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1.1 Carbohydrates and lectins in molecular recognition  

    Carbohydrates are the most abundant organic compounds found on the planet, and 

they can be divided into four major classes: mono-, di-, oligo- and polysaccharides. These 

classes have numerous roles but it is becoming more and more clear that molecular 

recognition is an important one. The surface of mammalian cells is covered by a dense 

layer of carbohydrates designated the glycocalyx, in which, carbohydrates are conjugated 

to proteins (glycoproteins, proteoglycans) and to lipids (glycolipids). This way the 

carbohydrates are well presented to take part in molecular recognition processes. 

Numerous proteins are able to interact with the carbohydrates. Among such proteins, 

lectins binding to mono- and oligosaccharides specifically have come into the forefront of 

biological research.  

    Lectins are carbohydrate-binding proteins and can thus recognize particular glycans 

among the vast array expressed in biological systems. Most animal lectins can be classified 

into four distinct families: 1) C-type lectins (including the selectins); 2) P-type lectins; 3) 

pentraxins; 4) galectins, formerly known as S-type or S-Lac lectins.1 During the past 

decades, there has been remarkable progress in elucidating the functions of the lectins 

related to their carbohydrate binding properties.   

1.2 Galectins and biological activities 

 

  

Figure 1. Subfamilies and functions of galectins. 

    The galectins were first discovered by the Barondes group in the early 90s while 

analyzing tissue extracts for their ability to bind immobilized β-galactosides. Galectins as a 

subfamily of lectins, can recognize β-galactosides specifically and contain conserved 
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carbohydrate-recognition domains (CRDs) consisting of about 130 amino acids, which are 

responsible for carbohydrate binding. They display an intriguing combination of intra- and 

extracellular activities by interacting with various glycoproteins both inside and outside of 

cell. To date, there are 15 members, and are present in organisms ranging from nematodes 

to mammals.  

    Galectins can be subdivided into three types based on their structure: proto-type 

(galectin-1, 2, 5, 7, 10, 11, 13, 14 and 15); tandem type containing two distinct CRDs 

connected through a polypeptide linker of up to 70 amino acids (galectin-4, 6, 8, 9 and 12); 

and finally chimeric type (Gal-3) is in a class of its own because it is composed of an 

N-terminal collagen-like domain with several repeats of a peptide sequence rich in proline, 

glycine, and tyrosine residues followed by a C-terminal domain.2  

    Galectins are found both inside and outside cells (Figure 1). Extracellularly, galectins 

can interact with cell-surface glycoconjugates and glycoproteins containing suitable 

saccharides and consequently crosslink many glycoconjugates. These interactions can 

produce a cascade of signal events and may lead to distinct cellular responses. Through 

this mechanism, they modulate mitosis, apoptosis and cell-cycle progression. 

Intracellularly, galectins have been identified to be essential for pre-mRNA splicing in the 

nucleus and the regulation of cell growth, apoptosis and cell-cycle progression.3,4 Besides, 

Gal-3 was found to shuttle between the nucleus and the cytoplasm5. However, the exact 

mechanisms in these processes are often not clear and protein-protein interactions are 

involved in most of the intracellular cases, rather than lectin-carbohydrate interactions.4 

1.3 Carbohydrate-recognition domains (CRDs) structure 

    The galectin CRD is of a β-sandwich type with two antiparallel β-sheets, in which the 

carbohydrate binding site is a long groove consisting of five subsites (A-E) as described by 

Leffler et al (Figure 2).6 This site is long enough to contain a tetrasaccharide and the 

subsite C with its highly conserved residues can specifically recognize the β-galactoside.7,8 

The second most conserved region, subsite D, commonly binds the glucose in case of 

lactose. The subsite A and B structures are more varied than subsite C and D, which leads 

to different selectivities for the various galectins. Finally, subsite E doesn’t bind to 

endogenous saccharides but still contributes to the binding affinity of galectins to certain 

carbohydrates even if it is less well defined in the structure.  

1.4 Galectin inhibitors 

As was mentioned in the previous pages, galectins can modulate various biological 

functions and play profound roles in many pathological processes. To decipher the precise 

action mechanisms of different galectins, selective inhibitors are an urgent need. In 

addition, the therapeutic potential of these inhibitors is increasing as more and more 

observations are pointing to the relevance of the galectins in many conditions and 
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diseases like inflammation, cancer and fibrosis. Several galectin inhibitors have been 

developed with an emphasis on Gal-1 and -3. These inhibitors can be divided into small 

molecule carbohydrate-based inhibitors, non-carbohydrate-based inhibitors, and 

carbohydrate-based multivalent inhibitors.  

 

Figure 2. Visualization of a high-resolution X-ray structure of galectin-3 CRD in complex 

with lactose (PDB id 3ZSJ). The figure was generated with YASARA. 

1.4.1 Small molecule carbohydrate-based inhibitors  

As galectins recognize β-galactosides, and as a group, share a significant number of 

conserved amino acids in their CRD’s, the prevailing majority of inhibitor discovery efforts 

have focused on the synthetic modification of lactose (Compound 1: Kd = 220 μM for Gal-3, 

Kd = 190 μM for Gal-1) and N-acetyllactosamine (Compound 2: Kd = 67 μM for Gal-3) 

(Figure 3A).9,10,11 An obvious increase in binding affinity for Gal-3 was obtained by the 

introduction of an aromatic moiety at C3 of galactose.12,13,14 The resulting molecule had a 

strong interaction with an arginine residue (Arg-144) through arene-guanidinium 

interactions. The phenomenon was first found by Nilsson and co-workers, and led to the 

further development of optimized inhibitors with enhanced affinity (Compound 3: Kd = 

0.32 μM for Gal-3).11 In the meantime, a new scaffold, thiodigalactoside (TDG, compound 

4: Kd = 49 μM for Gal-3, Kd = 24 μM for Gal-1), was found to produce more advanced Gal-3 

inhibitors because of its enhanced glycolytic stability and similar binding mode compared 
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to lactose and LacNAc.15,13 Further research showed not only that a similar derivatization 

with aromatic amides at C3 of the TDG galactose could increase the affinity for Gal-3 

through interacting with arginine, but the same modification at the second galactose C3 

further enhanced the binding. Moreover, a triazole linkage between the carbohydrate and 

the aromatic moiety instead of an ether, ester, or amide linkage was found to increase the 

affinity for Gal-1 and -3 even further (Compound 5: Kd = 0.66 μM for Gal-3), as the 

synthesis of carbohydrate based 1,2,3-triazole analogs by Cu(I)-assisted 1,3-dipolar 

azide-alkyne cycloaddition (CuAAC) was applied.16,17 Van Hattum and co-workers 

introduced 4-phenyl-1H-1,2,3-triazol-1-yl substituents at the TDG C3 introduced by CuAAC, 

which increased the affinity for Gal-3 to 44 nM but yielded little selectivity between Gal-1 

and -3 (Compound 6). The bulkier 4-(4-phenoxyphenyl)-1H- 1,2,3-triazol-1-yl substituent, 

however, increased the preference for Gal-3 over Gal-1 to more than 200-fold (Compound 

7: Kd = 0.36 M for Gal-3, Kd = 84 μM for Gal-1). In line with these finding, structure-based 

drug design was utilized to develop selective galectin-3 inhibitors. A series of patents have 

been filed about TDG-based inhibitors for Gal-3, including the TD139 (Compound 8: Kd = 

0.87 M for Gal-3, Kd = 84 μM for Gal-1), which have exhibited promising effects in in vivo 

experiments attenuating the late-stage progression of lung fibrosis after bleomycin.18–20,21  

Compared with disaccharides, the monosaccharides (Figure 3B) have an innately 

weaker affinity.10 However, monosaccharide-based inhibitors can offer higher ligand 

efficiency and glycolytic stability, and are more easily modified to make them suitable as a 

therapeutic agent. The C1 and C3 hydroxyls of galactose were modified to improve affinity 

and selectivity for Gal-1 and -3. Most of these molecules have a higher affinity than 

galactose but can’t reach the affinity of unmodified lactose.10,12,22 A few monosaccharides 

showed a better potency than lactose. For example, compound 9 showed a Kd of 313 μM 

for Gal-1 (2.5 fold higher than lactose in a same assay).23 Oxime ether 10, a galactose 

derivative (Kd = 330 μM for Gal-3), showed an enhanced affinity for Gal-3 compared to 

galactose and another 30-fold affinity enhancement was observed by attachment of a 

triazole group at C3 (11: Kd = 11 μM).10 In addition, the O2 of galactose can be derivatized 

to obtain potential galectin inhibitors but this influences the binding less because the 

hydroxy group on C2 is pointing away from the protein into the solvent. A new scaffold, 

talose (the C2 epimer of galactose), was used to obtain taloside-based inhibitors of 

galectins. Some O2-substitued talosides were shown to achieve affinity enhancements by 

additional ligand-protein interactions of substituents like in compound 12 and 13.24,25 

These inhibitors still need to be optimized but talosides may offer desirable hydrolytic 

stability in talose-based drug candidates as they are usually “unknown” substrates for 

carbohydrate-processing enzyme in mammalians. 
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Figure 3. Small molecule carbohydrate-based inhibitors. (A) disaccharide galectin inhibitors; 

(B) monosaccharide galectin inhibitors. 

1.4.2 Non-carbohydrate-based inhibitors 

    Currently, non-carbohydrate-based inhibitors for galectins are mainly peptides and 

peptidomimetics (Figure 4). Compared with carbohydrates, peptides are easier to 

synthesize but can exhibit strong immunogenicity.26 In addition, some peptides called 

“carbohydrate-mimetic peptides (CMPs)” have been identified and these compounds are 

recognized by carbohydrate-binding proteins.27,28 Short pentapeptides like compound 14 

containing Tyr-X-Tyr motif were identified that interfere with galectin binding to its natural 

carbohydrate.29,30 Their inhibition was confirmed with surface plasmon resonance (SPR) by 

using a solubilizing tail on the peptide. The resulting effect of peptides was explained by 
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the nature of a multivalent ligand which can cause galectin aggregation through 

cross-linking several lectin molecules. However, the targeting site of these peptides and 

binding mode still need to be elucidated.28,30,30 Another case of synthetic peptides as 

galectin inhibitors was reported by Zou and co-workers, in which peptides (15, 16 and 17) 

bound with high affinity to recombinant Gal-3 (Kd ≈ 5-80 nM). By blocking the Gal-3 CRD, 

the peptide significantly inhibited Gal-3 on the cell surface and hence reduced 

metastasis-associated carcinoma cell adhesion, but the inhibiting mechanism of it is still 

not clear.32 

 

Figure 4. Non-carbohydrate-based inhibitors 

    The most well-studied peptide-based galectin inhibitor is compound 18, anginex, a 

potent antiangiogenic and antitumor peptide, that has been shown to bind Gal-1, -2, -7, 

-8N and -9N, but not Gal-3, -4N, -4C and -9C.33 Anginex is a synthetic peptide 

(ANIKLSVQMKLFKRHLKW KIIVKLNDGRELSLD) derived from the β-strand regions of anti- 



Chapter 1   

18 
 

angiogenic proteins PF4, IL-8 and BPI.34,35,36 Surface plasmon resonance showed that 

anginex bound Gal-1 with a Kd of about 90 nM.37 To reduce anginex’s molecular size and 

peptidic nature, a structure-activity relationship (SAR) study was conducted, which 

identified some key amino acid residues and indicated that the conformation of the 

peptide (anti-parallel β-sheet) was essential for its bioactivity.38,39 With this knowledge, a 

partial peptide mimetic of anginex, compound 19 (6DBF7), was designed and it contains 

six amino acid residues at the N-terminus and seven at the C-terminus linked by a 

dibenzofuran (DBF) moiety (SVQMKL-[DBF]-IIVKLND).39 The novel anti-angiogenic 

compound was shown to be more effective in vivo than parent anginex. In addition, NMR 

studies showed that compound 19 and its analogs bound to Gal-1 on one side of the 

β-sandwich opposite from the lectin’s carbohydrate binding site (Kd = 5-100 µM), which 

indicates that the peptidomimetic is a noncompetitive inhibitor that targets Gal-1 with a 

different binding mode compared to most of the carbohydrate galectin inhibitors.40 With 

the success of the partial peptidomimetics, a series of topomimetics were synthesized 

based on a calix[4]arene backbone, which allowed chemical substituents to approximate 

the molecular dimensions and amphipathic features of compound 18 and 19. Among 

these molecules, compound 20 (calixarene 0118) was shown to be a potent angiogenesis 

inhibitor in vitro and highly effective at inhibiting tumor growth in murine tumor models.41 

Considering some similarity to compounds 18 and 19, Gal-1 was assumed to be the target 

of compound 20. NMR spectroscopy (15N-1H HSQC ) showed that compound 20 bound to 

Gal-1 also at a site away from the lectin’s carbohydrate binding site with a Kd of 30 μM.42 

1.4.3 Carbohydrate-based multivalent inhibitors 

    The concept of multivalency has gained interest in biological systems since cell-cell 

recognition and cell signaling often rely on the formation of multiple receptor-ligand 

complexes. Diverse carbohydrates decorating the cell surface or in their free state, can 

make contact with a protein and then produce the corresponding effect. The individual 

protein-carbohydrate interactions are usually weak but multivalent ligands can 

compensate for this drawback through binding two or more ligands to one biological entity 

simultaneously. Currently, two typical mechanisms can explain the increased affinities of 

multivalent ligands for their binding partners: the chelation effect and the statistical 

rebinding effect. The chelation effect describes the intramolecular interaction between 

ligands and receptors with multiple binding sites. When the ligands are linked by a suitable 

spacer, the higher binding affinity of multivalent ligands can be achieved because of an 

entropically favored binding.43 The statistical rebinding effect is intermolecular. A 

multivalent ligand can display higher affinities in the binding of only one receptor site. The 

effect is obtained by an overall slower off-rate binding as the receptor site is rapidly 

reoccupied by a nearby (sub)ligand when the first one leaves.44  
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Galectins are often found as dimers (covalent or noncovalent) and sometimes even 

oligomers can be part of multivalent interactions. Significant efforts have been put into the 

design of multivalent galectin inhibitors that contain carbohydrate ligands like lactose and 

LacNAc, to achieve multivalency effects (Figure 5). Divalent lactose-bearing compounds 

showed increased potency to galectins compared to lactose, but the relative potency 

increases on a per lactose basis were very small (compound 21 and 22).45,23 To improve it, 

different scaffolds were introduced leading to larger enhancements as were clearly seen in 

the case of compound 23, 24 and 25.46,47,48 Results suggest a stronger interaction between 

these compound and galectins, especially for Gal-3 where the relative potency per lactose 

ligand unit as compared to free lactose is increased. Further research showed that the 

effects on Gal-3 likely resulted from the aggregation behavior of the chimeric Gal-3.48,47 

Apart from synthetic scaffolds, proteins like bovine serum albumin (BSA) were also used as 

a multivalent scaffolds and different glycoproteins were prepared by conjugation of the 

protein to glycans. In studies reported by Elling and co-workers, neo-glycoproteins 

containing BSA as a scaffold and a tetrasaccharide (LacNAc-LacNAc: Galβ1,4GlcNAcβ1, 

3Galβ1,4GlcNAc or LacDiNAc-LacNAc: GalNAcβ1,4GlcNAcβ1,3Galβ1,4GlcNAc) for 

multivalent binding were prepared. The binding experiments by an ELISA-type assay 

showed the Kd value of neo-glycoproteins with different numbers of attached glycans 

(compound 26a-k and 27a-k) reached the nanomolar range and the nature of the terminal 

sugar of the tetrasaccharides could increase selectivity between Gal-1 and Gal-3.49  

Complex polysaccharides extracted and modified from natural sources such as egg, 

apple and citrus exhibited inhibiting effects on galectins.50,51,52 Mayo and co-workers have 

identified some galactomannans (GMs) with α-1,6-galactose branched form a 

β-1,4-mannose backbone, that bind Gal-1 and -3 in the micromolar range (from 80 to 10 

μM) though seemingly at a site different from the conventional carbohydrate binding 

domain.53,54,55 Among these GMs, GM-CT-01 (Davanat, compound 28) was discovered to 

target Gal-1 and -3 (Gal-1: 10 μM, Gal-3: 2.8 μM) and was patented as a cancer 

therapeutic that can decrease the negative side effects of co-therapeutics such as 

5-fluorouracil (5-FU) and Adriamycin.56,50,57,58 It has a weight-average molecular weight of 

59 kDa and an average repeating unit of 17 β-D-Man residues and 10 α-D-Gal residues, 

with an average polymeric molecule containing approximately 12 such repeating units. As 

a modified version of GM-CT-01, GR-MD-02 known as a Gal-3 inhibitor (Gal-1: 8 μM, Gal-3: 

2.9 μM), was found and it is a complex polysaccharide with rhamnogalacturonate 

backbone and branches terminating with galactose and arabinose at varying intervals.57,58 

In the phase II trial against non-alcoholic steatohepatitis with cirrhosis (NASH-CX), a 

significant biological activity of GR-MD-02 was demonstrated in patients.45 However, it has 

to be noted that both GM-CT-01 and GR-MD-02 have no obvious selectivity between Gal-1 

and Gal-3 and may bind to other targets as well.59,60 
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Figure 5. Carbohydrate-based multivalent inhibitors 

1.5 Project aim 

    Galectins have diverse functions and are involved in many biological processes like 

cell growth, adhesion and signaling. In addition, there is increasing evidence that galectins 

can be therapeutic targets for cancer and fibrosis. However, the functional mechanisms of 
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galectins remain unclear in many cases. This is true in part because they are present both 

inside and outside the cell and display an intriguing combination of intra- and extracellular 

activities. Furthermore, they can modulate the action of different glycoproteins through 

recognizing specific glycan motifs of the glycoproteins, with the added complexicity of 

multivalency and aggregation. Therefore, selective and potent inhibitors for galectins 

would be valuable tools to investigate the biological functions of these proteins.   

