures on 

peptides.  
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Asymmetric disulfide bridging had been used to construct F-P libraries 

by Mihara and coworkers21, 23 to form glycopeptide libraries with a constant 

mannose fragment. The use of Man-dithio(5-nitro-pyridine) allowed disulfide 

formation between the fragment and the library (Figure 1-5A). 

Roberts and co-workers24 used SN2 reaction between cysteine and 6-

bromoacetyl penicillanate to construct mRNA display libraries containing a 

penicillin constant fragment (Figure 1-5B). Gao and co-workers52 decorated M13 

displayed peptides with 2-acetylphenylboronic acid moieties and successfully 

screened those libraries against bacterial cells (Figure 1-5C). Similarly, Taki and 

colleagues53 created chemically conjugated libraries on bacteriophage T7 display 

system, bearing solvatochromic bait fragments for the identification of covalent 

binders in model protein targets (Figure 1-5D). Halo-electrophile substrates 

introduce conveniently small chemical scars on ligated products. 

Even smaller scars can be achieved by first converting cysteine to 

dehydroalanine (DHA), followed by conjugate addition of nucleophiles. 

Specifically, Suga and co-workers40 modified mRNA libraries by first converting  

the cysteine to (DHA) with ’-dibromoadipic-bis-amide. The conjugate 

addition of 1-thio--D-glucose yielded glycan-peptide libraries with short 

thioglycoside bond, the only drawback of this approach is formation of two 

diastereomers (Figure 1-5D). 
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Figure 1-6. Cysteine based linchpin-type modifications and its chemical scars. 

(A) General structure of a library of phage displayed peptides after cyclization 

with bisbromoxylene (B) Cyclization and further glycosylation of displayed 

peptides.(C-D) Structures of light-responsive libraries of phage displayed peptides 

constructed by bis-alkylhalide (C) and bis-allenamide (D) diazobenzene core. (E) 

Phage displayed library after modification with decafluoro-diphenylsulfone. (F) 

Genetically encoded library of crown ether analogs displayed on bacteriophage 

T7. 
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The cyclization of genetically encoded libraries displayed on phage or 

mRNA systems by molecular “linchpins” like bisbromoxylene or trisbromoxylene 

are common4, 54 but these strategies are not directly applicable to GE-FBD 

(Figure1-6A). In contrast, alkylation of cysteines with diclhoroacetone  linchpins 

followed by addition of carbohydrate hydroxylamine generated libraries of 

macrocyclic glycopeptides55, that can be screened on GE-FBD campaigns 

(Figure1-6B).  

Linchpins can add a functional fragment that controls the conformation 

of peptide backbone in response to light. Diazobenzene cores had been 

successfully installed into cysteine containing phage displayed peptides via SN-2 

and conjugate addition reactions, with bis-alkyl halide and bis-allenamide 

substrates respectively56-57 (Figure1-6C,D) both methods leave behind significant 

scar. Perfluoroaromatic linker incorporated into phage displayed libraries via 

SNAr (Figure 1-6E) could in principle be quoted as “fragment”.58 Such fragment 

library was successfully screened against albumin that binds to a variety of 

lipophilic structures. Similarly, genetically encoded libraries of crown ether 

analogues had been constructed by cysteine alkylation with oligoethyleneglycol 

units containing bis-bromoacetamide handles (Figure 1-6E).59 
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1.3. Non-canonical amino acids and scars 

 
Figure 1-7. Chemical scars introduced during bioconjugations on peptide display 

technologies, using non-canonical amino acids. (A-B) Diversification of displayed 

libraries expressing propargylglycine: (A) glycopeptides generated, by azide-

alkyne cycloaddition  on mRNA display, (B) Phage-displayed peptides modified 

by Sonogashira cross-coupling reaction. (C-D) Phage display systems expressing 

para-azidophenylalanine: (C) structure of azide-alkyne cycloadducts and (D)  

Staudinger ligation, on displayed peptides. (E) Modification by nucleophilic 

substitution using a selenocysteine residue incorporated in phage displayed 

peptides. 
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The incorporation of unnatural amino acids (UAA) building blocks into 

genetically encoded display technologies allowed the expression of peptides with 

unique reaction handles that can be chemically modified.60  

Krauss and co-workers61 repurposed a methionine codon to express 

homopropargylglycine in methionine-depleted cells, enabling bioorthogonal 

conjugation of Man9-azide glycan into displayed peptides (Figure 1-7A). Similar 

UAA was employed by Lin and co-workers62 in M13 libraries, to achieve a 

carbon-carbon bond formation using palladium assisted cross-coupling reaction 

(Figure 1-7B). 

Orthogonal aminoacyl-tRNA synthetase/tRNA pairs and suppression of 

nonsense codons had been implemented by Schultz and co-workers to generate 

phage displayed peptide libraries containing para-azidophenylanine.63-64 Cooper-

assisted azide-alkyne cycloaddition (CuAAC) reaction, introduced a triazole scar 

between the peptide and ligated fragment (Figure 1-7C). The convenience of 

CuAAC ligation that introduce only a minor triazole scar, should be taken with 

caution as several studies had reported reduction of phage viability due to coper-

induced toxicity.65-66 With the use of phosphine substrate, Staudinger reaction 

introduced a fluorescein fragment with a smaller amide scar (Figure 1-7D). 

Using a selenocysteine (Sec) operon that responds to UGA nonsense 

codon by means of a distinctive seryl-tRNA and a selenocysteine insertion 

sequence, Noren and colleagues introduced selenopetides into M13 phage 

displayed libraries.67 Nucleophilic substitution with alkyl halide containing 

fragments reaction allowed the attachment of adenosine A1 receptor binding 
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fragment through a minor acetamide scar (Figure 1-7D). Quoted advantages are 

low pKa of selenol side chain of ~5.5 compared to 8.1 for the chemically related 

thiol side chain on cysteine, and higher nucleophilicity of selenol, but direct 

exploitation of this property such as selective formation of Se‒R bond in the 

presence of SH groups in libraries has yet to be demonstrated.  

Although the scars introduced by chemistries based on UAA are 

generally subtle adducts on ligated products, the implementation of UAA 

technology on GE-FBD could be challenging in terms of fidelity of incorporation, 

efficiency and stability of UAA containing libraries.60, 68  

1.4. Enzymatic modifications and scars 

The substrate specificity and homogeneity of the product on enzyme-

catalyzed reactions, makes them attractive as an alternative tool to achieve the 

ligation of constant fragment into displayed peptides in GE-FBD.  
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Figure 1-8. Proposed enzymatic modifications on phage displayed peptides and 

scars. (A) Ligases Butelase 1 and Sortase A can selectively attach fragments into 

N-terminal position (B) Tripsyligase achieve C-terminal modification leaving a 

three amino acids scar. 

Enzymatic methods are frequently employed to label proteins and 

antibodies69-70. The implementation of classical ligase ‒BirA biotin ligase‒ for 

modification of phage libraries highlighted several challenges at once: 

(1) The recognition motif for BirA is a 15 amino acid long and 

modification of library by BirA or later evolved variants leave behind 

a ~150 atoms scar between the fragment and a putative library. 

(2) Kay and co-workers71 reported that modification of phage by BirA was 

efficient in vitro, by treating expressed phage library by BirA. In 
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contrast, expression of BirA in the E.coli that produced the phage 

yielded only marginal (< 5% incorporation). The rate of modification 

must be faster than the rate of expression/trafficking/packaging of 

phage.  

Butelase 1, has been used as an asparagine and aspartic acid specific 

ligase to conjugate thiodepsipeptide derivative substrates to N-terminal residues.72  

Studies on libraries of short peptides demonstrated that this enzyme catalyzes the 

conjugation of any N-terminal residue with the exception of proline.73 The 

reaction introduces three amino acids trace on ligated products. Sortase A is 

another frequently used enzyme to catalyze transpeptidation reactions74 including 

phage displayed peptides. It binds the pentapeptide LPXTG where X could be 

glutamic acid, aspartic acid, glycine or lysine.75-76 Sortase A tolerates a broad 

range of modifications at the N-terminal lysine residue. The enzyme cleaves the 

backbone between threonine and glycine, to generate an acyl-enzyme 

intermediate that is attacked by N-terminal amine of the oligoglycine tag in the 

peptide being modified.  The amide bond formation with the C-terminal threonine 

of the substrate releases the ligated product. The resulting ligation contains the 

heptapeptide LPETGGG as a modification scar (Figure1-9A).  

Enzyme mediated bioconjugations are feasible at the C-terminus and in 

principle on C-terminal displayed libraries on M1377 or T7. Trypsiligase can 

perform C-terminal protein bioconjugations78-80 to three amino acids sequence 

YRH at C-terminus (Figure1-9A).  
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Figure 1-9. Enzymatic modifications on phage displayed peptides. (A) General 

type of enzymatic substrate recognition and catalysis. Type I the substrate binding 

site and the catalytic site overlap in a single active site. Type II the substrate 

binding site is spatially separated from the catalytic site (B) Production of phage 

displayed lanthipeptides displayed at C-terminus of pIII. 

The modification scars introduced into the ligated fragments are 

substantial when compared to the size of fragments in GE-FBD studies 

(MW~1000). Bioconjugation strategies involving Type I chemo-enzymatic 

labeling in which the substrate recognition site and the catalytic site overlaps, 

result in the introduction of significant scars. After enzymatic activity the residues 

required for binding of the substrate contribute to the modification scar. Type II 

enzymes in which binding site is  spatially separated from the catalytic site lead to 

ligated product in which the recognition tag could be trimmed from the product 
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leaving efficient scar-less modifications (Figure1-9A). A recent report from 

Urban and co-workers81 describes the successful implementation of Type II 

chemo-enzymatic modifications on M13 phage libraries of lanthipeptides. Using 

E.coli heterologous expression of ProcM enzyme from Prochlorococcus 

MIT9313 82 the authors accomplished the construction of lanthipeptides displayed 

on the C-terminus of pIII. ProcM recognizes peptide precursors of lanthipeptides  

with conserved leader sequence and catalyze thioether bridge formation on 

spatially separated core of random peptide sequences (Figure1-9B). The system is 

optimized for C-terminal display screenings, and it constitutes an important 

demonstration of the flexibility and feasibility of enzymatic approaches towards 

scar-less peptide-fragment conjugations on GE-FBD.   

1.5. Thesis overview 

In this thesis, I optimize a novel technology for the discovery of ligands 

for inhibiting the carbohydrate binding protein galectin-3. This technology 

operates with genetically encoded libraries of high diversity random peptides, 

covalently attached to constant glycan fragments. In this way, the power of 

genetically encoded libraries enables fragment-guided biological selection of 

optimal combinations of glycan and short peptides that synergize in binding to the 

target protein. The overall success rate in glycopeptide ligand discovery is 

governed by three basic parameters: (i) the initial binding affinity of  the constant  

glycan fragment, (ii) the properties of the covalent linkage between glycan and 

peptide fragments, and (iii) the screening technique. 
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In Chapter 1, I reviewed the current synthetic chemistry toolbox enabling 

GE-FBD with emphasis on chemical scars introduced by modifications. I 

discussed the biophysics basis of general fragment-based drug discovery and  

analyzed the chemical modification as a matrix/array chemistry. I described the 

chemical modification handles and scars based on canonical and non-canonical 

amino acids side chains and finally reviewed the possibilities of enzymatic 

modifications towards scar-less modifications.   

Chapter 2  describes the fragment-based discovery screenings of peptide 

library modified with six single monosaccharide glycan fragments  with different 

initial affinity towards galectin-3. In this study both, glycan modifier and random 

tetramer peptide were genetically encoded allowing to explore the role of the 

affinity of the initial fragment, in the outcome of the selection. Starting from low 

affinity fragments I discovered selective glycopeptide ligands with enhanced 

binding affinity towards galectin-3, but these ligands were active only when 

presented in a multivalent fashion. 

Chapter 3 describes the implementation of the GE-FBD campaign that 

started from a monovalent galectin-3 binding fragment. This application built on 

the lessons about the affinity of the initial fragment and the outcome of the 

selection learnt from simple monosaccharide screenings and explored selection 

screenings that started from high diversity library of glycopeptides and used 

soluble target as a bait. I discovered peptide sequences and conserved motifs that 

showed in vitro binding affinity towards galectin-3, as monovalent ligands. 
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Chapter 4 describes the development of a novel glycan array technology 

that allowed screening of 80+ glycan fragments to identify new potential starting 

points for GE-FBD campaigns on galectin-3. The characterization and validation 

of the presentation methodology demonstrated the potentialities of expanding this 

approach to interrogate the interactions between carbohydrate and carbohydrate 

binding proteins beyond in vitro studies.   
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Chapter 2: Selection of Galectin-3 ligands derived from 

Genetically Encoded Glycopeptide Libraries 

2.1. Introduction 

Glycan binding proteins (GBP) represent important, underdeveloped 

class of therapeutic targets. Shallow topology of ligand-binding sites in GBPs 

make them a challenging target for high-throughput screens (HTS) and virtual 

screening/docking approaches.83 The presence of  multiple binding sites, many of 

which do not coincide with a native Carbohydrate Recognition Domain (CRD) 

poses an additional challenge for application of general selection strategies to 

identify ligands for GBP.84 The ligands emanating from such screens often do not 

bind to CRD sites.84-85 Fragment-based discovery could overcome the 

aforementioned problem by employing ligand building blocks that are known to 

bind to CRD. The obstacle that every fragment-based approach faces is 

identification of the optimal linking strategy that brings multiple residues together 

into a single ligand. We previously demonstrated that genetically encoded 

fragment-based discovery (GE-FBD) in which the glycan fragment is covalently 

linked to a library of 108 peptide fragments can minimize challenges of classical 

genetically encoded peptide libraries, high-throughput screens, and fragment-

based discovery alone. In several reports, GE-FBD applied to glycan-binding 

proteins yielded peptide-glycan combinations 10-50 times more potent than the 

original glycan fragment20, 22-23, 26, 86 In GE-FBD the carbohydrate fragment 

directs the interactions of peptide and target to the CRD and the screening process 

could identify peptides that provide synergistic binding contributions that enhance 

overall binding affinity. Few questions however remain open about GE-FBD: (i) 
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What is the upper and lower limit of affinity for the initial fragment? Previous 

GE-FBD-like approaches employed fragments with affinities of 10-100 fM,22 1.2 

nM,87 1 M,22 60 M,26 150 M20, 22 and 1 mM86 (ii) Can GE-FBD work 

effectively when it employs a mixture of glycan fragments? With one exception22 

all GE-FBD approaches applied to date, used only one glycan,20, 22, 26 or one type 

of fragment.23, 27, 87-89 To address these fundamental questions, we employed GE-

FBD to conduct discovery of glycopeptide ligands for GBPs called galectins 

starting from a mixture of fragments that have low (IC50 >10 mM) or no 

detectable affinity for a galectin protein. 

Galectins are a family of mammalian -D-galactopyranoside binding 

lectins that facilitate the expression of the biological information encoded by the 

glycosylation system at the cellular level.90Among galectins, the chimera type 

galectin-3 (Gal3) with a single CRD is well known for its roles in the 

development, malignancy, and resistance of cancer cells to therapeutic drugs.91 

Overexpression of Gal3 contribute to tumor escape by the regulation of multiple 

immune editing responses.92 The carbohydrate-protein interactions of Gal3 can be 

attributed to several highly conserved aminoacids at the CRD, that recognize 

preferentially beta-galactosides.93-94 Galactose is the major binding fragment in 

naturally occurring ligands,95 such as lactose, lacto-N-tetraose (LNT) and other 

glycan96-97 that bind to the CRD of Gal3 (referred to as G3C below). Structural 

and crystallographic studies of Gal3 demonstrated that hexoses like glucose can 

be accommodated in different subsites over an extended cavity on the Gal3 

binding site.98-99 The CRD is permissive for saccharides with the “same chair” 
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conformation like xylose and glucose100-101 and it has been observed that 

oligosaccharides containing units of mannose, xylose, and rhamnose interact with 

Gal3.100,102 The plasticity of Gal3 in glycan recognition, makes it an interesting 

platform for fragment-based discovery that start from several weak glycan 

fragments. GE-FBD that contains Gal, Man, Xyl, Rha, and Glu fragments can test 

fundamental questions raised above; it could also give rise to new class of 

glycopeptidic ligands for Gal3. 

The development of small-molecule galectin-specific inhibitors had been 

actively pursued by many groups and pharmaceutical companies.96,103 For 

example, fluorinated thiodigalactoside derivatives were recently reported as 

selective Gal3 inhibitors.104 These studies indicated that the target, indeed, can be 

considered as druggable with ligands composed of glycan and small molecule 

fragment and it is thus, a suitable model system for pilot tests of new discovery 

and screening strategies. Gal3 has also been subject of classical fragment-based 

ligand design which employed oxime, derived by linking small molecule 

aldehyde fragments to hydroxylamine -galactoside. Such approach produced 

hybrid galactose-indole ligands with affinity 24 times better than the parental 

galactose.105 Although small-molecule inhibitors exist, the discovery of 

glycopeptide inhibitors could be interesting for exploring ligands with alternative 

modes of interaction with Gal3. The peptidic nature of ligand also facilitates 

development of combined therapies involving simultaneous inhibition of galectins 

and other proteins because the peptidic portion could be expressed as part of an 

existing antibody or biological drug. Gal3 inhibition combined with existing 
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biological drugs and antibodies already has been shown to exhibit synergistic 

benefits on cancer treatment.106-107 A recent study unveiled that tumors refractory 

to anti-VEGFR therapy, evade direct blocking of anti-VEGFR antibody, by 

engaging a secondary mechanism for activation of VEGFR via galectin-mediated 

dimerization of the glycosylated domains on these receptors.108 These findings 

open new avenues to explore the benefits of complement the antibody therapy 

with peptide-based galectin inhibitors.  

To address the above questions and goals, we used genetically encoded 

fragment-based discovery (GE-FBD) approach to identify glycopeptides that bind 

to the carbohydrate recognition domain of the human Galectin-3 (G3C). We 

generated six phenotypically identical phage libraries Ser-[X]4-Gly-Gly-Gly were 

X represent a random amino acid, built on variable combinations of redundant Ser 

and Gly codons. Oxime ligation of hydroxylamine derivatives of galactose (Gal), 

glucose (Glu), mannose (Man), rhamnose (Rha), and xylose (Xyl), produced a 

glycopeptide library in which both peptide, and glycan, can be decoded via DNA 

sequencing. Screening of this library, against G3C identified 1062 combinations 

of monosaccharides and peptides that exhibited a significant (p<0.05) enrichment 

on G3C and not on control selections. Glycopeptides Gal-WKPE, Gal-WHVP and 

Gal-LSMA displayed on phage exhibited up to 63-fold increase in binding 

potency to G3C when compared to phage displaying random glycopeptide or non-

glycosylated SWKPE, SWHVP, and SLSMA. This work mapped the boundary 

conditions of the GE-FBD approach with respect to the affinity of individual 

fragments. We observed that fragments with no detectable affinity (glucose, 
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xylose, and rhamnose) diverted the selection towards ligands that bind to G3C 

equally well with, or without the glycan. Weak fragments (galactose, IC50 ~10 

mM) could effectively steer the selection towards G3C ligands in which glycan 

and peptide bind synergistically. 

2.2.  Results and discussion 

2.2.1. Selection from phage libraries with genetically traceable 

chemical post-translational modifications (cPTM) 

To minimize the loss of rotational entropy in ligands that combine 

peptide and glycan fragment, we synthesized each glycan with anomeric 

hydroxylamines which resulted in “one-bond-long” linker between the phage 

libraries and Gal, Glu, Rha, Man and Xyl fragments (Figure 2-1A). We ligated 

each glycan42 to six SXXXXGGG libraries of identical chemical composition. In 

each library S and GGG portions were encoded by different combination of 

codons. The resulting glycopeptide libraries allowed tracking and decoding both 

peptide and carbohydrate portion of the displayed ligand by sequencing of the 

phage DNA (Figure2-2).    
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Figure 2-1 Selection of mixed libraries with genetically encoded cPTM. (A) 

Libraries of tetrapeptides displayed on M13 phage decorated with carbohydrates 

through oxime ligation mixed and incubated with immobilized G3C, ConA or 

CTB. (B-E) Venn diagrams of the subtractive selection of controls leading to the 

discovered hits. (F) Top 30 from 103 total hits (p<0.05, R>10). (G) The ratios of 

each individual barcodes observed before and after selection on each target. 

 

We panned this glycopeptide library against G3C, Concanavalin-A 

(ConA) and cholera toxin subunit B (CTB) in three replicates and sequenced all 

selections by Illumina deep-sequencing. In the resulting data, we discarded 

combinations of monosaccharide and tetramer peptide that appeared in screen 

against G3C and CTB or G3C and ConA, as these sequences could be prone to 

target-unrelated enrichment (Figure 2-1B, Appendix A-2). Fast growing clones 

could often dominate in phage display screenings.109-110  
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Figure 2-2. Production of Genetically encoded cPTM phage libraries. (A) 

Chemical modification, and biotin-capture based quantification of genetically 

traceable phage libraries. (B) Structure of each genetically encoded glycosylation 

of displayed as glycopeptides on phage libraries. (C) The yield of glycosylated 

libraries estimated from biotin capture experimets. (D) The fraction of each 

library modification before and after selection against G3C. 

 

We analyzed the phage libraries before and after amplification and only 

retained sequences that showed no significant enrichment after phage 

amplification without selection (Figure 2-1C). The above differential enrichment 

(DE) analysis also compared the screen of glycosylated and unmodified libraries 

and discarded sequences that were equally enriched with and without 
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glycosylation (Figure 2-1D).  The latter filtering strategy has previously shown to 

be effective in discovery of peptides that bind to GBP in synergy with the 

glycan.20, 22, 26  

Table 2- 1. Raw copy numbers from deep sequencing analysis. 

 

Intersect of the three DE-analyses yielded 1061 glycopeptides that 

satisfied all criteria (Figure 2-1E). The p-values were calculated using normalized 

reads and two-tailed, unequal variance Student t-test. The selected sequences of 

top 50 filtered sequences are shown on Table 2-1. Last four columns describe the 

ratios between normalized, average copy numbers; R0 is a vector sum of all the 

ratios, the list was sorted by R0.  
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Figure 2-3. Sequence composition of peptides displayed in serine-terminated 

phage libraries SX4. (A) Model representation of a 5x5 letter plot with 

25x25=625 pixels that describes the location of 4 letter combinations of the letters 

A, B, C, D and E. (B) In the 20:20 plots each peptide sequence in the library is 

presented as a unique pixel in a specific location. 

Examining the ratio of the six encoded carbohydrate modifications in 

naïve and selected phage libraries showed that the Gal:Glu:Xyl:ManL:Rha:ManS 

sub-populations, changed from 5:3:2:3:4:1 ratio in naïve (Figure 2-1C) to 

6:4:1:5:3:1 in libraries selected on G3C and to 11:4:2:2:5:1 ratio after application 

of DE analysis. In top 30-50 glycopeptides, more than 60% of the hits population 

were galactose-bearing tetrapeptide combinations (Figure 2-2D). Many of the 

discovered sequences featured tryptophan residues in the first position 

immediately linked to the glycan, indicating that the indole functionality might be 

synergistically contributing to binding. Although tryptophan was present in many 

of the selected sequences emerged from the screenings experiments, this residue 

was not found preferentially enriched in the sequence composition of the naïve 

library (Figure 2-3). Similar synergistic binding of indole was observed in 

previous GE-FBD approaches.20, 22 
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Figure 2-4. Validation of binding of selected glycopeptides in ELISA-like 

inhibition assay against immobilized G3C. (A) Chemical modification on the 

native HRP to yield HRP-Lactose conjugate (HRP-Lac). (B) Representation of 

the competition assay with the HRP-Lac against G3C. (C) Typical inhibition 

curves obtained in competitive assay with glycopeptides. (D) The affinity of 

selected G3C ligands measured as IC50. Sequences pointed with arrows were 

analyzed on phage-based assays.  

 

We then proceeded to synthesis and validation of these sequences in an 

assay that tested inhibition of G3C and horseradish peroxidase conjugated to 

Lactose (Lac-HRP). 
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Figure 2-5. Production single-clone phage-carbohydrate conjugates. (A) Site 

directed mutagenesis procedure to generate six clonal constructs. (B) The phage 

clones were decorated with aminooxy derivatives of Gal, Rha, Glu and Xyl using 

aldehyde-oxime chemistry. (C) Conversion of glycosylated phage clones 

estimated from biotin capture experiments.   

 

We tested the ability of 13 synthetic soluble Gal-peptides predicted by 

DE analysis to inhibit binding of Lac-HRP to G3C immobilized on the surface of 

microtiter well plates and observed an average millimolar IC50 for 11 out 13 

peptides. Two Gal-peptide conjugates Gal-LSMA and Gal-WKPE exhibited a 

significative difference (IC50 <1 mM) from the rest (Figure 2-4D). Based on these 

observations we selected three sequences for further validation.  

We used cloning by PCR-mutagenesis to produce the hits. Each clone 

was amplified and chemically glycosylated with the corresponding glycan (Figure 

2-5). 
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Figure 2-6. Binding of glycopeptide-phage constructs to immobilized G3C. (A) 

Diagram of ELISA-phage assay, that measures the ability of glycosylated phages 

to bind on G3C coated wells with a general representation of the glycosylation of 

the phage clones using oxime chemistry. (B) Concentration dependent curves of 

ELISA-phage assay, comparing quantitatively the ability of different glycosylated 

phages clones to bind G3C coated wells. Lower panel: estimated binding potency 

of selected glycosylated phage clones showed as EC50 values.  

The binding assay of the glycopeptides Gal-WHVP, Gal-LSMA and Gal-

WKPE displayed on phage, showed that those ligands exhibited 17, 48 and 63-

fold enhancement in binding to G3C when compared to unrelated galactosylated 

peptide Gal-VEKN, displayed on phage (Figure 2-6). The later construct 

originated from phage that displayed SVEKN sequence not selected in our 

experiment and commonly employed in our group as a control26, 42, 47. The 

sequence WKPE synergized with the Galactose in binding to G3C because the 

phage displaying aglycone peptide fragment SWKPE had 28-fold weaker potency 

than Gal-WKPE.  
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Figure 2-7. Binding of clonal phage-monosaccharide conjugates to immobilized 

target analyzed by phage-ELISA assay. (A) Binding of selected sequences to 

G3C: Gal-WHVP showed the strongest binding affinity to G3C whereas Man-

WHVP and the aglycon WHVP were equally weak binders. (B) Binding curves of 

selected ligands, to ConA. (C) Structure of monoclonal phage constructs of the 

ligands Gal-WHVP, Gal-WYDL, Man-WHVP and Man-WYDL. The affinity of 

the ligand Gal-WHVP not selected in ConA screening was undistinguishable from 

control sequence Man-VEKN. 

We also observed synergy in biding to G3C for the sequences SLSMA 

and SWHVP when decorated with Gal (Figure 2-7). 