    In this thesis, we describe the design and synthesis of specific galectin inhibitors 

through a strategy of multivalency. Chapter 3 describes a synthesis of multivalent ligands 

inhibiting Gal-3, in which multiple lysine residues of albumin were chemically conjugated 

with “thiodigalactoside” epitopes to make neo-glycoproteins. The neo-glycoproteins were 

finally evaluated in binding studies with human Gal-1 and -3 to determine the binding 

properties. 

    Chapter 4 describes the synthesis of galectin inhibitors with a potential “chelate 

effect”, which are designed to bind to the two different binding sites on galectins 

simultaneously. In this chapter, a series of asymmetric “hybrid” compounds were prepared, 

that combine two galectin ligands, i.e., thiodigalactoside derivatives and calixarene 0118. 

Moreover, NMR spectroscopy was used to evaluate the interactions of these compounds 

with Gal-1 or -3. In addition, cellular experiments were conducted to compare the 

cytotoxic effects of the hybrids with those of calixarene 0118. 
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2.1 Carbohydrate and protein glycosylation 

Glycosylation is the process by which a carbohydrate, i.e. a glycosyl donor, is 

covalently linked to a target macromolecule (a glycosyl acceptor). Protein glycosylation in 

biology mainly refers to an enzyme-directed process that attaches glycans to proteins, and 

the resulting modified proteins can exhibit different functions and subsequently be 

involved in numerous biological processes. One of the most fascinating and yet frustrating 

features of protein glycosylation is the variety of the attached glycans, which is the so 

called “microheterogeneity”. Thus, glycosylation can turn a single protein into distinct 

“glycoforms”. Mechanistically, this “microheterogeneity” phenomenon might be the result 

of the complex microenvironment, i.e. the endoplasmic reticulum (ER) and Golgi 

apparatus, in which multiple, sequential, and partially competitive glycosylation and 

deglycosylation processes go simultaneously.  

 

 

Figure 1. Sugar nucleotide donors used by mammals. 

The protein glycosylation process itself has several common features. First of all, the 

glycosylation usually uses an activated form of the carbohydrate (nucleotide sugars) as a 

sugar donor for the reaction and the conversions are catalyzed by glycosyltransferases 

(GTs). These sugar donors are synthesized within the cytosolic or nuclear compartment 
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from monosaccharide precursors of endogenous or exogenous origin. Among an extensive 

range of sugar donors present in nature, only 9 sugar nucleotide donors are used by 

mammals (Figure 1). Secondly, protein glycosylation is a site-specific modification, which 

means the glycans can be linked to the protein in specific manners providing N-, O- or 

C-linked glycans. 

2.2 Carbohydrate and glycosyltransferase 

Carbohydrate moieties on a glycosylated protein act as words of a cellular language 

and their chemical diversity governs the corresponding functions of the resulting protein. 

Considering the stereochemical complexity of carbohydrates, glycosyltransferases need to 

transfer the sugar in a regiospecific and stereospecific way, which can involve inversion or 

retention of the configuration at the anomeric center (Figure 2).  

 

 

Figure 2. Enzymatic reaction with either an inverting or a retaining glycosyltransferase. 

    The mechanism of inverting glycosyltransferases is suggested to be a direct SN2-like 

displacement via an oxocarbenium-ion transition state assisted by a catalytic base. This is 

exemplified in the research about O-linked β-N-acetylglucosamine transferase (OGT) 

undertaken by Walker and co-workers. Their crystal structure of human OGT containing 

sugar donor UDP-N-acetylglucosamine (UDP-GlcNAc) and a 14-residue peptide substrate 

as the sugar acceptor, showed OGT catalyzes the transfer with inversion of anomeric 

stereochemistry. 1 

The mechanism for retaining GTs is controversial but there are two main mechanism 

proposed: double-displacement (2×SN2) and internal return (SNi). Double displacement 

mechanism involves formation of a covalent glycosyl-enzyme intermediate and two SN2 

reactions in total. The first nucleophilic attack produces the glycosyl-enzyme intermediate 

with inversion of configuration on the anomeric center of the sugar donor. In the second 

step, the intermediate is attacked by a hydroxyl group of sugar acceptor, which is assisted 

by a catalytic base and results in an overall retention of configuration. For the SNi 
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mechanism, the GT interacts with the sugar donor and produces an oxocarbenium ion to 

shield on one side of the anomeric center. On the opposite side, the nearby acceptor is 

deprotonated by the phosphate group, then attach to the anomeric center after the 

phosphate leaves. This results in retention of configuration.2 

2.3 Glycosyltransferase families 

    GTs are classified into families based on amino acid sequence similarities. Since 

Campbell and co-workers first started the classification of GTs in 1997, over 90 distinct GTs 

families have been found. 2,3 To date, X-ray crystal structures have been published for over 

100 GTs in 38 GT families, which have been classified into three folds called GT-A, GT-B and 

GT-C. The GTs protein topology in GT-A fold consists of two associated β/α/β Rossmann 

domains and was first described for the SpsA from Bacillus subtilis.4 Like the GT-A fold, the 

architecture of GT-B enzymes consists of two β/α/β Rossmann domains, but these are 

associated flexibly and face “each other”. The first GT-B three dimensional structure was 

reported in 1994 for a bacteriophage T4 β-glucosyltransferase, which can transfer a 

glucose from uridine diphosphoglucose to hydroxymethyl groups of modified cytosine 

bases in DNA.4,5 The third fold, GT-C, was predicted on the basis of iterative sequence 

searches but the first three dimensional structure of a GT-C enzyme wasn’t published until 

2008. This was STT3 from Pyrococcus furiosus, which can catalyze the transfer of a 

heptasaccharide onto a peptide in an Asn-X-Thr/Ser-motif-dependent manner.6 The STT3 

crystal structure consists of four structural domains, the mainly α-helical domain of which 

is located at the center and surrounded by the other three β-sheet rich domains. It should 

be noted that not all the enzymes adopting GT-A or GT-B folds are glycosyltransferases and 

there is no relation between the overall fold of an enzyme and its biological function. 

2.4 O-linked N-acetylglucosamine transferase 

    Post-translational modifications, such as phosphorylation, acetylation or methylation, 

regulate protein function in cellular processes. O-GlcNAcylation as a widespread form of 

post-translational modification has been found on hundreds of cytosolic and nuclear 

proteins. Remarkably, the O-GlcNAc modification is regulated by only two opposing 

enzymes. The enzyme catalyzing the attachment of N-acetylglucosamine onto 

serines/threonines of the protein is O-linked N-acetylglucosamine transferase (OGT), and 

the enzyme removing the O-GlcNAc from the modified protein is O-GlcNAcase (OGA). 

More than 1,000 substrate proteins that are O-GlcNAcylated by OGT have been identified 

to date and therefore OGT is involved in numerous biological processes such as 

transcription, cell cycle progression, the stress response and nutrient sensing.  

Structurally OGT contains the GT-B fold and it comprises two distinct regions: an 

N-terminal region consisting of tetratricopeptide (TPR) repeat units and a catalytic region 

containing three domains: the amino (N)-terminal domain (N-Cat), the carboxy 

(C)-terminal domain (C-Cat), and the intervening domain (Int-D) (Figure 3A).8,9 The UDP 
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moiety lies in a pocket which is in the C-Cat domain near a cleft between the C-Cat and 

N-Cat domain. Besides, the crystal structure of a complex containing UDP and a peptide 

substrate has been published, which provides insight into the catalytical mechanism of 

OGT.8 The OGT-UDP-peptide complex is shown in Figure 3B. The structure and a 

competitive inhibition experiment indicate an action mechanism of OGT, in which the 

donor substrate UDP-GlcNAc binds to the active site of the enzyme first, followed by the 

acceptor peptide of the protein, and then OGT transfers GlcNAc from the donor onto the 

peptide (Figure 3D). In this transfer, several residues around the substrate are critical for 

catalytic activity (Figure 3C). For example, Lys 842 stabilizes the UDP-GlcNAc by contacts 

with the phosphate of UDP, and His 498 locating between the reactive serine hydroxyl and 

the GlcNAc binding pocket was proposed to catalyze the nucleophilic attack as a base.10,11 

 

Figure 3. (A) Schematic of the OGT domain architecture with the TPR units shown in grey, 

the transitional helix (H3) in purple, the N-Cat domain in blue, the Int-D domain in green, 

and the C-Cat domain in red; (B) OGT-UDP-peptide complex; (C) View of UDP and key 

residues (carbon atoms shown in cyan) and part of the CKII peptide (carbon atoms shown 

in yellow); (D) Proposed mechanism of OGT.  

2.5 O-GlcNAc transferase inhibitors 

Much research has revealed that OGT appears to be a therapeutic target in several 

human pathologies. This is especially the case in diabetes and cancer because of their 

strong connections with the metabolic status of the cell (Figure 4). Like kinases that use 

ATP as a substrate in the phosphorylation, OGT uses UDP-GlcNAc as the sugar donor 

substrate, which is a product of hexosamine biosynthetic pathway (HBP). Nutrient 
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variations change the flux through the HBP either increasing or decreasing UDP-GlcNAc 

levels, affecting the O-GlcNAcylation of many proteins, since OGT is highly sensitive to 

UDP-GlcNAc levels across a very broad range of concentrations. Through this mechanism, 

OGT overexpression along with excessive nutritional intake (glucose and glutamine), an 

important signal of diabetes and cancer, and the resulting O-GlcNAcylated proteins are 

involved in different diseases. Besides, the N-terminal domain consisting of 

tetratricopeptide (TPR) units can mediate the recognition of proteins, which implies a role 

for substrate selection via protein-protein interactions. With the catalytic and non-catalytic 

activities, OGT is emerging as a topic of current interest, and selective inhibitors targeting 

OGT are needed to identify all of its functions in biological processes and validate OGT as a 

therapeutic target. Based on their different structural features, inhibitors can be classified 

into three types: sugar donor mimic inhibitors, bi-substrate inhibitors and small molecule 

inhibitors identified from screening (Figure 5). 

 

 

Figure 4. OGT as a therapeutic target linking glucose metabolism to protein 

O-GlcNAcylation in different diseases. 

2.5.1 Sugar donor mimic inhibitors 

    UDP-GlcNAc plays a role as a sugar donor in the process of O-GlcNAcylation. 

Interestingly, UDP itself can inhibit OGT in vitro with an IC50 of 1.8 µM, making it the most 

potent OGT inhibitor to date (Figure 5). With this interesting finding, some OGT inhibitors 

have been identified from UDP analogues. For example, C-UDP exhibited a high potency 

like UDP but the two compounds are not suitable for use in cell biology or medicine 

because of poor cell permeability and selectivity issues. Besides, various small molecules 

derived from moieties of the sugar donor UDP-GlcNAc are reported to perturb 
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O-GlcNAcylation in cells, including alloxan and benzyl 2-acetamido-2-deoxy-α-D- 

galactopyranoside (BAGDP). The uracil analogue alloxan was the first OGT inhibitor 

reported and has been used in cell biology research (IC50 = 18 µM).12 However, its use is 

restricted by many off-target effects and cellular toxicity due to its oxidative capacity.13,14 

BADGP, as an N-acetylgalactosamine (GalNAc) mimic, is capable of changing the 

O-glycosylation in cells but is not selective for OGT.15 

    Modification of UDP-GlcNAc produced several OGT inhibitors that are less potent 

than UDP.16 Ac-5S-GlcNAc as a precursor can be administered to a cell to hijack the 

hexosamine pathway towards the production of UDP-5S-GlcNAc. After enzymatic 

processing, this compound decreased global O-GlcNAcylation within cells with an EC50 of 5 

µM and has been used in a number of biological studies.17,18 Nevertheless, UDP-5S-GlcNAc 

converted from Ac-5S-GlcNAc, is an isostere of UDP-GlcNAc, and may inhibit not only OGT 

but also other UDP-GlcNAc-dependent enzymes in the cell. UDP-5S-GlcNAc can e.g. be 

epimerized to UDP-5S-GalNAc and affect the corresponding enzyme that uses 

UDP-GalNAc.17,19 To summarize, although these inhibitors derived from the sugar donor 

show moderate potency and some of them have been used in research, the drawback is 

obvious due to their limited potency and nonnegligible off-target effect in cell biology 

experiments. Not only does the charged nature of UDP make it cell-impermeant, but also 

it also binds to a wide range of other enzymes. 

2.5.2 Bisubstrate inhibitors 

    A selective OGT inhibitor based on just the sugar donor is difficult to obtain because 

GTs usually use a common glycosyl donor. On the other hand, acceptor analogues have the 

potential to be selective inhibitors because of their more specific binding to the target, 

albeit with a lower affinity indicated by typical Km values in the millimolar or high 

micromolar range. In comparison with the acceptor, donor affinities are usually in the low 

micromolar range.20,21 Bisubstrate analogues, in which donor and acceptor analogues are 

covalently attached to each other, have the potential to offer both potent and selective 

inhibition.22  

OGT bisubstrate inhibitors derived from both the OGT donor and acceptor substrate 

were published in 2014 for the first time, which are shown in Figure 5. These two 

compounds (Goblin 1 and Goblin 2) consist of the UDP part of the sugar donor and in 

addition a sugar acceptor peptide, connected via a short linker.23 It should be noted here 

that the OGT inhibition of Goblin 1 and 2 is almost entirely the result of the UDP part and 

the peptide part had no detectable independent binding potency to OGT. In other words, 

the donor and acceptor moiety in the Goblins do not synergistically contribute to the OGT 

inhibition as expected from a proper bisubstrate inhibitor. Besides, the specificity of Goblin 

towards OGT needs to be validated and poor cell permeability restricted their applications 

in cell biology experiments.  
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2.5.3 Small molecule inhibitors from high-throughput screening (HTS) 

    High-throughput screening (HTS) approaches have also been used to identify small 

molecule OGT inhibitors. Several OGT inhibitors with moderate potency have been 

reported.24,25 A fluorescent UDP-GlcNAc displacement assay was designed to screen library 

compounds, and then several positive hits were evaluated for OGT inhibition with a 

radiometric assay. IC50 values and the mode of inhibition were determined for two of the 

best: ST045849 (IC50 = 53 µM) and BZX (IC50 = 10 µM); both were competitive with the 

UDP-GlcNAc.25 A study showed that ST045849 perturbed pancreatic development to 

reduce the insulin production, and this finding indicated the important and specific role of 

OGT in β-cell development.26 Another recent report showed ST045849 as an OGT inhibitor 

blocking O-GlcNAcylated Notch1 and Notch1 protein expression in the plasma 

membrane.27 BZX contains a dicarbamate moiety that connects two aromatic groups and it 

was used to treat breast cancer cells by Caldwell and co-workers. In their research, the 

resulting reduced O-GlcNAcylation by OGT inhibition caused shrinkage and an 

anti-invasion effect of the cancer cells, which suggested that OGT could represent novel 

therapeutic targets for breast cancer.28 One unanticipated finding about BZX is that it can 

covalently bind OGT to cause an irreversible loss of enzyme activity. Mass spectrometry 

and X-ray crystallography have shown the five heteroatom dicarbamate core in BZX 

cross-links the active site of OGT (Lys 842 and Cys 917) through a double-displacement 

mechanism. While the inhibiting mechanism of BZX provides new insight into the unique 

architecture of the OGT active site, it may produce potential toxic and off-target effect.29 

Another cell-permeable small molecule OGT inhibitor, OSMI-1, has been identified 

through a combination of HTS hits and follow-up chemistry. This compound inhibits OGT 

with an IC50 of 2.7 µM and has been tested in several mammalian cell lines.19 Compared 

with other OGT inhibitors, OSMI-1 is noncompetitive with respect to UDP-GlcNAc, which 

means it binds to a different site of OGT and likely adopts a different mode of action. 

Similar inhibitors have been discovered via “tethering in situ click chemistry (TISCC)” in 

very recent research. APNT and APBT inhibit OGT with IC50 of 66 µM and 139 µM and also 

inhibit O-GlcNAcylation in cells without competing with donor or acceptor substrates of 

OGT.30 More research is necessary to understand how these compounds inhibit OGT and 

such newly discovered information can then be used to design novel OGT inhibitors and 

better understand the regulatory mechanisms and roles of OGT. 
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Figure 5. OGT inhibitors discussed in the introduction. 

2.6 Project aim 

    O-GlcNAc transferase (OGT) catalyzes the glycosylation of cytosolic and nuclear 

proteins and several compounds that manipulate OGT activity have been discovered to be 

used as tools to better understand its function. Further research on some OGT inhibitor 



Chapter 2   

36 
 

designs is limited by their diphosphate moiety that strongly contributes to the binding but 

results in poor uptake properties and/or selectivity. We recently identified two peptides 

(RBL-2 and ZO-3) as OGT sugar acceptor substrates through a peptide microarray approach. 

By making peptide variants, we successfully identified their O-GlcNAc sites and optimized 

the sequence of the peptides. Inspired by these findings, we obtained two potent OGT 

peptide inhibitors and thus started to design and synthesize potential bisubstrate 

inhibitors. Furthermore, one approach of conjugating a peptide derived from RBL-2 to 

uridine was performed as described in Chapter 5 of this thesis. In parallel, compounds 

obtained from a virtual screening were introduced as a replacement of uridine to make a 

novel OGT bisubstrate inhibitor.  
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Abstract: 

    Galectin inhibitors are urgently needed to understand the mode of action and 

druggability of different galectins, but potent and selective agents are still evading 

researchers even now. Small-sized inhibitors based on thiodigalactoside (TDG) have shown 

their potential while modifications at their C3 position have indicated a strategy to 

improve selectivity and potency. Considering the role of galectins as a glycoprotein traffic 

police, involved in multivalent bridging interactions, we aim to create multivalent versions 

of the potent TDG inhibitors. Here, we present for the first time the multivalent 

attachment of a TDG derivative using bovine serum albumin (BSA) as the multivalent 

scaffold. An efficient synthetic method is presented to obtain a novel type of 

neo-glycosylated proteins loaded with different numbers of TDG moieties. A polyethylene 

glycol (PEG)-spacer is introduced between the TDG and the protein scaffold maintaining an 

appropriate accessibility for an adequate galectin interaction. These novel conjugates were 

evaluated in galectin binding and inhibition studies in vitro. The compound with a 

moderate density of 19 conjugated TDGs has been identified as one of the most potent 

multivalent Gal-3 inhibitors so far, with a clear demonstration of the benefit of a 

multivalent ligand presentation. The described method may facilitate the development of 

specific galectin inhibitors and their application in biomedical research. 

3.1 Introduction 

A dense layer of carbohydrates is found on mammalian cells and the variety of the 

attached glycans results in specific profiles for molecular recognition. This recognition 

involving the so-called ‘sugar code’ is operational by reversible interaction of 

carbohydrate-binding proteins. Members of this protein class are described as lectins and 

fulfil a variety of effector functions in terms of cellular communication.1 Galectins as one 

subtype of lectins that can specifically recognize β-galactosides and are found in fungi, 

invertebrates and vertebrates.2 Fifteen different galectins have been identified in humans 

until now and they play crucial roles in the organization of receptor-lectin complexes 

(lattices) and regulation of immune responses.3,4,5 Their concave shaped groove for 

oligosaccharide binding, namely the carbohydrate recognition domain (CRD), is highly 

preserved. Among all the known galectins, galectin-1 (Gal-1) and galectin-3 (Gal-3) are the 

most thoroughly studied due to their involvement in angiogenesis, tumor progression and 

metastasis.6,7,8 The participation in malignant processes makes them promising targets for 

anti-cancer therapy. In this regard, immense efforts have been spent on the synthesis of 

potent and specific ligands. The prevailing majority of drug discovery efforts have been 

focused on the derivatives of lactose and N-acetyllactosamine (methyl β-lactoside, Kd = 

220 μM for Gal-3, Kd = 190 μM for Gal-1) (methyl β-LacNAc, Kd = 67 μM for Gal-3).9,10 

Thiodigalactoside (TDG, Kd = 49 μM for Gal-3, Kd = 24 μM for Gal-1) has been identified as 

a more potent Gal-3 inhibitor with additional advantages such as its enhanced glycolytic 

stability while maintaining a similar binding mode compared to lactose and LacNAc.11,12  
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Apart from designing small molecule inhibitors, a multivalent-based strategy has 

been adopted to promote the interactions between ligands and protein, as this more 

closely mimics the natural way in which galectins interact with glycoproteins. So far 

different scaffolds have been reported to carry multiple galectin ligands.13,14,15,16,17 In our 

previous work, bovine serum albumin (BSA) was used as plain protein carrier for 

neo-glycosylation.18,19 However, the conjugation technique adopted in those studies was 

complicated which restricted extensive applications. In addition, the squaric acid 

functional group used in the synthesis of the spacer may cause allergic and/or 

immunogenic reactions when applied in vivo.20 N-hydroxysuccinimidyl (NHS) esters, the 

most commonly used amine-reactive reagents, enables a larger variety of amine-reactive 

ligands for labeling proteins.21,22,23 Benefiting from this prior information, we successfully 

approached a type of neo-glycoproteins through conjugating NHS functionalized-TDG to 

lysine residues of BSA. The most obvious finding to emerge from the present study is that 

the TDG-conjugates exhibit outstanding high inhibitory potencies despite a low or 

moderate number of attached ligands. By combining a highly potent monovalent ligand 

with a beneficial multivalent presentation resulted in some of the most effective Gal-3 

inhibitors. Besides, the multivalent TDG-conjugates represent the first example of 

decorating a non-glycosylated carrier with TDG derivatives. 

3.2 Results and Discussion 

3.2.1 Synthesis of unsymmetrical TDG precursor 

The synthesis of carboxy-functionalized TDG started as shown in Scheme 1. The key 

building block was the unsymmetrical TDG derivative 6 carrying a phenyltriazole and an 

azide at the 3- and 3’-positions. To construct compound 6, two building blocks, namely 

tri-isopropylsilyl thioglycoside (compound 4) and glycosyl halide (compound 2), were 

prepared using a published method. The coupling involved a one-pot desilylation and 

glycosyl thiol alkylation with the glycosyl halide.24 Hence, compound 1, prepared from 

commercially available 1,2,5,6-diacetone-α-D-glucofuranoside through a known four-step 

reaction,25 was brominated (TiBr4, 67% yield) to afford compound 3, which was converted 

to thio-glycoside 4 stereoselectively with tri-isopropylsilylthiol (TIPSSH) in the presence of 

K2CO3. Meanwhile, a copper-catalyzed azide-alkyne cycloaddition of compound 1 with 

phenylacetylene provided the corresponding triazole crude, which reacted with HBr to 

obtain the glycosyl halide 2 (79% yield in two steps). Desilylating and activating with TBAF 

turned compound 4 into a thiol nucleophile which subsequently replaced the anomeric 

bromide of compound 2 through an SN2 reaction. Purification by silica column 

chromatography gave the resulting compound 5 in 54% yield. After removing the acetyl 

protecting group, the resulting crude 6 was used for the next step without further 

purification (Scheme 1). 
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Scheme 1. Synthesis of compound 6. Reagents and conditions: (a) (i) Phenylacetylene, 

CuSO4, sodium ascorbate, DMF/H2O, 80°C, microwave, (ii) HBr, CH2Cl2, 25 °C, 79% yield in 

two steps; (b) TiBr4, CH2Cl2/EtOAc, 25 °C, 67%; (c) TIPSSH, K2CO3, CH3CN, 25 °C, 30%; (d) 

TBAF, CH3CN, 25 °C, 62%; (e) NaOMe, CH3OH, 25 °C. 

3.2.2 Synthesis of polyethylene glycol (PEG)-spacer and carboxy-functionalized 

TDG     

The synthesis of polyethylene glycol (PEG)-spacer (compound 7) started from 

tetraethylene glycol. As previously reported, the reaction of tetraethylene glycol with an 

equal amount of propargyl bromide in the presence of NaH in THF at room temperature 

gave the monoalkyne terminated PEG4 .26 Then the Michael addition of resulting 

compound with tert-butyl acrylate in the presence of catalytic sodium metal gave 

compound 7 in 70% yield.27 Having assembled the important intermediates (compound 6 

and 7), the next objective was their CuAAC (Copper-catalyzed azide–alkyne cycloaddition) 

conjugation assisted by copper iodide. After purification with size-exclusion 

chromatography on Bio-Gel, compound 8 was obtained as a white fluffy solid. Removal of 

the tert-butyl group from compound 8 (TFA: DCM = 1: 1) gave carboxyl compound 9 (90% 

yield), which was transferred to the corresponding NHS-ester 10 through coupling with 

TSTU in DMF (Scheme 2). Compound 10 is prone to hydrolysis (e.g. during purification), 

thus it was directly used for further reaction. 
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Scheme 2. Preparation of carboxy- (9) and NHS-functionalized (10) TDG derivatives. 

Reagents and conditions: (a) Na, THF, 0 to 25 °C, 39%; (b) CuI, CH3OH, 25 °C, 64%; (c) 

TFA/DCM, 25 °C, 98%; (d) TSTU, DiPEA, DMF, 25 °C. 

3.2.3 Neo-glycoprotein synthesis and analysis     

Compared to the click-chemistry and squarate linker chemistry, NHS-mediated 

coupling is a straightforward and convenient coupling strategy for the modification of 

protein carriers. 28,29,30,31,19,21,23 The lysine residues of bovine serum albumin (BSA) react 

with the NHS ester moiety of the TDG derivative, but a crucial factor that needs to be 

taken into consideration is the distance between the TDG and BSA. Benefiting from 

previous work on chitooligomer spacers in neo-glycoproteins, we concluded that a suitable 

spacer with a certain significant length needed to be used for maintaining an appropriate 

ligand accessibility and proper galectin interaction of the final products.31 A PEG spacer 

with a similar length as used the mentioned study, was incorporated into conjugation 

agent 9. Furthermore, the modification of carbohydrates or derivatives thereof with PEG 
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as a biocompatible molecule is a commonly used technique.32 The NHS functionalized-TDG 

10 readily reacted with amino groups of BSA using a reaction buffer that contained 35 mM 

HEPES (pH = 7.0). The total amount of compound 10 was divided into three portions and 

added batch-wise after every 24h. As a result, we obtained compound 11 that was verified 

by the TNBSA-assay to carry 7.0 ± 1.0 TDG moieties per BSA molecule (Scheme 3) and the 

coupling efficiency was found to be 8 %. Shifting the pH to a slightly higher value (pH 8.0 - 

9.0) by the addition of triethylamine (TEA) gave arise to compound 12. The TNBSA-assay 

confirmed that the number of attached TDGs was now 18.7±1.6 corresponding to a 

coupling efficiency of 20 %. The elevation of the pH may deprotonate the amino groups of 

the lysine residues to a degree sufficiently high for fast and efficient coupling. In 

accordance with our previous findings, reducing sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) confirmed the attachment of the TDGs.   

 

 

Scheme 3. Loading of BSA protein carriers with NHS-functionalized compound 10 resulting 

in compounds 11 and 12. Reagents and conditions: (a) compound 11: BSA (0.06mM, 150 

µL) in HEPES buffer (35 mM, pH = 7.0), compound 10 in DMF (54 mM, 3 × 5µL), 72 h, 4 °C, 

(b) compound 12: BSA (0.06 mM, 50 µL) in HEPES buffer (pH = 8.0 - 9.0, adjusted with TEA), 

compound 10 in DMF (54 mM, 3 × 1.67 µL), 72h, 4°C. 
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3.2.4 Evaluation of multivalent BSA-conjugates as galectin ligands  

In collaboration with the biomaterials group of Lothar Elling (RWTH Aachen 

University), multivalent TDG-conjugates 11 and 12 were utilized as immobilized ligands in 

solid-phase binding assays with recombinant human His6-tagged Gal-1 and Gal-3 (Figure 1). 

Except for half-maximal binding signal corresponding to the dissociation constant (Kd) and 

maximal binding signal (Bmax), binding efficiency (Bmax/Kd) was adopted to evaluating these 

two compounds (Table 1). The binding studies showed that Gal-1 bound 11 in a three-fold 

more efficient manner than Gal-3 did. Gal-1 showed higher affinity for conjugate 11 with a 

6-fold reduced apparent dissociation constant Kd in comparison with Gal-3 with p<0.001 

(student t-test). However, Gal-3 showed an elevated capacity when binding to conjugate 

11, indicated by the higher Bmax value (Table 1). A possible explanation is the glycoside 

cluster effect, which may result in galectin oligomerization and thus to increase the 

binding signal.33,34 This effect might be more pronounced for Gal-3, which is generally 

considered to form higher oligomers when binding to multivalent ligands. Gal-1 

aggregation is likely limited to the formation of dimers. 35  

 

Figure 1. Behavior of recombinant human Gal-1 and Gal-3 for binding to immobilized 

neo-glycoconjugates 11 and 12. The subtracted blank value (no Gal-1 and/or Gal-3) was 

0.047±0.003. 

Conjugate 12 contains a higher number of TDG derivatives, and is therefore bound to 

Gal-3 with a higher affinity. In addition, the highest binding efficiency was observed in the 

assay for Gal-3 toward conjugate 12 with a lower Kd value and raised Bmax value (Table 1, 

Figure 2). The enhancement of Gal-3 binding efficiency for compound 12 was significant 

with p<0.001 (student t-test). In contrast, Gal-1 was not affected much by conjugate 12, 



Chapter 3   

46 
 

the capacity (Bmax) of which was slightly increased while the affinity was decreased. Thus, 

the binding efficiencies for Gal-1 toward conjugates 11 and 12 are almost the same within 

experimental error (Figure 2, Table 1). 

Table 1. Binding behavior of Gal-1 and Gal-3 using multivalent TDG conjugates as 

immobilized ligands. 

Galectin ligand Kd (µM)a Bmax(-)a Galectin binding efficiency 

[µM-1]b 

Gal-1 11 0.090±0.012 0.37±0.01 4.1±0.8 

Gal-1 12 0.131±0.017 0.43±0.01 3.3±0.6 

Gal-3 11 0.616±0.246 0.86±0.12 1.4±0.5 

Gal-3 12 0.199±0.446 1.04±0.06 5.2±0.3 

 

[a] determined in ELISA; [b] ratio of Bmax and Kd 

               
 

 

Figure 2. Binding efficiencies of recombinant human Gal-1 and Gal-3 for binding to 

immobilized neo-glyconjugates 11 and 12. Triple asterisks corresponds to a significant 

difference with a confidence interval of p<0.001. 

    To sum up, Gal-1 and Gal-3 bind conjugates 11 and 12 with high affinity through 

recognizing the conjugated TDGs. These findings are consistent with our previous studies, 

in which galectins interacted with the corresponding monovalent TDG compounds in a 

fluorescence polarization assay.36 However, we did not detect any specificity differences as 

seen for previously synthesized neo-glycoproteins carrying poly-N-acetyllactosamine 

(poly-LacNAc) derivatives.18 A possible reason is that the TDG ligands primarily interact 

with a very conserved region in the galectin’s CRD and thus produce little variations in 
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binding affinities.37,38,39 The larger aromatic substituents (e.g. 4-phenoxyphenyl) on the 

TDG scaffold could possibly offer a selectivity among galectins, which could eventually 

promote the discovery of selective galectin inhibitors based on neo-glycoproteins.36  

3.2.5 Evaluation of multivalent BSA-conjugates as Gal-3 inhibitors 

 

Figure 3. Competitive inhibition of Gal-3 (5.56 µM) binding to ASF using monovalent 

carboxy-functionalized compound 9 (A) and multivalent TDG-conjugates 11 and 12 at 

indicated concentration (B). Refer to Scheme 2 and Scheme 3 for compound structures. 

The subtracted blank value (no Gal-3) was 0.091±0.005. 

    The univalent TDG derivative 9 and multivalent glycoconjugates 11 and 12 were also 

evaluated in terms of their capability to prevent Gal-3 from binding to immobilized 

asialofetuin (ASF). The ASF glycoprotein was considered as a standard galectin ligand as 

reported before.18,19,31,40,41 In our case, Gal-3 was incubated together with increasing 

amounts of inhibitors 9, 11 or 12 until the ASF-galectin interaction was blocked completely. 
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Non-modified BSA was utilized as a negative control that can’t perturb the binding 

between Gal-3 and ASF. As Figure 3 indicates, a complete inhibition of Gal-3 binding to ASF 

was reached when inhibitor 9 (>25 µM) was used. The same inhibition effect also occurred 

for conjugates 11 and 12 (>200 nM). The resulting sigmoidal inhibition curves were the 

basis for the calculation of the IC50 value, defined as the inhibitor concentration at which 

the half-maximal inhibition was reached (Table 2). The inhibition strength of compound 9 

was in the low micromolar range and fits the range of N’,N’’-diacetyl-lactosamine 

(LacdiNAc)-LacNAc tetrasaccharide, which was identified as specific ligand of Gal-3.19 

However, we assume that the NHS-/PEG-modification of one C3 atom (asymmetric 

character) of 9 may reduce its affinity when applied as non-conjugated Gal-3 inhibitor. 

When comparing previous relevant studies, it becomes clear that Gal-3 has a much higher 

affinity for the symmetrically modified TDG. When both TDG’s galactose moeities carried 

the same substituents such as C(3)-benzamides,38,42 or C(3)-triazoles,36,43 the Gal-3 

affinities (Kd) were between 22 and 360 nM in a fluorescence polarization assay. 

When the asymmetric TDG derivative 9 is conjugated to a non-glycosylated serum 

protein scaffold to give the conjugates 11 and 12, it’s binding potential is fully exhibited. As 

shown in Table 2, the conjugates 11 and 12 have extraordinary high inhibitory potencies 

and low IC50 values. Even though the conjugate 11 only carried a quantity of seven TDG 

derivatives, the inhibition strength was raised 465-fold compared to the monovalent 

compound 9. This corresponds to an improvement factor of 66 per loaded TDG. The 

impact of multivalent ligand presentation was even more pronounced for glycoconjugate 

12 carrying a higher number (n=18.7) of TDG derivatives. Here, the inhibition strength was 

raised more than 4800-fold compared to the compound 9, representing an improvement 

factor per TDG of 256.  