2.2.2. Validation of selected ligands derived from non-Galactose 

scaffolds 

We were intrigued to observe phages that displayed clonal sequences 

corresponding to Rhamnose, Xylose and Glucose modified peptides, emerged 

among the top-30 hits in panning on G3C (Figure 2-1F).  
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Figure 2-8. Discovered combinations Xylose Glucose and Rhamnose with 

tetramer peptide exhibited no binding to G3C. (A) The concentration dependent 

binding curves of the no glycosylated phage clones SALRV, SSIYG, and SIWVR 

compared to the reference clone SVEKN. (B) Binding of Clonal construct of Glu-

SIYG, Xyl-ALRV and Rha-IWVR compared to the corresponding non-

glycosylated clones.     

 

Testing of the clonal constructs: SALRV, SSIYG and SIWVR for 

binding to immobilized G3C showed that sequences SSIYG and SIWVR had 

higher affinity than the reference SVEKN peptide even in the absence of the 

corresponding carbohydrate modification (Figure 2-8A). To assess whether 

glycan and peptide act in synergy, we compared binding of Xyl-ALRV, Glu-

SIYG and Rha-IWVR and their aglycons (SALRV, SSIYG and SIWVR) 

displayed on phage to G3C coated wells. It was important to use wells coated 

individually with monoclonal phage in parallel, to control for identical loading of 

each construct (Figure 2-8B). In these conditions, none of the tested clones 

showed significant enhancement when unmodified and glycosylated phage were 

compared. Based on these observations, we concluded that Xylose, Glucose and 

Rhamnose did not contribute significantly to binding of ALRV, SIYG or IWVR 
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peptides and these fragments were likely selected due to interaction of peptide 

with protein. 

2.2.3. Validation of selected leads as monovalent G3C ligands 

To evaluate the inhibitory potency of the monovalent glycopeptide 

ligands Gal-LSMA, Gal-WKPE and Gal-WHVP, we tested these ligands in a 

soluble inhibition assay. When taken beyond the primary inhibition screen, the 

IC50 of all tetramer peptides was indistinguishable from IC50 of Galactose or 

galacto-peptide constructed by using random SVEKN sequence (Figure 2-9B).  

Figure 2-9. Fluorescence polarization inhibition assay for the analysis of the 

binding potency of selected leads in monovalent presentation. (A) Structure of the 

N-acetyl-Lactosamine (LacNAc) conjugated to fluorescein used as a probe to test 

each Gal-peptide synthetic construct. (B)  The inhibitory potency of selected hits 

measured as IC50 against fluorescent LacNAc binding to G3C in solution.   
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We also measured inhibition by Rha and Xyl and observed no inhibition 

up to 100 mM glycan (Figure 2-10). It is thus not surprising that Rha and Xyl 

serve as poor guiding fragments for GE-FBD.  

Figure 2-10. Inhibition of the binding of fluorescent LacNAc to G3C by simple 

carbohydrates fragments. (A) Galactose showed concentration dependent 

inhibitory activity (IC50 7.8 mM) whereas Mannose showed weak IC50 >200 mM 

binding to G3C. (B) Fluorescence polarization measurements of wells containing 

200 mM Galactose, Xylose, Rhamnose, and Mannose. None of the glycans but 

Galactose, displaced the binding of the probe LacNAc to G3C.  

 

A striking discrepancy between binding to surface-immobilized G3C 

(Figure 2-6), inhibition of binding of soluble Lac-HRP to surface-immobilized 

G3C (Figure 2-4), and inhibition of binding of Lac-FITC to G3C in solution 

(Figure 2-9), was unexpected. An observed millimolar IC50 of monovalent Gal-

WHVP was further corroborated in flow cytometry study; Gal-WHVP inhibited 

binding of soluble fluorescently labeled G3C to Jurkat cells with IC50 of 4 mM 

(Figure 2-11). 
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Figure 2-11. Cell membrane binding of fluorescent Galectin-3(G3C-FL) on 

Jurkat cells. (A) G3C chemically conjugated to fluorescein to produce G3C-FL. 

(B) The fluorescence intensity measured at increasing concentrations of G3C-FL. 

(C) Cells incubated with G3C-FL, in the presence and the absence of Galectin-3 

inhibitor were analyzed by flow cytometry. (D) Dose response curve of the effect 

of Gal-WHVP on the fluorescence intensity of the cell population. (E) Inhibition 

of the binding of G3C-FL to cell membrane in the presence of Gal-WHVP (10 

mM). 

 

We have concluded this study with a two-fold observation: (i) GE-FBD 

effectively discovers multivalent phage displayed Gal-peptides but is less 

effective in discovery of glycopeptides that contain fragments of higher than 100 

mM affinity. (ii) When taken out of context in which the peptides were discovered 

(immobilized G3C), all tested peptides lose the synergy observed in assays that 
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use immobilized G3C. These findings corroborate previous observations that 

ligand binding properties of immobilized galectin-3 on the surface are different 

from ligand binding properties of the same galectin-3 in solution. 

Still we believe that WHVP and WKPE could serve as promising starting points 

of design of multivalent inhibitors and further screens of focused libraries e.g. 

WHVP(X)n, where Xn is a randomized peptide fragment. 

2.3. Conclusions 

GE-FBD previously discovered synergistic combinations of strong (<1 

M) modest (50-200 M) and weak fragment (8 mM). In this report we started 

from galactose fragment that has 10-100 millimolar affinity for G3C and 

discovered clones that showed increased affinity to G3C when decorated with 

galactose. The potency of each glycopeptide combination tested as soluble 

monovalent inhibitor was underwhelming. Although we were not able to identify 

glycopeptide ligands starting from fragments of weak affinity (> 100 mM), our 

study does not prove that Xyl-peptide and Rha-peptide hits do not exist in our 

screen. An exhaustive testing of all predicted sequences could uncover a rare hit; 

however, the very benefit of reproducible, and robust selection is to maximize 

success rate of discovery of active ligands in selected results and minimize the 

need for large number of ligands in exhaustive testing. These and previous 

observations map the potential fundamental physical limitations of GE-FBD and 

the ability of fragments of very weak affinity to steer selection landscape towards 

successful discovery of ligands in which the fragment and peptide sequences act 
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in synergy. It is tempting to propose that reproducibility and success rate of 

discovery in GE-FBD scales with affinity of the fragment. 

We believe that machine learning approaches that analyze deep-

sequencing results more thoroughly than a canonical differential enrichment 

analysis might be one of the effective ways to bypass the difficulties associated 

with low rate of success in ligand discovery. For analysis to provide better results, 

the library needs to contain both true positive and true negative internal controls, 

both active and inactive. Ligands identified in this screen can be added to future 

libraries and tracking of the ligands throughout the selection can yield valuable 

information for training of more advanced analysis models. 

Observed steering of selection results towards ligands that fit to 

multivalent interactions with immobilized presentation of the target, reinforce the 

need for development of approaches that exploit soluble/monovalent targets rather 

than immobilized “pseudo-multivalent” targets. A fundamental challenge is 

catastrophic decrease in selection recovery when format of selection is “soluble” 

and “monovalent”. For this reason, soluble target and monovalent panning are 

rarely applied in selections that employ naïve library. Rather it is used in focused 

libraries that contain large copy number of potent ligands.111 However, a radically 

different approach that combine selection of non-covalent interactions with 

reversible-covalent or irreversible covalent capture of the complex might serve as 

effective approaches to yield robust monovalent selection and discovery rate 

suitable for expedite discovery from naïve libraries.112-113   
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2.4. Experimental procedures 

2.4.1. Materials and general information 

All assays unless otherwise specified, were performed in MOPS buffer 

(50 mM MOPS, 150 mM NaCl, 2 mM CaCl2 pH 7.4). Solutions used for phage 

work were sterilized by filtration through 0.22 µm filters. RP-HPLC purifications 

were performed on Waters HPLC system equipped with a 1525 EF binary pump, 

a FlexInject manual injector (dual mode) and a 2489 tunable UV detector. A 

SymmetryPrepTM C18 semi-preparative column (19 × 50 mm, particle size 5 μm, 

pore size 100 Å) was used for all purification at a typical flow rate of 12 mL/min. 

Dr. Pavel Kitov (University of Alberta) synthesized and characterized Lac-ABAO 

probe, as well as all hydroxylamine derivatives of galactose, glucose, xylose, 

rhamnose and mannose used in this study. Dr Zjay Tu (Academia Sinica, Taiwan) 

synthesized and characterized Lactosyl-fluorescein derivarives FPP-1. The silent 

barcode phage libraries were cloned by Katryna Tjhung following the 

methodology described below. HRP/Anti M13 monoclonal antibody and the 

mannose-binding protein concanavalin-A (ConA) were purchased from Sigma-

Aldrich (#GE27-9471-01 and #C2010 respectively). Recombinant Cholera toxin 

subunit B(CTB) 103 aminoacids long, MW: 11645.3 Da was kindly donated by 

Dr. Bruce Turnbull (University of Leeds, UK). The carbohydrate recognition 

domain of the human Gal3 (G3C), residues 107−250 (MW: 16 327 Da) used in 

this study was provided by Dr. Christopher Cairo (University of Alberta, CA). 

The glycan LNT was ordered from Elictyl (#GLY010) Aminooxy-biotin was 

purchased from Cayman Chemical (#10009350). All plate-based measurements 

(absorbance A450 nm and fluorescence polarization) were carried out in a 
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Cytation5 system (Biotek Instruments, Winooski VT, USA). Purification of 

aminooxy glycans and their precursors was accomplished with an automated 

chromatograph (CombiFlash® Rf, Teledyne ISCO, USA). HRMS-ESI spectra 

were recorded on Agilent 6220 TOF mass spectrometer using either positive or 

negative ionization mode. 

2.4.2. Phage Libraries construction  

The production of each silently encoded variant was described in our 

previous report22. The DNA libraries were purchased from Integrated DNA 

Technologies as anti-sense strand of the DNA oligonucleotide libraries. Oligos 

were extended by 15U Klenow fragment (#EP0051, Thermo Scientific). Double-

stranded DNA libraries were purified by standard ethanol precipitation, 

resuspended in DNase-free water and treated with KpnI and EagI (1L/mg of 

DNA) FastDigest restriction enzymes (#FD0524 and #FD0334, Thermo 

Scientific) for 20 min at 37 °C. Digested DNA was purified by 2% E-Gel® 

SizeSelectTM gel (Life Technologies). M13KE bacteriophage dsDNA was isolated 

from a single phage clone originating from the Ph.D.-12 phage display library 

(#E8111L New England BioLabs) using the GeneJET Plasmid Miniprep Kit 

(#K0502, Thermo Scientific) and similarly treated with KpnI and EagI FastDigest 

restriction enzymes. The resulting DNA was purified by 0.7% agarose gel 

purification followed by gel extraction by GeneJET Gel Extraction Kit (#K0691 

Thermo Scientific). A 1:30 molar ratio of cut M13KE vector and library duplex 

was ligated by 400 U of T4 DNA ligase (M0202S New England BioLabs) at 16 

°C overnight. The resulting DNA was purified by ethanol precipitation and re-
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suspended in DNase-free H2O and transformed into commercially available F(+) 

TG1 electrocompetent cells (#605021 Lucigen, Middleton, WI, USA) using the 

Gene Pulser Xcell™ Electroporation System, and  2 mm GenePulser/MicroPulser 

Electroporation Cuvettes (all from BioRad). Transformed cells were allowed to 

recover in the provided recovery media for 15 min at 37 °C, 225 rpm before 

inoculation into 25 mL LB media and further amplification for 4.5 hours. Phage 

were collected by PEG/NaCl precipitation from supernatant of culture, quantified, 

and stored in MOPS buffer, pH 7.4.   

2.4.3. Production of glycopeptide displayed libraries 

The production of each silently encoded variant was performed 

following the methodology described in our previous report.22 Each library was 

conjugated with aminooxy glycan following published protocol.42 A 1011 PFU/mL 

solution of barcoded libraries was oxidized with 0.6 mM sodium periodate for 5 

min on ice, in the dark and quenched with 5 mM glutathione (e.g. add 1 µL of 50 

mM glutathione) for 10 min at room temperature (RT). A 5 µL aliquot of the 

oxidized phage was then modified with an equivalent volume of aminooxy-biotin 

(2 mM solution in 200 mM anilinium acetate) and incubated for 1 hour at RT. To 

the remaining oxidized phages, we added 95 µL of the corresponding aminooxy-

monosaccharide (2 mM solution in 200 mM anilinium acetate) and incubated for 

1 hour at rt. The conjugation efficiency of the hydroxylamine modifier was 

determined by biotin pulse-chase methodology previously described42 using 

streptavidin-coated magnetic beads (Dynabeads, Life Technologies). Briefly, each 

phage solutions were diluted to 105 PFU/mL in blocking solution (0.1 % BSA in 
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MOPS buffer, pH 7.3). Following incubation with 5 µL of washed magnetic 

beads for 15 min at rt with shaking. Beads were captured using a magnetic rack 

and the supernatants phage titer was then estimated. We purified the phage by 

dialysis against MOPS buffer at 4 °C (1 mM, pH 7.3, three buffer changes over 

18 h, 10K MW cut-off). Mannose long linker (ManL), Galactose (Gal), Xylose 

(Xyl), Glucose (Glu), Mannose short linker (ManS) and Rhamnose (Rha) libraries 

were combined in a 1:1:1:1:1:1 ratio based on PFU counts, and 109 PFU of combo 

in 100 µL of binding buffer (2% w/v BSA, 0.2% w/v Tween-20, 20 mM MOPS, 

pH 7.4) were used for panning on the following day. 

2.4.4. Panning of modified phage libraries 

We coated designated wells of a flat bottom 96-well Costar plate with 

100 µL of 10 µg/mL G3C, ConA, and CTB in triplicate. The plate was sealed, 

incubated overnight at 4 °C, blocked for 1 h with a blocking solution (2% w/v 

BSA, in MOPS buffer, pH 7.4) and washed using a 405TM Touch Microplate 

Washer (BioTek) as follows: 300 µL of wash buffer (0.1% w/v Tween-20, in 

MOPS, pH 7.4) followed by a 5s shake and 30 s soak, repeated for a total of 10 

cycles. Glycopeptide library or unmodified peptide library of 109 PFU each was 

added to Gal-3 coated wells, incubated for 1 h at RT, washed using the BioTek 

washing protocol (see above). Adding 100 µL of elution buffer (0.2 M glycine-

HCl, pH 2.2, 0.1% w/v BSA) for 9 minutes and neutralizing with 1 M Tris-HCl, 

pH 9.1 allowed to detach phages from the selection wells. The eluted phage 

solution was quantified by plaque forming assay. Eluted phages were amplified 

for 4.5 h in 3 mL of LB supplemented with a 1:100 dilution of log phase E. coli 
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K12 ER2738 (New England BioLabs). We isolated single-stranded DNA 

(ssDNA) from the amplified phage using the QIAprep Spin M13 Kit (QIAGEN). 

2.4.5. Deep-sequencing analysis 

To convert phage DNA to Illumina-compatible short double-stranded 

DNA (dsDNA) by PCR, we combined ~150 ng phage ssDNA with 1 mM dNTPs, 

0.5 µM forward (F) and reverse (R) primers, 0.5 µL Phusion High Fidelity DNA 

polymerase in 1x PCR buffer (New England BioLabs) in a total volume of 50 µL. 

The sequence of F and R primers is shown below, XXXX denotes four-

nucleotide-long barcodes used to trace multiple samples in one Illumina 

sequencing experiment. 

Forward (5’->3’):  

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTXXXXCCTTTCTATTCTCACTC  

Reverse(5’->3’): 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTXXXXACAGTTTCGGCCGA 

 

The temperature cycling protocol was as follows: 95 °C for 30 s, 

followed by 25 cycles of 95 °C for 10 s, 60.5 °C for 15 s and 72 °C for 30 s, final 

extension at 72 °C for 5 min and then hold at 4 °C until the samples are retrieved 

from the thermocycler. The resulting dsDNA with Illumina compatible adapters 

was sequenced using the Illumina HiSeq platform (The Donnelly Sequencing 

Centre at The Donnelley Centre for Cellular and Biomolecular Research, 

University of Toronto). 

Raw FAQST data was processed using MATLAB scripts described in 

Tjhung et all., 2015. Complete suite of MATLAB scripts is available as part of 

the supporting information. Volcano analysis was performed similarly to 
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procedure previously described20 specifically, to identify significantly enriched 

hits, we compared selected clones against G3C by contrasting carbohydrate-

modified versus non-modified populations. We also compared the enriched 

populations observed on G3C selection, against ConA and CTB control 

selections. To discard any preferentially amplified clones, the highly enriched 

clones from G3C selection were compared against a similar population of phages 

that were grown in bulk culture but without been initially selected against any 

target. Representative raw data form the volcano analysis of panning against G3C 

are available in Appendix A-2 and A-3. 

2.4.6. Production of Monoclonal phages 

Phage clones SALRV, SSIYG, SIWVR, SLSMA, SWHVP and SWKPE 

were produced using Site-directed PCR mutagenesis. Primers sequences are 

described below: 

Name                 Sequence (5'-> 3') 

SWHVP-Fwd. CCTTTCTATTCTCACTCTTCTTGGCATGTGCCGGGTGGAGGTTCGGCCGAAACTGTTGAA  

SIWVR-Fwd. CCTTTCTATTCTCACTCTTCTATTTGGGTGCGTGGTGGAGGTTCGGCCGAAACTGTTGAA 

SWKPE-Fwd. CCTTTCTATTCTCACTCTTCTTGGAAACCGGAAGGTGGAGGTTCGGCCGAAACTGTTGAA 

SLSMA-Fwd. CCTTTCTATTCTCACTCTTCTCTGTCTATGGCGGGTGGAGGTTCGGCCGAAACTGTTGAA 

SALRV-Fwd. CCTTTCTATTCTCACTCTTCTGCGCTGCGTGTTGGTGGAGGTTCGGCCGAAACTGTTGAA 

SSIYG-Fwd. CCTTTCTATTCTCACTCTTCTTCTATTTATGGAGGTGGAGGTTCGGCCGAAACTGTTGAA 

 

SIWVR-Rev TTCAACAGTTTCGGCCGAACCTCCACCACGCACCCAAATAGAAGAGTGAGAATAGAAAGG 

SWKPE-Rev TTCAACAGTTTCGGCCGAACCTCCACCTTCCGGTTTCCAAGAAGAGTGAGAATAGAAAGG 

SALRV-Rev TTCAACAGTTTCGGCCGAACCTCCACCAACACGCAGCGCAGAAGAGTGAGAATAGAAAGG 

SSIYG-Rev TTCAACAGTTTCGGCCGAACCTCCACCTCCATAAATAGAAGAAGAGTGAGAATAGAAAGG 

SLSMA-Rev TTCAACAGTTTCGGCCGAACCTCCACCCGCCATAGACAGAGAAGAGTGAGAATAGAAAGG  

SWHVP-Rev TTCAACAGTTTCGGCCGAACCTCCACCCGGCACATGCCAAGAAGAGTGAGAATAGAAAGG 

 

The plasmid template was obtained M13KE-derived phage with the 

sequence 5’- CAG TTT ACG TAG CTG CAT CAG -3’ which translates to 

QFTstopLHQ when propagated in 10G F’ E. coli allowing that only those cells 

that incorporated the recombinant vector will grow. PCR products where digested 

with Dpn1 to remove template dsDNA and transformed into E. coli strain 10G F’. 
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The resulting plaques were clonally isolated, amplified and validated by Sanger 

sequencing to ensure accuracy. 

2.4.7. Binding assay of monoclonal phage to immobilized G3C 

A solution of G3C (10 µg/mL, 50 µL/well) in PBS buffer (11.9 mM 

phosphates, 137 mM sodium chloride, 2.7 mM potassium chloride, pH 7.4) was 

used to coat a polystyrene plate (Costar #3369). In parallel control wells were 

loaded with 50 µL of the monoclonal phage solutions. The plate was sealed and 

incubated at 4 °C overnight. In a separate non-binding surface plate (Corning 

#3641), a 3-fold serial dilution was performed for the solutions of glycopeptide-

phage conjugates. The coating solution of G3C were then discarded and the wells 

were washed with the washing solution (3 x 200 µL, PBS buffer containing 0.1% 

(v/v) Tween-20). The mixture of the diluted phage solution (50 µL/well) was 

transferred to the plate coated with protein. The plate was incubated at RT for 1 h 

and washed with the washing solution (3 x 200 µL). A 50 µL solution of HRP-

conjugated anti-M13 antibody (1:5000 dilution of stock) was added to each well 

and incubated at RT for 1 h. The solution was discarded, and the plate was 

washed with the washing solution (3 x 200 µL). To develop the color signal, 50 

µL of TMB substrate (#34028, Thermo-Scientific) was added to each well. After 

5 min incubation, 1 M phosphoric acid (50 µL) was added to quench the 

colorimetric assay.  All the experiments were performed in triplicates. The color 

developed was read at 450 nm with a 96-wells plate reader.  
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2.4.8. Fluorescence polarization assays to test the binding of 

glycopeptides to soluble G3C 

The fluorescein-lactosamine (Lac-FITC) probe was resuspended in PBS 

to obtain a concentration of 20 M. For direct binding the starting solution of 

G3C (80 M) in PBS buffer was prepared as seriated 3-fold serial dilutions and 

loaded into a black 386-well plate (Perkin Elmer #110200365) to final volume of 

19 L/well.  Each well was supplemented with 1 L of the probe solution to get a 

final concentration of 1 M of fluorescent conjugate in 20 L total volume per 

well. The plate was incubated for 10 min in the dark at room temperature under 

slow shaking. Fluorescence polarization was measured at room temperature using 

a Cytation5 plate reader (Ex = 485 nm, Em = 528 nm). For the inhibition assay, 

20 mL of protein (2.9 mM, PBS) and fluorescent probe (1 mM) at fixed 

concentrations were mixed with the inhibitor solution to make series of 3-fold 

dilutions. The plate was placed in the dark for 10 min and fluorescence 

polarization was measured on the Cytation5 as described above. All the data 

analysis and curve fitting were implemented using Origin software package 

(OriginLab, Massachusetts, USA). 

2.4.9. Inhibition of G3C-FL binding to Jurkat cells  

Jurkat E6-1, (American Type Culture Collection), were maintained in 

complete RPMI (RPMI 1640, Invitrogen Life Technologies) supplemented with 2 

mM glutamine, 10% FBS, and 10 mM HEPES) in 5% CO2 at 37 °C. 

Experimental procedure to test the binding of G3C-FL, to Jurkat cells was 

adapted from previously published protocol.114 Initially 5x105 cells were 
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incubated for 30 min at 4 °C with increasing concentrations of G3C-FL in PBS, to 

analyse the binding (Figure S8B). To minimize non-specific binding, we used 

G3C-FL at 5 g/mL for inhibition-binding assays. Experiments were performed at 

4°C to minimize cell death. For Gal-WHVP/LNT competition-binding studies, 

cells were incubated with 5 g/mL of G3C-FL in the presence of increasing 

concentrations of inhibitor. Before fluorescence detection cells were washed two 

times with PBS. Flow cytometry data were acquired using a BD Biosciences 

Accuri C6 Flow Cytometer and analyzed with BD Accuri C6 software. 

2.4.10. Synthesis of anomeric hydroxylamine conjugates of 

monosaccharides 

Synthesis of Mannose-hydroxylamine with 2-carbon linker has been 

described in our previous report.20 We adjusted the procedure to generate five 

additional monosaccharide-hydroxylamine conjugates as described below 

 

 

Synthesis of per-acetylated glycosides of N-hydroxyphthalimide 
 

N-(2,3,4,6-Tetra-O-acetyl--D-mannopyranosyloxy)phthalimide 

To a solution of 1,2,3,4,6-penta-O-acetyl-mannopyranose (0.38 g, 1eq., 

2.33 mmol), N-hydroxyphthalimide (456 mg, 1.2 eq., 2.8 mmol) and 

triethylamine (325 μL, 2.33 mmol) in CH2Cl2 (20 mL) BF3·Et2O (1.47 mL, 11.6 

mmol) was added and the reaction was stirred at room temperature for 16 h. After 
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aqueous work-up, the residue was purified by silica-gel chromatography 

(AcOEt/Hexane, 50/50) to give compound 3 as white solid (0.95 g, 84%).  

1H NMR (498 MHz, CDCl3)  = 7.84 - 7.90 (m, 2 H, arom.) 7.76 - 7.84 

(m, 2 H, arom) 5.72 (dd, J 3.2 Hz, J 1.7 Hz, 1 H, H-1) 5.36 - 5.48 (m, 3H, H-2,H-

3,H-4) 4.89-4.97 (m, 1 H, H-5), 4.30 (dd, 1 H, J 12.7 Hz, J 4.6 Hz, H-6a), 4.22 

(dd, 1 H, J 12.7 Hz, J 2.3 Hz, H-6b), 2.21 (s, 3 H, OAc), 2.11 (s, 3 H, OAc), 2.09 

(s, 3 H, OAc), 2.04 (s, 3 H, OAc). 13C NMR (126 MHz, CDCl3)  = 170.59, 

169.72, 169.44, 162.86, 134.79, 128.73, 123.80, 102.53, 70.87, 68.81, 67.24, 

65.19, 61.87, 20. 76, 20.73, 20.73, 20.61. HRMS-ESI calcd. for C22H23NNaO12 

(M+Na)+: 516.1112, found: 516.1116. 

N-(2,3,4,6-Tetra-O-acetyl--D-galactopyranosyloxy phthalimide 
 

 
 

1H NMR (498 MHz, CDCl3)  = 7.82 - 7.88 (m, 2 H, arom.) 7.75 - 7.82 

(m, 2 H, arom.) 5.64 (m, 2 H, H-1, H-4), 5.56 (dd, 1 H, J 11.2 Hz, J 3.3 Hz, H-2), 

5.29 (dd, 1 H, J 11.2 Hz, J 3.9 Hz, H-3), 5.17 (t, 1 H, J 6.5 Hz, H-5), 4.30 (dd, 1 

H, J 11.2 Hz, J 6.6 Hz, H-6a), 4.03 (dd, 1 H, J 11.3 Hz, J 6.5 Hz, H-6b), 2.27 (s, 3 

H, OAc), 2.17 (s, 3 H, OAc), 2.09 (s, 3 H, OAc), 2.05 (s, 3 H, OAc). 13C NMR 

(126 MHz, CDCl3)  = 170.71, 170.46, 170.07, 169.76, 163.00, 134.75, 128.80, 

123.73, 102.04, 68.51, 67.82, 67.00, 66.70, 61.29, 20.76, 20.74, 20.65, 20.61. 

HRMS-ESI calcd. for C22H23NNaO12 (M+Na)+: 516.1112, found: 516.1114. 
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N-(2,3,4,6-Tetra-O-acetyl--D-glucopyranosyloxy)phthalimide 

 

 
 

1H NMR (498 MHz, CDCl3)  = 7.86 - 7.90 (m, 2 H, arom.), 7.77 - 7.84 

(m, 2 H, arom.), 5.23 - 5.35 (m, 4 H) 5.11 - 5.15 (m, 1 H) 4.36 (dd, J 12.3, 4.9 Hz, 

1 H) 4.16 (dd, J 12.4, 2.7 Hz, 2 H) 3.76 - 3.82 (m, 2 H) 2.21 (s, 3 H, OAc), 2.07 

(s, 3 H, OAc), 2.06 (s, 3 H, OAc), 2.04 (s, 3 H, OAc). 13C NMR (126 MHz, 

CDCl3)  = 170.60, 170.13, 169.52, 169.29, 162.62, 134.80, 128.77, 123.86, 

105.14, 72.47, 72.40, 69.65, 68.18, 61.81, 20.71, 20.69, 20.62, 20.57. HRMS-ESI 

calcd. for C22H23NNaO12 (M+Na)+: 516.1112, found: 516.1112. 

N-(2,3,4-Tri-O-acetyl--L-rhamnopyranosyloxy)phthalimide 
 

 
 

1H NMR (500 MHz, CDCl3)  = 7.85-7.91 (m, 2 H, arom.), 7.77-7.83 

(m, 2 H, arom), 5.72 (dd, 1 H, J 3.3 Hz, J 1.7 Hz, H-2), 5.41 (dd, 1 H, J 9.9 Hz, J 

3.5 Hz, H-3), 5.37 (d, 1 H, J 1.1 Hz, H-1), 5.18 (t, 1 H, J 10.1 Hz, H-4), 4.81 (dd, 

1 H, J 10.1 Hz, J 6.3 Hz, H-5), 2.21 (s, 3 H, OAc), 2.12 (s, 3 H, OAc), 2.04 (s, 3 

H, OAc), 1.27 (d, 3 H, J 6.3 Hz, H-6). 13C NMR (126 MHz, CDCl3)  = 170.00, 

169.81, 169.52, 163.00, 134.68, 128.81, 123.76, 102.53, 70.19, 68.99, 68.83, 

67.53, 20.82, 20.78, 20.65, 17.17. HRMS-ESI calcd. for C20H21NNaO10 (M+Na)+: 

458.1058, found: 458.1060. 
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N-(2,3,4-Tri-O-acetyl--D-xylopyranosyloxy)phthalimide  
 

 
 

1H NMR (500 MHz, CDCl3)  = 7.83-7.90 (m, 2 H, arom.), 7.75-7.82 

(m, 2 H, arom.), 5.31 (d, 1H, J 4.2 Hz, H-1), 5.26 (dd, 1 H, J 6.9 Hz, H-2), 5.22 (t, 

1 H, J 5.9 Hz, H-3), 5.03 (m, 1 H, H-4), 4.68 (dd, 1 H, J 13.0 Hz, J 3.8 Hz, H-5a), 

3.68 (dd, 1 H, J 13.0, J 4.2 Hz, H-5b), 2.19 (s, 3 H, OAc), 2.12 (s, 3 H, OAc), 

2.11 (s, 3 H, OAc). 13C NMR (126 MHz, CDCl3)  = 169.85, 169.61, 169.24, 

163.07, 134.68, 128.84, 123.74, 103.94, 68.67, 68.39, 67.19, 62.08, 20.85, 20.76, 

20.70. HRMS-ESI calcd. for C19H19NNaO10 (M+Na)+: 444.0901, found: 

444.0903. 

Deprotection of per-acetylated glycosides of N-

hydroxyphthalimide  

 
 

 

O-(--D-mannopyranosyl)hydroxylamine 
 

To a solution of acetylated mannose phthalimide derivative (200 mg, 

0.405 mmol) in methanol (4 mL), hydrazine hydrate (0.3 mL) was added. The 

mixture was stirred overnight at room temperature and copious precipitate has 

formed. The mixture was concentrated, taken up in hot methanol, silica gel (~2 g) 

was added and the mixture was concentrated. The residue was applied on silica 
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gel column as a dry pack and eluted with gradient of DCM-Methanol (up to 50%) 

to give the title compound as white solid (61 mg, 77%).  

1H NMR (500 MHz, D2O)  = 4.89 (s, 1 H, H-1), 3.93 (s, 1 H, H-2), 3.87 

(d, 1 H, J 11.9 Hz, H-6a), 3.75 (dd, 1 H, J 12.7 Hz, J 3.3 Hz, H-6b), 3.59-3.68 (m, 

3 H, H-3, H-4, H-5). 13C NMR (126 MHz, D2O)  = 103.19, 72.87, 70.59, 68.83, 

66.60, 60.86. HRMS-ESI calcd. for C6H14NO6 (M+H)+: 196.08156, found: 

196.0816. 

O-(--D-galactopyranosyl)hydroxylamine  

 

 
 

1H NMR (500 MHz, D2O)  = 4.50 (d, 1 H, J 8.07 Hz, H-1), 3.91 (d, 1 

H, J 2.75 Hz, H-4), 3.67-3.82 (m, 3 H, H-5, H-6a, H-6b), 3.65 (dd, 1 H, J 9.90, J 

3.3 Hz, H-3), 3.47 - 3.54 (m, 1 H, H-2). 13C NMR (126 MHz, D2O)  = 105.60, 

75.15, 72.86, 69.39, 68.64, 61.09. HRMS-ESI calcd. for C6H14NO6 (M+H)+: 

196.08156, found: 196.0818. 

O-(--D-glucopyranosyl)hydroxylamine 

 

 
 

1H NMR (500 MHz, D2O)  = 4.55 (d, 1 H, J 8.3 Hz, H-1), 3.92 (dd, 1 

H, J 12.3 Hz, J 1.8 Hz, H-6a), 3.72 (dd, 1 H, J 12.3 Hz, J 6.1 Hz, H-6b), 3.43-

3.52 (m, 2 H, H-3, H-5), 3.37 (t,1 H, J 9.5 Hz, H-4), 3.29 (t, J 8.8 Hz, H-2). 13C 

NMR (126 MHz, D2O)  = 105.03, 75.88, 75.83, 71.70, 69.56, 60.76. HRMS-ESI 

calcd. for C6H14NO6 (M+H)+: 196.08156, found: 196.0820. 
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O-(- -L-rhamnopyranosyl)hydroxylamine  
 

 
 

1H NMR (500 MHz, D2O)  = 4.84 (s, 1H, H-1), 3.94 (dd, 1 H, J 3.12 

Hz, J 1.5 Hz, H-2), 3.67-3.75 (m, 1 H, H-5), 3.62 (dd, J 9.7 Hz, J 3.5 Hz, H-3), 

3.42 (t, 1 H, H-4), 1.29 (d, J 6.2 Hz, H-6). 13C NMR (126 MHz, D2O)  = 103.08, 

72.05, 70.33, 68.94, 68.74, 16.73. HRMS-ESI calcd. for C6H13NNaO5 

(M+Na)+:202.0686, found: 202.0684. 

O-(- -D-xylopyranosyl)hydroxylamine  
 

 
 

1H NMR (500 MHz, D2O)  = 4.49 (d, 1 H, J 8.0 Hz, H-1), 3.97 (dd, 1 

H, J 11.6 Hz, J 5.3 Hz, H-5a), 3.60 (td, 1 H, J 9.7 Hz, J 5.5 Hz, H-4), 3.43 (t, 1 H, 

J 9.2 Hz, H-3), 3.22-3.36 (m, 2 H, H-2, H-5b). 13C NMR (126 MHz, D2O)  = 

105.79, 75.78, 71.55, 69.17, 65.08. HRMS-ESI calcd. for C5H11NNaO5 (M+Na)+: 

188.0529, found: 188.0527. 

2.4.11. Solid phase peptide synthesis 

Rink Amide AM resin (200 mg, 0.91 mmol/g, 0.18 mmol) was weighed 

into a Poly-Prep® chromatography column. The column was set up on a vacuum 

manifold. The manifold was equipped with a three-way stopcock that allows 

draining of the solvent by vacuum filtration and agitation of the resin by nitrogen 

bubbling. CH2Cl2 (3 mL) was added to the dried resin for swelling. After 15 min, 
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the solvent was drained by vacuum aspiration. The resin was washed with DMF 

(3 mL) and the protective Fmoc group was cleaved with 20% (v/v) piperidine in 

DMF (3 mL) for 1 min. The treatment was repeated for 10 min using fresh 20% 

(v/v) piperidine in DMF (3 mL). The resin was washed with DMF (4  3 mL). 

Fmoc-protected amino acid (0.73 mmol, 4 eq.) in DMF (1 mL) and HBTU (276 

mg, 0.73 mmol, 4 eq.) in DMF (1 mL) was added to the resin followed by N,N-

diisopropylaminoethylamine (DIPEA, 0.25 mL, 1.46 mmol, 8 eq.). After 30 min 

of agitation with nitrogen, the reagents were removed by vacuum aspiration and 

the resin was washed with DMF (4  3 mL). The Fmoc-deprotection, amide 

coupling, and washing steps were repeated consecutively as described above to 

elongate the peptide sequence. After final Fmoc-deprotection, the resin was 

washed with DMF (5  3 mL), followed by CH2Cl2 (5  3 mL). The resin was left 

on the manifold for 10 min to dry under the vacuum. A cleavage cocktail 

containing TFA/H2O/phenol/triisopropylsilane [3 mL, 85/5/5/5 (v/v/w/v)] was 

added to the resin. The column was left on a rocker for 2 h to cleave the peptide 

then the solution was collected, and the resin was rinsed with TFA (1 mL). The 

combined cleavage mixture was added dropwise to ice cold diethyl ether (20 mL) 

in a 50 mL centrifuge tube. The mixture was incubated on ice for 30 min then 

centrifuged for 5 min at 3000 rpm. Supernatant was discarded, and the 

precipitates were resuspended in cold diethyl ether (10 mL). The centrifugation 

and washing steps were repeated 2 times. The precipitates were air-dried and then 

left under vacuum overnight. Typical yield: 50−150 mg.  
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2.4.12. Purification of peptides 

Crude peptide (40 mg) was dissolved in DMF (0.25 mL) and 0.1% 

aqueous TFA (0.25 mL). The solution was injected into a semi-preparative RP-

HPLC system. A gradient of solvent A (MQ water, 0.1% (v/v) TFA) and solvent 

B (MeCN, 0.1% (v/v) TFA) was run at a flow rate of 12 mL/min as shown below.  

Time (min) Eluent B (%) 

0 5 

2 5 

26 35 

27 100 

29 100 

30 5 

 

The fractions containing target peptides were identified using mass 

spectrometry either by MALDI-TOF of ESI LCMS. MeCN was removed by 

evaporation under reduced pressure. The aqueous solution was lyophilized to 

yield the TFA-containing peptide. To remove TFA counterion the peptides were 

dissolved in 50 mM NH4CO3 and freeze-dried to obtain the peptide as a white 

solid (20−32 mg).  

2.4.13. Representative example of synthesis of Gal-peptide 

conjugates 

The monosaccharide-peptide conjugates were synthesized from purified 

unprotected peptides following the methodology previously described20. Example 

of the procedure for H2N-SWHVP-CONH2 peptide: the peptide (5.7 mg, 10 mol, 

1 eq.) was dissolved in DMF (0.25 mL) followed by the addition of 200 mM 

MOPS (0.25 mL, pH 7.0). The solution was added to a 1.5-mL microcentrifuge 

tube containing solution of sodium periodate (2.6 mg, 12 mol, 1.2 eq.). The 
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reaction mixture was incubated for 10 min at RT. To quench the oxidation, we 

added glutathione (37 mg, 120 mol, 12 eq.) and mixed rapidly to ensure the 

dissolution of glutathione. After incubation for 10 min at RT, 2-(aminooxy) ethyl 

-D-galactopyranoside (4.6 mg, 25 mol, 2.1 eq.) dissolved in 200 mM anilinium 

acetate (0.5 mL, pH 4.7) was added to the quenched solution. The oxime ligation 

was carried out for 30 min at RT. The reaction mixture was injected into a semi-

preparative RP-HPLC system (section 2.4.10). Purified product was lyophilized to 

yield the final glycopeptide as a white fluffy powder (40−70% isolated yield). The 

purity of the product was determined with an analytical UPLC-MS system using a 

C18 column (Phenomenex Kinetex 1.7 μm EVO C18, 2.1×50 mm) running with a 

gradient of water/acetonitrile with 0.1% formic acid from 98/2 at 0 min to 40/60 

at 5 min under a flow rate of 0.5 mL/min. Analytical data for galactoside 

conjugates can be found in Appendix A-1 to A-13 

2.4.14. Synthesis of FPP-1 

2-(fluorescein-5/6-yl-carbonylaminoethyl)]--D-galactopyanosyl-

(1-4)-2-acetamido-2-deoxy-β-D-galactopyranoside 

 

 
To a solution of aminoethyl N-acetyllactosamine (4.3 mg, 10 mol) in 

0.1 M NaHCO3(aq) (1 mL) was added the 0.5 mL dry DMSO solution of 5/6 
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carboxyfluorescein NHS ester (9.6 mg, 20 mol) at room temperature under 

nitrogen atmosphere. After stirring at room temperature for 1 h, the resulting 

residue was purified by column chromatography (EtOAc/MeOH/H2O, 6:3:1, 

v/v/v) followed by size-exclusion column (GE SephadexTM LH-20, MeOH) to 

give the desired product (6.3 mg, 80%) as a red solid. Rf 0.35 

(EtOAc/MeOH/H2O, 6:3:1, v/v/v); []25
D -41.7 (c 0.12, H2O); 1H NMR of 5-

isomer (500 MHz, D2O)  = 8.43 (s, 1H, ArH), 8.04-7.96 (m, 2H, ArH), 7.63 (s, 

1H, ArH), 7.21-7.15 (m, 2H, ArH), 6.75-6.69 (m, 3H, ArH), 4.50 (d, J = 9.1 Hz, 

1H, H1), 4.36 (d, J = 7.5 Hz, 1H, H1’), 4.08-3.49 (m, 16H, H2, H3, H4, H5, 

H6ab, H2’, H3’, H4’, H5’, H6ab’, OCH2, CH2N), 1.76 (s, 3H, COCH3); 
1H NMR 

of 6-isomer (500 MHz, D2O)  = 8.22 (s, 1H, ArH), 8.04-7.96 (m, 1H, ArH), 7.41 

(d, J = 7.9 Hz, 1H, ArH), 7.21-7.15 (m, 2H, ArH), 6.75-6.69 (m, 4H, ArH), 4.58 

(d, J = 7.6 Hz, 1H, H1), 4.43 (d, J = 7.7 Hz, 1H, H1’), 4.08-3.49 (m, 16H, H2, 

H3, H4, H5, H6ab, H2’, H3’, H4’, H5’, H6ab’, OCH2, CH2N), 1.81 (s, 3H, 

COCH3); HRMS (ESI-TOF): m/z calcd for C37H40N2O17: [M+H]+ 785.2400; 

found: 785.2388. 

2.4.15. Synthesis of labelling reagent Lac-ABAO 

Synthesis of Lac-ABAO was performed in three steps as described below  
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Step 1 

9-(2-aminoethylamino)-9-oxononyl 4-O-(-D-galactopyranosyl)--D-

glucopyranoside  

 

The 8-methoxycarbonyloctyl lactoside (700 mg, 1.36 mmol) was 

dissolved in neat ethylenediamine (3 mL) and stirred at 80 oC overnight. The 

mixture was concentrated, co-evaporated with water (3 times), dissolved in water 
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and freeze-dried. 1H NMR (500 MHz, D2O)  = 4.55 (d, 1H, J 7.9 Hz, H-1), 4.52 

(d, 1 H, J 7.9 Hz, H-1’), 4.05 -3.65 (m, 12 H, H-3,H-4, H-5, H-6a, H-6b, H-3’, H-

4’, H-5’, H-6’a, H-6’b, CH2 ), 3.62 (dd, J 9.7 Hz, J 8.07 Hz, H-2’), 3.30-3.40 (m, 

3 H, H-2, CH2), 2.84 (t, 2 H, J 6.2 Hz, CH2), 2.30-2.35 (m, 2 H, CH2), 1.68 (dt, 4 

H, J 14.7 Hz, J 7.2 Hz, CH2), 1.33 - 1.47 (m, 8 H, CH2). 
13C NMR (126 MHz, 

D2O)  = 178.73, 103.92, 103.01, 85.21, 79.42, 76.34, 75.74, 75.46, 73.83, 73.52, 

71.95, 71.71, 69.54, 62.00, 61.10, 42.00, 40.70, 36.78, 29.66, 29.21, 29.17, 29.02, 

26.22, 25.90. HRMS-ESI calcd. for C23H45N2O12 (M+H)+: 541.2967, found: 

541.2969. 

Step 2 

9-(2-azidoethylamino)- 9-oxononyl 4-O-(-D-galactopyranosyl)--D-

glucopyranoside  

  

 
To the residue 1H-imidazole-1-sulfonyl azide (572 mg, 2 eq.) in water (3 

mL) and CuSO4 (2 mg) was added, pH was adjusted to 8 with NaHCO3 solution. 

The mixture was stirred overnight then concentrated and chromatographed on 

silica gel (DCM-MeOH (up to 30%)) to give azido derivative (450 mg, 61%). 1H 

NMR (500 MHz, D2O)  = 4.53 (m,2 H, H-1, H-1’), 3.58-4.08 (m, 11 H, H-3, H-

4, H-5, H-2’, H-3’, H-4’, H-5’, CH2CO, CH2NH,) 3.48 (m, 4 H, H-6a, H-6b, H-

6’a, H-6’b), 3.37 (m, 1 H, H-2), 2.33 (t, J 7.2 Hz, 2 H, CH2), 1.59-1.74 (m, 4 H, 

CH2), 1.38 (br. s., 12 H, CH2). 
13C NMR (126 MHz, D2O)  = 178.63, 103.92, 

103.01, 79.44, 76.34, 75.74, 75.46, 73.86, 73.52, 71.96, 71.71, 69.55, 62.02, 
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61.13, 51.10, 39.61, 36.76, 29.69, 29.24, 29.20, 29.03, 26.20, 25.91. HRMS-ESI 

calcd. for C23H42N4NaO12 (M+Na)+: 589.2691, found: 589.2692 

Step 3  (Lac-ABAO) 

N-(2-(4-((4-amino-3-(N-hydroxycarbamimidoyl) phenoxy)methyl)-1H-1,2,3-

triazol-1-yl)ethyl)-9-[4-O-(-D-galacto-pyranosyl)--D-glucopyranosyloxy] 

nonanamide  

 

 

To a solution of Lac-azide (112 mg, 0.2 mmol) and 2-amino-N-hydroxy-

5-(prop-2-ynyloxy)benzimidamide (PABAO)115 (42 mg, 0.2 mmol) in 2 mL water 

CuSO4 solution (100 uL, 10 mM) and sodium ascorbate (100 uL, 50 mM) were 

added. The reaction mixture was heated to 80 oC to dissolve starting material. 

Once dissolved the reaction was completed by TCL (DCM-MeOH=60:40). The 

product migrates lower than the starting material. The mixture was purified by 

HPLC on C-18 column in gradient water-MeCN (up to 30%) to give the title 

product (107 mg, 77%). 1H NMR (500 MHz, D2O)  = 8.07 (s, 1 H, triazole), 7.06 

(s, 1 H, arom.), 6.89-7.05 (m, 2 H, arom.), 5.21 (s, 2 H, CH2), 4.61 (t, 2 H, J 5.41 

Hz, CH2N), 4.50 (d, 1 H, J 7.8 Hz, H-1), 4.48 (d, 1 H, J 7.9 Hz, H-1’), 4.06-3.56 

(m, 12 H, H-3, H-4, H-5, H-6a, H-6b, H-2’, H-3’, H-4’, H-5’, H-6’a, H-6’b, CH2), 

3.30-3.39 (m, 1H, H-2), 2.15 (t, 2 H, J 7.2 Hz, CH2), 1.56-1.67 (m, 2 H, CH2) 

1.40-1.50 (m, 2 H, CH2), 1.05-1.38 (m, 8 H, CH2). 
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13C NMR (126 MHz, D2O)  = 178.31, 155.12, 151.15, 144.37, 140.29, 126.32, 

119.93, 119.59, 116.69, 103.94, 103.04, 79.47, 76.34, 75.71, 75.46, 73.82, 73.53, 

71.94, 71.66, 69.54, 63.22, 62.00, 61.12, 50.47, 39.73, 36.58, 29.72, 29.28, 28.95, 

26.23, 26.00. HRMS-ESI calcd. for C33H54N7O14 (M+H)+: 772.3723, found: 

772.3737 

2.4.16. Conjugation of horse radish peroxidase  with Lac-ABAO  

Horseradish peroxidase (#77332, Sigma Aldrich) was resuspended (3.3 

mg in 500 L) in PBS buffer (11.9 mM phosphates, 137 mM sodium chloride, 2.7 

mM potassium chloride, pH 7.4) and was mixed with a solution of NaIO4 (200 

L, 10 mM in PBS). The mixture was incubated for 10 min and then the excess of 

NaIO4 was removed using 0.5 mL Amicon centrifuge filter (#UFC501096, Sigma-

Aldrich) with PBS (3 times x 3 mL). The residue (~150 L) was diluted to 300 

L volume with sodium acetate buffer (100 mM, pH 4.5) and the labeling reagent 

Lac-ABAO (3 mg) was added. After 1 h, the excess label was removed on 

Amicon centrifuge filter and the protein solution in PBS was stored at -20°C for 

further use. The protein concentration was estimated using the formula:  

Labeled protein (
mg

mL
) =

𝐴280(G3CL) − [A495(G3CL) ×
𝐴280(free Label)

𝐴𝑚𝑎𝑥(free Label)⁄ ]

𝐴280 (G3C) × 𝜀ProtParam

𝐴280(G3Cd)

 

 

- G3CL: labeled G3C 

- G3Cd: denatured G3C in 6M guanidine hydrochloride 

- 𝜺ProtParam: extinction coefficient of G3C based on the primary sequence. 
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The absorbances Awavelength where measured by NanodropTM 

spectrophotometer (Thermo-Scientific). 

2.4.17. Conjugation of G3C to Fluorescein isothiocyanate 

An aliquot of 50 L of FITC (#F7250, Sigma Aldrich) solution in 

DMSO (10 mg/mL) was added to 1 mL of G3C (10 mg/mL) in 100 mM sodium 

bicarbonate buffer pH 8.8. The reaction mix was gently stirred in the dark, at 

room temperature, for 90 min. Then the buffer was exchanged to PBS by 

centrifugation (5-times x 5 mL) using Amicon filter described on the previous 

section. The labelled-protein solution was protected from light and stored in PBS, 

at -20°C for further use. The protein concentration was estimated by NanodropTM 

as described on the previous section. 
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Chapter 3: Selection of monovalent Galectin-3 ligands from 

phage-displayed glycopeptide libraries.     

3.1. Introduction  

Galectins are well known for their roles in human pathology being 

correlated with many degenerative diseases like cancer, cardiovascular disease 

and fibrosis.91, 116-117 The development of potent galectin-specific inhibitors could 

enable  novel therapeutic modalities focused on selective targeting of galectins.96, 

118 Specifically galectin-3 (Gal-3) inhibitors had proved to be beneficial in the 

treatment of chronic inflammation conditions such as pulmonary119 and liver 

fibrosis.120-121 

The development of glycopeptide inhibitors, could accelerate the 

development of combined therapies involving galectins inhibition with existing 

drugs, since the peptide portion could be further functionalized and coupled to a 

second pharmacophore against the same, or different target. Lin and co-

workers,106 demonstrated the potential advantages of combined therapies using 

ex-vivo studies. In cells from papillary thyroid cancer refractory to chemotherapy, 

they observed that Gal-3 inhibition induced concomitant apoptosis of tumor cells 

in combination with doxorubicin. In this study, the combined approach was 

synergistic and improved the chemosensitivity of cancer cells. In a similar way, 

Kouo and co-workers,107 showed that the inhibition of Gal-3 combined with 

CD8+ cell-directed immunotherapies resulted in tumor-specific responses in 

patients with pancreatic ductal adenocarcinoma.  
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3.2. Previous work on the development of galectin ligands 

Galectin proteins in general bind -galactosides containing glycans with 

relatively weak affinity, in the high micromolar to millimolar range. Each galectin 

carbohydrate recognition domain (CRD) distinguishes different types of glycan  

ligands showing its highest affinity to different glycan structures.92,122-123 

Conversely, Gal-3 binds  -galactosides (NL1 to NL6, Table 3-1) with different 

affinities, showing tight associations with repeating N-acetyllactosamine (Gal1-

4GlcNAc) or Gal1-3GlcNAc units.105,124-125 Furthermore, the binding of Gal-3 to 

N-acetyllactosamine is enhanced by the presence of Galb1-3, GalNAca1-3 or 

Fuca1-2 substituents on the galactose residues.126-127 Based on these observations, 

several research efforts had been directed towards the development of potent 

galectin binders based on -galactosides derivatives. Synthetic 3,3′-diamido- or 

3,3′-ditriazolyl-derivatization of thiodigalactoside (TDG) cores (SL4 and SL5,  

Table 3-1), exhibited high binding affinity towards galectins, with C2-

symmetrical TDG derivatives among most potent Gal-3 inhibitors reported to date 

105, 128-130 (KD = 18 nM). The TDG core laid the foundations for the development 

of selective glycan ligands towards galectin family members Gal-3 and galectin-

1(Gal1). Specifically, C3 derivatives with either phenyltriazolyl104 or thiazol-2-

yltriazole131 showed exclusive binding with single-digit nanomolar affinity to 

Gal3 or galectin-1 (Gal-1) respectively. 

Crystallographic studies had shown that aromatic substituents of 

TAZTDG likely stack intermolecularly with adjacent arginine 144, providing π-

cation interactions that accounts for its enhanced biding affinity when compared 
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with unsubstituted -galactoside glycans. Further functionalization of C3’ on 

TAZTDG could improve its binding affinity by engaging multiple arigine-arene 

interactions at the Gal-3 CRD. Co-crystallization of Gal-3 with the ligand TD131 

discovered interactions between guanidino groups of Arg144 and Arg186 forming 

tandem arginine-π associations that could account for the 13-fold higher binding 

potency of TD131 compared to TAZTDG with single cation- interaction.128   

Table 3- 1  KD values of natural and synthetic ligands with galectin-3 

 

In this chapter, we developed a method for using oxime linked TDG 

derivatives as fusion with bioactive peptides, that can be further extended to 

therapeutic proteins and antibodies. Fusion should not only retain  binding activity 

but boost it while potentially contributing to the specificity of the combined 

ligand.  
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3.3. Results and Discussion 

3.3.1. Design of TAZTDG-derived phage displayed libraries 

We capitalized on GE-FBD approach25-26,88 to implement a screening 

system for the discovery of glycopeptide ligands that bind to Gal-3. Selection 

operates over a high-diversity repertoire of glycopeptide combinations displayed 

on M13 viral particles. Glycopeptide conjugates resulted from chemical linkage 

of aldehyde terminated heptamer peptides with 3-deoxy-3-(4-[m-fluorophenyl]-

1H-1,2,3-triazol-1-yl)-thio-digalactoside (TAZTDG) glycan fragment;128 via an 

-nucleophile handle installed on the glycan. 