Our findings suggest that multivalent conjugates 11 and 12, but not monovalent 

compound 9, inactivate more Gal-3 molecules than the amount of presented TDG 

derivatives, as seen before.17 On the one hand, both multivalent inhibitors may induce the 

formation of Gal-3 complexes, cross-linked by their N-termini.44 On the other hand, type-C 

Gal-3 self-association is most likely. Here, the non-occupied CRD of Gal-3 molecules 

interact with already TDG-bound Gal-3 leading to an oligomerization and stacking as 

reported before.45 To the best of our knowledge, the tremendously diminished IC50 value 

makes multivalent glycoconjugate 12 one of the most effective Gal-3 inhibitors. The 

multivalent design promotes the cluster glycoside effect resulting in a highly efficient 

entrapment of Gal-3.1,33,34.Similar neo-glycoproteins with a cargo of different poly-LacNAc 

derivatives were recently synthesized and used as Gal-3 inhibitors.18,19,29 Herein, we may 

use them as a reference to evaluate the presented results. We take those BSA 

neo-glycoconjugates bearing the LacNAc-LacNAc (n = 7.5) or LacdiNAc-LacNAc (n = 7.4) 

glycans as the ideal benchmarks because they have an equal modification density 
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compared to the conjugate 11. In that case only moderate inhibition strengths were 

observed, with IC50 values of 850 nM ([LacNAc-LacNAc]n= 7.4 - BSA) and 1100 nM 

([LacdiNAc-LacNAc]n= 7.4 - BSA), respectively.19 Clearly the in TDG ligand has a potency 

advantage but the implementation of the PEG-spacer may also be a favorable feature in 

terms of ligand accessibility and flexibility.32,46 To evaluate conjugate 12 similarly, 

previously synthesized neo-glycoproteins may also serve as ideal references. Conjugates 

with LacNAc-LacNAc (n = 17.8), LacdiNAc-LacNAc (n = 18.0) or derivatized poly-LacNAc 

hexasaccharides of equal modification density (n = 16 - 19) were prepared and thoroughly 

studied in terms of galectin interaction.19,18 The respective inhibition constants ranged 

between 60-90 nM and 37-76 nM. With an outstanding low IC50 (1.88 nM), conjugate 12 

has at least more than 20-fold elevated potency compared to those reference 

neo-glycoproteins. 

Table 2. Inhibition constants and inhibitory potencies of TDG derivative 9 and multivalent 

TDG-conjugates 11 and 12. 

Inhibitor 
IC50 

(nM)a 

number of loaded 

TDG moieties (-)b 

relative 

inhibitory 

potency 

relative 

inhibitory 

potency per 

glycan 

9 9030±27 1.0±0.0 1.0±0.0 1.0±0.0 

11 19.40±1.09 7.0±1.0 465.5±27.5 66.5±13.4 

12 1.88±0.38 18.7±1.6 4803.2±985.2 256.9±74.7 

 

[a] ELISA; [b] TNBSA-assay     

3.3 Conclusion and outlook     

    TDG derivatives have been used as galectin inhibitors for research. The aromatic 

groups on the C3 and C3’ position of TDG produce selectivity and affinity toward galectins. 

In the present study, we report on the synthesis of an asymmetrical TDG structure that can 

be used to yield multivalent compounds through conjugating to a protein scaffold. To 

obtain the key precursor, a straightforward approach was used to lead to the NHS 

functionalized-TDG derivative. Subsequent reaction with BSA gave multivalent 

TDG-glycoconjugates. Weak alkaline pH, adjusted by TEA, was crucial for an effective 

conjugation. To the best of our knowledge, this is the first example of conjugating a TDG 

derivative to a carrier. The multivalent presentation on conjugates 11 and 12 unlocks TDG’s 

full potential. Extraordinary high multivalency factors were observed that resulted in one 

of the most effective inhibition of Gal-3 in vitro until now. The result is clearly a 
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combination of the binding properties of the monovalent ligand and the multivalent 

display by the BSA. As previously noted, potent galectin inhibition cannot be achieved with 

very weak or non-binding ligands, conjugated to BSA.31 Furthermore we note that, while a 

multivalent scaffold can enhance existing binding potency, the specificity at the 

multivalent level remains the same.47 In other systems, very strong multivalence effects 

have been reported leading to picomolar inhibition, usually involving the simultaneous 

binding of ligands to nearby binding sites.34 This chelation type mechanism is less likely to 

contribute to the present system, due to the monovalent nature of the protein. 

Considering this, other modes of action such as statistical rebinding or aggregation, usually 

lead to smaller effects,34 which makes the present results more notable. In the present 

system, the PEG-spacer likely helps to make the TDGs accessible for the inter-acting 

galectins. The multivalent TDG-modified conjugates (11, 12) can provide ideal properties 

for biomedical applications with its structural features. Both the serum protein and PEG 

are biocompatible and they have been used in different biological contexts and 

therapeutic fields. Therefore, cell culture in vitro experiments are planned to elucidate the 

power of the synthesized conjugate and in vivo applications may follow. The TDGs with 

different functional groups on C3 and C3’ position (e.g. 4-phenoxyphenyl) will be attached 

onto BSA to produce selective galectin inhibitors on a multivalent level. 

3.4 Experimental section 

3.4.1 Reagents and general information 

    All reagents employed were of American Chemical Society (ACS) grade or finer and 

were used without further purification unless otherwise stated. TLC analysis was 

performed on Merck precoated silica gel 60 F-254 plates. Spots were visualized with 

UV-light, ninhydrin stain (1.5 g ninhydrin and 3.0 mL acetic acid in 100 mL n-butanol), 

Potassium permanganate (1.5 g KMnO4, 10 g K2CO3, and 1.25 mL 10% NaOH in 200 mL H2O) 

and sulfuric acid (10 % sulfuric acid in methanol). Column chromatography was performed 

using Silica-P Flash silica gel (60 Å, particle size 40 – 63 µm) from Silicycle (Canada). 

Microwave reactions were carried out in a Biotage Initiator (300 W) reactor. Lyophilization 

was performed on a Christ Alpha 1-2 apparatus. 1H and 13C NMR spectroscopy was carried 

on an Agilent 400-MR spectrometer operating at 400 MHz for 1H and 101 MHz for 13C. 

HSQC, TOCSY and NOESY (500 MHz) were performed with a VARIAN INOVA-500. 

Electrospray Mass experiments were performed in a Shimadzu LCMS QP-8000. High 

resolution mass spectrometry (HRMS) analysis was recorded using Bruker ESI-Q-TOF II. 

Analytical LC-MS (electrospray ionization) was performed on Thermo-Finnigan LCQ Deca 

XP Max using same buffers and protocol as described for analytical HPLC. 

Analytical HPLC was performed on a Shimadzu-10AVP (Class VP) system using a 

Phenomenex Gemini C18 column (110Å, 5 µm, 250×4.60 mm) at a flow rate of 1 mL min. 

The used buffers were 0.1 % trifluroacetic acid in CH3CN: H2O= 5: 95 (buffer A) and 0.1 % 
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trifluroacetic acid in CH3CN: H2O= 95: 5 (buffer B). UV-absorption was measured at 214 

and 254 nm. 

3.4.2 Synthetic procedures and compound characterization 

2,4,6-tri-O-acetyl-3-deoxy-3-(4-phenyl-1H-1,2,3-triazol)-α-D-galactopyranosyl bromide 

(1) 

    Compound 1 (300 mg, 0.80 mmol), sodium L-ascorbate (237.6 mg, 1.2 mmol), 

CuSO4.5H2O (100 mg, 0.40 mmol), Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, 4.2 

mg, 0.0096 mmol), and phenylacetylene (176.4 µl, 1.6 mmol) were dissolved in DMF (13.5 

mL) and H2O (1.5 mL). The reaction was performed under microwave irradiation at 80 °C 

for 40 mins. Subsequently, the solvent was evaporated and the residue was dissolved in 

CH2Cl2 (100 mL), washed with H2O (1 × 100 mL) and brine (1 × 100 mL), dried over Na2SO4, 

filtered and concentrated. The crude product was obtained as a white solid (310 mg) and 

used for next reaction directly. To a solution of crude (310 mg) in dry CH2Cl2 (50 mL) the 

HBr (33% HBr in acetic acid, 2.0 mL) was dropwise added under N2 atmosphere. The 

solution was sealed and stirred overnight at room temperature. A saturated NaHCO3 

solution (50 mL) was added to quench the reaction and then the organic layer was washed 

with H2O (1 × 50 mL) and brine (1 × 50 mL), dried with Na2SO4 and filtered. The residue 

was purified by silica chromatography (hexanes: EtOAc = 1: 1) and gave the product 2 as a 

light yellow solid (312 mg, two steps, 79% overall yield).  

1H NMR (400 MHz, CDCl3) δ 7.85 – 7.70 (m, 3H, ar, triazole), δ 7.41 (dd, J = 8.3, 6.8 Hz, 2H, 

ar), 7.37 – 7.28 (m, 1H, ar), 6.86 (d, J = 3.8 Hz, 1H, H1), 5.79 (dd, J = 11.4, 3.8 Hz, 1H, H2), 

5.63 (dd, J = 3.1, 1.3 Hz, 1H, H4), 5.32 (d, J = 3.0 Hz, 1H, H3), 4.67 – 4.58 (m, 1H, H5), 4.22 

(dd, J = 11.6, 6.3 Hz, 1H, H6a), 4.11 (dd, J = 11.6, 6.3 Hz, 1H, H6b), 2.05, 2.04, 1.93 (3s, each 

3H, OCH3). 

13C NMR (101 MHz, CDCl3) δ 170.25, 169.55, 168.94, 128.89, 128.49, 125.70 , 119.33 , 

88.52 , 77.17 , 71.34 , 67.76 , 66.85 , 60.86 , 58.66 , 31.40 , 29.67 , 20.58 , 20.45 , 20.34 . 

HRMS (EI, m/z) calculated for C20H22BrN3O7H+ ([M+H]+): 496.0714, found 496.0707. 

2,4,6-tri-O-acetyl-3-azido-α-D-galactopyranosyl bromide (3)  

    Compound 1 (1.2 g, 3.2 mmol) was dissolved in CH2Cl2 (50 mL) and EtOAc (5.0 mL) 

and then titanium tetrabromide (TiBr4, 2.4 g, 6.4 mmol) was added slowly. The reaction 

mixture was stirred under sealed conditions overnight at room temperature. NaOAc (2.0 g, 

24 mmol) was added to quench the reaction and washed with H2O (3 × 50 mL). The 

organic layer was dried over Na2SO4, filtered and concentrated in vacuo. Silica 

chromatography (Hexanes: EtOAc = 3:1) yielded 7 as a clear oil (855 mg, 67.4%).  
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1H NMR (400 MHz, CDCl3) δ 6.68 (d, J = 3.9 Hz, 1H, H1), 5.48 (dd, J = 3.4, 1.4 Hz, 1H, H4), 

4.98 – 4.89 (m, 1H, H2), 4.39 (td, J = 6.8, 6.1, 1.5, 0.7 Hz, 1H, H5), 4.17 (dd, J = 11.5, 6.1 Hz, 

1H, H6a), 4.11 (dd, J = 10.6, 3.3 Hz, 1H, H3), 4.03 (dd, J = 11.5, 6.8 Hz, 1H, H6b), 2.16 (s, 3H, 

C(O)CH3), 2.14 (s, 3H, C(O)CH3), 2.05 (s, 3H, C(O)CH3). 

13C NMR (101 MHz, CDCl3) δ 170.27, 169.75 and 169.58 (C(O)CH3), 88.19 (C-1), 71.29 (C-5), 

69.47 (C-2), 67.05 (C-4), 60.95 (C-6), 58.32 (C-3), 20.69, 20.60, 20.50 (C(O)CH3). 

Tri-isopropylsilyl 3-azido-2,4,6-tri-O-acetyl-1-thio-β-D-galactopyranoside (4) 

    To a solution of 3 (770 mg, 1.95 mmol) in dry CH3CN (10 mL) N2 gas was purged for 10 

mins, then K2CO3 (809 mg, 5.86 mmol) was added followed by tri-isopropylsilylthiol 

(TIPSSH, 628 μL, 2.93 mmol), and the reaction was stirred for 3 h at room temperature. 

After complete conversion of the starting material according to TLC monitoring, the 

solvent was evaporated and the residue was dissolved in CH2Cl2 (20 mL), washed with H2O 

(2 x 20 mL). The organic layer was dried over Na2SO4, filtered and concentrated in vacuo. 

Silica chromatography (hexanes: EtOAc = 4: 1) yielded 4 as a white solid (300 mg, 30%). 

1H NMR (400 MHz, CDCl3) δ 5.42 (dd, J = 3.5, 1.0 Hz, 1H, H4), 5.20 (t, J = 9.8 Hz, 1H, H2), 

4.60 (d, J = 9.5 Hz, 1H, H1), 4.11 (dd, J = 11.5, 5.6 Hz, 1H, H6a), 4.00 (dd, J = 11.6, 7.1 Hz, 

1H, H6b), 3.79 (ddd, J = 6.9, 5.5, 1.1 Hz, 1H, H5), 3.53 (dd, J = 10.1, 3.4 Hz, 1H, H3), 2.15, 

2.12, 2.02 (3S, 9H, 3 COCH3), 1.25 (m, 3H, -SiC3H3), 1.14 – 1.07 (m, 18H, -SiC3H3C6H18). 

13C NMR (101 MHz, CDCl3) δ 170.57, 170.25, 169.39 (3 COCH3), 80.37 (C-1), 75.47 (C-5), 

62.87 (C-3), 72.17 (C-2), 68.12 (C-4), 62.13 (C-6), 20.84, 20.76, 20.51 (3COCH3), 18.52, 

18.22 (6 –SiCHCH3), 12.76 (3 –SiCH). 

HRMS (EI, m/z): calculated for C21H37N3O7SSiNa+ ([M+Na]+): 526.2014, found 526.2011. 

3-azido-3’-phenyl-2,2’,4,4’,6,6’-hexa-O-acetyl β-D-thiodigalactoside (5) 

    The solution of 2 (190 mg, 0.38 mmol) in dry CH3CN (10 mL) was added by 4 (193 mg, 

0.38 mmol), N2 gas was purged for 10 mins through the solution, and 

tetra-n-butylammoniumfluoride (TBAF, 1M in THF, 460 L) was added. Following complete 

conversion of the starting material after 5 mins according to TLC analysis, the solvent was 

evaporated and silica chromatography (hexanes:EtOAc = 1: 1 → 1: 2) gave compound 5 

(160 mg, 54 %) as white solid.   

1H NMR (400 MHz, CDCl3) δ = 7.80 (s, 1H, triazole), 7.77-7.71 (m, 2H, ar), 7.43-7.28 (m, 3H, 

ar), 5.75-5.68 (m, 1H,  H-2’), 5.61 (d, 1H, J =3.2 Hz, H-4’), 5.47 (d,1H, J4,3 =3.4 Hz, J4,5 = 

1.1 Hz, H-4), 5.21 (dd, 1H, J3’,2’= 8.6 Hz, J3’,4’= 2.5 Hz, H-3’), 5.17 (m, 1H, H-2), 4.98 (1H, d, 

J1’,2’= 9.8 Hz, H-1’), 4.84 (1H, J1,2 = 10.0 Hz, H-1), 4.11 (m, 5H, H-5’, H-6ab, H-6a’b’), 3.89 
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(1H, td, J5,4 = 1.2 Hz, J5,6ab = 6.4 Hz, H-5), 3.67 (1H, J3,2 = 10.1 Hz, J3,4 = 3.4 Hz, H-3), 

2.15, 2.13, 2.08, 2.05, 2.04, and 2.02 (6s, total 18H, C(O)CH3).  

13C NMR (101 MHz, CDCl3) δ 170.34, 170.25, 169.86, 169.54, 169.37, 168.70 , 147.92 , 

129.96 , 128.90 , 128.47 , 125.68 , 118.26 , 82.11 , 81.51 , 77.34 , 77.02 , 76.70 , 75.53, 

68.71 , 68.43 , 67.66 , 66.33 , 62.94 , 62.78 , 61.56 , 61.38 , 20.76 , 20.68 , 20.62 , 20.61 , 

20.47 , 20.38 . 

HRMS (EI, m/z) calculated for C32H38N6O14SH+ ([M+H]+): 763.2239, found 763.2277. 

3-(4-phenyl-1H-1,2,3-triazol)-3’-azido-thiodigalactoside (6) 

    NaOMe (40 mg, 2.5 mmol) was added in the solution of compound 5 (120 mg, 0.16 

mmol) in CH3OH (5.0 mL) and the mixture was stirred for 6 h at room temperature. The 

solution was neutralized with DOWEX-H+ resin, filtered, and evaporated. Crude 6 was 

obtained as a white solid and used in next step without further purification. 

Tert-butyl 4,7,10,13,16-pentaoxanonadec-18-ynoate (7) 

    To a solution 3,6,9,12-tetraoxapentadec-14-yn-1-ol of (200 mg, 0.86 mmol) in 5 mL of 

THF was added sodium (0.6 mg, 0.025 mmol). When the sodium was dissolved, tert-butyl 

acrylate (0.125 mL, 0.86 mmol) was added. The solution was stirred for 20h at room 

temperature and H2O (1 mL) was added to quench the reaction. After removal of the 

solvent, the residue was suspended in brine and extracted three times with ethyl acetate. 

The combined organic layers were dried over Na2SO4 before the solvent was removed. The 

resulting oil was purified by silica chromatography (hexanes: EtOAc = 1: 1 → 1: 2) to give 

compound 7 (120 mg, 39 %) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 4.17 (d, J = 2.4 Hz, 2H), 3.73 – 3.53 (m, 18H), 2.46 (t, J = 6.6 Hz, 

2H), 2.40 (t, J = 2.4 Hz, 1H), 1.41 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 170.82, 80.42, 74.43, 70.57, 70.56, 70.53, 70.46, 70.36, 70.33, 

69.07, 69.07, 66.85, 58.34, 36.2 , 28.08, 28.05. 

Preparation of compound 8 

    The compound 7 (33 mg, 0.092 mmol) and compound 6 crude (48 mg) were dissolved 

into CH3CN (2.0 mL) and then CuI (18 mg, 0.093 mmol) was added into the solution. The 

resulting mixture was heated under microwave irradiation to 80 °C for 90 mins. After 

complete conversion of the starting material according to TLC monitoring, the mixture was 

concentrated in vacuo, and then H2O (1.0 mL) was added. A clear solution was obtained 

after centrifuge, which was purified by size-exclusion chromatography (Bio-Gel P2 fine; 
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column 2.5 cm × 120 cm; flow rate 0.3 ml/min; elution with H2O/n-Butanol = 95/ 5). The 

fractions containing the product were pooled and freeze-dried to give compound 8 (52 mg, 

0.060 mmol, 64 %) as a white fluffy solid. 

1H NMR (500 MHz, D2O) δ 8.55 (s, 1H), 8.26 (s, 1H), 7.87 (d, J = 7.7 Hz, 2H), 7.55 (t, J = 7.6 

Hz, 2H), 7.48 (t, J = 7.5 Hz, 1H), 6.81 – 6.69 (m, 2H), 5.14 (dd, J = 9.8, 7.4 Hz, 2H), 5.02 (td, J 

= 13.7, 10.5, 2.9 Hz, 2H), 4.80 – 4.73 (m, 2H), 4.74 (s, 2H), 4.46 (dt, J = 27.5, 10.3 Hz, 3H), 

4.26 (dd, J = 22.4, 3.0 Hz, 2H), 4.06 (td, J = 8.5, 4.4 Hz, 3H), 3.89 – 3.76 (m, 4H), 3.75 (t, J = 

2.4 Hz, 2H), 3.66 (dq, J = 7.8, 4.3, 3.5 Hz, 16H), 3.40 – 3.26 (m, 2H), 3.00 – 2.88 (m, 4H), 

2.56 (t, J = 6.0 Hz, 2H), 1.45 (s, 9H). 

13C NMR (126 MHz, D2O, extracted from HSQC) δ 121.43, 124.35, 125.65, 126.36, 125.65, 

129.20, 129.23, 128.75, 84.13, 84.12, 66.86, 66.97, 63.11, 66.85, 67.89, 79.54, 79.55, 

61.03, 66.44, 61.05, 61.06, 69.53, 69.52, 69.50, 70.21, 42.99, 42.99, 35.06, 27.18, 27.17, 

27.18. 

HRMS (EI, m/z) calculated for C38H58N6O15SNa+ ([M+Na]+): 893.3579, found 893.3595. 

Preparation of compound 9 

    Compound 8 (52 mg, 0.060 mmol) was added into TFA/CH2Cl2 (10 mL, 1:1) and the 

solution was stirred for 2 h at room temperature. After being fully evaporated, the residue 

was purified by size-exclusion chromatography (Bio-Gel P2 fine; column 2.5 cm × 120 cm; 

flow rate 0.3 ml/min; elution with H2O/ n-Butanol = 95/ 5). The fractions containing the 

product were pooled and freeze-dried to give compound 9 (48 mg, 0.059 mmol, 98 %) as a 

white solid. 

1H NMR (400 MHz, D2O) δ 8.40 (s, 1H), 8.11 (s, 1H), 7.75 – 7.68 (m, 2H), 7.44 – 7.37 (m, 

2H), 7.36 – 7.28 (m, 1H), 4.99 (dd, J = 9.8, 6.1 Hz, 2H), 4.87 (ddd, J = 11.9, 10.7, 3.0 Hz, 2H), 

4.59 (s, 2H), 4.31 (dt, J = 20.7, 10.2 Hz, 2H), 4.16 – 4.06 (m, 2H), 3.91 (td, J = 7.6, 4.4 Hz, 

2H), 3.74 – 3.60 (m, 5H), 3.60 – 3.48 (m, 17H), 2.31 (t, J = 6.7 Hz, 2H). 

13C NMR (101 MHz, D2O) δ 180.11, 163.09, 162.74, 147.43, 143.78 , 129.19 , 128.82 , 

125.65 , 124.36 , 121.38 , 117.70 , 114.80 , 84.10 , 79.48 , 69.48 , 69.45 , 69.43 , 69.17 , 

68.85 , 67.98 , 67.93 , 67.84 , 66.94 , 66.83 , 66.77 , 66.74 , 63.04 , 61.00 , 37.52 . 

HRMS (EI, m/z): calculated for [C34H50N6O15SH]+ ([M+H]+): 815.3128, found 815.3135. 

Preparation of compound 10 

    Compound 9 (22 mg, 0.027 mmol) was dissolved in anhydrous DMF (0.5 mL) and 

DiPEA (4.69 l, 0.027 mmol) was added, followed by addition of TSTU (8.1 mg, 0.027 
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mmol). The resulting mixture was stirred for 30 mins, then TLC and HPLC showed that the 

starting material was fully converted (depicted in 3.4.4). To avoid hydrolysis, the crude 10 

was used for labeling the protein directly. 

Preparation of multivalent TDG-conjugates 11 and 12.  

    A volume of 150 µL BSA (60 µM in 35 mM HEPES buffer, pH 7.0) was mixed with 5 µL 

of the coupling agent (compound 10 crude, 54 mM in DMF) was added into the solution 

and the reaction mixture was incubated at 4 °C. After 24 h and 48 h, additional volumes of 

5 µL compound 10 crude were added. As to synthesis of conjugate 12, the pH of the BSA 

solution was elevated to pH 9.0 using TEA before adding the conjugation agent. Conjugates 

11 and 12 were isolated and rinsed with H2O using VivaSpin 500 centrifugal concentrators 

(Sartorius Stedim Biotech, Goettingen, Germany) with an MWCO of 10 kDa. The protein 

concentration was determined by Bradford reagent (Carl Roth, Karlsruhe, Germany) 

according to manufacturer’s instruction. 
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3.4.3 TLC and HPLC monitor the conversion of compound 9 into 10  
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3.4.4 TDG-conjugates 11 and 12 confirmed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) 

 

 

TDG-conjugates 11 and 12, separated on a reducing gel by SDS-PAGE. The utilized marker 

was PageRuler Prestained Protein Ladder (ThermoFisher Scienitific). 
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Abstract 

    Galectins have diverse functions and are involved in many biological processes 

because of their complex intra- and extracellular activities. Selective and potent inhibitors 

for galectins will be valuable tools to investigate the biological functions of these proteins. 

Therefore, we described the synthesis of galectin inhibitors with a potential “chelate 

effect”. These compounds are designed to bind the two different binding sites on galectins 

simultaneously. In this chapter, a series of asymmetric “hybrid” compounds were prepared, 

which combined two galectin ligands 1) a substituted thiodigalactoside derivative and 2) a 

calixarene derivative. NMR spectroscopy was used to evaluate the interactions of these 

compounds with Galectin-1 and -3. In addition, cellular experiments were conducted to 

compare the cytotoxic effects of the hybrids with those of the calixarene derivative. 

4.1 Introduction 

    As a subfamily of lectins, galectins can specifically recognize β-galactosides. They 

contain conserved carbohydrate-recognition domains (CRDs) consisting of about 130 

amino acids that are responsible for the carbohydrate binding.1 They also display an 

intriguing combination of intra- and extracellular activities and are involved in many 

biological process like cell growth, cell adhesion and signaling.2,3 In addition, galectins also 

play a profound role in many diseases like inflammation, cancer and fibrosis.4,5,6,7 To 

understand the action mechanism of galectins and their relevant therapeutic potential, 

there is a clear need for selective and potent inhibitors targeting different galectins.  

    The last two decades have witnessed a growing number of galectin inhibitors derived 

from carbohydrates and peptide.8,9,10 The majority of the galectin inhibitors that were 

carbohydrate-based included modifications of lactose, a naturally galectin-binding ligand. 

Typically, those inhibitors competitively occupy the carbohydrate binding site. 

Furthermore, an obvious increase in binding affinity for certain galectins like galectin-3 

(Gal-3) was found when an aromatic group was introduced at the C3 position of the 

galactose moiety.11–13 In the meantime, a new scaffold, thiodigalactoside (TDG, Kd = 49 μM 

for Gal-3, Kd = 24 μM for Gal-1),  produced more potent inhibitors in addition to 

enhancing glycolytic stability while maintaining a similar binding mode compared to 

lactose.11,14 

    Compared to carbohydrates, peptides are easier to synthesize. For 

carbohydrate-binding proteins, some peptides may prevent carbohydrate binding either by 

directly occupying the carbohydrate-binding site (“carbohydrate mimetic”) or by simply 

occluding access to the carbohydrate to the binding site.15–19 For peptide galectin 

inhibitors, both of the action modes were suggested but the exact binding modes were not 

always elucidated.17,20 The best-studied peptide-based galectin inhibitor is anginex 

(βpep-33), a potent anti-angiogenic and anti-tumor peptide, which was shown to bind 

Gal-1, -2, -7, -8N and -9N, but not Gal-3, -4N, -4C and -9C.5,21 In attempts to make 
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simplified relatives certain calix[4]arene derivatives such as calixarene 0118 were found to 

have an angiogenesis effect like anginex.22,23 Considering the functional similarity, Gal-1 

was assumed to be the target of 0118. Subsequent studies using 15N-1H HSQC NMR 

spectroscopy confirmed the hypothesis. It was shown that 0118 binds to Gal-1 at a site 

away from the galectin’s carbohydrate binding site and the Kd is around 30 μM.24 

    In our group, a study conducted by Hilde van Hattum indicated that aromatic 

substituents at the TDG C3 by CuAAC (Copper-catalyzed azide–alkyne cycloaddition) 

strongly increased the affinity for certain galectins. In addition, among the symmetrical 

TDG derivatives the use of different aromatic groups showed that selectivity between 

Gal-1 and Gal-3 could be created.25 So far, however, there has been little discussion about 

non-symmetrical TDG compounds for galectin inhibition. The recent published work on 

0118 and the available data on TDG-based inhibitors lead us to consider the creation of 

hybrid or hetero-bivalent galectin inhibitors containing both a calix[4]arene ligand and a 

TDG ligand connected via a tether, to make a series of nonsymmetrical galectin inhibitors. 

These can potentially interact with the two different sites on the galectins 

simultaneously.26 In this chapter, we set out to make a series of such non-symmetrical 

“hybrid” compounds, that combine the two core structures of TDG and 0118. Moreover, 

NMR spectroscopy was used to demonstrate the interactions between these compounds 

with Gal-1 and Gal-3. All compounds were characterized in terms of cytotoxicity and 

anti-proliferative effects on HUVEC cells (Human umbilical vein endothelial cells), HT-29 

cells (Human colorectal adenocarcinoma grade II) and on Caki-2 cells (Human Renal Cancer 

Cell Line), along with TDG control compounds and calixarene control compounds.  

4.2 Results and Discussion 

4.2.1 Design and synthesis of hybrid galectin ligands 

    The synthesis of hybrid galectin ligands 1-3 was designed on the basis of the 

retrosynthetic analysis shown in Scheme 1. To obtain the target molecule, the precursors 

based on the calixarenes 5a-c and the precursor based on thiodigalactoside (4) needed to 

be synthesized. The route towards 5a-5c involved a direct CuAAC reaction of the calixarene 

analog with dipropargylated polyethylene glycol. 
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Scheme 1. Structure and retrosynthetic analysis of hybrid galectin ligands. 

    The synthesis of the calixarene precursor proceeded as shown in Scheme 2. Based on 

a published procedure, compound 7 was obtained through mono-alkylating 6 with 

1-azido-2-iodoethane.26 Then, the treatment with an excess of ethyl bromoacetate in the 

presence of K2CO3 gave compound 8. It should be noted that the compound 8 was a 

mixture of isomers as revealed by the NMR spectrum with respect to the rotation of the 

various benzene rings in the calixarene. It was used in the next reaction without further 

purification. Previous research has revealed the synthesis of compounds 9-11, and they 

were separately reacted with the compound 8. Subsequently the resulting products were 

reacted with N,N-dimethylethylenediamine to yield 5a-c.27,28 These target compounds 

were obtained pure after preparative HPLC. The NMR and Mass spectrum showed they 

were in the “cone” conformation and they were used for further reactions.  

    To construct the required TDG derivatives, the tri-isopropylsilyl thio-glycoside 17 and 

the glycosyl halide 15 were needed. The TDG synthesis was based on a published method 

that is a one-pot desilylation and glycosyl thiol alkylation with a glycosyl halide (Scheme 

3).29 The synthesis benefited from work described in Chapter 3, in which the compound 18 

was obtained. After removing the acetyl protecting group of 18, the resulting crude 4 was 

used for “click” with 5a-c without further purification. Besides this, CuAAC modification of 

compound 18 with phenylacetylene and compound 11 gave the corresponding products, 

that yielded control compounds 19 and 20 after deprotection.  
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Scheme 2. Synthesis of targets 5a-5c. Reaction Conditions: (a) AlCl3, phenol, toluene, 98%; 

(b) 1-azido-2-iodoethane, NaOMe, CH3CN, 85°C, 67%; (c) ethyl bromoacetate, K2CO3, 

CH3CN, 85°C; 65%; (d) (i) compound 9-11, CuI, CH3CN, 80 °C, microwave; (ii) 

N,N-dimethylethylenediamine, 50°C, 10% in two steps (5a), 23% in two steps (5b), 27% in 

two steps (5c); (e) N,N-dimethylethylenediamine, 50 °C, 39 %. 

    Having assembled the important intermediates, calixarene parts 5a-5c and TDG part 4, 

the next objective became their CuAAC conjugation and purification of the resulting 

product to give the final hybrid compound (Scheme 4). Taking hybrid 3 as an example, 

compound 5c and 4 were coupled using CuAAC under microwave irradiation to give the 

target compound (12 mg, in 22% yield) after purification by the preparative HPLC. Through 

analysis of the NMR spectrum, the calixarene part of hybrid 3 was confirmed to be in the 

“cone” conformation (i.e. identical to 0118)5,28 and was used for the biological testing and 

binding studies. 
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Scheme 3. Synthesis of TDG component. Reaction conditions: (a) Phenylacetylene, CuSO4, 

sodium ascorbate, DMF/H2O, 80°C, microwave; (b) HBr, CH2Cl2, 79% for the two steps; (c) 

TiBr4, CH2Cl2/EtOAc, 67%; (d) TIPSSH, K2CO3, CH3CN, 30%; (e) TBAF, CH3CN, 62%; (f) (i) 

Phenylacetylene, CuSO4, sodium ascorbate, DMF/H2O, 80 °C, microwave; (ii) NaOMe, 

CH3OH, 23% in two steps; (g): NaOMe, CH3OH; (h) (i) compound 11, CuI, CH3OH, 80 °C, 

microwave; (ii) NaOMe, CH3OH, 5.0% in two steps.  
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Scheme 4. Synthesis of hybrid 1-3. Hybrid 1-3 were synthesized in a similar fashion starting 

from the corresponding precursor. Reaction Conditions: CuI, CH3OH, 80 °C, microwave, 90 

min. 

4.2.2 Conformation analysis of hybrid galectin ligands 

    Calix[4]arenes are not planar and can adopt four different stable conformations: cone, 

partial cone (paco), 1,2-alternate (1,2-alt), and 1,3-alternate (1,3-alt). As the phenolic 

hydroxyls in the lower rim are replaced by bulky groups, rotation of the aromatic rings will 

be prevented and stable conformations will be produced. A method to determine the 

conformation has been published,30,31 which shows the 13C-NMR shift of bridged 

methylene carbons connecting each pair of aromatic rings appears at 30 - 31 ppm when 

neighboring aromatic rings are oriented to the same side and at 37- 40 ppm when they 

point to the opposite side (Figure 1A). In the NMR assignments of the calixarene analogues 

we synthesized, the bridged methylene carbon can be observed and the chemical shift is 

at 30- 31 ppm, which implies that these compounds adopted the “cone” conformation. In 

addition, the NOESY spectrum was determined, with information about the spatial 

proximities of protons (Figure 1B). In the survey of all the cross-peaks encountered from 

the aromatic protons (displayed in red) of the calixarene moiety in hybrids 1-3, NOE’s only 

appear from the bridged methylene protons, and none are observed protons from 

substituent group of the lower rim which are more remote in the cone conformation. 
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Figure 1. A: 13C-NMR rule for the assignment of the orientation of neighboring aromatic 

rings in calixarenes; B: cross peaks encountered by aromatic protons (in red) of calixarene 

in NOESY. For clarity, other protons are not shown.  

4.2.3 NMR spectroscopy to demonstrate the interaction between ligands with 

Gal-1 and Gal-3 

    Hybrid 1-3 and control compounds (12 and 20) were utilized as Gal-1 and -3 ligands in 

the NMR perturbation experiment by Dr. Hans Ippel (University of Maastricht) in 

collaboration with Professor Kevin Mayo (University of Minnesota). Figure 2 shows a 
15N-filtered NOESY spectrum of 15N-labeled Gal-3 in the presence of hybrid 2 (protein: 

ligand = 1: 1.2), only showing ligand signals and aromatic protein signals and a 1H spectra 

of the free hybrid 2. We clearly see that the ligand occurs in a slow exchange between the 

free and the bound state, as shown by the corresponding 1D proton spectra at different 

ligand: protein ratios. In addition, the chemical shift changes of the TDG moiety, especially 

for its phenyl group proton signals  and  (around 7.5 ppm), indicate that the TDG is 

involved in the interaction. The same phenomena also occur in the case of Gal-1, and in 

both cases the system is in slow exchange at least with respect to the TDG part. This result 

is in according with our previous work on symmetric TDG derivatives like compound 19 

binding Gal-1 and Gal-3 in the nanomolar range. Here, the NMR results indicate a 

preference for one particular mode of binding of the asymmetric TDG compounds to Gal-3, 

because only one set of signals of bound ligand is observed in slow to intermediate 

exchange (exchange rate < 150 ms). 
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Figure 2. One-dimensional 1H spectra and 15N-filtered 2D NOESY spectra of Gal-3 CRD (50 

M) titrated with hybrid 2 at increasing molar ratios (red, protein: ligand = 1: 0.8; blue, 

protein: ligand = 1: 1.2; 150 ms mixing time). Cross peaks labelled e indicate exchange 

peaks between free and bound thiogalactoside resonances, whereas peaks labelled e’ 

indicate NOE-mediated exchange peaks within the coupled 1H spin system of the aromatic 

Phe ring in 2. Assignments of proton resonances of 2 in the apo state are given in the 

bottom 1D spectrum, recorded at 50 M of free ligand 2. 