In this methodology TAZTDG fragment directs the interactions between 

glycan-peptide library and Gal3 CRD, to the vicinity of the binding site where the 

screening process can identify peptide sequences that bind near the glycan. These 

interaction could result in positive contributions to the overall binding affinity. 
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Figure 3-1. Study of the binding hot-spots near the glycan binding site of 

galectin-3 using FTMap. (A) Clusters of probes at “binding pockets” identified by 

FTMap. (B) Superimposed image of the TAZTDG-galectin-3 complex (PDB: 

5h9r) with the probe clusters generated from FTMap. (C) Representation of  C3’ 

derivatization on TAZTDG. The benzoyl substituent and oxime conjugated 

peptide cartoon were manually introduced to the structure. 

 
Using FTMap, a computational solvent mapping server,132-134 we 

identified putative binding “hot spots” on the surface of Gal-3 (Figure 3-1A). We 

hypothesized that most probable synergistic binding benefits will result from the 

interaction of the peptide fragment on the ligands with the binding site hot spots 

that are close to the glycan binding site (Figure 3-1B). To reach the hot spots, a 

peptidic “elongation” of the TAZTDG ligand, might be advantageous.  

We built our GE-FBD strategy starting from a custom synthesized 

TAZTDG glycan (referred as ZJ hereafter), functionalized with a benzoyl radical 

at C3’ position. ZJ could benefit the overall binding from a second arginine-π 

interactions at residue Arg186 as described in section 3.2 (Figure 3-1C). The 
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modification introduces a terminal amino-oxy handle to allow biorthogonal 

conjugation to serine terminated phage displayed peptide libraries.42 The peptide 

portion effectively extend the contact surface of the glycan ligand with the 

protein. This extension also allows to screen for peptide-fragment combinations 

with synergistic contributions to Gal3 binding, so it that could result in an overall 

enhancement of affinity.  

Successful screenings for of glycopeptide library against GBPs, depends 

on the feasibility of extracting only the true target-binders among the high 

diversity phage displayed library of conjugates.  During selection, random peptide 

libraries can have multiple interactions with non-target components like polymer 

beads135, streptavidin136, biotin137 and blocking agents.138 Traditional elution 

procedures in high salt or acidic conditions will likely result in low signal-to-noise 

ratios due to the presence of many “ligands” that do not have a real affinity to the 

target. To minimize the recovery of non-specific binders we introduced an ester 

group between the glycan and the peptide fragment. Ester bond cleavage, allowed 

selective separation of phage from carbohydrate fragment by alkaline hydrolysis 

of the 3’-O-Aryloyl linker during the elution step (Figure 3-2A,B). 
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Figure 3-2. Design of a TAZTDG cleavable linker. Alkaline hydrolysis of the 

TAZTDG-peptide phage conjugate conveniently separates the glycan “warhead” 

in every glycopeptide in the phage library. (D) Representation of selective elution 

of true binders, from selection experiments via linker cleavage 

 

To verify that ester hydrolysis did not compromise the availability of ZJ-

peptide phage conjugates during selection screenings, we incubated ZJ glycan 

with phage solution at 1011 PFU/mL concentration of viral particles, and tested 

whether the ester hydrolysis occurs at significant extent under the conditions of 

phage binding buffer. For these studies we capped the reactive amino-oxy handle 

of ZJ glycan with acetone to minimize side reaction byproducts and used LCMS 

to monitor the disappearance of the capped compound (Figure3-3A).  
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Figure 3-3. Stability study of ester group on ZJ glycan. (A) Alkaline hydrolysis 

of C3’ O-aryloyl linker. (B) Time dependent degradation of esters in the presence 

of phage solution, or  basic conditions. (C)HPLC traces following the alkaline 

hydrolysis of the ester sampled  at the beginning of the reaction and after 30 min. 

The M, f1, f2, and f3 labels identified the retention times for the hydrolysis 

products of M, f3 correspond to the transesterification product with methanol.  

 

After 5 hours incubation at pH 7.4, 70~80 % of ZJ glycan remained 

intact in the phage mixture (Figure 3-3B). Under alkaline conditions, ester 

hydrolysis occurred faster, and after 30 min about 80 % of the initial ZJ 

concentration was mostly converted into hydrolysis products. We also observed 

apreciable transesterification after 30 min reaction due to the presence of 

methanol as a solvent in the reaction mixture (Figure 3-3C).  

3.3.2. Solution-phase panning with affinity bead capture 

We intended to implement a panning protocol in which the phage library 

was reacted with the target in solution, followed by affinity capture of the target-

phage complexes onto an affinity matrix (bead) specific for the target protein. In 
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solution panning can result in improved accessibility of the putative ligand 

binding site to phage-displayed peptides, as well as avoiding partial denaturation 

of the target on a plastic surface.139-140 The affinity pull down of target-phage 

complexes, requires the target to be labeled with an appropriate affinity tag. We 

used NHS-PEG4-Biotin (15-biotinlamino-4,7,10,13-dioxanonanoic acid N-

hydroxysuccinimidyl ester) amine reactive probe, as labeling reagent (Figure3-

4A), to install biotin tags to the C-terminal fragment (residues 107–250) of human 

galectin-3 (G3C). SDS-PAGE electrophoresis validated, in solution pull down of 

biotinylated G3C (G3C-Bio) from a protein mixture containing unlabeled bovine 

serum albumin (BSA) and polyhistidine tagged galectin-1(Gal1-His). 

Furthermore, using either chelated-nickel or streptavidin coated beads we could 

selectively pull down Gal1-His or chemically labeled G3C-Bio respectively 

(Figure3-4B).  

Although covalent labeling of the target with biotin is a widely used 

methodology on phage display selections,141-143 it typically results in a 

heterogeneous mixture of proteins, which differ in the number and location of the 

labels.144 Covalent labeling could also have deleterious effects on the ligand 

binding affinity of the target. Therefore, prior to embark in the screening 

campaigns we performed a careful characterization of the labeling and 

functionality of G3C-Bio. 
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Figure 3-4. Chemical ligation of biotin tag and mass-spectrometry 

characterization of the protein G3C. (A) Conjugation of biotin to primary amine 

residues in G3C. (B) SDS-PAGE of target-specific pull down of labeled protein 

using affinity beads. (C) Mass spectrometry validation of the ligand binding 

affinity of galectin-3. Labeled G3C compared to the unlabeled protein showed 

similar affinity towards a positive control ligand LNT. Charged states +8 and +7 

on G3C-Bio species are highlighted in red and green respectively. The signals 

corresponding to 2 (G3C-2B) and 3 (G3C-3B) biotin residues per protein are 

indicated in brackets.  

 

Optimized reaction conditions for the protein labeling chemistry 

permitted to minimize heterogeneity resulting from the biotin ligation. Using 2.5 

equivalents of labeling reagent yielded a homogeneous mixture of labeled G3C 

with most abundant species bearing 2 or 3 biotin labels per protein molecule as 

confirmed by ESI-MS measurements. The signals corresponding to 2 (G3C-2B) 

and 3(G3C-3B) biotin residues per protein were the most abundant ions species 
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on charged states +7 and +8 (Figure3-4C).  We then analyzed the glycan binding 

affinity of G3C-Bio compared to unmodified G3C. For binding measurements we 

used, previously reported ESI-MS binding assay.145 Briefly, the ligand affinity 

was calculated from the ratio of the abundances of the ion species corresponding 

to ligand-bound (G3C+L) and free protein (G3C). The measurements were 

calibrated using a control protein as a reference (Pref) and the glycan LNT as 

control ligand (L). The experiments confirmed that the binding affinity of G3C 

towards LNT was not affected by covalent labeling of the proteins. 

3.3.3. Probing reproducibility of discovery with color-coded 

phage clones 

Previous phage display screenings of glycopeptide libraries on the 

mannose binding lectin concanavalin A (ConA) described the discovery of the 

glycopeptide Man-WYDLHF as a potent ligand of ConA.20,22 In Chapter 2 we 

showed that a phage displayed clone bearing the reported mannose-peptide 

conjugate binds selectively, with high affinity to ConA, our data was consistent 

with another reports of a similar phage displayed construct.25 Based on these 

observations, a high recovery of the sequence Man-WYDLHF from ConA coated 

beads in pull-down phage display screenings can be used as a validation of the 

selection process.  

To test our hypothesis, we genetically engineered a phage that transduces 

mCherry fluorescent reporter146 (Figure3-5A). The red fluorescent color allowed 

to distinguish monoclonal phage from the canonical phage library that 

constitutively express lacZ reporter147 producing blue-colored plaques on agar 

plates suplemented with X-Gal. Into that red reporter we then cloned peptide 
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sequence SWYDLHF at the N-terminus site the phage coat protein pIII.  To 

finally convert this construct into a positive ConA-selection control, we 

chemically decorated the SWYDLHF sequence with mannose glycan.  

Figure 3-5. Development of colorcoded phage clones introduced as screening 

positive-controls (A) Cloning a phage clone that transduces mCherry reporter. (B) 

Chemical modification on phage clone to install mannose glycan. (C) Phage 

counts in total plaque forming units (PFU) prior to chemical modification (input), 

and from supernatants before and after biotin pulse-chase capture assays. (D) 

Quantification of the % of yield after each chemical modification step. 

 

We installed the amino-oxy mannose derivative into the displayed peptide, 

starting from oxidation of the N-terminal serine residue of the peptide, to obtain 

glyoxal-displaying phage (Figure3-5B). We characterized each modification step 

by separated biotin pulse-chase capture assays (see Chapter 2, section 2.2.1). In 

short, we biotinylated the aldehyde-terminated phages using aminooxy-biotin 

probe, before and after glycan ligation. Then, we incubated both samples with 

streptavidin-coated magnetic beads and tittered the supernatants before and after 

capture with beads. The difference between the fractions of biotinylated clones in 

both populations indicated the efficiency of modification. Unexpectedly, we 
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observed that SWYDLHF clone was sensitive to serine oxidation step (Figure3-

5C). Our experiments showed 60% drop in infectivity after oxidation step, 

compared to the input population, whereas after oxidation we successfully 

glycosylated ~50% of the phage-aldehydes (Figure3-5D). 

Figure 3-6. Validation of the reproducibility of discovery in pull-down screenings 

using selection control phage clone. (A) Scheme of in solution panning with 

affinity bead capture. (B) Phage counts from selection experiments. The library 

composition can be traced by color. (C) Recovery ratios observed from beads 

coated with biotinylated ConA and G3C. The phage displayed Man-WYDLHF 

(Man-WYD) used as a selection control was preferentially recovered from ConA 

screening experiments.  

In model panning experiments with biotinylated GBPs (ConA-Bio and 

G3C-Bio) proteins were allowed to react with phage library displaying random 

7mer peptide fragment (SX7), in solution. Next, using streptavidin-coated 

magnetic beads we pulled down the phage-ConA and phage-G3C conjugates 

(Figure3-6A). We spiked the phage library with 108 PFUs of the color tracer Man-

WYDLHF (Man-WYD) and quantified the phage populations by plaque forming 

assay on agar plates. To reduce the target unrelated binding interactions of the 
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phage library to all the components of the screening system we introduced a 

mutant phage as a blocking agent in 1:1 ration to the phage library. We designed 

the blocking phage (b-phage) with a mutated display region that express no 

peptide on pIII. The b-phage is unable to be PCR amplified under standard phage 

library conditions, making it “invisible” during DNA sequencing analysis. The b-

phage lacks the lacZ reporter yielding colorless (white) plaques when 

propagated on agar plated host cells. Expanded color palette of phages: red, blue 

and white, allowed for fast and easy quantification of the output from selection 

experiments on G3C and ConA coated beads, using plaque forming assay on agar 

plates (Figure 3-6B).  In concordance to previous studies on ConA, we observed 

recovery of Man-WYD, with 30-fold superiority in ConA screenings compared to 

G3C. Random peptide library SX7 or irrelevant b-phage did not show preferential 

enrichment on any of the protein targets (Figure 3-6C). These observations 

demonstrated the functionality of the screening system in our experimental 

conditions. 

3.3.4. Solution-phase screenings of glycopeptide libraries  

For selection screenings, we synthesized phage displayed libraries with a 

diversity of ~108 random heptamer peptides conjugated to mannose (Man-X7) or 

ZJ (ZJ-X7) glycans. First, we oxidized serine terminated peptides libraries (SX7), 

with sodium periodate, to achieve the corresponding glyoxal at N-terminus. The 

glyoxal handle was then functionalized with hydroxylamine derivatives of either 

mannose or ZJ.  
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Using biotin pulse-chase technique, we evaluated that 40-60% of the 

phage library was successfully glycosylated (Figure3-7A). We then reacted the 

modified phage libraries with biotinylated targets in solution in a two by two 

combinatorial set up (Figure3-7B). Control screenings of ZJ and Man modified 

libraries against ConA and G3C respectively, permitted to discard unproductive 

interactions from selection experiments. We further validated the selection system 

by testing whether Man-X7 panning on ConA could “re-discover” the Man-WYD 

motif. After in solution incubation of the phage libraries with targets we then 

captured target-phage complexes by adding streptavidin-coated beads to pull 

down biotinylated targets. To reduce noise in the recovery of glycopeptide that 

bind to G3C, we washed the beads thoroughly and detached phages from ZJ-X7, 

by alkaline elution via ester hydrolysis (see section 3.3.1). 

 
Figure 3-7. Screenings of chemically-modified phage libraries against galectin-3. 

(A) Chemical modification of phage to generate Man-X7 and ZJ-X7 libraries. (B) 

Panning of glycopeptide libraries on G3C with parallel control screening on 

ConA. (C) Fraction of unique sequences that contain SW[YFW] motif in each 

selection screen. 
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Analysis of sequencing data from DNA of eluted phages, confirmed that 

SW[YFW] motif was preferentially enriched among the sequences recovered 

when Man-X7 library was selected against ConA. The same library against G3C 

target, showed that the fraction of unique sequences containing SW[YFW] motif 

was similar to that of the naïve library before selection (Figure 3-7C).  

To identify enriched sequences from G3C selection experiments we used 

published MatLab scripts 20, 22, 26, 109, 148 that perform differential enrichment (DE) 

analysis. DE analysis implements t-test hypothesis testing to identify sequences 

with higher copy number on selection (G3C) experiments compared to control 

with a significance of p<0.05.  DE analysis identified 2882 (DE_1) and 2253 

(DE_3) sequences, that were more than 3-fold enriched from panning on G3C 

when ConA or naïve ZJ-X7 were used as control. Likewise, we found 2813 

(DE_2) sequences enriched on G3C only if decorated with ZJ glycan and not with 

mannose (Figure 3-8 A to C). Further filtering of DE sequences: 

DE_1∩DE_2∩DE_3 discovered a total 646 hit sequences. We selected as hits 

sequences that showed consistently more than 3-fold enrichment across all 

selection controls (Figure 3-8D, E). We then searched for consensus patterns on 

the sequences of the top-50 hits, using WebLogo application.149 We discovered a 

highly conserved serine (S) after the chemical conjugation site (N-terminal serine) 

indicating that this fragment might be important for binding to G3C (Figure 3-

8F). Encouraged by these results, we selected the motif SLLPSSS identified from 

LOGO analysis and the sequences YLSPTPL and ATPAPQF for further 

validations. 
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Figure 3-8. Selection of phage libraries (A-C) Libraries of SX7 peptides 

displayed on M13 phage decorated with ZJ or Mannose through oxime ligation 

incubated with either G3C or ConA. (D) Top 50 from 646 total hits (p<0.05, 

R>3). (E) Example of the raw number of reads obtained from Illumina sequencing 

for some of differentially enriched sequences. (F) Hits identified from the 

intersection set led to the discovery of consensus sequences from LOGO analysis. 
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3.3.5. Validation of selected glycopeptides 

To validate the binding activity of the selected hits (Scheme 3-1) we 

synthesized and tested the glycopeptides for their ability to compete with the 

fluorescent probe Lac-FITC (described on Chapter 2, section 2.4.12) for binding 

to G3C in solution.  

 

 

 
Scheme 3-1. Structure of selected glycopeptides tested for G3C binding affinity 

in fluorescence polarization assays.    

We started fluorescence polarization (FP) binding studies by establishing 

the binding isotherm of G3C in a presence of 1.0 M of fluorescent probe. Under 

these conditions, we determined the concentration of G3C that produced 50% 

response of the possible dynamic range (Figure 3-9A). Based on direct binding 

results, we implemented FP competition experiments.  
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Figure 3-9.  Fluorescence polarization assays to validate the binding affinity of 

selected glycopeptides. (A) Polarization response of different concentrations of 

G3C incubated with the fluorescent probe FPP1 at room temperature. (B) 

Concentration dependent responses of the binding of competitive inhibitors to 

G3C at room temperature.   

 

All synthetic glycopeptides showed IC50 values in the range 10-20 M 

which is in the same order of that of the natural G3C ligand LNT (IC50 = 14.6 ± 

0.9 M). In other words, the G3C binding potency of the TAZTDG containing 

glycopeptides is comparable to the binding potency of LNT. Our findings are 

consistent with previous studies of galectin-3 binding affinity to LNT (KD = 0.9 

M)125 and TAZTDG (KD = 0.8 M).128 Further validations are needed to fully 

characterize ZJ-peptide conjugates as G3C inhibitors. Systematic alanine (A) 

mutations throughout all X positions on the 7mer peptide portion will provide 

valuable insights as to which residues are critical for binding affinity. 

Although synthetic inhibitors based TDG core had shown superior 

binding potency to G3C (SL4, Table 3-1),129 the ligands derived from 

glycopeptide phage selections represent a new class of inhibitors in which the 

peptide portion could further functionalized with ease. This class of ligands opens 

the possibility for the exploration of genetical fusions between bioactive peptides 
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identified in our studies with existing therapeutic proteins. Such studies could fuel 

the development of enhanced combined therapies that invoke galectin-3 

inhibition.  

3.4. Conclusions 

In summary with the use of GE-FBD technology, starting from a 

repertoire of ~108 diverse glycan-peptide combinations, we discovered a novel 

class of G3C inhibitors with more than 10-fold improvements in binding affinity 

compared to native ligand lactose. 

We also demonstrated that GE-FBD efforts starting from fragments with 

high (mM) affinity to the target yields monovalent ligands. Similar conclusion 

was obtained on previous GE-FBD that explored different selections with 

fragments of different affinities.22 This observation complements previous chapter 

conclusion  for weak (mM) fragments as starting point for GE-FBD campaigns 

that steers the selection to potent but multivalent ligands. 

 This works calls for further studies on the selection of the starting 

fragment on GE-FBD efforts. A deeper understanding of these effects on GE-

FBD requires systematic galectin-binding studies of multiple glycan fragments 

displayed on phage.  

3.5. Experimental procedures 

3.5.1. Materials and general information 

All assays unless otherwise specified, were performed in MOPS buffer 

(50 mM MOPS, 150 mM NaCl, 2 mM CaCl2 pH 7.4). Solutions used for phage 

work were sterilized by filtration through 0.22 µm filters. All plate-based 
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measurements (absorbance A450 nm and fluorescence polarization) were carried 

out in a Cytation5 system (Biotek Instruments, Winooski VT, USA). RP-HPLC 

purifications were performed on Waters HPLC system equipped with a 1525 EF 

binary pump, a FlexInject manual injector (dual mode) and a 2489 tunable UV 

detector. A SymmetryPrepTM C18 semi-preparative column (19 × 50 mm, particle 

size 5 μm, pore size 100 Å) was used for all peptide purifications at a typical flow 

rate of 12 mL/min. The mannose-binding protein concanavalin-A (ConA) was 

purchased from Sigma-Aldrich (#C2010). The carbohydrate recognition domain 

of the human Gal3 (G3C), residues 107−250 (MW: 16 327 Da) used in this study 

was provided by Dr. Christopher Cairo (University of Alberta, CA). The glycan 

ZJ was synthesized by Dr ZJay Tu (Academia Sinica, Taiwan) following the 

methodology described below. The glycan LNT was ordered from Elictyl 

(#GLY010) Aminooxy-biotin was purchased from Cayman Chemical 

(#10009350). High definition mass-spectrometry measurements  were carried out 

in a Cytation5 system (Biotek Instruments, Winooski VT, USA). Purification of 

aminooxy glycans and their precursors was accomplished with an automated 

chromatograph (CombiFlash® Rf, Teledyne ISCO, USA). HRMS-ESI spectra 

were recorded on Agilent 6220 TOF mass spectrometer using either positive or 

negative ionization mode. Characterization of glycopeptides was performed with 

UPLC-MS using a C18 column (Phenomenex Kinetex 1.7 μm EVO C18, 2.1×50 

mm) running with a gradient of water/acetonitrile with 0.1% formic acid from 

98/2 at 0 min to 40/60 at 5 min under a flow rate of 0.5 mL/min. 
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3.5.2. Synthesis of ZJ glycan  

Synthetic route to ZJ 

 
 

4-([(tert-butoxycarbonyl)aminooxy]methyl)-3-methoxybenzoic acid 

 

 
 

To a solution of commercially available methyl 4-(bromomethyl)-3-

methoxybenzoate (500 mg, 1.0 equiv., 1.93 mmol) and N-Boc hydroxylamine 

(643 mg, 2.5 equiv., 4.83 mmol) in dry dichloromethane (10 mL) was added 

dropwise the 1,8-Diazabicy- cloundec-7-ene (DBU) (0.29 mL, 1.0 equiv. 1.93 

mmol) at 0 oC under N2 atmosphere. The ice bath was removed, and the resulting 

mixture was allowed to stir at room temperature for another 36 h. The reaction 

mixture was diluted with dichloromethane (10 mL) and washed with ice cold 

water. The combined organic layer was dried over MgSO4, filtered and 

concentrated in vacuo to afford the amber crude, which was pass through a pad of 

silica gel (hexanes/EtOAc, 4:1, v/v) to remove the residual N-Boc hydroxylamine. 

The desired product was obtained as a colorless syrup after concentration and was 

then proceeded for next step. 
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To the solution of above compound in 10 mL of THF was added the 

freshly prepared 1.0 M aqueous LiOH (10 mL) at room temperature. The resulting 

mixture was allowed to stir at room temperature overnight. Amberlite IR-120 

[H+] resin was added to quench the reaction, to adjust the pH value to 6 and then 

filtered. The filtrate was concentrated, co-evaporated with ethanol twice and kept 

under high vacuum to afford the titled compound (436 mg, 76% yield over 2 

steps) as a white solid in analytical purity. Rf = 0.2 (hexanes/EtOAc, 1:2, v/v); 1H 

NMR (400 MHz, CDCl3): = 7.70 (d, J 7.9 Hz, 1 H, ArH), 7.58 (br, 1 H, NH), 

7.55 (s, 1 H, ArH), 7.48 (d, J 7.9 Hz, 1 H, ArH), 4.98 (s, 2H, ArCH2), 3.90 (s, 3H, 

OCH3), 1.50 (s, 9H, t-Bu) ppm; 13C NMR (100 MHz, CDCl3):  = 171.2, 157.8, 

157.4, 130.9, 130.5, 130.3, 122.7, 111.7, 82.3, 73.0, 55.8, 28.4 ppm; HRMS (ESI-

TOF): m/z calcd for C14H19NO6Na: 320.1105 [M+Na]+; found: 320.1105.  
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TAZTDG-O3-[4-(NBoc-aminooxymethyl)-3-methoxy]-Benzoate 

 

 
 

To a solution of above synthesized hydroxylamine-containing benzoic 

acid derivative (45 mg, 1.5 equiv. 0.15 mmol), HBTU (57 mg, 1.5 equiv., 0.15 

mmol) in THF/DMF (1.0 mL, 9:1, v/v, 0.1 M) was sequentially added the DIPEA 

(35 L, 2.0 equiv., 0.20 mmol), Me2SnCl2 (2.2 mg, 10 mol%, 10.0 mol) and 

TAZTDG (50 mg, 1.0 equiv., 0.10 mmol) at room temperature under N2 

atmosphere. The resulting mixture was stirred at room temperature for 3 h. Upon 

completion (monitored by TLC), the solvent was evaporated, and the resulting 

residue was then purified by column chromatography (CHCl3/MeOH, 4:1, v/v) to 

give the desired product as a white solid (56 mg, 72% yield). Rf=0.5 

(CHCl3/MeOH, 4:1, v/v); 1H NMR (400 MHz, CD3OD):  = 8.51 (s, 1 H, 

triazolyl H), 7.74 (dd, J 7.8, 1.3 Hz, 1 H, ArH), 7.68 (d, J 1.0 Hz, 1 H, ArH), 7.66 

(dt, J 7.8, 1.0 Hz, 1 H, ArH), 7.60 (m, 1 H, ArH), 7.52-7.42 (m, 2 H, ArH), 7.07 

(td, J 8.4, 2.2 Hz, 1 H, ArH), 5.07 (dd, J 9.6, 3.2 Hz, 1 H, H3), 4.97 (d, J 9.6 Hz, 1 

H, H1’), 4.93-4.88 (m, 4 H, H1, H3’, ArCH2), 4.45 (t, J 10.1 Hz, 1 H, H2’), 4.22 

(d, J 3.2 Hz, 1 H, H4), 4.16 (t, J 9.6 Hz, 1 H, H2), 4.15 (d, J 2.9 Hz, 1 H, H4’), 

3.90 (s, 3 H, OCH3), 3.91-3.70 (m, 6 H, H6ab’, H6ab, H5, H5’), 1.46 (s, 9 H, t-

Bu) ppm; 13C NMR (100 MHz, CD3OD):  =167.9, 166.4, 163.9, 159.5, 159.3, 

147.7, 134.9, 134.8, 133.0, 132.4, 132.3, 131.8, 131.3, 123.6, 123.0, 116.3, 116.1, 
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113.8, 113.6, 112.8, 86.7, 85.9, 82.6, 81.8, 81.2, 79.7, 74.0, 70.3, 69.8, 69.5, 

69.02, 68.99, 63.2, 56.7, 31.2, 29.1 ppm; HRMS (ESI-TOF): m/z calcd for 

C34H44FN4O14S: 783.2553 [M+H]+; found: 783.2567.  