To illuminate the perturbations of Gal-1 and -3 caused by the hybrid compounds, 

chemical shift perturbation degree maps are made, in which resonance positions of every 

amide backbone amino acid in the protein complex is shown relative to the resonance 

position of the corresponding apo state. A perturbation plot of a protein during a ligand 

titration provides a relatively good insight into which part of the protein the ligand 

interacts with. Take Gal-3 as an example, the titration experiments were conducted with 

hybrid 2 and 3 separately (protein: ligand = 1: 1.2) and the corresponding 

root-mean-square (RMS) delta values of backbone amide 1H and 15N chemical shifts upon 

complexation are shown in Figures 3A and 3B. It is interesting to note that in both cases 

the ligand can bind the protein, but the amplitudes and pattern of chemical shift 

perturbation pattern over the amino acid sequence of Gal-3 remain basically the same. 

This finding is unexpected and suggests that the PEG linker between the TDG and the 

calixarene moiety in the two ligands doesn’t alter the structural binding motif. A possible 

explanation for this might be that only one moiety (TDG or calixarene) interacts with the 
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protein which then leads to a same effect. To verify the hypothesis, we tested TDG control 

compound 20 and calixarene control compound 12 under the same conditions and the 

result is shown in Figure 3C and 3D. 

 

Figure 3. Perturbation degree changes observed for Gal-3 CRD (108-250, 50 M) in the 

presence of ligands are shown vs the residue number of Gal-3. A: Gal-3 CRD in complex 

with hybrid 2 (Protein: ligand = 1: 1.2). B: Gal-3 CRD in complex with hybrid 3 (Protein: 

ligand = 1: 1.2). C: Gal-3 CRD in complex with compound 20 (Protein: ligand = 1: 1.2). D: 

Gal-3 CRD in complex with compound 12 (Protein: ligand = 1: 15). High perturbation values 

of delta chemical shifts reflect large structural changes in the protein after binding to the 

ligand. 

    In Figure 3C, compound 20 contains TDG and linker and it exhibits a similar 

interaction with Gal-3 compared to hybrids 2 and 3, not only with respect to the residue 

number but also with respect to the perturbation degree. In contrast, compound 12, 

containing the calixarene, only produced little perturbation on Gal-3 even when the ligand 

concentration was increased by more than 10 times (Figure 3D). Besides, the residue 

numbers involved in the interaction between compound 12 with Gal-3 were different from 

the TDG compound which is consistent with the reported notion that calixarenes bind at a 

different site of the galectins.5 The same results were seen in the case of Gal-1. All data 

support the idea that the hybrid compounds interact with the galectins using mostly a 

single moiety, i.e. TDG. Moreover, compound 12 shows very little affinity for Gal-1 which is 

a surprising considering the reported data of its parent compound, calixarene 0118.  



Synthesis and evaluation of “hybrid” galectin inhibitors designed to simultaneously occupy two different binding sites 

71 
 

    To summarize these results, hybrid 2 and 3 bind to Gal-1 and Gal-3 with high affinity, 

which corroborates our previous research.25,32 However, we didn’t detect an expected 

synergy effect of TDG and calixarene, which means the binding mode of the hybrid 

compounds is not a chelate mode, at least not to a large extent. It was shown that the TDG 

is the most important contributor for binding. In comparison, the calixarene moiety, both 

as a separate molecule or as a part of hybrid compound showed less strong binding. 

However, NMR results still show specific binding of the calixarene part at the backside of 

Gal-3 (residues 200-220) although with limited affinity, as shown by the need for up to 

80-fold excess substrate to reach saturated binding and by the simultaneous presence of 

NMR shifts in a fast exchange rate scale. 

4.2.4 Cytotoxicity studies  

    Usually calixarene analogues can inhibit the cell proliferation effectively but there is 

little relevant research about TDG analogues. In this regard, evaluation of the hybrid 

compounds in terms of cytotoxicity and inhibition of cell proliferation is of interest. In 

collaboration with the medical oncology group of Professor Arjan Griffioen (VU University 

Medical Center), all the compounds were assessed by employing a colorimetric cell 

viability assay. Dose-response curves obtained after incubation of Caki-2, HT-29 and 

HUVECs cells with increasing concentrations of the new compounds are expressed as the 

percentage of cell survival relative to control with vehicle only.  

    As showed in Figure 4, all of compounds carrying a calixarene unit (compound 12, 

hybrid 2 and hybrid 3) were found to inhibit cell survival. They were at least equipotent to 

parent 0118, while one of them (compound 12) did inhibit cell survival more potently. As 

for the TDG derivatives (compounds 19 and 20), they did not exhibit any effect on cell 

viability. Another important finding is that hybrid 2 and 3 exhibited minimal killing effect 

on HUVECs (Figure 4A), a non-cancerous cell line, whereas the viability of cancer cells 

(Caki-2 and HT-29) was inhibited greatly by them (Figure 4B and 4C). Taken together, these 

results clearly show that the hybrid compounds contain a fully functional calixarene 

moiety that exhibits its effects on cell viability. Interestingly, it seems that the linkage to 

the TDG unit leads to a reduced toxicity effect on the non-cancerous cells.   
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Figure 4. Dose-response curves obtained after incubation of HUVECs (A), HT-29 (B) and 

Caki-2 (C) with increasing concentrations of the new compounds. Blue curve: compound 

20, Red curve: compound 19, Green curve: compound 12, Purple curve: hybrid 2, Light 

blue curve: hybrid 3, Orange curve: calixarene 0118. 

4.3 Conclusion 

    We here describe the design and synthesis of a series of galectin inhibitors designed 

to simultaneously occupy two different binding sites. TDG derivatives have been validated 

to be valuable inhibitors for galectin research, and they target the carbohydrate 

recognition domain. By comparison, the calixarene 0118 whose discovery was inspired by 

the peptide-based galectin inhibitor (anginex), is reported to interact with galectins at a 

binding site that is distinct from that of TDG. We thus report on the synthesis of a 

non-symmetrical TDG conjugated to a calixarene that yielded potentially hetero bivalent or 

hybrid ligands for galectins. To obtain the desired compounds, TDG and calixarene 

containing precursors were synthesized separately and linked through CuAAC. Using our 

compounds, NMR spectroscopy was used to study the interaction between the hybrid 

ligands and Gal-1 and Gal-3. The result clearly showed that compounds strongly bound to 

the galectins. It was also clear that the galectin binding mainly resulted from the TDG 

moiety and the desired “chelating” enhanced binding effect involving the calixarene 

moiety was not achieved. In addition, cytotoxicity studies were done to evaluate 

proliferation inhibition of the hybrid ligands. By comparing with parents TDG and 

calixarene 0118, we found that the hybrid compounds affected cell viability greatly and 

this time clearly through the calixarene moiety. Interestingly, the killing effect on HUVECs 

was less than for the other two cell lines when using compounds carrying a TDG moiety, 

suggesting that combining a TDG and a calixarene provides selectivity for the killing of 

cancerous instead of non-cancerous cells. Overall it is clear that both components of the 

hybrid compounds are fully functional as evidenced by galectin binding and viability 

studies. On the binding side, the modified calixarene did not help the binding, but the 

effects on biological systems are intriguing and may involve other proteins in addition to 

galectins which may warrant further study.   

4.4 Experimental section 

4.4.1 Reagents and general methods 

    TLC analysis was performed on Merck precoated silica gel 60 F-254 plates. Spots were 

visualized with UV-light, ninhydrin stain (1.5 g ninhydrin and 3.0 mL acetic acid in 100 mL 

n-butanol), Potassium permanganate (1.5 g KMnO4, 10 g K2CO3, and 1.25 mL 10% NaOH in 

200 mL H2O) and sulfuric acid (10 % sulfuric acid in methanol). Column chromatography 

was performed using Silica-P Flash silica gel (60 Å, particle size 40 – 63 µm) from Silicycle 

(Canada). Microwave reactions were carried out in a Biotage Initiator (300 W) reactor. 

Lyophilization was performed on a Christ Alpha 1-2 apparatus. 1H and 13C NMR 
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spectroscopy was carried on an Agilent 400-MR spectrometer operating at 400 MHz for H1 

and 101 MHz for 13C. HSQC, TOCSY and NOESY (500 MHz) were performed with a VARIAN 

INOVA-500. Complexes between uniformly Gal3-[15N] CRD and various TDG and 

Calixarene ligands were studied on a Bruker Avance III HD 700 MHz spectrometer, 

equipped with a TCI cryoprobe. Amide proton assignments of apo Gal-3 CRD were taken 

from a previous research.33 Assignments of protein signals in the 1: 1 complex between 

hybrid 3 and Gal-3 were confirmed by means of a 3D 15N-edited NOESY spectrum (150 ms 

mixing time). Chemical shifts of apo ligand resonances were derived from a combination of 

2D correlation spectra, whereas signals of bound ligand were assigned through its 

exchange peaks in a 15N-filtered NOESY spectrum (150 ms mixing time) at 30 oC.  

    Electrospray mass spectrometry were performed on a Shimadzu LCMS QP-8000. High 

resolution mass spectrometry (HRMS) analysis was recorded using a Bruker ESI-Q-TOF II. 

Analytical LC-MS (electrospray ionization) was performed on Thermo-Finnigan LCQ Deca 

XP Max using same buffers and protocol as described for analytical HPLC. 

    Analytical HPLC was performed on a Shimadzu-10AVP (Class VP) system using a 

Phenomenex Gemini C18 column (110 Å, 5 µm, 250 × 4.60 mm) at a flow rate of 1 mL min. 

The used buffers were 0.1 % trifluroacetic acid in CH3CN: H2O = 5: 95 (buffer A) and 0.1 % 

trifluroacetic acid in CH3CN: H2O = 95: 5 (buffer B). Runs were performed using a standard 

protocol: 100% buffer A for 2min, then a linear gradient of buffer B (0-100% in 38 min) and 

UV-absorption was measured at 214 and 254 nm. Purification using preparative HPLC was 

performed on an Applied Biosystems workstation with a Phenomenex Gemini C18 column 

(10 µm, 110 Å, 250 × 21.2 mm) at a flow rate of 6.25 mL min-1. Runs were performed by a 

standard protocol: buffer A for 5 min followed by a linear gradient of buffer B (0 – 100% in 

70 min) with the same buffer as described for the analytical HPLC. 

4.4.2 Synthetic procedures and compound characterization 

Preparation of crude 4: 3-(4-phenyl-1H-1,2,3-triazol)-3’-azido-thiodigalactoside 

    NaOMe (40 mg, 2.5 mmol) was added to a solution of 18 (120 mg, 0.16 mmol) in 

CH3OH (5.0 mL) and the mixture was stirred for 6 h at room temperature. The solution was 

neutralized with DOWEX-H+ resin, filtered, and evaporated. Crude 4 (85 mg) was obtained 

as a white solid and used in the next step without further purification. 

25,26,27,28-tetrahydroxycalix[4]arene (6) 

    P-tert-Butylcalix[4]arene (5.0 g, 7.70 mmol) was suspended in toluene (50 mL), then 

AlCl3 (8.2 g, 61.60 mmol) and phenol (5.8 g, 61.60 mmol) was added. The reaction mixture 

was stirred overnight, and then 1 N HCl (50 mL) was added slowly. After 10 min the 

reaction mixture was extracted by CH2Cl2 (3 × 100 mL), and the combined organic phase 
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was concentrated. CH3OH (50.0 mL) was added to the residues to make a slurry. After 

filtration, compound 6 (3.2 g, 7.60 mmol, 98 %) was collected as a white solid and used for 

next step without further purification. 

1H NMR (400 MHz, CDCl3) δ 10.17 (d, J = 1.2 Hz, 4H, OH), 7.04 (dd, J = 7.5, 1.2 Hz, 8H, Ar-H), 

6.71 (td, J = 7.6, 1.2 Hz, 4H, Ar-H), 4.23 (m, 4H, CH2), 3.51 (m, 4H, CH2). 

13C NMR (101 MHz, CDCl3) δ 148.77, 128.98, 128.24, 122.29, 122.24, 31.88, 31.71, 31.46, 

31.31. 

HRMS (EI, m/z): calculated for C28H24O4H+([M+H]+): 425.1747, found 425.1729. 

25,26,27-Trihydroxy-28-(2’-azidoethoxy) calix[4]arene (7) 

    To 6 (2.8 g, 6.70 mmol) dissolved in CH3CN (50 mL) NaOMe (434 mg, 8.03 mmol) was 

added. The mixture was refluxed for 30 min and 1-azido-2-iodoethane (1.3 g, 6.68 mmol) 

was added. The mixture was refluxed overnight and the reaction was monitored by TLC. 

An additional amount of NaOMe (200 mg, 3.70 mmol) was added and the mixture was 

refluxed for 1 day. Then the mixture was worked up by evaporating the solvent. Then 

CH2Cl2 (100 mL) was added to the residue and the mixture was washed with water (3 × 50 

mL). After drying with Na2SO4, the organic solvent was evaporated and the residue was 

purified by silica column chromatography using hexanes: EtOAc = 5: 1. The target 

compound 7 was obtained as a white solid (1.3 g, 2.60 mmol, 39%) and it was used in the 

next step. Unreacted starting material (1.2 g, 2.80 mmol, 42%) was also retrieved.  

1H NMR (400 MHz, CDCl3) δ 9.64 (s, 1H, OH), 9.14 (s, 2H, OH), 7.10 (d, J = 7.7 Hz, 2H, Ar-H), 

7.09 – 7.00 (m, 6H, Ar-H), 6.90 (dd, J = 7.9, 7.3 Hz, 1H, Ar-H), 6.70 (tt, J = 7.5, 1.2 Hz, 3H, 

Ar-H), 4.40 (d, J = 13.0 Hz, 2H, Ar2CH2), 4.30 (d, J = 13.8 Hz, 2H, Ar2CH2), 4.25 (dd, J = 5.6, 

4.3 Hz, 2H, OCH2), 4.05 (dd, J = 5.6, 4.3 Hz, 2H, CH2N3), 3.51 (d, J = 2.5 Hz, 2H, Ar2CH2), 3.48 

(d, J = 3.2 Hz, 2H, Ar2CH2). 

13C NMR (101 MHz, CDCl3) δ 151.04, 150.92, 149.28, 134.15, 129.66, 129.06, 128.91, 

128.80, 128.54, 128.49, 128.24, 126.62, 122.08, 121.07, 74.42, 51.38, 32.01, 31.45. 

HRMS (EI, m/z): calculated for C30H27N3O4Na+([M+Na]+): 516.1894, found 516.1851. 

25,26,27-Tri[(ethoxycarbonyl)methoxy]-28-(2’-azidoethoxy) calix[4]arene (8) 

    To a solution of 7 (1.3 g, 2.60 mmol) in CH3CN (50 mL) K2CO3 (1.8 g, 13.04 mmol) was 

added. The mixture was stirred for 2 h and then an excess of ethyl bromoacetate (2.6 g, 

15.82 mmol) was added. The mixture was heated to 85 °C and refluxed overnight while 

monitoring the reaction by TLC. After removing the solvent, the residue was taken up in 
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CH2Cl2 (100 mL) and then the organic part was washed with H2O (3 × 100 mL). After 

separation and drying with Na2SO4, the organic layer was evaporated and the impure 

compound was purified by column chromatography (PE: EtOAc = 5:1 → 4:1). The product 

(1.7 g, 2.2 mmol) was obtained as colorless oil. According to 1H NMR, COSY, HSQC and 

HMBC, this sample contains approx. 75% of the compound 8 (corresponding to 1.275 g, 

1.7 mmol, 65 %), which is the “cone” conformation and 25% of other isomers. The solid 

was used in the next step without further purification. 

1H NMR (400 MHz, CDCl3, extracted from HSQC) δ 6.84 (dd, J = 6.9, 1.5 Hz, 4H), 6.75 (ddd, J 

= 8.2, 6.6, 4.0 Hz, 2H), 6.53 – 6.44 (m, 6H), 6.30 – 6.22 (m, 1H), 4.82 (s, 1H), 4.80 (d, J = 8.7 

Hz, 3H), 4.69 (d, J = 16.0 Hz, 2H), 4.63 (d, J = 13.5 Hz, 2H), 4.52 (d, J = 16.1 Hz, 2H), 4.33 – 

4.19 (m, 7H), 4.15 (t, J = 6.4 Hz, 2H), 3.96 (t, J = 6.4 Hz, 2H), 3.25 (d, J = 13.0 Hz, 3H), 3.20 (s, 

1H), 1.31 (td, J = 7.1, 5.2 Hz, 9H). 

HRMS (EI,m/z): calculated for C42H45N3O10Na+ ([M+Na]+):774.2997, found 774.2963. 

25,26,27-Tris-N-(N,N-dimethyl-2-aminoethyl)carbamoylmethoxy-28-(2’-azidoethoxy) 

calix[4]arene (12) 

    To the compound 8 (350 mg) was added under nitrogen 

N,N-dimethylethylenediamine (7.0 mL). The mixture was stirred for 24 h at 50 °C. The 

excess of N,N-dimethylethylenediamine was removed by evaporation under reduced 

pressure. The residue was dissolved in CH3CN (20 mg/mL) and purified by preparative 

HPLC using the standard protocol. Fractions containing the product (tR = 35 min, broad 

peak) were pooled and the water was removed by freeze-drying to obtain the pure 

compound 12 as a clear oil (160 mg, 0.18mmol, 39%).  

1H NMR (500 MHz, DMSO-d6) δ 6.94 (dd, J = 7.6, 4.3 Hz, 4H), 9.99 – 9.95 (m, 3H), 8.52 (q, J 

= 7.1, 6.6 Hz, 3H), 6.80 (t, J = 7.5 Hz, 2H), 6.40 (t, J = 7.5 Hz, 2H), 6.36 – 6.28 (m, 3H), 4.66 

(d, 2H), 4.59 (d, J = 13.5 Hz, 2H), 4.40 (d, J = 14.0 Hz, 2H), 4.32 (d, J = 13.4 Hz, 2H), 4.28 (d, J 

= 14.0 Hz, 2H), 4.08 (d, J = 6.2 Hz, 2H), 3.89 (t, J = 6.2 Hz, 2H), 3.55 (dt, J = 13.0, 6.4 Hz, 6H), 

3.23 (d, J = 5.7 Hz, 2H), 3.20 (d, J = 6.5 Hz, 8H), 2.81 (d, J = 6.9 Hz, 18H), . 

13C NMR (126 MHz, DMSO-d6, extracted from HSQC) δ 129.30, 123.07, 123.03, 128.39, 

74.23, 30.90, 74.03, 30.91, 74.03, 71.75, 51.18, 34.42, 30.91, 55.87, 42.50, 39.65 

HRMS (EI,m/z): calculated for C48H63N9O7H+ ([M+H]+): 878.4923, found 878.4934. 

Tetra(ethyleneglycol)-di(2-propinyl) (9) 

    To a solution of tetraethylene glycol (8.65 mL, 0.050 mol) in THF (50 mL) was added 

NaH (60% oil dispersion, 2.40 g, 0.060 mol) portionwise at 0 °C, and the reaction was 
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stirred at 0 °C for 1 h. Propargyl bromide (7.14 g, 0.060 mol) was added to the reaction 

solution, and the reaction was stirred at room temperature overnight. The reaction was 

quenched by adding ice cold water, and the mixture was extracted with CH2Cl2 (3 × 100 

mL), washed with brine, dried over Na2SO4. After filtration, the solvent was removed in 

vacuo, the residue was purified by column chromatography (hexanes: acetone = 4: 1→ 3: 1) 

to afford dipropargylated compound 9 as a colorless oil (2.2 g, 0.008 mmol, 16%). In the 

meantime, monoproparylated tetraethylene glycol (5.3g, 0.023 mmol, 46%) as a 

byproduct was isolated for the synthesis of other likers. 

1H NMR (400 MHz, CDCl3) δ 4.19 (d, J = 2.4, 4H), 3.75 – 3.57 (m, 16H), 2.41 (t, 1H). 

13C NMR (101 MHz, CDCl3) δ 79.64, 74.44, 70.50, 70.56, 70.38, 69.09 , 58.37. 

HRMS (EI, m/z): calculated for C14H22O5Na+ ([M+Na]+): 293.1359, found 293.1349. 

Monopropargyl(tetraethylene glycol) tosylate 

    Monopropargyl-tetraethylene glycol (2.1 g, 0.009 mmol) obtained from the 

preparation of compound 9 was dissolved in CH2Cl2 (15 mL) and then p-toluenesulfonyl 

chloride (2.2 g, 11.5 mmol) and trimethylamine (2.5 mL, 0.018 mmol) were added. The 

reaction was stirred at r.t. for 16 h. The solvent was removed in vacuo, and the residue was 

purified by column chromatography (hexanes: EtOAc = 1: 1) to afford glycol tosylate as a 

yellow oil (2.9 g, 0.0075 mmol, 83 % yield). 

1H NMR (400 MHz, CDCl3) δ 7.80(d, 2H), 7.36 – 7.30 (m, 2H), 4.19 (d, 2H), 4.18 – 4.14 (m, 

2H), 3.70 – 3.51 (m, 14H), 2.45 (s, 3H), 2.40 (t, 1H). 

13C NMR (101 MHz, CDCl3) δ 144.91, 133.19, 129.95, 128.13, 77.36 , 74.65 , 70.91 , 70.75 , 

70.70 , 70.56 , 69.39 , 69.27 , 68.84 , 58.55 , 21.79 . 

Octa(ethyleneglycol)-di(2-propinyl) (10) 

    NaH (60% oil dispersion, 140 mg, 3.50 mmol) was added to a solution of 

monoproparyl-tetraethylene glycol (270 mg, 1.16 mmol) in THF (10.0 mL) and stirred for 1 

h, followed by adding a solution of monopropargyl(tetraethylene glycol) tosylate (448 mg, 

1.16 mmol) in THF (2.0 mL). The resulting mixture was stirred at r.t. for 24 h, and quenched 

by adding ice cold water, and the mixture was extracted with CH2Cl2 (3 × 100 mL), washed 

with brine, dried over Na2SO4. After filtration, the solvent was removed in vacuo, the 

residue was purified by column chromatography (EtOAc: CH3OH = 10: 1) to afford 

dipropargylated compound 10 as a colorless oil (462 mg, 1.03 mmol, 89 %). 

1H NMR (400 MHz, CDCl3) δ 3.72 – 3.55 (m, 32H), 4.17 (d, J = 2.3 Hz, 4H), 2.41 (t, 1H). 
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13C NMR (101 MHz, CDCl3) δ 79.71, 74.64, 70.64, 70.61, 70.60, 70.43, 69.15, 58.44. 

HRMS (EI, m/z): calculated for C22H38O9Na+ ([M+Na]+): 469.2408, found: 469.2420. 

4,7,10,13,16,19,22,25,28,31,34,37,40-tridecaoxatritetraconta-1,42-diyne (11) 

    NaH (60% oil dispersion,340 mg, 8.50 mmol) was treated to a solution of 

tetraethylene glycol (276 mg, 1.42 mmol) in THF (10.0 mL) and stirred for 1h, followed by 

adding a solution of monopropargyl(tetraethylene glycol) tosylate (1.2 g, 3.11 mmol) in 

THF (2.0 mL). The resulting mixture was stirred at r.t. for 24 h, and quenched by adding ice 

cold water, and the mixture was extracted with CH2Cl2 (3 × 100 mL), washed with brine, 

dried over Na2SO4. After filtration, the solvent was removed in vacuo, the residue was 

purified by column chromatography (EtOAc: CH3OH = 10: 1) to afford dipropargylated 

compound 11 as a colorless oil (620 mg, 1.00 mmol, 70%). 

1H NMR (400 MHz, CDCl3) δ 4.18 (d, J = 2.4 Hz, 4H), 3.69 – 3.60 (m, 48H), 2.41 (s, 1H). 

13C NMR (101 MHz, CDCl3) δ 79.63, 74.50, 70.57, 70.55, 70.53, 70.37, 69.07, 58.36. 

HRMS (EI, m/z): calculated for C30H54O13H+ ([M+H]+): 623.3637, found: 623.3691. 

25,26,27-Tris-N-(N,N-dimethyl-2-aminoethyl)carbamoylmethoxy-28-{2’-[4-(2,5,8,11,14-p

entaoxaheptadec-16-yn-1-yl)-1H-1,2,3-triazol]ethoxy}calix[4]arene (5a) 

     Compound 9 (99 mg, 0.37 mmol) and 8 (175 mg, 0.37 mmol) were dissolved in 

CH3CN (5.0 mL) and then CuI (44.3 mg, 0.23 mmol) was added to the solution. The 

resulting mixture was heated under microwave irradiation at 80 °C for 90 min. The mixture 

was concentrated in vacuo, and then CH2Cl2 (5.0 mL) was added. A clear solution was 

obtained after centrifugation, which was concentrated in vacuo to afford the crude triazole 

(260 mg). To the crude (260 mg) N,N-dimethylethylenediamine (7.0 mL) was added under 

nitrogen. The mixture was stirred for 24 h at 50 °C. The excess of N,N- 

dimethylethylenediamine was removed by evaporation under reduced pressure. The 

residue was dissolved in CH3CN (20 mg/mL) and purified by preparative HPLC using the 

standard protocol. Fractions containing the product (tR = 40 min) were pooled and the 

water was removed by freeze-drying to obtain the pure compound 5a as a clear oil (45 mg, 

0.039mmol, yield 10 % in two steps). 

1H NMR (400 MHz, DMSO-d6) δ 10.00 (d, J = 35.1 Hz, 3H), 8.60 – 8.36 (m, 3H), 8.17 (s, 1H), 

7.05 – 6.91 (m, 4H), 6.89 – 6.78 (m, 2H), 6.35 (m, 6H),4.41 – 4.26 (m, 9H), 4.24 (s, 2H), 4.13 

(d, J = 2.4 Hz, 1H), 3.26 – 3.19 (m, 6H), 3.19 – 3.07 (m, 5H), 2.81 (s, 13H), 2.77 (s, 6H), 5.05 

(q, J = 6.9 Hz, 2H), 4.73 (d, J = 4.1 Hz, 2H), 4.64 (d, J = 13.4 Hz, 2H), 4.53 (d, J = 4.4 Hz, 2H), 

3.60 – 3.39 (m, 16H). 
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13C NMR (101 MHz, DMSO-d6) δ 170.69 , 169.56 , 159.15 , 158.82 , 157.24 , 156.28 , 

154.70 , 154.65 , 144.19 , 144.15 , 135.90 , 135.80 , 135.39 , 135.34 , 133.57 , 133.54 , 

133.37 , 133.30 , 129.49 , 129.27 , 129.23 , 128.35 , 124.87 , 123.44 , 123.20 , 123.09 , 

77.53 , 74.36 , 74.14 , 71.89 , 70.16 , 70.13 , 70.11 , 70.07 , 70.03 , 69.88 , 69.45 , 69.37 , 

68.92 , 63.88 , 63.84 , 57.90 , 56.16 , 56.13 , 55.90 , 49.37 , 49.32 , 42.85 , 42.82 , 40.25 , 

40.05 , 34.30 , 34.26 , 30.68 . 

HRMS (EI, m/z): calculated for C62H85N9O12H+ ([M+H]+): 1148.6390, found 1148.6360. 

Preparation of hybrid 1 

    Compound 5a (45 mg, 0.039 mmol) and 4 (20 mg, 0.039 mmol) were dissolved in 

CH3OH (3.0 mL) and then CuI (7.5 mg, 0.039 mmol) was added into the solution. The 

resulting mixture was heated under microwave irradiation at 80 °C for 90 min. The mixture 

was concentrated in vacuo, and then CH2Cl2 (5.0 mL) was added. A clear solution was 

obtained after centrifugation, which was concentrated in vacuo to afford the crude 

compound. The crude was dissolved in CH3CN (20 mg/mL) and purified by preparative 

HPLC using the standard protocol. Fractions containing the product (tR = 35 min) were 

pooled and the buffer was removed by freeze-drying to obtain the pure hybrid 1 as an 

off-white foam (4.0 mg, 0.0024 mmol, 6.2 %). 

1H NMR (500 MHz, DMSO-d6) δ 8.16 (s, 1H), 8.53 (s, 1H), 8.47 – 8.35 (m, 3H), 8.01 (s, 1H), 

7.86 (d, J = 7.7 Hz, 2H), 7.44 (t, J = 7.6 Hz, 2H), 7.32 (t, J = 7.4 Hz, 1H), 7.01 (dd, J = 7.9, 4.5 

Hz, 5H), 6.85 (t, J = 7.5 Hz, 2H), 6.39 (t, J = 7.5 Hz, 2H), 5.05 (t, J = 7.6 Hz, 3H), 4.91 (t, J = 

10.0 Hz, 2H), 4.82 (ddd, J = 21.8, 10.6, 2.9 Hz, 2H), 4.73 (s, 3H), 4.63 (d, J = 13.4 Hz, 3H), 

4.53 (s, 5H), 4.39 (s, 1H), 4.36 (s, 2H), 4.32 (d, J = 7.4 Hz, 2H), 4.27 (d, J = 3.7 Hz, 3H), 4.25 – 

4.22 (m, 4H), 3.71 (q, J = 7.0 Hz, 2H), 4.15 (t, J = 9.7 Hz, 1H), 4.00 – 3.95 (m, 1H), 3.91 (s, 

1H), 3.56 (dd, J = 11.7, 6.7 Hz, 10H), 3.52 (s, 25H), 3.50 (s, 15H), 3.48 (s, 2H), 3.39 (d, J = 4.6 

Hz, 27H), 3.23 (d, J = 13.5 Hz, 6H), 2.80 (s, -N(CH3)2), 3.18 – 3.09 (m, 10H), 2.77 (s, 

-N(CH3)2). 

13C NMR (126 MHz, DMSO-d6, extracted from HSQC) δ 121.27, 124.92, 124.87, 123.67, 

125.47, 129.37, 128.11, 129.50, 123.36, 123.13, 123.74, 128.36, 49.01, 49.61, 84.19, 67.35, 

67.27, 67.08, 67.66, 74.41, 30.76, 64.42, 63.81, 62.94, 74.17, 71.83, 74.15, 74.75, 30.77, 

67.20, 68.50, 67.92, 67.36, 68.04, 80.42, 79.84, 70.03, 69.94, 69.35, 60.48, 61.08, 72.27, 

70.70, 70.10, 73.04, 73.44, 66.83, 68.40, 67.62, 69.18, 71.48, 73.84, 71.89, 68.00, 69.52, 

68.77, 34.40, 33.81, 76.95, 70.11, 30.77, 57.45, 56.61, 56.01, 55.19, 55.78, 56.39, 40.28, 

40.16, 40.42, 39.79, 40.46, 40.30, 39.75, 41.80, 42.54, 43.98, 43.15, 44.84, 45.63, 40.74, 

40.44, 39.83, 40.57, 40.04, 43.14, 42.53, 40.45, 41.24, 40.33, 41.54, 40.01, 41.95. 

HRMS (EI, m/z): calculated for C82H111N15O20SH+ ([M+H]+):1658.7923, found 1658.7974. 
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25,26,27-Tris-N-(N,N-dimethyl-2-aminoethyl)carbamoylmethoxy-28-{2’-[4-(2,5,8,11,14,1

7,20,23,26- nonaoxanonacos-28-yn-1-yl)-1H-1,2,3-triazol]ethoxy}calix[4]arene (5b) 

    Compound 10 (89 mg, 0.20 mmol) and 8 (75 mg, 0.10 mmol) were dissolved in to 

CH3CN (5.0 mL) and then CuI (19 mg, 0.10 mmol) was added into the solution. The 

resulting mixture was heated under microwave irradiation to 80 °C for 90 min. After 

complete conversion of the starting material according to TLC monitoring, the mixture was 

concentrated in vacuo, and then CH2Cl2 (5.0mL) was added. A clear solution was obtained 

after centrifugation, which was concentrated in vacuo, and the resulting compound (70 mg) 

was obtained after silica chromatography (CH2Cl2: CH3OH = 10: 1). To the compound (70 

mg) N,N-dimethylethylenediamine (5.0 mL) was added under nitrogen. The mixture was 

stirred for 24 h at 50 °C. The excess of N,N-dimethylethylenediamine was removed by 

evaporation under reduced pressure. The mixture was dissolved in CH3CN (20 mg/mL) and 

purified by preparative HPLC using the standard protocol. Fractions containing the product 

(tR = 40 min) were pooled and the buffer was removed by freeze-drying to obtain the pure 

compound 5b as a clear oil (30 mg, 0.023 mmol, 23% for the two steps). 

1H NMR (500 MHz, DMSO-d6) δ 9.59 – 9.55 (m, 3H, -NHMe2), 8.50 – 8.34 (m, 3H, -C(O)NH), 

8.17 (s, 1H, CH triazole), 7.02 (t, J = 6.0 Hz, 4H, Ar-H), 6.86 (t, J = 7.6 Hz, 2H, Ar-H), 5.05 (t, J 

= 7.7 Hz, 2H,-CH2Ntriazole), 4.73 (s, 2H, Ar-OCH2C(O)), 6.39 (t, J = 7.6 Hz, 2H, Ar-H), 6.30 (dd, J 

= 20.4, 7.5 Hz, 4H, Ar-H), 4.63 (d, J = 13.4 Hz, 2H, Ar2CH2), 4.53 (s, 2H, -CH2O-), 4.38 (d, J = 

14.0 Hz, 2H, Ar-OCH2C(O)), 4.32 (t, J = 7.6 Hz, 2H, Ar-OCH2CH2), 4.28 – 4.23 (m, 3H, 

Ar-OCH2C(O) and Ar2CH2), 4.13 (d, J = 2.2 Hz, 2H, -CH2C≡CH), 3.59 – 3.52 (m, 6H, -NHCH2), 

3.43 – 3.33 (m, -OCH2CH2O-), 3.23 (d, J = 13.5 Hz, 5H, Ar2CH2), 3.14 (s, 6H, -CH2NMe2), 2.80 

(s, -N(CH3)2), 2.77 (s, -N(CH3)2). 