ZJ 

 

 
 

To the above synthesized TAZTDG-O3-([4-(NBoc-aminooxy)methyl]-3-

methoxy)-benzoate (24 mg, 1.0 equiv., 30 mol) in a test tube reactor was added 

the 0.3 mL of 4 N HCl(1,4-dioxane) (commercially available reagent) at 0 oC 

under N2 atmosphere. The ice bath was removed, and the resulting white slurry 

was allowed to stir at room temperature for 1 h. 5 mL of ethyl ether was added to 

the reaction mixture and the resulting white precipitates was filtered. The 

collected solid was further washed with ethyl ether and chloroform and kept under 

high vacuum to provide the desired product (15 mg, 70% yield) in an analytical 

purity.  Rf=0.3 (CHCl3/MeOH, 4:1, v/v); 1H NMR (400 MHz, CD3OD):  =8.53 

(s, 1 H, triazolyl H), 7.79 (dd, J 7.8, 1.3 Hz, 1 H, ArH), 7.77 (d, J 1.2 Hz, 1 H, 

ArH), 7.66 (d, J 7.8 Hz, 1 H, ArH), 7.60 (dt, J 10.1, 1.4 Hz, 1 H, ArH), 7.50-7.43 

(m, 2 H, ArH), 7.07 (td, J 8.6, 2.0 Hz, 1 H, ArH), 5.14 (s, 2 H, ArCH2), 5.08 (dd, 

J 9.8, 3.2 Hz, 1 H, H3), 4.97 (d, J 9.5 Hz, 1 H, H1’), 4.93-4.88 (m, 2 H, H1, H3’), 

4.43 (t, J 10.0 Hz, 1 H, H2’), 4.23 (d, J 3.1 Hz, 1 H, H4), 4.15 (d, J 2.9 Hz, 1 H, 
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H4’), 4.14 (t, J 9.8 Hz, 1 H, H2), 3.96 (s, 3 H, OCH3), 3.91-3.70 (m, 6 H, H6ab’, 

H6ab, H5, H5’), 1.46 (s, 9 H, t-Bu) ppm; 13C NMR (125 MHz, CD3OD): 

 =167.5, 166.1, 164.2, 159.8, 147.4, 134.8, 134.39, 134.33, 132.5, 132.4, 132.36, 

128.2, 123.9, 123.3, 123.0, 116.6, 116.4, 113.9, 113.7, 113.4, 86.6, 85.8, 81.7, 

81.3, 81.2, 79.9, 73.2, 70.3, 69.8, 69.78, 69.0 (x2), 63.2, 56.9 ppm; HRMS (ESI-

TOF): m/z calcd for C29H36FN4O12S: 683.2029 [M+H]+; found: 683.2037. 

3.5.3. Study of  ZJ ester hydrolysis. 

A 1.7 mL plastic tube was prepared with 0.7 mg of pure solid ZJ. The 

solid was dissolved in 0.5 mL of H2O/MeOH 95:5 v/v to give 2mM solution. To 

this solution, 10 L of acetone were added to quench the hydroxylamine group. 

Then the sample was equally distributed into two tubes. One tube was incubated 

with equal volume of phage solution containing 1011 PFU in MOPS pH7.4 at 

room temperature. In parallel, the remaining tube was distributed into three 

reaction vessesl and incubated in aqueaos solution of NaOH at pH 10, 11.5 and 

12. Hydrolysis of ZJ was followed by UPLC-MS. Samples were taken at t = 0, 30, 

60, 90 and 240 min of incubation in either alkali or phage solution.  Samples from 

incubation were injected (4 L injection) in a C18 column (Phenomenex Kinetex 

1.7 μm EVO C18, 2.1×50 mm) running with a gradient of water/acetonitrile with 

0.1% formic acid from 98/2 at 0 min to 40/60 at 5 min under a flow rate of 0.5 

mL/min. 

3.5.4. Chemical conjugation of biotin to glycan binding proteins 

For NHS-ester lysine conjugation, 1 mL of protein target G3C (similar 

procedure was used for ConA) dissolved in PBS pH 7.4 at concentration of 10 
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mg/ml was transferred into 1 mL of Carbonate-Bicarbonate buffer 50mM, pH 9.2 

using Amicon filter  (Sigma, # UFC5010)  with 10 kDa MW cut off. The protein 

solution was then mixed with 3.6 mg of lactose to obtain a final concentration of 

10 mM. The mixture was then reacted with 2 equivalents of EZ-Link NHS-PEG4-

Biotin(#271611ChemPep) which were dissolved, directly into the protein 

solution.  

The reaction was incubated 1h at RT. The non-reacted NHS-PEG4-Biotin 

was removed by filtration into 200 mM ammonium acetate aqueous solution, pH 

6.8 using an Amicon filter. Collected protein samples where stored at -20 °C until 

further use. The labeled-protein concentration was estimated using the formula 

described on Chapter 2, Section 2.4.16. 

3.5.5. ESI-MS binding studies  

To perform glycan binding nanoESI tips were produced from 

borosilicate capillaries (1.0 mm o.d., 0.78 mm i.d.) pulled to ~2 µm outer-

diameter using a P-1000 micropipette puller (Sutter Instruments, Novato, CA). To 

perform nanoESI, a platinum wire was inserted into the solution in the tip and a 

voltage of ~1.0 kV was applied. A cone voltage of 20 V was used, and the source 

block temperature was maintained at 60 ºC. The Trap and Transfer voltages were 

3 V and 1 V, respectively; argon was used in the Trap and Transfer ion guides at 

pressures of 2.22 x 10-2 mbar and 3.36 x 10-2 mbar, respectively. The helium 

chamber preceding the traveling wave IMS (TWIMS) device was maintained at 

7.72 mbar. The IMS parameters were as follows: 2 mL min-1 Trap gas flow rate; 

180 mL min-1 helium cell gas flow rate; 90 mL min-1 ion mobility gas flow rate; 3 
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V Trap voltage; 700 m s-1 IMS wave velocity; 36 V IMS wave height. All IMS 

measurements were carried out using nitrogen as the mobility gas, at a pressure of 

3.41 mbar. Data acquisition and processing were carried out using MassLynx 

(v4.1).  

The oligosaccharide ligand (L) affinities for free and labeled G3C 

(referred to here as Pi, where i is the number of labels added) were measured 

using the direct ESI-MS assay. Briefly, the affinity (association constant, Ka,i) is 

calculated from the ratio (Ri) of the measured abundances (Ab) of the gaseous L-

bound and free Pi ions, which is taken to be equal to the corresponding 

concentration ratio in solution, eq 1:  

                                                    (1) 

Where required, prior to calculating Ri, the mass spectrum was corrected 

for the occurrence of nonspecific glycan-GBP binding during the ESI process 

using the reference protein method.16 

The expression for Ka,i, in terms of Ri , is given by eq 2: 

                                                   (2) 

When multiple forms of Pi are present in the same solution, the ratio of 

affinities (e.g., Ka,i/Ka,i-1)  for two different forms of P (e.g., Pi-1 and Pi) can be 

determined from the corresponding abundance ratio (e.g.,  Ri /Ri-1), eq 3: 

                                  (3) 
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Ka,i/Ka,i-1 is independent of the protein and ligand concentrations. 

Consequently, it is not necessary to know the concentration of individual Pi 

produced by labeling in order to establish their relative affinities. 

3.5.6. Construction of blocking phage 

The Blocking phage is a M13 derivative contains silent mutations within 

the regions recognized by the Illumina primer and, thus, not amenable to either 

PCR amplification nor Illumina sequencing. The M13 Blocking phage was 

constructed using the NEB builder (NEB#E5510). Amplicon 1 was constructed 

from M13 dsDNA PCR amplified with primers P1 and P2: 

Name:      Sequence (5’->3’) 

P1 CAGAAAATTCATTTACTAACGTCTGGAA  

P2 AAAGGAACAACTAAAGGAATTGCG 

P3 TATTCGCAATTCCTTTAGTTGTTCCTTTGTACAGCCATAGTGCGGAGACCGTGGAAAGTTGTTTAGCAAAACCC- 

 CA 

P4 TAAATGAATTTTCTGTA  

The same M13 vector was then amplified using primers P3 and P4 to 

yield amplicon 2. PCR was performed using 50 ng phage dsDNA with 1 mM 

dNTPs, 0.5 µM primers, 0.5 µL Phusion High Fidelity DNA polymerase in 1x 

PCR buffer (NEB #B0518S ) in a total volume of 50 µL. The temperature cycling 

protocol was performed as follows: a) 98 °C 3 min, b) 98 °C 30 s, c) 60 °C 30 s, 

d) 72 °C 4 min s, e) repeat b) - d) for 35 cycles, f) 72 °C 10 min, g) 4 °C hold. 

PCR Amplicons 1 and 2 were treated with Dpn1(NEB #R0176S), gel purified, 

ligated using NEBuilder Hifi assembly, DNA assembly was then carried out 

following by mixing 100 ng of vector, 4ng insert, 10 L of NEBuilder Hifi DNA 

assembly master mix, and deionized H2O up to a total volume of 20 L according 
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to manufacturer recommendations. Ligated DNA was transformed into E.coli 

XL1 Blue by electroporation and propagated overnight at 37 °C. The overnight 

culture was then centrifuged to separate bacteriophage from host cells, incubated 

with 5% PEG-8000, 0.5 M NaCl for 8 h at 4 ℃, followed by 15 min 

centrifugation at 13000 g to concentrate released phage. PEG precipitated phage 

were resuspended in PBS-Glycerol 50% and stored at -20 °C. 

3.5.7. Construction of phage clone SWYD that express mCherry 

fluorescent protein. 

We produced filamentous phage vector that contains the gene for 

fluorescent protein mCherry cloned in place of the lacZα fragment. Vector 

containing mCherry was donated by Dr. Robert Campbell (University of Alberta). 

Genetic construct was built by HiFi NEB builder ligation of fluorescent protein 

(FP) fragment and M13 fragment. Vector pBAD-mCherry was used as the source 

for the mCherry insert. FP fragment was PCR amplified following the protocol 

described on section 3.6.6 using primers P5 and P6, whereas the M13 fragment 

was PCR amplified from M13vector using primers P7 and P8.  

Name:      Sequence (5’->3’) 

P5      GCGGATAACAATTTCACACAGGAAACAGCTATGGTGAGCAAGGGCGAG  

P6      TTAAATTTTTGTTAAATCAGCTCATTTTTTACTTGTACAGCTCGTCCA            

P7      AAAATGAGCTGATTTAACAAAAATTTAA 

P8      AGCTGTTTCCTGTGTGAAAT 

P9      TTAAGACTCCTTATTACGCAGTA 

P10     CCTTTCTATTCTCACTCGAGCTGGTATGATCTGTATCATGGTGGAGGTTCGGCC 

P11     TTTTTTCACGTTGAAAATCTC  

P12     CGAGTGAGAATAGAAAGGTAC 

 The cloning of SWYDLYH peptide was conducted as follows. The 

insert fragment was amplified by PCR following the described protocol using 
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primers P9 and P10. The vector fragment was PCR amplified using primers P11 

and P12. PCR fragment were processed using NEBuilder Hifi DNA assembly kit 

using steps described above. The resulting ligated DNA was transformed into 

electrocompetent cells E.coli SS320 (Lucigen). Assembled DNA was transformed 

into competent cells by electroporation and propagated overnight at 37 °C. The 

overnight culture was then centrifuged to separate bacteriophage from host cells, 

incubated with 5% PEG-8000, 0.5 M NaCl for 8 h at 4 ℃, followed by 15 min 

centrifugation at 13000 g to concentrate released phage. PEG precipitated phage 

were resuspended in PBS-Glycerol 50% and stored at -20 °C. 

3.5.8. Serine-X7 phage library amplification  

The  phage library used in this project was amplified  as follows, from 

stock of N-SerX7 phage displayed library (diversity: 3x108).150-151 200µL of log 

phase E. coli K12 ER2738 were added to 20 ml of LB broth in 125 mL culture 

flask and incubated at 37 °C until OD600nm: 0.2. To this culture, 1010 PFU from N-

SerX7 phage library were added and incubated for 30 mins at 37 °C with shaking. 

After incubation, the solution transfer was transferred to pre-warm 180 mL of LB 

and incubated for 3 hours. The culture was then centrifugated 6000 g for 10 min. 

The supernatant was transferred to a new 250 mL centrifuge bottle, PEG 8000 and 

NaCl were added to a final concentration of 5% PEG 8000 and 0.5 M of NaCl. 

The bottle was incubated overnight at 4°C. The PEG-precipitated centrifuge bottle 

was centrifugated at 20,000×g for 30 mins at 4°C to collect the phage pellet. The 

pellet was resuspended with 2 mL 1×PBS and then transferred into a 10K MW 
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dialysis tube and dialyzed in 1×PBS overnight at 4°C. After dialysis phages were 

stored in glycerol until further use. 

3.5.9. Production of phage displayed glycopeptide conjugates 

Phage clone transducing mCherry SWYDLYH (section 3.6.6), and N-

SerX7 phage library (section 3.6.7), were chemically modified to produce Man-

WYDLYH, Man-X7 and ZJ-X7 phage displayed glycopeptide conjugates. First 

the N-terminus serine displayed on phage pIII was oxidized to convert it into 

aldehyde that was then reacted with the corresponding aminooxy glycans to yield 

the desired phage displayed glycopetides. The chemical conjugation protocol, and 

biotin capture technique for quantification of efficiency of glycosylation were 

done following published protocol42 described in Chapter 2 section 2.4.3. 

3.5.10. Panning with fluorescent selection controls  

Biotinylated ConA and G3C proteins (10 g per experiment) were 

prepared in separated 1.7 mL plastic tubes. Biotinylated proteins were incubated 

with a mixture of Man-WYDLYH (9×107 PFU/mL), N-SerX7 phage library (3 

×1010 PFU/mL) and blocking phage (9 ×109 PFU/mL) in MOPS buffer, total 

volume 0.5 mL. Three technical replicates were performed for each phage-

mixture/target pair. After 90 min, room temperature incubation, 30 L of 

streptavidin-coated magnetic beads (Promega, #Z5481) were added to each 

replicate and incubated with gentle shaking for 15 min. The tubes were the placed 

in magnetic rack to capture the beads. The efficiency of capture of biotinylated 

targets was confirmed by SDS-PAGE of the supernatant remaining after beads 

depletion (Figure 3-4B). Captured beads were washed 5 times using 1 mL of 0.1 
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% tween in HEPES buffer in each wash. After the final wash, the beads were 

resuspended in 30 µL of elution buffer (0.2 M glycine-HCl, pH 2.2, 0.1% w/v 

BSA) for 9 minutes and neutralized with 6 L 1 M Tris-HCl, pH 9.1 to detach 

phages from beads. The eluted phage solution was quantified by plaque forming 

assay. 

3.5.11. Solution-phase panning with ZJ-X7 and Man-X7 

glycopeptide phage libraries 

The selection experiments were performed using KingFisher™ Duo 

Prime Purification System, 96 Deepwell plate (ThermoFisher, #95040450) was 

used to contain the solutions and 12-tip Deepwell magnetic comb was used to 

transfer beads (ThermoFisher, #97003500). Portions 30 L of streptavidin-coated 

magnetic beads (Promega, #Z5481) were transferred into the 96 Deepwell plate 

the beads were then washed in 1mL of 0.1% Tween-20 in MOPS (v/v) for 30 

seconds on gentle shaking. The beads were then incubated in blocking buffer (1 

mL, MOPS buffer + 2% BSA (w/v),) for 1.5  h at RT to reduce nonspecific 

binding. In parallel, biotinylated ConA and G3C proteins (10 g per experiment) 

were transferred into the 96 Deepwell plate. Biotinylated proteins were incubated 

with either of two selection inputs: Man-X7 (3×1011 PFU/mL) phage library and 

blocking phage (7 ×1011 PFU/mL); or ZJ-X7 (5 ×1011 PFU/mL) library and 

blocking phage (7 ×1011 PFU/mL) in MOPS buffer. Four selection-target 

combinations with three technical replicates were performed for a total of 12 

selection screenings. After blocking, the beads were transferred into the selection 

wells. After 15 min capture the beads were washed twice as described above. 
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After the washes the beads were transferred into 1.7 mL microcentrifuge tubes 

containing 1mL MOPS and subsequently placed on a magnet stand to collect the 

beads on bottom of the tube. After capture, the beads were resuspended in 30 µL 

of 10 mM Tris, pH 8.5. Hexane (30 L) of was added, and the mixture was 

shaken at 3000 rpm for 10 min to extract phage DNA. Hexane was evaporated for 

10 min on a heat block at 70 oC. The extracted phage ssDNA was subjected to 

PCR according to the procedure described below. 

3.5.12. DNA amplification and sequencing 

To convert phage DNA to Illumina-compatible short double-stranded 

DNA (dsDNA) by PCR, we followed the PCR routine, and used the primers 

described on Chapter 2 section 2.4.3. Sequencing was performed using the 

Illumina NextSeq platform (Molecular Biology Service Unit, University of 

Alberta).  

3.5.13. Differential enrichment analysis 

Raw FASTQ were downloaded from Illumina cloud service and 

processed using MATLAB scripts described in Chapter 2 section 2.4.3. 

Identification of significantly enriched sequences from deep-sequencing data was 

performed similarly to described procedure20, 22 and the algorithm is written in 

one MATLAB script entitled DE_analysis.m available in Appendix B17. In short, 

for each sequence we calculated the average normalized frequency at which it 

appeared in each sequencing set and then the ratio as average frequency in test 

experiment divided by an average frequency in the control experiment. We also 

calculated the p-value between the replicates of test and replicates of control 
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experiment using a two-sided unequal variance t-test. Hit sequences were defined 

as those that had p < 0.05 and ratio  3 for all control experiments and were 

presented as heat map and volcano plots (Figure 3-9A,B). 

3.5.14. Synthesis of glycopeptides 

Synthesis and purification of glycopeptides  was performed following the 

procedures described on Chapter 2 sections 2.4.9, 2.4.10 (solid phase peptide 

synthesis and purification) and section 2.4.11 (chemical glycosylation of 

peptides). Characterization of the glycopeptides was performed using a UPLC 

system equipped with a C18 column (Phenomenex Kinetex 1.7 μm EVO C18, 

2.1×50 mm) running with a gradient of water/acetonitrile with 0.1% formic acid 

from 98/2 at 0 min to 40/60 at 5 min under a flow rate of 0.5 mL/min. 

Characterization data is available in Appendix B1-B3.  

3.5.15. Fluorescence polarization assays to test the binding of 

glycopeptides to soluble G3C 

The fluorescein-lactosamine (Lac-FITC) probe was resuspended distilled 

water to obtain a concentration of 20 M. For direct binding the starting solution 

of G3C at  ~2 mM in MOPS buffer was prepared as seriated 3-fold serial dilutions 

and loaded into a black 386-well plate (Perkin Elmer #110200365) to final 

volume of 19 L/well. Each well was supplemented with 1 L of the probe 

solution to get a final concentration of 1 M of fluorescent conjugate in 20 L 

total volume per well. The plate was incubated for 10 min in the dark at room 

temperature under slow shaking. Fluorescence polarization was measured at room 

temperature using a Cytation5 plate reader (Ex = 485 nm, Em = 528 nm). For the 
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inhibition assay, 20 L of protein (1.6 M, MOPS) and fluorescent probe (1 M) 

at fixed concentrations were mixed with each inhibitor solution to make series of 

3-fold dilutions. The plate was placed in the dark for 10 min and fluorescence 

polarization was measured on the Cytation5 as described above. All the data 

analysis and curve fitting was implemented using Origin software package 

(OriginLab, Massachusetts, USA) 
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Chapter 4: Unsupervised study of the interactions between glycan 

and glycan binding proteins in Genetically Encoded Fragment 

Based Discovery  

4.1. Introduction 

In previous chapters, we systematically tested whether GE-FBD 

approaches can give rise to specific and selective glycopeptide ligands for 

galectin-3. Each campaign started from the first, critical decision-making step: 

selection of a fragment(s) from which GE-FBD starts. When more than one 

fragment was used, silent encoding was employed to incorporate and track up to 

six monosaccharide units conjugated to peptide libraries. To maximize the 

success of future GE-FBD campaigns for which the fragments might not be 

obvious it could be advantageous to identify what glycan fragments bind to the 

target and can serve as a starting point for GE-FBD. For the screening of the 

glycan fragments we introduced 1:1 correspondence between DNA and glycan 

using “silent barcodes” technology, analogous to that used in chapter 2.  

Expanding on this concept, we developed a genetically-encoded glycan array 

technology termed “Liquid Glycan Array” (LiGA) which is a collection of 

glycosylated M13 virions. We then demonstrated that LiGA technology can 

identify glycan fragments that interact with galectin-3, galectin-1, as well as other 

lectins in purified form, in cells ex vivo, and in vivo. 

4.2. Liquid Glycan Array (LiGA) platform 

The Central Dogma of Biology, DNA → RNA → Protein, allows 

studying DNA, RNA and proteins using a unified tool of next-generation DNA 

sequencing.152 This ability revolutionized and transformed all areas of biomedical 
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and life science in the last 20-30 years.153 Investigation of carbohydrates in 

biology cannot rely on DNA sequencing directly. Akin to a DNA microarray used 

in 1990s, the glycan array made by printing carbohydrates on distinct locations on 

the glass surface,154 is the workhorse tool for identification of carbohydrates that 

bind to a GBP by providing a high throughput approach to identifying glycan 

ligands.155-159 The information provided by glycan array —a glycan binding 

profile for a receptor— is a critical starting point for GE-FBD and most 

downstream fundamental applications such as improved design of inhibitors,160 

biomarkers, vaccines161 and therapeutics.162 The DNA arrays have been largely 

replaced by de novo analysis of DNA by deep sequencing163. We sought to 

develop a technology that introduces the missing one-to-one correspondence 

between DNA sequence and carbohydrate structure and employ powerful deep 

sequencing approaches to identify glycan binding profiles of GBPs in vitro and in 

cells ex vivo and in vivo.  

Soluble GBPs like galectins, or membrane-bound GBPs like Siglecs and 

C-type lectins, recognize glycans displayed on the surface of cells in a mobile, 

semi-fluidic environment surrounded by other glycan’s and biomolecules. 

Traditional “solid” glycan arrays critically mimic the multivalent nature of these 

interactions.164-166 To ensure molecular recognition, the carbohydrate ligands must 

match the orientation and spacing of the binding sites of GBPs. Hence, features of 

spatial presentation like surface loading-density on glycan arrays, have a profound 

impact on the interactions of glycan and GBPs. The density of glycan 

immobilized on surface, influences both, the affinity and specificity of binding in 
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lectins,154, 167-168 enzymes,169-170 and antibodies,161, 171 furthermore; systematic 

variations in the glycan density of microarrays had been used to differentiate 

subpopulations of serum antibodies, that are not detectable using a single glycan 

density.161 The solid, immobile design of the array however, fundamentally limits 

the ability to study the cross talk and dynamic competition between multiple 

glycans with a GBP. Solid format is also incompatible with investigation of GBPs 

on the surface of cells in vitro and in vivo. 

Multivalent glycan-decorated liposomal nanoparticles have been 

extensively used to study interactions between glycans and cell surface GBPs ex 

vivo and in vivo.172-175 Such technology unfortunately does not permit encoding or 

tracking of different glycan structures. Ligation of glycans to DNA molecule is 

possible,26 but monovalent display on DNA cannot mimic the multivalent 

presentation of glycans. Multivalent presentation of glycans on micron-size 

Luminex® beads permits encoding of ~100 glycans but there is currently no 

evidence that arrays built on micron-size beads can be used to perform reliable 

cell-binding assays and injection of these arrays in vivo is not possible. 

Ideal platform for glycan arrays should display glycans on a multivalent, 

monodisperse carrier of sub-micron size with DNA barcode hidden inside the 

carrier. This carrier must be stable, robust and non-interfering with binding 

assays. Hiding DNA inside the carrier should also protect the DNA message to 

avoid the undesired interactions with the GBP or enzymes that may degrade of the 

DNA message ex vivo or in vivo. 

In this chapter, we describe a new array format that combines the 
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benefits of traditional “solid” or bead-based arrays, such as multivalent 

presentation while introducing DNA encoding and eliminating the weakness that 

hinder investigation of study interaction between glycans and GBP on the surface 

of intact cells, ex vivo and in vivo.  

4.3. Results and discussion  

4.3.1. Construction of the LiGA building block: glycan-phage 

conjugate 

As a platform that satisfies all the above requirements, we adopted M13 

phage with silent DNA barcodes22 inside of the phage genome. The M13 platform 

is scalable, portable, compatible with a wide range of cloning methods, as well as 

compatible with many chemical and enzymatic conjugation strategies in a variety 

of mixed aqueous-organic solvents.42 In our design, glycans are chemically 

conjugated to the major coat protein of phage in a multivalent fashion at a density 

200-1500 glycans per 700 nm long virion. Both the composition and 

presentation/density of glycan are encoded by “silent” DNA barcodes in phage 

genome. 

We cloned silent double barcode (SDB) system in two locations of the 

phage genome proximal to the pIII cloning site of vector M13KE. The SDB 

design permitted constructing large silent barcode libraries and made analysis of 

SDB compatible with previously established deep-sequencing protocols109 (Figure 

4-1A,B). 
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Figure 4-1. Cloning of SDB and Silent SVEK regions. (A) Location of SDB and 

Peptide region on initial template. (B) Primer 1 and 4 were used to convert 

M13KE QFT*LHQ to M13KE SDBlib QFT*LHQ. (C) Primer 5 and 6 were used 

to convert M13KE SDB QFT*LHQ to M13KE SDBlib SVEKlib. (D) Summary 

of Degenerate sites in M13KE SDB QFT*LHQ. (E) Location of Illumina 

Sequencing Primers. (F) Illumina Sequencing Primers. 

After cloning of variable SB1 sequence and serial propagation of the 

library to remove unfit clones we selected 28 clones with SB1 sequences that are 

at least 3 units of Hamming (H) distance176 apart. The H=3 spacing permitted 

correction of any point mutation arising during analysis by deep sequencing. Into 

these “silently” barcoded vectors, we cloned a DNA library encoding a unique 

peptide sequence. Encoding SB-2 by redundant DNA sequences, allowed to 

expand SDB library, adding an extra 2 million combinations. Taken together SB-1 

and SB2 form a global library of 1010 possible encoding combinations (Figure 4-

1D). From that repertoire, we isolated and amplified 120 SDB phage clones that 

can be individually attached to glycan moieties (Appendix C1). A two-step 

modular design made it possible to change the nature of peptide sequence from 

inactive to active. For example, one can clone bioactive peptide purification tags 
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such as FLAG-tag177 or HA-tag,178 or inactive sequence 

SVEKNDQKTYHAGGG (SB-2 region, Figure 4-1C) which has no known 

biological activity and it has been used as control in multiple prior publications.26, 

42, 47, 86, 179 

Glycans with alkylazido linker are common intermediates in 

oligosaccharide synthesis and approximately 100 different saccharides  are readily 

available as part of the public Consortium for Functional Glycomics (CFG) 

collection.180 This collection can be easily conjugated to phage particles via azido-

alkyne cycloaddition. We tested both Cu-Activated Azido Alkyne 

Cycloaddition181 (CuAAC) and Strain Promoted Azido Alkyne Cycloaddition182 

(SPAAC) using phage particles acylated by N-succinimidyl 4-pentynoate for 

CuAAC (Figure 4-2A) or dibenzocyclooctyne -N-hydroxysuccinimidyl ester 

(DBCO) for SPAAC (Figure 4-2B).  

Acylation of the N-terminus of the major coat protein pVIII installed the 

alkyne handles (Figure 4-2C) followed by SPAAC ligation led to no detectable 

decrease in the number of infectious particles indicating that these modifications 

leave M13 particles intact. In contrast, CuAAC ligation  reduced the observed 

number of infectious phages by a factor of 1000 (Figure 4-2C, D). While it should 

be possible to tune CuAAC conditions to minimize toxicity, we employed 

SPAAC as the glycosylation strategy in this report.   
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Figure 4-2. Chemical glycosylation of the phage surface using bi-functional 

tethers. (A) General steps of the procedure to incorporate the glycans via CuAAC. 

(B) Glycosylation of phages using copper-free (SPAAC) chemistry. (C)  Phage 

titers as total counts of plaque-forming units (PFU) from chemical glycosylation 

experiments. (D) Phage viability results represented as percentage of remaining 

infectivity observed after first and second coupling steps amine and alkyne 

respectively, relative to the unmodified phage mixture (input).   
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Figure 4-3. Chemical ligation of azido-glycans onto pVIII protein of M13 phage. 

(A) Two-step ligation reaction produced glycosylated pVIII product (P2), 

partially modified intermediate (P1) or unreacted pVIII protein (s.m.). (B) 

Sequence of pVIII protein, modification by DBCO linker, and ligation of azido 

glycan.  

 

SPAAC allowed immobilization of structurally diverse glycans with 

azide handle to the pVIII (Figure4-3AB). MALDI-TOF analyses confirmed the 

conjugation of pVIII and served as a quality control (QC) step for every produced 

phage-glycan construct. We verified by MALDI, that chemical glycosylation was 

achieved successfully for most glycan structures (Figure4-3) with one exception: 

secondary anomeric azido glycans yielded suboptimal convergence leaving 

unreactive pVIII-DBCO even after prolonged reaction times (Figure4-3B). In all 

other cases mono, di, tri, tetra, penta, hexa, or higher saccharides with anomeric 

alkyl-azido linker were successfully incorporated into phages and confirmed by 

MALDI (Figure4-4). The ratio of the peak intensities in MALDI allowed to 

estimate the densities of the glycans on phage. 
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Figure 4-4. MALDI mass spectrometry characterization of chemical 

modifications on coat protein pVIII. (A) The ratio between unmodified and 

modified pVIII species monitored by MALDI determines the density of 

modification on phage. (B) Representative spectra of chemical modification of 

coat protein pVIII with glycans of different structural complexity. 

Oligosaccharides containing sialic acid (Neu5Ac) residues are known to be 

sensitive to spontaneous hydrolysis in acidic conditions.183 MALDI of phage 

particles decorated with glycans containing terminal sialic acid contained two 

peaks (intact glycoconjugate and that with cleaved Neu5Ac).  

 

To assess the regioselectivity of conjugation, we site specifically cleaved 

the Asp7-Pro8 bond in pVIII by TFA using a sinapinic acid matrix184  and 

confirmed that the amide bond formed at N-terminal amine and not at the Lys10 

of the pVIII sequence (Figure4-5A). Cleavage of the pVIII-DBCO-glycan 

conjugate in acidic conditions, confirmed that modification was site-specific for 

the N-terminus on pVIII (Figure4-5B). 
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Figure 4-5. Site-specific modification of pVIII at N-terminus. (A) Cleavage of 

Asp-Pro (D-P) bond in pVIII protein in acidic conditions. (B) MALDI analysis of 

pVIII modification products  

There are 2700 copies of pVIII per phage virion,185 the copy number of 

displayed glycan for 15, 25 and 50%  correspond to 400, 700  and 1500. 

Considering the ordered packing with 5-fold symmetry of the N-termini of two 

pVIII (Figure 4-6A, B), the copy numbers and densities can be used to estimate an 

average spacing between glycans on the phage. Detecting lower than 1% 

modification density can be challenging by MALDI. Production of glycosylated 

particles with <30 glycans (~ 20 nm spacing) is challenging. We produced and 

tested conjugates with 2-50%. Controlling concentration of acylating reagent 

(DBCO) and reaction conditions, achieved a predictable range of densities of 

modifications on phage-surface. For example, the use of 0.5, 1.0 and 1.5 mM of 

DBCO, acylated 15, 25 and 50% of the total pVIII protein on phage as verified by 

MALDI (Figure 4-6C). The addition of the 2 mM azido-glycan led to quantitative 

consumption of strained alkyne and ligation of the glycan to pVIII coat protein, 

by the appearance of pVIII-DBCO-glycan peak in MALDI (Figure 4-6D) and 

concomitant disappearance of pVIII-DBCO signal (dashed line).  Densities < 15% 

can be achieved by diluting DBCO or shortening reaction time. Densities of over 

50% are feasible but were not produced because we noticed a decrease in long 

term stability of particles that contain >50% pVIII glycosylated. 



114 
 

 
Figure 4-6. The loading density of glycans on the phage surface monitored by 

MALDI. (A) Electron microscopy image of the filamentous M13 virions. (B)  The 

M13 is rod-shape 1000 x 6.6 nm. On a 3D structure of the assembly of pVIII 

(PDBid: 2MJZ) adjacent N-terminus of a 50% modified clone are about 3 nm 

apart. (C) The incubation of phages with different concentration of DBCO-NHS 

ester, acylated the pVIII N-terminus to form pVIII-DBCO species. The ratio of 

pVIII : pVIII-DBCO signals allowed estimation of the density of modification 

from the total pVIII population. (D) Conversion of the PVIII-DBCO-glycan after 

the incubation phage-DBCO with azido-glycan.  

4.3.2. Screening LiGA against glycan binding proteins in vitro 

LiGA, like any other display technique is agnostic to presentation of the 

target, and is compatible with targets immobilized on plates, beads, cells, or other 

carries. To test binding interaction of glycan on phage with purified GBPs, we 

built an expanded array that contained 60 to 90 glycans at similar densities. We 

supplemented the array with tracer phage clones that transduce either 

galactosidase,147 mNeonGreen186  or mCherry146 reporters into the E. coli host 

(Figure 4-7A,B). These tracer clones, when decorated with specific glycans 

allowed to track the performance of these glycans during optimization of binding 
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assays. Plating the output of the assay in bacterial agar overlay and counting blue, 

green-fluorescent or red-fluorescent plaques alleviated  the need to sequence the 

sample during optimization (Figure 4-7C). For example, mCherry tracer was 

modified with the tri-mannoside Man1-6(Man1-3)Man-S6 (referred as 

Man3), and mNeonGreen tracer was decorated with Gal1-3GlcNAc1-3Gal1-

4GlcNac (referred as LNT). Panning of LiGA tracers on ConA coated beads 

preferentially enriched Man3 red tracer phage whereas the panning on galectin-1 

and galectin-3 targets, enriched LNT-green tracer. The incubation of G3C coated 

beads with 60 mM Lactose abrogated the enrichment of LNT-green tracer (Figure 

4-7D). Lectin-free streptavidin beads enriched neither of the tracer clones.  

The extraction and deep sequencing of the phage DNA, from the beads 

coated with GBPs or lectin-free beads permitted to identification of target-specific 

interactions between the components of the glycan array and GBPs.  
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Figure 4-7. Screening LiGA against carbohydrate binding proteins. (A) Location 

of silent DNA barcode and colorimetric reporter in the phage. (B) Colorimetric 

control phages visualized by plaque forming assays. NeonGreen reporter was 

decorated with LNT, mCherry reporter was conjugated with mannose, and LacZα 

reporter contained LiGA. (C) Scheme of panning experiments. (D) Phage counts 

from selection experiments of LiGA spiked with color-coded control ligands for 

Galectins and ConA.   

 

Using edgeR187 statistical software package we performed differential 

enrichment (DE) analysis of selections on G3C, G3C+Lac, Gal1 and ConA data 

sets, using the Input and SA-beads as controls. We employed the quasi-likelihood 

Fisher exact test designed to deploy exact statistical methods for multigroup 

experiments.187-188 Prior to DE the reads of each identified glycan were converted 

to counts-per million (CPM) units by trimmed mean of M-values (TMM) 

normalization method189 to minimize differences between experiment groups due 

to sequencing depth. 
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To obtain glycan binding profile for G3C we contrasted the data from 

G3C coated beads with the input, using lectin-free SA-beads as control. 

Additionally, LiGA contained four barcoded blank clones present at four different 

concentrations, serving as negative controls in every selection experiment 

represented in the set of bars separated to the left of each panel (Figure 4-8).  We 

visualized the magnitude of DE changes as a log2-fold-change (Log2FC) for each 

glycan on LiGA identified with numbers 1 to 80; a list with the corresponding 

glycan structures present in LiGA is provided on Appendix C2. The height of the 

bars on the Log2 FC indicates the enrichment of a glycan in the designated target 

relative to the input. 

On G3C coated wells we identified N-acetyllactosamine (LN) motifs 

Type 1: (Gal1-3GlcNac) and  Type 2 (Gal1-4GlcNac) preferentially 

enriched on G3C and not on empty beads specifically, tetra-saccharides Gal1-

4GlcNac1-3Gal1-4Glc (LNT) and Gal1-3GlcNac1-3Gal1-4Glc (LNnT)  

were identified with > 4-fold enrichment (p < 0.05)  on G3C coated wells.   

We also observed preferential binding to G3C, in glycans with 1-2-

fucosylation of terminal LN Type 2. Additionally, we found blood group B 

antigen Gal1-3(Fuc1-2)Gal1-3GlcNac1 specifically enriched on G3C 

selection. Similar to our observations LN type 1 and 2 motif had been reported on 

binding profile studies for galectin-3 using glycan arrays immobilized on glass 

surface.190-192 
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Figure 4-8. Glycan binding profiles of different carbohydrate binding proteins 

(glycan structures 1 to 80 are provided in Appendix C2). In each plot the Log2FC 

represents the enrichment of glycans compared to the input. (A) G3C. (B) Empty 

beads (SA-beads). (C) G3C blocked with lactose. (D) ConA and (E) Gal-1 The 

glycans decorated on phages expressing fluorescent proteins are highlighted in 

green (LNT-green) and red (Man3-red).  

 

To test for robustness of the carbohydrates binding profiles on G3C 

using LiGA we, encoded the glycan LNT redundantly, into four phage clones, 

with different DNA barcodes including the previously described fluorescent tracer 

LNT-Green. From the sequencing we observed higher recovery of the green 

fluorescent tracer compared to the same glycan encoded on phage that do not 

transduce fluorescent signal. Thus, LNT-Green clone was highly enriched in 

selections against beads coated with G3C blocked with lactose (Figure 4-8C), 
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ConA (Figure 4-8D), and Gal-1(Figure 4-8E).  Similarly, the fluorescent tracer 

Man3-red was also decorated into three additional non-fluorescent(blue) clones 

and showed >10-fold higher recovery compared to Man3 glycan on blue clones. 

Promiscuous recovery of colored tracers was not observed during panning 

experiments when the titer information showed strong target-specific recovery on 

both LNT-green and Man3-red clones (Figure4-7D).  This observations led to two 

conclusions (1) introducing multiple clones of the same glycan structure on the 

LiGA array could help improve robustness of the screenings, and (2) the presence 

of fluorescent tag on the phage clone, skews the levels of recovery identified by 

DNA sequencing via presently unknown mechanism.  

4.3.3. LiGA platform on cell-based and in vivo studies 

To demonstrate the advantage of the LiGA methodology compared to 

canonical glass and bead arrays we tested the platform with target repertoire 

beyond purified proteins in vitro. We envisioned that similarly to phage-displayed 

peptide libraries, LiGA can be used to identify binders to cells, organs,193 in 

animals,194 and potentially even in humans.195-197 
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Figure 4-9. Analysis of glycan-binding preferences of CD22 expressed on the 

surface of CHO cells using LiGA. Enrichment was determined as a ratio of the 

fraction of glycan in LiGA before and after pulling down with cells. 

 

We first validated LiGA in cell-based assays with chinese hamster ovary 

(CHO) cell lines stably transfected with the sialic acid binding lectin Siglec-2 

(CD22). In separate experiments, CHO-CD22(+) and background CHO-CD22(-) 

cells were mixed with LiGA, incubated and washed by centrifugation. Cell pellet 

was boiled to release the DNA of the phage, which was PCR-amplified and 

sequenced (Figure4-10). Enrichment was determined as a ratio of the fraction of 

glycan in LiGA before and after pulling down with cells. We observed that 2-6 

linked sialic acid glycans Tr36, Tr43, Tr269 and Te176 displayed specific 

enrichment on CD22(+) but not in CD22(-) cells whereas, closely related glycans 

and substitutional isomers with 2-3 sialic acid Tr32, Tr33, Tr322 and Te288 did 

not show significant enrichment on CD22(+) cells. These observations confirmed 

known binding preferences of CD22: glycans that display 2-6 linked sialic acid. 

Encouraged by cell binding ex vivo, we performed an in vivo panning, 

which starts from injection of LiGA into the tail vein of (CD22hu/KO) transgenic 
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mice or wild-type, followed by harvesting of organs and specific immune cells 1h 

after injection (Figure4-10A,B). Extraction of phage DNA from organs, and its 

sequencing requires calibration. We instead, used plaque forming assay to 

monitor green and red tracer clones conjugated to 2,6-Neu5Gc-LacNAc and 2,6-

Neu5Ac-LacNAc. LacZ transducing phage was either and unresolvable mixture 

of unmodified phages, or phage modified with DBCO and capped with azido-

ethanol (AE). We studied the binding of sialic acid decorated phages to Siglec-1 

in vivo. Siglec-1 is highly expressed on macrophages but in our conditions,  we 

observed no difference in the distribution of phages on animals with and without 

macrophage depletion (Figure 4-10C). Measurements of the clearance from 

blood, showed that glycosylated phage get eliminated at higher rate when 

compared to unmodified phages. Additionally, heat-inactivation of the 

complement system increased the recovery of phage from serum after one-hour 

incubation (Figure 4-10D). The blood clearance of phage particles mechanism 

appears to be mediated by complement but the data collected was insufficient to 

prove this hypothesis. Injecting LiGA into transgenic chimera mice expressing 

human CD22hu or CD22KO followed by cell sorting experiment allowed to track 

the population of phages binding to B cells expressing CD22hu. Although 

inconclusive, preliminary results showed a preferential recovery of Neu5Gc on 

CD22hu cells (Figure 4-10E) Albeit preliminary, this data demonstrated the 

feasibility of in vivo mapping glycan-receptor interactions using LiGA 

technology.  
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Figure 4- 10. Injection of model LiGA into mouse (B). Isolation of organs and 

(C) Effect of macrophages depletion on phage biodistribution. (D) Time course 

clearance of phages from blood. (E) Biodistribution of phage on transgenic mice. 

 

We deep sequenced DNA material extracted from each organ and cell 

population. While we observed encouraging preliminary results in some samples, 

the extraction protocol of ssDNA from intact organ was not robust (Figure 4-

11A): simple boiling of the sample, known to work with phage in vitro and phage 

bound to cells ex vivo; was poorly reproducible with intact organs in vivo. We 

subsequently shown that altered ssDNA extraction procedure can dramatically 

improve the recovery of DNA and reproducibility of sequencing (Figure 4-11B). 
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Figure 4-11. PCR amplification of phage DNA extracted from organs 

CD22ko/CD22hu chimera mouse. (A) Extraction by boiling the cell suspension at 

90°C. (B) Extraction by alkaline hydrolysis. 

 

To date we have tested binding of LiGA to organs, bacteria, and growing 

sheets of ice (to identify ice binding glycans). Results of these studies will be 

presented elsewhere. 

4.4. Conclusions 

In conclusion we described the implementation of a novel and flexible 

methodology that enabled rapid, method for measuring glycan binding preference 

of target proteins in vitro, on cells ex vivo, and in vivo. A “liquid” array of 

genetically encoded carbohydrates permitted the discovery of effective GBP 

binding fragments; these fragments can serve as the basic building blocks to fuel 

future development of GE-FBD strategies. 

Here we show that for general ligand design efforts that utilize phage 

displayed GE-FBD approaches, preliminary LiGA-based fragment profiling 

study, can identify promising structural motifs that are active in a phage display 

context, paving the way to accelerated success rates on GE-FBD. 
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We also demonstrated the versatility of the LiGA platform far beyond in 

vitro studies, with validations at cellular level and in vivo model studies.  

LiGA offers flexibility in building arrays of custom compositions, ease 

of distribution, simplicity in analysis with the ability to embark on questions 

previously unattainable with canonical solid arrays or bead-based arrays. 

Additional possibilities include the use of LiGA for the unsupervised discovery of 

synergistic interactions between multiple glycans and GBPs. 

4.5. Experimental procedures 

4.5.1. Materials and general information 

HEPES buffer contains 20 mM HEPES, 150 mM NaCl, 2 mM CaCl2, 

pH=7.4. PBS buffer contains 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, pH 

= 7.4.  Solutions used for phage work were sterilized by filtration through 0.22 

µm filters. The mannose-binding protein concanavalin-A (ConA) was purchased 

from Sigma-Aldrich (#C2010). Recombinant human Galectin-1 (Gal-1) 135 

amino acids long, MW: 14715.7 Da was kindly donated by Dr. Hans C. Lin 

(Academia Sinica, Taipei, Taiwan). The carbohydrate recognition domain of the 

human Gal3 (G3C), residues 107−250 (MW: 16 327 Da) was provided by Dr. 

Christopher Cairo (University of Alberta, CA). The collection 78 of anomeric 

azido-glycans used in this study was donated by the glycan depository of the 

Consortium for Functional Glycomics at the Scripps Research Institute (La Jolla, 

CA, USA). The tether N-succinimidyl 4-pentynoate (NP) and the azidomethyl 1-

thio-b-D-mannopyranoside (JB-1) were kindly donated by Dr D. Bundle 

(University of Alberta). The synthesis and characterization of the tether and JB-1 
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was reported by Bailey and coworkers.198 MS-MALDI-TOF spectra were 

recorded on AB Sciex Voyager Elite MALDI, mass spectrometer equipped with 

MALDI-TOF pulsed nitrogen laser (337nm) (3ns pulse - up to 300 µJ/pulse) 

operating in Full Scan MS in either positive or negative ionization modes. 

4.5.2. Construction of silent distal barcoded (SDB) M13 phage 

library  

A library of silent double barcode-codons (SDB) in the phage genome 

proximal to the pIII cloning site was created using the Gibson Assembly cloning 

kit (NEB#E5510) purchased from New England Biolabs. The first SDB region 

was introduced into M13KE using PCR amplification followed by using 

NEBuilder HiFi DNA Assembly. Double stranded DNA from a phage based on 

M13KE clone containing the stuffer sequence 

CAGTTTACGTAGCTGCATCAGGGTGGAGGT equating to the peptide 

QFT*LHQGGG was used as a template, with * representing a stop codon. The 

insert fragment was PCR amplified using the primers P1and  P2 and the vector 

fragment was PCR amplified using primers P3 and P4: 

Name Sequence (5’->3’): 

P1 GAGATTTTCAACGTGAAAAAACTNCTNTTYGCNATHCCNCTNGTGGTACCTTTCTATTCTCA  

P2 TTAAGACTCCTTATTACGCAGTA  

P3 TTGCTAACATACTGCGTAATAAG  

P4 TTTTTTCACGTTGAAAATCTC  

P5 GTGGTACCTTTCTATTCTCACTCGAGYGTNGARAARAAYGAYCARAARACNTAYCAYGCNGGNGGNGGNTCGGCCGAAA 

   -CTGTTGAAAG 

P6 CGAGTGAGAATAGAAAGGTAC 

 

PCR was performed using 50 ng phage dsDNA with 1 mM dNTPs, 0.5 

µM primers, 0.5 µL Phusion High Fidelity DNA polymerase in 1x PCR buffer 

(NEB #B0518S ) in a total volume of 50 µL. The temperature cycling protocol 
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was performed as follows: a) 98 °C 3 min, b) 98 °C 30 s, c) 60 °C 30 s, d) 72 °C 4 

min s, e) repeat b) - d) for 35 cycles, f) 72 °C 10 min, g) 4 °C hold. PCR 

amplified fragments were treated with restriction enzyme Dpn1(NEB #R0176S) 

and then gel purified. NEBuilder Hifi DNA assembly was then carried out 

following the manufacturer protocols by mixing 100 ng of vector, 4 ng insert, 10 

L of NEBuilder Hifi DNA assembly master mix, and deionized H2O up to a total 

volume of 20 L. The resulting ligated DNA was transformed into E.coli K12 

ER2738 and propagated overnight at 37 °C. The overnight culture was then 

centrifuged to separate bacteriophage from host cells. The cloning of 

SVEKNDQKTYHAGGG peptide was conducted as follows. The insert fragment 

was amplified by PCR following the described protocol using primers P5 and P2. 

The vector fragment was PCR amplified using primers P4 and P6. PCR fragment 

were processed using NEBuilder Hifi DNA assembly kit using steps described 

above. The resulting ligated DNA was transformed into electrocompetent cells 

E.coli SS320 (Lucigen). The resulting overnight culture was centrifuged to 

remove host cells and incubated with 5% PEG-8000, 0.5 M NaCl for 8 h at 4 ℃, 

followed by 15 min centrifugation at 13000 g to concentrate released phage. PEG 

precipitated phage were resuspended in PBS-Glycerol 50% and stored at -20 °C. 

The SDB silent encoding in the SDB region produced a library of chemically 

identical phage with 6.1×103 possible sequence combinations, and further cloning 

in of SVEK sequence results in 2.1×106 possible sequence combinations. 

Combined the SDB-SVEK construct 1.2×1010 possible sequence combinations. 

We noted that culture of the mixture of these clones eliminated a few sequences 
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with grow disadvantage. A detailed analysis of eliminated clones is beyond this 

report but it can be performed by analysis of deep sequencing data describing 

SDB library. URL:  http://34.209.120.210 

4.5.3. SDB clone isolation and amplification  

The SDB-SVEK library described in the previous section was used to 

isolate each monoclonal silently encoded phage. A 10 L aliquot of phage was 

diluted and plated at a density of 100 plaques per plate. Single colonies were 

manually picked, and individually transferred into a clean 1.7 mL plastic tube 

containing 0.5 mL of PBS-Glycerol 50% and incubated at room temperature for 

30 min. The tubes were then placed in 55℃ heating block for 10 mins to 

inactivate any remaining bacterial cells. After the incubation, 20 L sample of 

each colony suspension was amplified for 4.5 h in 5 mL of LB supplemented with 

a 1:100 dilution of log phase E. coli K12 ER2738. After amplification the phage 

clones were collected from the culture supernatant by centrifugation at 4500 g for 

10 min. Next, bacterial cell pellet and culture supernatant were processed 

separately. The supernatant was incubated with 5% PEG-8000, 0.5 M NaCl for 8 

h at 4 ℃, followed by 15 min centrifugation at 13000 g to precipitate the viral 

particles. The phages were resuspended into 1 mL PBS-Glycerol 50%, titered, and 

stored at -20 ℃ until further use. The bacterial cell pellet was processed for 

phage-DNA extraction using GeneJET Plasmid Miniprep kit (ThermoFisher, 

#K0502). For SDB identification, a sample of 400 ng of the phage DNA was 

submitted for Sanger sequencing at the Molecular Biology Service Unit 

(University of Alberta). We selected the clones who contained three base pair 
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substitutions from one another (i.e., Hamming distance (H)=3). H=3 permits 

correction of any point mutations that may have arisen during the analysis by 

deep sequencing. 

4.5.4. Construction of phage that transduce mCherry and 

mNeonGreen fluorescent proteins 

We produced filamentous phage vector that contains the gene for 

fluorescent protein mCherry and mNeonGreen cloned in place of the lacZα 

fragment. Vectors containing mCherry and mNeonGreen genes were generous 

gifts from Dr. Robert Campbell (University of Alberta). Both constructs were 

built by HiFi NEB builder ligation of fluorescent protein (FP) fragment and M13 

fragment. Vector pBAD-mCherry was used as the source for the mCherry insert, 

whereas Vector pBAD-mNeonGreen was used as a source for the mNeonGreen 

insert. FP fragments were PCR amplified following the protocol described on 

section 4.4.2 using primers P7 and P8, whereas the M13 fragment was PCR 

amplified from SDB vector using primers P9 and P10.  

Name:      Sequence (5’->3’) 

P7     GCGGATAACAATTTCACACAGGAAACAGCTATGGTGAGCAAGGGCGAG  

P8     TTAAATTTTTGTTAAATCAGCTCATTTTTTACTTGTACAGCTCGTCCA            

P9     AAAATGAGCTGATTTAACAAAAATTTAA 

P10    AGCTGTTTCCTGTGTGAAAT 

 

Vector with SDB sequence CTTCTATTTGCTATTCCTCTA was used 

to produce M13 fragment for the mCherry construct, and vector with the SDB 

sequence CTACTGTTC GCAATCCCGCTA was used to produce M13 fragment 

for the mNeonGreen construct. 
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4.5.5. Monitoring phage viability under CuAAC reaction 

A tube containing 150 L of 3.4 x 1013 PFU/mL of phage clone SBD3 in 

PBS pH 7.4 was concentrated using 0.5 mL Amicon filter (Sigma, # UFC5010) 

with 10 kDa MW cut off,  and resuspended in Tris-borate 200 mM pH 8.0, to a 

final volume of 150 L. The phage solution was now tittered by plaque forming 

assay and then divided into triplicates containing 50 L of phage solution. Each 

aliquot was reacted with NP (1mM final concentration) at room temperature 1 h. 

The reaction mix was then passed through Zeba Spin Desalting Columns 40K 

(Thermo-Fisher, #87766) to eliminate unreacted linker following these steps: first 

the column was washed with 0.5 mL PBS, then,  the phage mix was loaded onto 

the resin and centrifuged at 1000×g for 1 min. After filtration, 10 L sample of 

phage mix was used for analysis by MALDI-TOF spectrometry and plaque 

forming assay. The CuAAC reaction was implemented following literature 

procedures199 with minor modifications. Bathophenantroline/Cu1+ catalyst was 

prepared as follows: glass vial (4 mL) was charged with 10 mg of Cu2SO4·5H2O 

and bathophenantroline sulfonate (64.4 mg) (GFS Chemicals Inc.) dissolved in 

0.2 M Tris HCl, pH 8.0 buffer (1 mL). Copper powder (∼50 mg) was added; the 

vial was closed with a rubber septa and purged with argon. The vial was rotated 

for 2 h; the reduction of copper II to copper I by metallic copper was indicated by 

the appearance of a dark green color. To the filtered phage solution was added 

azido-glycan JB-1 up to a final concentration of 2 mM and ~1mg of copper 

powder. The phage solution was now degassed by 30 min sonication in argon 

atmosphere. The glycosylation reaction was then initiated by adding 3 µL of 
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Bathophenantroline/Cu1+ catalyst. The tube was closed under argon atmosphere 

and incubated 8h at 4 ℃. The mixture was then passed through Zeba Spin column 

as described above. The viability of the recovered phages was analyzed by plaque 

forming assay and the chemical modification was analyzed by MALDI-TOF.  

4.5.6. Monitoring phage viability under SPAAC reaction 

A solution of 150 L of 3.4 x 1013 PFU/mL of phage clone SBD3 in PBS 

pH 7.4 was distributed by 50 L aliquots into three 1.7 mL plastic tubes. Each 

sample was reacted with DBCO linker (Sigma, #761524) at room temperature for 

1 h at 1mM final concentration of linker. The reaction mix was then passed 

through Zeba Spin column to eliminate unreacted linker. After filtration 10 L 

sample mix was analyzed by MALDI-TOF spectrometry and plaque forming 

assay. The remaining phages were incubated 8 h at 4 ℃ with azido-glycan JB-1(2 

mM final concentration). The mix was then filtered through Zeba Spin column as 

described above. The viability of the recovered phages was analyzed by plaque 

forming assay and the chemical modification analyzed by MALDI-TOF. 

4.5.7. Analysis of glycosylation of phage samples by MALDI-

TOF MS 

Matrix-assisted laser desorption/ionization (MALDI) ionization was 

implemented in a sinapinic acid matrix.184 The matrix was formed by deposition 

of two layers. Layer 1 was prepared as a 10mg/mL solution of sinapinic acid 

(Sigma, #D7927) in acetone-methanol (4:1). Layer 2 was prepared as 10 mg/mL 

solution of sinapinic acid in acetonitrile:water (1:1) with 0.1% TFA. The sample 

preparation was as follows: 2 L of phage solution was added to 4 L of layer2, 
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then a mixture of 1:1 layer1-layer2+phage was deposited on the MALDI inlet 

plate for measurements. To plot the spectrum and compute the percentages of 

pVIII modification we utilized a MATLAB script named plotONEmaldi.m 

available as Appendix C79. 

4.5.8. Quantification of phage-surface chemical modifications.  

To study the loading density of chemical modifications on the phage 

surface we utilized as starting materials: the phage clone SDB3, the linker DBCO 

and the azido-glycan JB-1 as a model system. A tube containing 180 L solution 

of phage clone SDB3 (~1013 PFU/mL in PBS, pH 7.4) was distributed into 3 

separated reaction tubes. The linker DBCO was then added into the reaction tubes 

to get the reactions at either 0.5 or 1.0 or1.5 mM of DBCO. All the experiments 

were performed in triplicates. The amine and alkyne coupling reactions were 

conducted following the steps and conditions described in section 4.4.6.  The 

reaction vessels were sampled after purifications with Zeba columns. Yields of 

pVIII-DBCO and pVIII-DBCO-glycan achieved under each experimental 

condition were measured by MALDI-TOF and computed using plotONEmaldi.m 

script.  

4.5.9. Regioselectivity experiments on pVIII   

Two tubes were prepared with 30 L of SDB3 phage clone (~1013 

PFU/mL). One tube was reacted with 1mM DBCO for 1 1hr according to 

conditions described on section 4.4.6. After Zeba filtration the azido-glycan Galf4 

(Galf1-5Galf1-5Galf1-5Galf-S9) was added and the reaction mix was 

incubated for 8 h at 4 ℃ to allow azide-alkyne cycloaddition to occur. The sample 
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was then Zeba purified to remove unreacted glycan and the filtrate was then 

incubated in 70% (v/v) trifluoracetic acid (TFA) for 1hr at RT. In parallel, a 

second tube containing 30 L of (~1013 PFU/mL) unmodified SDB3 phage clone 

was incubated in 70% TFA 1hr at RT, as a control sample. After TFA incubation, 

both samples were analyzed by MALDI-TOF for the presence of modified and 

unmodified, Asp-Pro cleavage products. 

4.5.10. Building a phage displayed Liquid Glycan Array  

Monoclonal phage isolates carrying a single silent barcode were reacted 

with DCBO linker under the conditions described in section 4.4.6 and 

subsequently conjugated with the corresponding azido glycan following the Table 

4-1. The amine coupling reaction was performed in 1mM of DCBO, to achieve ~ 

25% of pVIII modification. All chemical reactions were verified and quantified 

by MALDI as described on the previous sections. The MALDI traces are 

available as Appendix C3 to C78. After chemical glycosylation and 

characterization, each glycosylated SDB phage clone was then tittered by plaque 

forming assay and stored in 50% PBS-Glycerol at -20 ℃.  The assembly of the 

LiGA array was performed by mixing equal quantities of all available glycan-

phage conjugates into a single tube to form the master-mix. The quantity needed 

from each individual glycan-phage clone was estimated as N x106 PFUs, were N 

is the number of experiments.  
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4.5.11. Preparation of biotinylated lectins BioConA, BioG3C and 

BioGal-1 

For NHS-ester lysine conjugation, 1 mL of protein target G3C 10 mg/mL 

(similar procedure was used for ConA and Gal-1) was reacted  with NHS-PEG4-

Biotin  following the procedure described on Chapter 3 Section 3.5.4. 

4.5.12. Screening LiGA against glycan binding proteins  

Streptavidin coated beads (30 μL, Promega #Z5481) were mixed with 10 

g, of biotinylated proteins BioConA, BioG3C and BioGal1 in 1 mL of HEPES 

buffer. As negative controls, 30 μL of streptavidin beads were mixed in 1 mL of 

HEPES buffer into two groups. Control groups were incubated with either buffer 

(SA-beads), or 10 g of BioG3C in 60 mM lactose (G3C+Lac) per replicate. The 

microcentrifuge tubes were placed in a rotator overnight at + 4°C. The steps 

onwards were performed using KingFisher™ Duo Prime Purification System, 96 

Deepwell plate (ThermoFisher, #95040450) was used to contain the solutions and 

12-tip Deepwell magnetic comb was used to transfer beads (ThermoFisher, 

#97003500). Contents on each tube was transferred into the 96 Deepwell plate 

and the beads were then washed in 1mL, for 30 seconds, gentle shaking, with 

wash buffer (0.1% Tween-20 (v/v) in HEPES). The beads were then incubated in 

blocking buffer (1 mL, HEPES buffer + 2% BSA (w/v),) for 1 h at RT to reduce 

nonspecific binding. After blocking, the beads were transferred to HEPES buffer 

solution containing 108 PFU of LiGA per experiment, and incubated for 1 h and 

30 min at RT. Then the beads were washed twice as described above. After the 

washes the beads were transferred into 1.7 mL microcentrifuge tubes containing 

1mL HEPES and subsequently placed on a magnet to collect the beads on bottom 
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of the tube. Supernatant was then aspirated, and the beads were resuspended in 60 

μL Nuclease Free H2O. The solution was boiled at 90°C for 10 min, centrifuged at 

21,000 x G for 5 min and 25 μL of the supernatant was used to PCR for deep 

sequencing (see section 4.4.15). 

4.5.13. Screening LiGA against CHO cells expressing CD22 

For human Siglec-2 (CD22) positive cells, full length human CD22, in 

the pcDNA5/FRT vector, was stably transfected into Chinese Hamster Ovary 

(CHO) cell line through Flp-InTM(ThermoFisher, #K601001)  system under 

selection with 0.5 mg mL-1 hygromycin-B (ThermoFisher) for two weeks. The 

cells were then passaged using 1 mM EDTA/PBS (ThermoFisher #13151014) as 

a dissociation solution and grown in DMEM-F12 medium (ThermoFisher, # 

11330057) with 10% Fetal Bovine Serum (ThermoFisher, #26140079) and 

Penicillin-Streptomycin (ThermoFisher, #15140122). For CD22(-) negative 

control cells were untransfected CHO cells. Log phase cells were detached from 

culture flask using TrypLE (ThermoFisher, # 12605036) and resuspended in 

incubation buffer (20 mM HEPES, 150 mM NaCl, 2 mM CaCl2, pH=7.4, with 

1% BSA,) at 4x106 cells/mL and 125 μL of cells was aliquots in to FACS tubes 

(Corning, #352054). LiGA solution was added to the cells (N x 106 pfu/mL, 

where N is the number of glycans). Cells and LiGA solution were incubated for 1 

hour at + 4 ℃. After incubation, 3 mL of wash buffer (20 mM HEPES, 150 mM 

NaCl, 2 mM CaCl2, pH=7.4 with 0.1% BSA) was added into each tube 

containing cells with the squeeze bottle. Cells were harvested by centrifugation at 

300 g for 5 min at +4 °C. The supernatant was discarded by inverting the tubes, 
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cell pellet resuspended in 1 mL of HEPES buffer, and transferred to a clean 

microcentrifuge tube. Cells were then spinned at 300 g for 5 min at +4 °C to 

collect cell pellets. Cells pellets were resuspended in 60 μL of nuclease free H2O 

and incubated at 98 °C for 10 min. The solution was centrifuged at 21000 g for 5 

min and 25 μL of the supernatant was used as DNA template for PCR and 

submission to deep sequencing (see section 4.4.12) 

4.5.14. Panning LiGA in wild-type and CD22hu mice 

 All the procedures and experiments involving animals were carried out 

using a protocol approved by the Health Sciences Laboratory Animal Services 

(HSLAS), University of Alberta. The protocol was approved as per the Canadian 

Council on Animal Care (CCAC) guidelines. All mice were maintained in 

pathogen-free conditions at the University of Alberta breeding facility. To screen 

the specific ligand for human CD22, we created a mixed chimeric mouse by 

lethally irradiating the recipient mice and then transplanting them with mixed 

bone marrow collected from mouse-CD22 knockout (mCD22KO) and human-

CD22 transgenic (hCD22Tg) mice. Four weeks after transplantation, mice were 

bled to verify that the desired chimera had been established. Six weeks post 

transplantation; mice were injected intravenously with 0.2 mL of LIGA (1 x 

10^11 pfu/mL). After 1hour post-injection mice were euthanized. Internal organs 

heart, liver, kidney, lung and spleen were collected and placed on individual petri 

dishes with DMEM (11965084). Each organ was homogenized using 75 mm 

frosted microscope slides (Thermo-Fisher, #12550143).  Homogenized tissue was 

transferred into 5 mL of RBC_lysis buffer (Amonium chloride 155 mM, EDTA 
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10mM in Tris-HCL 100 mM, pH 7.4) and incubated 1 min the filtered to remove 

any tissue debris. Cells were collected by centrifugation at 300 g for 5 min and 

resuspended in 0.4 mL PBS-BSA 0.1 %.  A 2 mL sample from cell suspension 

was used to titer the amount of phage particles recovered from each specific organ 

by plaque forming assay. the cells were then resuspended in 0.3 mL of 50 mM 

Tris-HCl, 10 mM EDTA, pH 8.0 supplemented with 0.1mg/mL RNAse-A. Then, 

0.3 mL of lysis buffer (200 mM NaOH, 1% SDS) were added, with gentle mixing 

and incubated for 5 min at room temperature. To allow the precipitation of 

cellular debris and chromosomal DNA, 0.3 mL of precipitation buffer (2.55 M of 

potassium acetate, pH 4.8) was added. The preparation was then centrifugated at 

15 000 g for 15 min at 4°C, the supernatant was loaded into a Qiagen miniprep 

spin column (Qiagen, # 27115). To elute DNA 0.06 mL of RNAse free water was 

added to the center of the spin column and the column was centrifugatedat 10 000 

g for 1 min to collect the filtrate into a clean 1.7 mL tube. The collected DNA 

sample was stored at – 80 °C until further use   

4.5.15. Cell sorting experiments of LiGA in wild-type and CD22hu 

mice 

Spleen sample was crushed, and red blood cells were removed to isolates 

the splenocytes. Next these cells were stained with a cocktail of fluorescently 

labeled immune cell markers. And these labeled cells were then sorted into two 

populations - mCD22KO and hCD22Tg - by following the gating strategy 

described below. One million cells from each population were collected and 

further analysed using Illumina sequencing. 
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Gating strategy: First lymphocytes were identified using low forward 

scatter (FSC) and low side scatter (SSC). Then viable cells were identified by 

negative selection of propidium iodide. Next b-cells (CD19+ & B220+) were 

divided into CD45.1+(marker used in mCD22KO ) and CD45.2+ (marker used 

for hCD22Tg). Finally, the mCD22KO cell population were collected from 

CD45.1+hCD22-mCD22- zone and hCD22Tg cell population were collected from 

CD45.2+hCD22+mCD22-zone. 

4.5.16. Illumina sequencing 

To convert phage DNA to Illumina-compatible short double-stranded 

DNA (dsDNA) by PCR, we followed the PCR routine, and used the primers 

described on Chapter 2 section 2.4.3.  The PCR products were then sequenced 

using the Illumina NextSeq service provided by 48Hour Discovery Inc. 

(Edmontnon, AB). The resulting FASTAQ files on Illumina cloud were converted 

into a unique table of counts per experiment, according to procedures previously 

described.22, 26, 86 The data was then deposited in a cloud-based server 

(http://34.209.120.210) maintained by 48Hour Discovery Inc. 

4.5.17. Data analysis 

Data analysis was implemented using Python 3.7.2 and R 3.5.2 

programing languages. We utilized a code portfolio developed in-house, to 

analyze our specific set of Illumina sequencing results. The sequencing raw data 

was retrieved from the 48Hour Discovery Inc. cloud server. Each selection 

experiment was downloaded as an individual text file. The text file contained tab-

separated data organized into several columns. The first column holds the names 



138 
 

(CFG-codes) of identified glycans while the other columns contained the raw 

number of Illumina counts/reads per glycan in all experimental replicates. The 

violin plots of in vitro experiments were generated using Python library for 

statistical data visualization Seaborn 0.9.0. Pairwise comparisons to test for DE 

glycans were performed using R script DE_analysis.R (Appendix C80) according 

to the following pipeline: first, two individual text files corresponding to the 

desired comparison tuple, were consolidated into a single, comma separated value 

(csv) file, using the python script makeContrast.py (Appendix C81). Then the 

output csv file was loaded into the script DE_analysis.R to run the comparison.  

The DE analysis was performed using Fisher exact test implemented as a function 

named glmQLFit()  within the edgeR package invoked in the script. The steps 

described above were repeated as many times as there were relevant comparisons 

to make. The DE data was obtained as a plot that visualized the library size-

adjusted log-fold change between compared libraries, against the average log-

expression across those libraries. A list containing all the identified hits with its 

respective enrichments, and statistical significance scores was also generated.   
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Chapter 5: Conclusions and outlook 

5.1. Conclusions 

This thesis describes the application a novel technology for the discovery 

of ligands for inhibiting the carbohydrate binding protein galectin-3 (Gal3). 

Galectin family represents an important class of therapeutic targets, and the 

discovery of inhibitors for galectins traditionally involves rational design 

demanding deep structural knowledge of the binding site. Thus, the ligand 

development requires complex multistep chemical synthesis due to the structural 

complexity of glycans. Genetically-encoded fragment-based discovery (GE-FBD) 

could  accelerate ligand discovery for glycan binding proteins by combining the 

strengths of genetically encoded libraries of peptides with the basic principles of 

fragment-based discovery. 

In Chapter 2, I demonstrated that starting GE-FBD efforts from galactose 

fragment that has millimolar affinity for Gal3 discovered ligands that showed 

increased affinity to Gal3 when decorated with galactose. The underwhelming 

potency of each glycopeptide combination tested as soluble monovalent inhibitor 

marks the fundamental physical limitations of GE-FBD. It points out the inability  

of fragments of very weak affinity to direct selection screenings towards 

successful discovery of ligands in which the fragment and peptide sequences act 

in synergy.   

In Chapter 3, I have demonstrated that a high diversity carbohydrate-

peptide library in which the glycan fragment is a monovalent binder of Gal3, 

could be useful source for the discovery of monovalent ligands for Gal3. 
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Additionally, this study  reinforced the advantages of approaches that exploit 

soluble/monovalent targets rather than immobilized “pseudo-multivalent” targets. 

Summarizing Chapter 2 and Chapter 3 observations, its tempting to propose that 

reproducibility and success rate of discovery in GE-FBD scales with the binding 

affinity of the initial fragment. 

In Chapter 4,  I describe a “liquid” array technology, of genetically 

encoded carbohydrates that permitted the discovery of effective GBP binding 

fragments; these fragments can serve as the basic building blocks to fuel future 

development of GE-FBD strategies. For general ligand hunt efforts that utilize 

phage displayed GE-FBD approaches, preliminary profiling studies with arrays of 

initial fragments, can identify promising structural motifs that are active in phage 

display context, paving the way to accelerated success rates on GE-FBD. The 

described array technology offers flexibility of custom compositions, ease of 

distribution, simplicity in analysis with the ability to embark on molecular 

recognition questions beyond in vitro level, previously unattainable with 

canonical solid arrays or bead-based arrays. 

5.2. Future directions 

As the promise of GE-FBD becomes progressively fulfilled, it is 

convenient to point the way to the future of  an emerging technology, where 

possibilities are vast.  

In Chapter 2,  I demonstrated  that silent encoding technology can be used 

to investigate specific parameter on GE-FBD, e.g. the initial binding affinity of  

the constant  glycan fragment, however further characterization of the properties 
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of the covalent linkage between glycan and peptide fragments on GE-FBD has yet 

to be investigated. I envision that silent encoding  technology could be employed 

to interrogate custom libraries of constant fragments with different 

anchoring/scars structures connecting  fragment to peptide libraries. The GE-GBD 

campaign  of Chapter 3 was relatively successful however further characterization 

of the binding potency of discovered ligands is still needed. To validate the 

functionality of the ligands cell-based assays of inhibition of Gal3 binding to cell 

surface can be performed on Jurkat cells. Likewise, the characterization of Gal3 

binding selectivity of discovered ligands,  needs to be  addressed.  

The glycan array technology described in Chapter 4 is a versatile emerging 

technology  that requires more examples to demonstrate its general application. 

Currently, our lab has initiated several projects embarking on “liquid arrays” 

ventures such as the screening of arrays of  Siglec lectins on cancer cells, and the 

use of glycan arrays to profile anti-glycan antibodies on human serum. In this 

field scar-less conjugation chemistries need to be explored. Efficient 

quantification of the screening results after elution of phage particles remains 

challenging and correlation between results from DNA sequencing and plaque 

forming assays is not always clear. Novel quantification strategies based on 

TaqManTM multiplex qPCR can be implemented to improve and validate the 

robustness of selection screenings. I envision that, similar to initial fragment 

optimization, the  liquid array technology  will allow  the further exploration of 

other open questions on GE-FBD like those related to the impact of  employing a 

mixture of glycan fragments in selection screenings 
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Appendix A: Supporting information for Chapter 2   

 
 
 

 
 

 
Appendix A-1 LC-MS characterization of Gal-WKPE glycopeptide  
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Appendix A-2 LC-MS characterization of Gal-WHVP glycopeptide.  
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Appendix A-3 LC-MS characterization of Gal-WTRT glycopeptide  
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Appendix A-4 LC-MS characterization of Xyl-ALRV glycopeptide  
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Appendix A-5 LC-MS characterization of Rha-IWVR glycopeptide  
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Appendix A-6 LC-MS characterization of Glu-SIYG glycopeptide  
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Appendix A-7 LC-MS characterization of Gal-GWSH glycopeptide  
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Appendix A-8 LC-MS characterization of Gal-TSLG glycopeptide  
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Appendix A-9 LC-MS characterization of Gal-PQET glycopeptide  
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Appendix A-10 LC-MS characterization of Gal-SDHL glycopeptide 
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Appendix A-11 LC-MS characterization of Gal-PAPT glycopeptide 
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Appendix A-12 LC-MS characterization of Gal-PKLP glycopeptide 
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Appendix A-13 LC-MS characterization of Gal-VGVV glycopeptide 
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Appendix A-14 LC-MS characterization of Gal-LSMA glycopeptide 
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Appendix A-15 LC-MS characterization of Gal-WYRV glycopeptide 
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Appendix B: Supporting information for Chapter 3   

 
 

 

 
Appendix B-1 LC-MS characterization of ZJ-SLLPSSS glycopeptide. 
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Appendix B-2 LC-MS characterization of ZJ-ATPAPQF glycopeptide. 
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Appendix B-3 LC-MS characterization of ZJ-YLSPTL glycopeptide 
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Appendix B-4 1H NMR spectrum of 4-{[(tert-

butoxycarbonyl)aminooxy]methyl}-3-methoxybenzoic acid 

 

 
 
 
 
 
 
 
 
 
 
 



189 
 

 
Appendix B-5 13C NMR spectrum of 4-{[(tert-

butoxycarbonyl)aminooxy]methyl}-3-methoxybenzoic acid 
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Appendix B-6 1H NMR spectrum of TAZTDG-O3-{[4-(NBoc-

aminooxy)methyl]-3-methoxy}-benzoate 
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Appendix B-7 13C NMR spectrum of TAZTDG-O3-{[4-(NBoc-

aminooxy)methyl]-3-methoxy}-benzoate 
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Appendix B-8 1H NMR spectrum of ZJ 
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Appendix B-9 13C NMR spectrum of ZJ 
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Appendix C: Supporting information for Chapter 4  

SDB_ida SBD clone sequenceb               Peptide regionc Glycand 
1 CTGCTGTTCGCAATACCACTC  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te286 

2 CTTCTATTCGCAATTCCGCTC  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te288 

3 CTGCTTTTCGCAATTCCGCTT  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT BLANK3 

6 CTGCTGTTTGCGATTCCACTG  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te291 

9 CTTCTTTTTGCAATTCCTCTA  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT PZ-5080 

10 CTACTGTTTGCTATACCGCTG  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Ty176 

12 CTTCTGTTCGCGATACCTCTA  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT X03N1 

13 CTACTTTTCGCAATTCCTCTG  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te302 

15 CTGCTGTTCGCCATACCCCTT  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te305 

17 CTACTCTTCGCGATTCCGCTT  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Tr322 

18 CTGCTGTTTGCTATCCCTCTG  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT X03L2 

20 CTGCTCTTTGCCATCCCGCTT  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT X05N1 

21 CTACTCTTTGCAATTCCCCTT  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te201 

22 CTACTGTTTGCTATCCCACTT  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT X05M1 

23 CTGCTCTTTGCAATACCTCTT  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te221 

24 CTACTATTCGCGATCCCGCTC  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te222 

26 CTGCTATTCGCTATCCCACTC  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te223 

29 CTGCTATTTGCGATCCCGCTG  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Te224 

34 CTTCTTTTTGCGATTCCGCTG  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT D21 

35 CTGCTCTTCGCTATTCCACTT  AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT Tr269 

40 CTTCTGTTCGCTATTCCGCTT  AGCGTGGAAAAGAACGATCAAAAGACCTATCACGCCGGGGGAGGG Te303 

42 CTTCTGTTTGCAATACCCCTG  AGCGTGGAGAAGAATGATCAAAAGACGTACCATGCGGGGGGAGGG Te271 

45 CTGCTGTTTGCGATTCCTCTG  AGCGTGGAAAAAAATGACCAAAAAACCTACCATGCAGGGGGGGGA Te79 

47 TTATTATTCGCAATACCGCTA  AGTGTTGAGAAGAATGACCAGAAGACGTATCACGCCGGGGGAGGG Te100 

48 TTATTATTCGCAATTCCTTTA  AGCGTAGAGAAAAACGACCAGAAGACCTATCACGCGGGAGGAGGT Te101 

49 CTACTGTTCGCTATCCCGCTG  AGTGTGGAAAAGAATGATCAGAAGACTTACCACGCTGGTGGTGGG Te102 

51 CTGCTCTTTGCTATACCCCTA  AGCGTCGAGAAAAATGATCAAAAAACCTATCACGCCGGGGGGGGA Te119 

52 CTACTGTTTGCTATCCCGCTG  AGTGTAGAGAAGAATGACCAAAAGACATATCATGCGGGAGGAGGT Te140 

56 CTACTGTTTGCTATACCTCTT  AGCGTTGAAAAAAATGACCAGAAAACTTACCATGCGGGTGGAGGT Tr57 

57 TTATTATTCGCAATTCCTTTA  AGCGTCGAGAAGAACGACCAAAAAACCTATCACGCAGGTGGCGGG Tr59 

58 CTACTCTTCGCTATACCCCTC  AGCGTGGAGAAAAACGACCAAAAGACCTACCATGCAGGTGGTGGC Tr62 

59 TTATTATTCGCAATTCCTTTA  AGTGTCGAAAAGAATGACCAAAAAACTTATCATGCAGGTGGGGGA Tr116 

60 CTACTGTTCGCCATCCCTCTG  AGTGTAGAAAAGAACGACCAAAAGACTTACCATGCTGGTGGGGGG BLANK60 

66 TTATTATTCGCAATTCCTTTA  AGTGTCGAGAAGAACGATCAGAAGACCTACCACGCAGGGGGGGGT D9 

67 CTTCTGTTCGCTATACCTCTC  AGCGTGGAGAAGAATGACCAGAAAACTTATCACGCAGGAGGTGGA D8 

68 CTACTATTCGCGATCCCCCTC  AGCGTGGAGAAGAACGACCAGAAGACGTATCACGCAGGGGGGGGG X06M1 

69 CTTCTGTTTGCGATTCCACTG  AGCGTGGAGAAGAACGACCAGAAAACATACCATGCTGGTGGTGGA X06M2 

70 CTACTGTTCGCAATCCCGCTC  AGTGTTGAAAAAAACGATCAAAAAACGTATCATGCTGGTGGAGGT Tr32 

71 CTGCTTTTTGCTATTCCTCTG  AGTGTTGAAAAAAACGATCAGAAGACTTATCACGCGGGGGGCGGG Tr33 

73 TTATTATTCGCAATTCCTTTA  AGCGTTGAAAAAAACGATCAAAAGACATATCACGCTGGCGGAGGA Tr40 

74 CTACTCTTTGCGATCCCTCTG  AGTGTCGAAAAAAATGACCAAAAGACCTATCACGCGGGCGGGGGA Tr41 

77 CTGCTATTTGCCATCCCGCTG  AGCGTCGAGAAAAACGATCAAAAGACATACCATGCCGGCGGAGGA Te135 

79 CTACTGTTCGCAATACCTCTC  AGCGTGGAGAAAAACGACCAGAAAACGTATCATGCTGGTGGTGGA Te176 

80 CTTCTGTTCGCGATCCCCCTA  AGTGTAGAGAAGAATGATCAGAAAACGTATCATGCGGGAGGGGGT Tri-AN3 

81 CTACTCTTTGCTATTCCGCTT  AGCGTGGAGAAGAATGATCAGAAAACGTACCACGCCGGTGGTGGC Tri-BN3 

82 TTATTATTCGCAATTCCTTTA  AGCGTGGAGAAGAACGACCAAAAGACTTATCACGCGGGCGGGGGG Di-N3 

83 CTGCTCTTCGCGATCCCTCTG  AGTGTCGAAAAGAATGATCAAAAAACGTATCATGCGGGCGGTGGT X07M2 

87 CTACTCTTCGCTATACCCCTC  AGCGTAGAAAAAAATGACCAAAAGACCTACCATGCGGGAGGTGGG Tr47 

88 CTGCTGTTCGCGATTCCTCTA  AGTGTAGAGAAGAATGACCAGAAGACCTACCACGCGGGCGGGGGG Te72 

99 CTTCTCTTCGCGATACCGCTA  AGTGTTGAGAAAAATGATCAAAAAACGTATCATGCGGGTGGTGGG X01L1 

103 TTATTATTCGCAATTCCTTTA  AGTGTTGAAAAAAACGACCAGAAGACTTATCACGCGGGTGGGGGG BLANK103 

105 CTGCTTTTTGCTATTCCTCTT  AGTGTCGAGAAGAATGATCAAAAAACTTACCACGCGGGTGGTGGA Te258 

112 CTACTGTTCGCGATCCCACTG  AGTGTAGAAAAAAATGACCAGAAGACGTATCACGCAGGCGGAGGC Tr260 

113 CTACTGTTTGCCATTCCCCTG  AGTGTCGAAAAAAATGATCAGAAAACTTATCACGCAGGAGGGGGG Te319 

115 CTACTGTTCGCTATCCCGCTG  AGTGTCGAAAAAAATGACCAGAAAACGTATCATGCGGGGGGGGGT Te321 

118 CTACTCTTCGCGATACCCCTC  AGTGTCGAAAAGAATGATCAGAAGACTTATCATGCAGGTGGTGGT Te327 

120 CTGCTGTTTGCTATTCCACTA  AGTGTTGAAAAAAACGATCAGAAGACTTATCATGCTGGGGGAGGA BLANK120 

126 CTGCTCTTTGCAATTCCGCTG  AGTGTAGAAAAAAATGATCAGAAAACATACCATGCTGGTGGCGGA Galf4-m 

127 CTGCTATTTGCCATCCCACTA  AGTGTTGAGAAGAACGATCAGAAAACGTATCATGCAGGTGGTGGA PZ-8015 

149 CTACTCTTTGCAATCCCGCTT  AGCGTGGAGAAGAACGACCAGAAGACTTACCACGCGGGTGGTGGG Te98 

150 CTGCTCTTTGCTATCCCTCTA  AGTGTTGAAAAAAACGACCAGAAGACTTATCACGCAGGTGGTGGG Te99 

152 CTGCTTTTTGCTATACCTCTC  AGCGTAGAAAAGAATGACCAGAAGACGTACCATGCCGGTGGGGGG Tr117 

mCherry01 CTTCTATTTGCTATTCCTCTA  AGTGTCGAGAAGAACGACCAGAAGACGTATCATGCGGGGGGTGGT X03-red 

mNeon04 CTACTGTTCGCAATCCCGCTA  AGTGTTGAGAAAAATGATCAAAAAACTTATCACGCCGGTGGTGGT LNTgreen 

 

Appendix C-1. Silent barcodes used to build LiGA library  
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Appendix C-2. Glycan structures incorporated into LiGA library(Figure 4-8) 
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Appendix C-2(Cont.). Glycan structures incorporated into LiGA library(Figure 

4-8) 
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Appendix C-3. MALDI-TOF of  glycosylated phages, Te286 
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Appendix C-4. MALDI-TOF of  glycosylated phages Te288 
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Appendix C-5. MALDI-TOF of  glycosylated phages, Te291 
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Appendix C-6. MALDI-TOF of  glycosylated phages, Ty176 
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Appendix C-7. MALDI-TOF of  glycosylated phages, PZ-5080 
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Appendix C-8. MALDI-TOF of  glycosylated phages, X03N1 
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Appendix C-9. MALDI-TOF of  glycosylated phages, X06M1 
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Appendix C-10. MALDI-TOF of  glycosylated phages, X05M1 
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Appendix C-11. MALDI-TOF of glycosylated phages, X05L2  
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Appendix C-12. MALDI-TOF of glycosylated phages, X01M1 
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Appendix C-13. MALDI-TOF of glycosylated phages, X06M2,  
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Appendix C-14. MALDI-TOF of glycosylated phages, X07M2  
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Appendix C-15. MALDI-TOF of glycosylated phages, X01L1 
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Appendix C-16. MALDI-TOF of glycosylated phages, X04N2 
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Appendix C-17. MALDI-TOF of glycosylated phages, X03L2 
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Appendix C-18. MALDI-TOF of glycosylated phages, Tr305 
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Appendix C-19. MALDI-TOF of glycosylated phages, Tr306 
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Appendix C-20. MALDI-TOF of glycosylated phages, Tr322 
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Appendix C-21. MALDI-TOF of glycosylated phages, Te201 
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Appendix C-22. MALDI-TOF of glycosylated phages Te212 
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Appendix C-23. MALDI-TOF of glycosylated phages, Te222 
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Appendix C-24. MALDI-TOF of glycosylated phages, Te201 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



219 
 

 
Appendix C-25. MALDI-TOF of glycosylated phages, Te212 
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Appendix C-26. MALDI-TOF of glycosylated phages, D21 
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Appendix C-27. MALDI-TOF of glycosylated phages, Tr269 
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Appendix C-28. MALDI-TOF of glycosylated phages,Te303 
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Appendix C-29. MALDI-TOF of glycosylated phages, Te271 
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Appendix C-30. MALDI-TOF of glycosylated phages, Te79 
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Appendix C-31. MALDI-TOF of glycosylated phages, Te100 
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Appendix C-32. MALDI-TOF of glycosylated phages, Te101. 
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Appendix C-33. MALDI-TOF of glycosylated phages, Te102 
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Appendix C-34. MALDI-TOF of glycosylated phages, Te119 
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Appendix C-35. MALDI-TOF of glycosylated phages, Te140 
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Appendix C-36. MALDI-TOF of glycosylated phages, Te193 
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Appendix C-37. MALDI-TOF of glycosylated phages Tr54 
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Appendix C-38. MALDI-TOF of glycosylated phages, Tr55 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



233 
 

 
Appendix C-39. MALDI-TOF of glycosylated phages, Tr57 
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Appendix C-40. MALDI-TOF of glycosylated phages Tr59 
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Appendix C-41. MALDI-TOF of glycosylated phages, Tr62 
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Appendix C-42. MALDI-TOF of glycosylated phages, Tr116 
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Appendix C-43. MALDI-TOF of glycosylated phages D9 
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Appendix C-44. MALDI-TOF of glycosylated phages,  D8 
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Appendix C-45. MALDI-TOF of glycosylated phages, Tr32 
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Appendix C-46. MALDI-TOF of glycosylated phages, Tr33  
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 Appendix C-47. MALDI-TOF of glycosylated phages, Tr40 
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Appendix C-48. MALDI-TOF of glycosylated phages, Tr41 
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Appendix C-49 MALDI-TOF of glycosylated phages, Te135  
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Appendix C-50. MALDI-TOF of glycosylated phages, Te176 
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Appendix C-51. MALDI-TOF of glycosylated phages, Tri-AN3,  
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Appendix C-52. MALDI-TOF of glycosylated phages, Tri-BN3 
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Appendix C-53. MALDI-TOF of glycosylated phages, Di-N3 
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Appendix C-54. MALDI-TOF of glycosylated phages, Tr47 
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Appendix C-55. MALDI-TOF of glycosylated phages, Te72 
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Appendix C-56. MALDI-TOF of glycosylated phages Te259 
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Appendix C-57. MALDI-TOF of glycosylated phages, Tr43 
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Appendix C-58. MALDI-TOF of glycosylated phages, Tr260 
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Appendix C-59. MALDI-TOF of glycosylated phages, Te319 
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Appendix C-60. MALDI-TOF of glycosylated phages, Te321 
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Appendix C-61. MALDI-TOF of glycosylated phages, Te327 
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Appendix C-62. MALDI-TOF of glycosylated phages, Te75 
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Appendix C-63. MALDI-TOF of glycosylated phages, Te78 
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Appendix C-64. MALDI-TOF of glycosylated phages, Te97 
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Appendix C-65. MALDI-TOF of glycosylated phages, Te98 
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Appendix C-67 MALDI-TOF of glycosylated phages, Te99 
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Appendix C-68. MALDI-TOF of glycosylated phages Tr117 
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Appendix C-69 MALDI-TOF of glycosylated phages, Tr120 
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Appendix C-70. MALDI-TOF of glycosylated phages, Tr36 
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Appendix C-71. MALDI-TOF of glycosylated phages Tr39 
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Appendix C-72. MALDI-TOF of glycosylated phages, Galf4-l 
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Appendix C-73. MALDI-TOF of glycosylated phages, Galf4-m 
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Appendix C-74. MALDI-TOF of glycosylated phages, 6’SLN 
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Appendix C-75. MALDI-TOF of glycosylated phages, 3’SLN 
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Appendix C-76. MALDI-TOF of glycosylated phages Galf3,  
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Appendix C-78. MALDI-TOF of glycosylated phages PZ-10048. 
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Appendix C-79. Code source for MatLab script plotONEmaldi.m 
 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%% 

addpath (fullfile('/Volumes/Data/!! OUTLINES/Jasmine - 

LiGA/MALDI/Mirat/untitledfolder')); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%% 

 

manual = 0;  

filename = 'Phage+Lac_finish reaction.txt';     

names = 'Lac'; 

full_temp = 'Galb1-4Glcb-S2'; 

 

XLIM1 = 3000; 

XLIM2 = 8000; 

 

%range around the peak for gaussian fitting and 

baseline fit 

RANGE = 255; 

 

fid = fopen(filename,'r'); 

    disp([names ' glycan is in ' filename ' ' 

fgetl(fid)... 

           char(10) fgetl(fid)]); 

     

    FORM  = '%f %f %*[^\n\r]'; 

     

     AllVar = textscan(fid,FORM); 

    mass =  AllVar{1}; 

    intensity =   AllVar{2}; 

     

     disp(['Read ' num2str( size(mass, 1)) ' lines' 

]); 

    fclose(fid); 

     

    IX = find(mass>XLIM1 & mass<XLIM2); 

     

 

    plot_mass = mass(IX); 

    plot_intensity = intensity(IX); 

    YMIN = min(plot_intensity); 

    YMAX = max(plot_intensity); 

    YH = YMAX-YMIN; 
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    SCALE = 1000/YH; 

    plot_intensity = plot_intensity*SCALE; 

    YH = YH*SCALE; 

     

    YMIN = min(plot_intensity); 

    YMAX = max(plot_intensity); 

     

    margin = 0.1; 

     

     

    h = figure(1); 

    set(h, 'Units', 'normalized', 'position', [0.2 0.6 

0.45 0.25] ) 

     

    % find the full name based on abbreviated name 

 

     

    %%%%%%%%% PLOT MALDI TRACE AND MAKE IT PRETTY 

%%%%%%%%%%%%%%%%%%%%%%%%% 

    figure(1); 

    hold off; 

    plot(1,1); 

    hold on; 

    plot(plot_mass, plot_intensity, '-k'); 

     

    % add full name of glycan to the title 

    title([names ' - ' full_temp]); 

     

    set(gca,'yscale','lin','xscale','lin',... 

       'TickDir','out'); 

   ylabel('intentisy'); 

   xlabel('M/z'); 

    xlim([4000 8000]); 

    ylim([YMIN - margin*YH YMAX + margin*YH]); 

    drawnow; 

    hold on; 

     

     

            IX2 = find ( plot_intensity == ... 

                    max(plot_intensity(plot_mass>5000 

& plot_mass<5500)) ); 

        pVIII = plot_mass(IX2(1)); 

         

         

         

               % define the RANGE and make sure it 

doesn't exceed the boundaries 
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        if IX2+RANGE > size(plot_intensity,1) 

            H = size(plot_intensity,1); 

        else 

            H = IX2+RANGE; 

        end 

         

        if IX2-RANGE < 1 

            L = 1; 

        else 

            L = IX2-RANGE; 

        end 

         

        initial_mass = pVIII; 

        initial_int  = max( plot_intensity(L:H) ); 

                

        fo = 

fitoptions('Method','NonlinearLeastSquares',... 

               'StartPoint',[initial_int initial_mass 

1 1 1]); 

        ft = fittype('a1*exp(-((x-

b1)/c1)^2)+e1*x+f1','options',fo); 

 

        f = 

fit(plot_mass(L:H),plot_intensity(L:H),ft); 

         

         

         

         

        X = plot_mass(L:H); 

        MASS_P8 = f.b1; 

        MASS_P8_DBCO = MASS_P8 + 315; 

         

        HEIGHT_P8 = f.a1; 

        MAX_P8 = max(f(X)); 

         

        plot(X, f(X),  '-r'); 

        plot(X, f.e1*X + f.f1, '-b'); 

        line(MASS_P8*[1 1], [MAX_P8, MAX_P8-

HEIGHT_P8], 'color','r'); 

         

        text(MASS_P8*1.01, MAX_P8,... 

                 ['M(pVIII)=' num2str(round(MASS_P8)) 

char(10)... 

                  'H(pVIII)=' 

num2str(round(HEIGHT_P8))],... 

                  'VerticalAlignment', 'bottom',... 
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                  'HorizontalAlignment','left'); 

         

        text(pVIII, YMIN, 'pVIII', ... 

              'FontWeight', 'bold',... 

              'VerticalAlignment', 'top',... 

              'HorizontalAlignment','center'); 

 

         

        line(MASS_P8_DBCO*[1 1], YMIN + [0 0.3*f.a1], 

'color', 'r'); 

        text(MASS_P8_DBCO, YMIN, ['pVIII' char(10) 

'+DBCO'], ... 

              'FontWeight', 'bold',... 

              'VerticalAlignment', 'top',... 

              'HorizontalAlignment','center'); 

         

         

%%%%%%%%% EXTRACT THE FULL NAME AND MAKE GLYCAN OBJECT 

%%%%%%%%%%%%%%%% 

   

    sugar = GlycanLeaf.createObj(full_temp); 

     

    hold on; plot(1,1); 

     

    drawGlycan('input',sugar.String, 'XY', [7500 

YMAX],... 

               'spacing', 150, 'angle', pi); 

     

  

    TEXT = ['MW=' num2str(round(sugar.MW)) char(10)]; 

     

    DEBUG = 0; 

    [MW(char(10)),b,c] = sugar.MW; 

    if DEBUG 

     

        for j = 1:numel(sugar.glycans) 

            TEXT = [TEXT sugar.glycans{j} ... 

                    ': ' num2str(round(c(j) )) 

char(10)];  

        end 

    end 

     

    text(7500, 0.90*YMAX, TEXT, 'HorizontalAlignment', 

'left',... 

                      'VerticalAlignment', 'top'); 

                   

%     set(gca,'xtick',[], 'ytick',[]) 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%         

        MASS_P8_DBCO_GLY = MASS_P8_DBCO + 

MW(char(10)); 

         

        line(MASS_P8_DBCO_GLY*[1 1], YMIN + [0 

0.1*HEIGHT_P8], 'color', 'b'); 

         

        text(MASS_P8_DBCO_GLY, YMIN, '*',... 

                'FontWeight', 'bold',... 

                'VerticalAlignment', 'bottom',... 

                'HorizontalAlignment','center'); 

        text(MASS_P8_DBCO_GLY, YMIN, 'P+glycan',... 

                'FontWeight', 'bold',... 

                'VerticalAlignment', 'top',... 

                'HorizontalAlignment','center'); 

             

            drawnow; 

         

    repeating = 1; 

    j=0; 

     

    while repeating>0 

        if manual 

            choice = questdlg('define a peak?',... 

                                'define a peak?',... 

                            'define a peak','no mo 

peaks','escape','define a peak'); 

            switch choice 

                case 'escape', return; 

                case 'no mo peaks', repeating = 0; 

continue; 

                case 'define a peak',  

 

                    [x]=ginput(1);  

                     

                     j = j+1; 

                    lineX(j) = x(1); 

                    

            end 

        else 

            j = j+1; 

            if j==1 

                % find the main peak 

                lineX(j) = MASS_P8_DBCO_GLY; 
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                IX =  (strcmp('Neu5Ac',sugar.glycans)     

|... 

                       

strcmp('Neu5,9Ac2',sugar.glycans)  |... 

                       strcmp('Neu5Gc',sugar.glycans)   

|... 

                       strcmp('KDN',sugar.glycans) ); 

                    

                repeating = sum(IX); 

                 

            elseif j==2 && repeating 

                 

                IX = ~(strcmp('Neu5Ac',sugar.glycans)    

|... 

                       

strcmp('Neu5,9Ac2',sugar.glycans) |... 

                       strcmp('Neu5Gc',sugar.glycans)  

|... 

                       strcmp('KDN',sugar.glycans) ); 

                Nsialo = sum( ~IX ); 

                 

                [~,~,c]= sugar.MW; 

                 

                asialoMW = sum(c(IX)) - 18*(sum(IX)-

1); 

 

                MASS_P8_DBCO_GLY = MASS_P8_DBCO + 

asialoMW; 

                 

                lineX(j) = MASS_P8_DBCO_GLY; 

                 

                 

                line(MASS_P8_DBCO_GLY*[1 1], YMIN + [0 

0.1*HEIGHT_P8], 'color', 'b'); 

         

                text(MASS_P8_DBCO_GLY, YMIN, '*',... 

                        'FontWeight', 'bold',... 

                        'VerticalAlignment', 

'bottom',... 

                        

'HorizontalAlignment','center'); 

                text(MASS_P8_DBCO_GLY, YMIN,... 

                        ['-' num2str(Nsialo) 'xSialo'] 

,... 

                        'FontWeight', 'bold',... 

                        'VerticalAlignment', 'top',... 
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'HorizontalAlignment','center'); 

                     

                repeating = 0; 

             

            end 

        

                % find the index of data nearest to 

the mouse click 

                IX2 = max ( find( plot_mass < lineX(j)  

)); 

 

                        % define the RANGE and make 

sure it doesn't exceed the boundaries 

 

                if IX2+RANGE > size(plot_intensity,1) 

                    H = size(plot_intensity,1); 

                else 

                    H = IX2+RANGE; 

                end 

 

                if IX2-RANGE < 1 

                    L = 1; 

                else 

                    L = IX2-RANGE; 

                end 

 

                initial_mass = lineX(j); 

                initial_int  = max( 

plot_intensity(L:H) ); 

 

                fo = 

fitoptions('Method','NonlinearLeastSquares',... 

                       'StartPoint',[initial_int 

initial_mass 1 1 1]); 

                ft = fittype('a1*exp(-((x-

b1)/c1)^2)+e1*x+f1','options',fo); 

 

                f = fit(plot_mass(L:H),... 

                        plot_intensity(L:H),ft); 

                     

                 

                X = plot_mass(L:H); 

                MASS(j) = f.b1; 

                HEIGHT(j) = f.a1; 

                MAX(j) = max(f(X)); 

 



278 
 

                plot(X, f(X),  '-r'); 

                plot(X, f.e1*X + f.f1, '-b'); 

                line(MASS(j)*[1 1], [MAX(j), MAX(j)-

HEIGHT(j)], 'color','r'); 

                 

                Delta(j) = round(abs(MASS(j)-

MASS_P8_DBCO)); 

                Ratio(j) = round(100*HEIGHT(j) / 

(HEIGHT(j) + HEIGHT_P8)); 

                 

                if j==1 

                    text(MASS(j)+200, MAX(j)*0.7,... 

                        ['M=' num2str(round(MASS(j))) 

char(10)... 

                         'dM=' num2str(Delta(j)) 

char(10)... 

                         'R=' num2str(Ratio(j)) '%' 

char(10)],... 

                          'VerticalAlignment', 

'bottom',... 

                          

'HorizontalAlignment','left'); 

                elseif j==2 

                    text(MASS(j), MAX(j) + (MAX(j)-

HEIGHT(j))*0.1,... 

                    ['M=' num2str(round(MASS(j))) 

char(10)... 

                     'dM=' num2str(Delta(j)) 

char(10)... 

                     'R=' num2str(Ratio(j)) '%' 

char(10)],... 

                      'VerticalAlignment', 

'bottom',... 

                      'HorizontalAlignment','right'); 

                end                                      

        end 

end 
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Appendix C-80. Code source for R script DE_analysis.R 

 
# DE analysis of sequencing data 

# Daniel Ferrer 

# ferrervi@ualberta.ca 

# 2019-01-15 

 

library(ggplot2) 

library(stats) 

library(tidyr) 

library(edgeR) 

 

options(scipen=999) 

 

 

 

############# EdgeR implementation 

############################### 

 

x <- read.csv("bg_bc.csv") # compare pair-wise  

head(x) 

 

#### 1_Define Groups and replicates: 

 

group <- factor(c(1,1,1,2,2,2,2,2,2))    # 2 groups  

 

#### 2_Create DGElist (EdgeR object) 

 

y <- DGEList(counts=x[,2:10], genes=x[,1]) # specify 

your reads are col 2 to 9 and glycans==genes are col 1 

y <- calcNormFactors(y)                   # 

Normalization... input data shoud be no normalized 

 

#### 3_Create design matrix 

 

design <- model.matrix(~group) 

y <- estimateDisp(y,design) 

 

#### 4_Data exploration: 

 

plotMDS(y) # PC analysis, the distance between points 

on plot 

 

#### 5_DE Analysis 

 

#### 5.1_Method 1: Quasi-likelyhood F-test (qlf)  
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#### 5.1.1_Compare G3C Vs Input 

 

fit <- glmQLFit(y,design) 

qlf.2vs1 <- glmQLFTest(fit,coef=2) 

 

hits <- topTags(qlf.2vs1) 

top <- rownames(topTags(qlf.2vs1)) 

hits 

 

plotMD(qlf.2vs1)                    #  

indicate 2-fold up or down 

abline(h=c(-1,1), col="blue") 
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Appendix C-80. Code source for R script makeContrast.py 

 
import itertools 

import pandas as pd 

import numpy as np 

import glob as gb 

 

filenames = gb.glob('*.txt') # Gather a  list with 

filenames 

 

c = 0   # initialize counter to index 1st position on 

filename list 

for i in range(len(filenames)):  

    fo = open((str(filenames[c])[0:20])+'.csv', 'w+') 

# nested str() function to create strings.trim name 

    with open(filenames[c], 'r+') as f: 

        head = f.readline()                           

# keep 1st line 

        fo.write(','.join(head.split(' ')[3:]))       

# convert to csv 

        for line in itertools.islice(f, 2, None):     

# start=2, stop=None 

            tokens = line.split(' ')                  

# make a list of strings  

            fo.write(','.join(tokens[3:]))            

# convert to csv 

    c= c+1 

    fo.close()  

     

 

########### DATA CONSOLIDATION  

############################# 

filenames = gb.glob('*.csv') 

d = 0 

for f in filenames: 

    df = pd.read_csv(filenames[d]).replace(0,1) 

    df = df.groupby(['AA'], as_index= 

False).agg('sum')    

    df.to_csv(filenames[d]) 

    d = d + 1 

 

########### MAKE CONTRAST TABLES  

############################# 

 

filenames = gb.glob('*.csv') 

 

# User needs to define Test and Control experiments 
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ctrl = pd.read_csv(filenames[0]) # Control 

test = pd.read_csv(filenames[1]) # Test 

 

df1 = ctl.merge(test, on = "glycan",  how='outer') 

df2 = df1.fillna(value=1.1)      # fill missing values 

with 1.1 

df2.to_csv('bg_sb.csv')          # save the data 
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Appendix D: Selection of lactose-modified phage libraries 

against galectin family proteins 
 

In this study we decorated random 7mer peptide phage library with 

anomeric aminooxy lactose substrate to obtain phage displayed peptides bearing 

lactose residue (Scheme 1). Next, we screened those libraries against plate 

immobilized galectin-1, galectin-3, galectin-7 or galectin-8.   

Scheme 1. Chemical modification of Ser-X7 phage library with hydroxylamine 

derivative of lactose (Lactose-ONH2). 

Target immobilization, by passive adsorption into plastic 96 well  plate 

resulted in protein-coated plate with  non-uniform, binding affinity towards the 

conjugated lactose-horseradish peroxidase (Appendix D-1). 

 

  
Appendix D-1 Concentration dependent response curves for the binding of  HRP-

Lac conjugate to plate-immobilized galectin-1 (Gal-1), galectin-3 (Gal-3),  

galectin-7 (Gal-7),  and galectin-8 (Gal-8). 

 



284 
 

The binding to HRP-Lac of tandem-dimeric Gal-8 and Gal 7 showed 

higher EC50 (~ 0.04 M) as compared with monomeric Gal-3 and Gal-1 ( EC50 ~ 

0.4 M). To achieve uniform activity on coated plate we used different 

concentrations of proteins and included unrelated carbohydrate binding protein 

cholera toxin-B (CTB) as control (Appendix D-2). 

 

 

Appendix D-2. Curves for the binding of  HRP-Lac conjugate to Gal-1, Gal-3,  

Gal-7, Gal-8 and CTB immobilized on plate. Passive adsorption on plate with 

different protein concentrations. 
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Appendix D-3. Top 50, most abundant Lac-peptide combinations identified by 

DNA sequencing from selection experiments on Gal-3 coated wells, compared 

with input, peptide without lactose (unmodified library = Ser X7) and, selected 

against unrelated CTB protein target. 

 

These experiment however, are inconclusive. The statistical significance 

of the magnitude of enrichment for selected sequences against Gal-3 for example 

was very low. Volcano plots of the differential enrichment analysis for Gal-3 

selection compared to input,  Ser-X7  and CTB  visualized very low statistical 

significance for enriched sequences (Appendix D-4).   
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Appendix D-4. Volcano plots of DNA-sequencing data from selection of Lac-X7 

phage libraries against Gal-3 compared to Input, Ser-X7  and CTB. 
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Appendix E: Selection of galactose-modified macrocyclic 

phage libraries against galectin-3.  

 

We modified a SCX3C phage library with dichloracetone derivatives 

oxime linked to Galactose (DCOGal) or aglycon (DCOMet) and generated 

macrocyclic glycopeptide libraries displayed on M13 phage. We screened the 

macrocyclic glycopeptide libraries against Galectin-3 and  cholera toxin-B (CTB). 

From  the analysis of deep-sequencing data we identified 176 hits that were 10-

fold enriched as compared with results from CTB (Appendix E-1).   

Appendix E-1 A. Hits present in emulsion-based screening but not present in any 

other screens. The hits are at least 10 times more abundant compared to all 

controls, with significance threshold of p<0.05. B. LOGO plots for the population 

of sequences enriched on emulsion amplification (Emu) but no on any of the 

others controls. Only on top 50 hits there could be some consensus Results are 

based on two independent instances of panning.  

Analysis from the hit population by sequence logo identified proline (P) 

phenylalanine (F) , histidine (H), aspartic acid (D), and alanine (A) as conserved 

reisdues on selected sequences. 
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