13C NMR (126 MHz, DMSO-d6, extracted from HSQC) δ 123.87, 128.60, 128.45, 128.30, 

122.37, 122.11, 127.40, 127.33, 127.38, 48.66, 74.01, 29.86, 62.77, 73.76, 73.20, 29.79, 

57.80, 70.45, 68.51, 32.86, 33.44, 33.44, 69.71, 68.20, 68.24, 29.25, 55.51, 55.05, 56.48, 

54.98, 42.77, 39.64, 40.78, 42.19, 43.86, 38.99 

HRMS (EI, m/z): calculated for C70H101N9O16H+ ([M+H]+): 1324.7439, found 1324.7462. 

Preparation of hybrid 2 

    5b (30 mg, 0.023 mmol) and 4 (18.6 mg, 0.036 mmol) were dissolved in to CH3OH (3 

mL) and then CuI (4.6 mg, 0.024 mmol) was added to the solution. The resulting mixture 

was heated under microwave irradiation at 80 °C for 90 min. The mixture was 

concentrated in vacuo, and then CH2Cl2 (5.0 mL) was added. A clear solution was obtained 

after centrifugation, which was concentrated in vacuo to afford the crude compound. The 

crude was dissolved in CH3CN (20 mg/mL) and purified by preparative HPLC on the 
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standard protocol. Fractions containing the product (tR = 35 min) were pooled and the 

buffer was removed by freeze-drying to obtain the pure hybrid 2 as an off-white foam (12 

mg, 0.0065 mmol, 28%). 

1H NMR (500 MHz, DMSO-d6) δ 8.53 (s, 1H), 9.66 – 9.62 (m, 3H), 8.48 – 8.36 (m, 3H), 8.17 

(s, 1H), 8.01 (s, 1H), 7.90 – 7.84 (m, 2H), 7.44 (t, J = 7.7 Hz, 2H), 7.32 (t, J = 7.4 Hz, 1H), 7.02 

(dd, J = 7.6, 4.1 Hz, 4H), 6.86 (td, J = 7.5, 1.8 Hz, 2H), 6.39 (t, J = 7.5 Hz, 2H), 6.35 – 6.26 (m, 

4H), 5.32 (s, 4H), 5.05 (t, J = 7.6 Hz, 2H), 4.91 (dd, J = 10.9, 9.5 Hz, 2H), 4.82 (ddd, J = 21.6, 

10.5, 3.0 Hz, 2H), 4.73 (s, 2H), 4.63 (d, J = 13.4 Hz, 2H), 4.53 (s, 5H), 4.36 (s, 1H), 4.33 (d, J = 

7.7 Hz, 2H), 4.27 (s, 2H), 4.25 (s, 1H), 4.24 (d, J = 2.9 Hz, 1H), 4.17 – 4.10 (m, 1H), 3.98 (d, J 

= 3.1 Hz, 1H), 3.91 (d, J = 3.2 Hz, 1H), 3.71 (dt, J = 9.0, 6.3 Hz, 2H), 3.61 – 3.50 (m, 30H), 

3.50 (s, 22H), 3.23 (d, J = 13.5 Hz, 5H), 3.15 (d, J = 5.2 Hz, 6H), 2.90 – 2.81 (m, 4H), 2.81 – 

2.75 (m, 21H). 

13C NMR (126 MHz, DMSO-d6, extracted from HSQC)δ 121.92, 124.86, 124.21, 125.42, 

125.41, 129.37, 128.81, 128.08, 129.52, 129.60, 129.52, 123.38, 123.33, 123.10, 123.12, 

128.37, 128.39, 128.40, 49.60, 84.20, 67.29, 67.71, 73.52, 31.36, 63.76, 63.84, 70.13, 

74.15, 63.82, 70.90, 71.80, 74.17, 30.78, 67.83, 67.19, 69.15, 67.99, 68.62, 79.26, 69.37, 

60.47, 69.37, 69.54, 34.42, 34.41, 69.23, 30.78, 58.59, 55.94, 56.47, 43.16, 43.16, 43.16, 

41.03 

HRMS (EI,m/z): calculated for C90H127N15O24SH+, [M+H]+: 1834.8972, found 1834.8973. 

25,26,27-Tris-N-(N,N-dimethyl-2-aminoethyl)carbamoylmethoxy-28-{2’-[4-(2,5,8,11,14,1

7,20,23,26,29,32,35,38-tridecaoxahentetracont-40-yn-1-yl)-1H-1,2,3-triazol]ethoxy}calix

[4]arene (5c) 

    The compound 10 (128 mg, 0.20 mmol) and 8 (78 mg, 0.10 mmol) were dissolved into 

CH3CN (5.0 mL) and then CuI (19 mg, 0.10 mmol) was added to the solution. The resulting 

mixture was heated under microwave irradiation at 80 °C for 90 min. After complete 

conversion of the starting material according to TLC monitoring, the mixture was 

concentrated in vacuo, and then CH2Cl2 (5.0 mL) was added. A clear solution was obtained 

after centrifugation, which was concentrated in vacuo, and the resulting compound (120 

mg) was achieved through silica chromatography (CH2Cl2: CH3OH = 10: 1). To the 

compound (120 mg) N,N-dimethylethylenediamine (5.0 mL) was added under nitrogen. 

The mixture was stirred for 24 h at 50 °C. The excess of N,N-dimethylethylenediamine was 

removed by evaporation under reduced pressure. The mixture was dissolved in CH3CN (20 

mg/mL) and purified by preparative HPLC using the standard protocol. Fractions containing 

the product (tR = 40 min, broad peak) were pooled and the water was removed by 

freeze-drying to obtain the compound 5c as a clear oil (40 mg, 0.027 mmol, 27% for the 

two steps). 
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1H NMR (500 MHz, DMSO-d6) δ 9.75 – 9.59 (m, 3H, -NHMe2), 8.49 – 8.38 (m, 3H, -C(O)NH), 

8.18 (s, 1H, CH triazole), 7.01 (dd, J = 7.6, 4.0 Hz, 4H, Ar-H), 6.85 (t, J = 7.5 Hz, 2H, Ar-H), 

6.39 (t, J = 7.5 Hz, 2H, Ar-H), 6.31 (dd, J = 20.1, 7.5 Hz, 4H, Ar-H), 5.05 (t, J = 7.6 Hz, 

2H,-CH2Ntriazole), 4.74 (s, 2H, Ar-OCH2C(O)), 4.64 (d, J = 13.4 Hz, 2H, Ar2CH2), 4.53 (s, 2H, 

-CH2O-), 4.38 (d, J = 14.0 Hz, 2H, Ar-OCH2C(O)), 4.33 (t, J = 7.6 Hz, 2H, Ar-OCH2CH2), 4.30 – 

4.25 (m, 3H, , Ar-OCH2C(O) and Ar2CH2), 4.14 (d, J = 2.3 Hz, 2H, -CH2C≡CH), 3.56- 3.52 (m, 

6H, -C(O)NHCH2), 3.46 – 3.27 (m, -OCH2CH2O-), 3.23 (d, J = 13.6 Hz, 5H, Ar2CH2), 3.17 – 

3.10 (m, 6H, -CH2N(CH3)2), 2.80 (s, -N(CH3)2), 2.77 (s, -N(CH3)2). 

13C NMR (126 MHz, DMSO-d6, extracted from HSQC) δ 124.87, 129.23, 129.48, 123.97, 

123.33, 123.11, 128.38, 128.46, 49.02, 74.50, 30.26, 63.79, 70.14, 74.17, 71.64, 74.19, 

30.28, 56.98, 66.46, 72.30, 70.73, 70.13, 30.21, 43.14, 44.01. 

HRMS (EI, m/z): calculated for C78H117N9O20H+([M+H]+): 1500.8488, found 1500.8480. 

Preparation of hybrid 3 

    Compound 5c (40 mg, 0.027 mmol) and 4 (17 mg, 0.033 mmol) were dissolved in 

CH3OH (3.0mL), then CuI (5.1 mg, 0.027 mmol) was added into the solution. The resulting 

mixture was heated under microwave irradiation at 80 °C for 90 min. The mixture was 

concentrated in vacuo, and then CH2Cl2 (5 mL) was added. A clear solution was obtained 

after centrifugation, which was concentrated in vacuo to afford the crude compound. The 

crude was dissolved in CH3CN (20 mg/mL) and purified by preparative HPLC using the 

standard protocol. Fractions containing the product (tR = 35 min, broad peak) were pooled 

and the buffer was removed by freeze-drying to obtain the pure hybrid 3 as an off-white 

foam (12 mg, 0.0060 mmol, 22%). 

1H NMR (500 MHz, DMSO-d6) δ 8.53 (s, 1H), 8.17 (s, 1H), 9.68 – 9.64 (m, 3H), 8.50 – 8.34 

(m, 3H), 8.01 (s, 1H), 7.87 (d, J = 7.7 Hz, 1H), 7.44 (t, J = 7.7 Hz, 2H), 7.31 (d, J = 7.5 Hz, 1H), 

7.02 (dd, J = 7.6, 4.2 Hz, 3H), 6.89 – 6.82 (m, 2H), 6.39 (t, J = 7.5 Hz, 2H), 6.30 (dd, J = 20.3, 

7.4 Hz, 3H), 5.32 (s, 4H), 5.05 (t, J = 7.5 Hz, 2H), 4.91 (dd, J = 11.2, 9.5 Hz, 2H), 4.82 (ddd, J 

= 21.3, 10.6, 3.0 Hz, 2H), 4.73 (s, 2H), 4.64 (d, J = 13.4 Hz, 2H), 4.53 (s, 4H), 4.39 (s, 1H), 

4.36 (s, 1H), 4.33 (t, J = 7.6 Hz, 2H), 4.27 (s, 1H), 4.26 (d, J = 11.3 Hz, 2H), 4.23 (d, J = 10.8 

Hz, 2H), 3.97 (d, J = 3.1 Hz, 1H), 3.91 (d, J = 3.2 Hz, 1H), 3.71 (dt, J = 9.4, 6.3 Hz, 2H), 3.61 – 

3.44 (m, 56H), 3.42 (t, J = 6.2 Hz, 2H), 3.23 (d, J = 13.6 Hz, 4H), 3.17 – 3.09 (m, 7H), 2.84 (d, 

J = 22.3 Hz, 2H), 2.82 – 2.75 (m, 16H). 

13C NMR (126 MHz, DMSO-d6, extracted from HSQC)δ 121.87, 125.80, 123.66, 126.06, 

126.06, 129.36, 129.36, 127.90, 129.51, 128.87, 129.48, 123.34, 123.35, 123.11, 123.11, 

128.37, 128.37, 128.42, 129.40, 50.47, 84.17, 67.93, 67.76, 74.41, 30.77, 74.16, 70.13, 

74.17, 70.11, 74.16, 30.79, 67.82, 74.15, 70.71, 69.64, 67.20, 67.82, 67.82, 70.73, 70.13, 
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67.37, 68.02, 78.90, 79.25, 79.86, 70.14, 70.15, 68.75, 69.19, 68.38, 34.40, 70.13, 33.81, 

30.79, 30.77, 70.13, 56.56, 70.13, 54.38, 56.53, 56.61, 54.22, 39.97, 43.14, 43.21, 41.74 

HRMS (EI, m/z) calculated for C98H143N15O28SH+, [M+H]+: 2011.0020, found: 2011.0092. 

Bis-{3-deoxy-3[4-(phenyl)-1H-1,2,3-triazol-1-yl]-β-D-galactopyranosyl} sulfane (19) 

    Compound 18 (10 mg, 0.013 mmol) and phenylacetylene (1.43µl, 0.013 mmol) were 

dissolved in CH3CN (2.0 mL) and then CuI (2.50 mg, 0.013 mmol) was added to the solution. 

The resulting mixture was heated under microwave irradiation at 80 °C for 90 min. After 

complete conversion of the starting material according to TLC monitoring, the mixture was 

concentrated in vacuo, and then CH2Cl2 (5.0 mL) was added. A clear solution was obtained 

after centrifugation, which was concentrated in vacuo. The residue (12 mg) was dissolved 

in CH3OH (5 mL) and NaOMe (40 mg, 2.5 mmol) was added. The mixture was stirred for 6 

h at room temperature and was neutralized with DOWEX-H+ resin, filtered, and evaporated. 

The crude was purified by preparative HPLC using the standard protocol. Fractions 

containing the product (tR = 30 min) were pooled and the buffer was removed by 

freeze-drying to obtain compound 19 as a white solid (2.0 mg, 0.003 mmol, 23 %). 

1H NMR (500 MHz, D2O) δ 8.55 (s, 2H, CH triazole), 7.87 (d, J = 7.8 Hz, 4H, Ar-H), 7.55 (t, J = 

7.5 Hz, 4H, Ar-H), 7.48 (t, J = 7.5 Hz, 2H, Ar-H), 5.17 (d, J = 9.7 Hz, 2H, H1), 5.04 (d, J = 10.9 

Hz, 2H, H3), 4.49 (t, J = 10.2 Hz, 2H, H2), 4.29 (m, 2H, H4), 4.08 (t, J = 6.2 Hz, 2H, H5), 3.87 

(dd, J = 12.0, 7.7 Hz, 2H, H6a), 3.79 (dd, J = 12.0, 4.4 Hz, 2H, H6b). 

13C NMR (126 MHz, D2O, extracted from HSQC) δ 121.43, 126.38, 129.92, 129.53, 84.35, 

66.97, 67.38, 68.03, 79.66, 60.41, 60.89 

HRMS (EI, m/z) calculated for C28H32N6O8SNa+ ([M+Na]+): 635.1895, found 635.1898. 

Preparation of compound 20 

    The compound 18 (30 mg, 0.039 mmol) and compound 11 (42 mg, 0.067 mmol) were 

dissolved to CH3CN (2.0 mL) and then CuI (7.50 mg, 0.039 mmol) was added to the 

solution. The resulting mixture was heated under microwave irradiation at 80 °C for 90 min. 

After complete conversion of the starting material according to TLC monitoring, the 

mixture was concentrated in vacuo, and then CH2Cl2 (5.0 mL) was added. A clear solution 

was obtained after centrifugation, which was concentrated in vacuo. The corresponding 

compound was obtained by silica chromatography (CH2Cl2: CH3OH = 10: 1→ 5: 1), which 

was dissolved in CH3OH (5 mL) and NaOMe (40 mg, 2.5 mmol) was added. The mixture 

was stirred for 6 h at room temperature. The solution was neutralized with DOWEX-H+ 

resin, filtered, and evaporated. The crude was purified by preparative HPLC using the 

standard protocol. Fractions containing the product (tR = 30 min) were pooled and the 
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buffer was removed by freeze-drying to obtain compound 20 as a clear oil (3.0 mg, 0.002 

mmol, 5.0 %). 

1H NMR (500 MHz, D2O) δ 8.55 (s, 1H), 8.26 (s, 1H), 7.91 – 7.84 (m, 2H), 7.56 (t, J = 7.6 Hz, 

2H), 7.49 (d, J = 7.4 Hz, 1H), 5.14 (dd, J = 9.7, 6.9 Hz, 2H), 5.02 (ddd, J = 13.7, 10.6, 3.0 Hz, 

2H), 4.74 (s, 2H), 4.55 – 4.39 (m, 2H), 4.30 – 4.21 (m, 4H), 4.06 (td, J = 8.5, 4.3 Hz, 2H), 3.86 

(ddd, J = 12.6, 7.8, 5.2 Hz, 2H), 3.81 – 3.62 (m, 50H). 

13C NMR (126 MHz, D2O, extracted from HSQC) δ 121.44, 124.43, 125.77, 125.77, 129.35, 

129.35, 128.97, 84.27, 84.29, 66.92, 66.90, 63.05, 69.52, 66.80, 68.02, 57.65, 67.96, 79.66, 

60.91, 60.93, 68.90, 69.53. 

HRMS (EI, m/z) calculated for C50H80N6O21SH+ ([M+H]+): 1133.5170, found 1133.5183. 
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4.4.3 Analytical HPLC for new compounds 

            Compound 5a                           Compound 5b 

 

            Compound 5c                            Compound 12 

 

            Compound 19                           Compound 20 
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HPLC of hybrid 3 
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Abstract 

    O-GlcNAc transferase (OGT) attaches a GlcNAc on specific substrate proteins using 

UDP-GlcNAc as the sugar donor. This modification can alter protein function directly by 

regulating cellular signaling and transcription pathways in response to altered nutrient 

availability and stress. Specific inhibitors of OGT would be valuable tools for biological 

studies and lead structures for therapeutics. The existing OGT inhibitors are mainly derived 

from sugar donor substrates, but poor cell permeability and off-target effects limit their 

use. Here, we describe our progress on OGT inhibition based on substrate peptides 

identified by array screening. Subsequently, bisubstrate inhibitors were prepared by 

conjugating these peptides to uridine in various ways. In parallel, an in silico fragment 

screening was conducted to obtain small molecules targeting the UDP binding pocket. 

After evaluation of the initial hits, one of these small molecules was introduced into a 

novel OGT hybrid inhibitor, as the replacement of uridine. The novel compounds inhibit 

OGT activity with IC50 values in the micromolar range. 

5.1 Introduction 

    O-GlcNAc transferase (OGT) is an essential mammalian enzyme involved in the 

dynamic O-GlcNAcylation of cytosolic and nuclear proteins. Through catalyzing the 

attachment of N-acetylglucosamine to specific serines and threonines of protein, OGT is 

associated with numerous biological processes such as transcription, cell cycle progression, 

stress response and nutrient sensing.1–5 Prior studies have noted the potential of OGT as a 

therapeutic target as it is linked to diseases such as Alzheimer’s disease and cancer.6–8 OGT 

is one of only two enzymes modulating O-GlcNAcylation and its expression is correlated to 

the metabolic status of cell directly.7,9–11 In metabolic diseases like cancer and diabetes, 

increase of various metabolic inputs like glucose into the cell alters the production of 

UDP-GlcNAc through the hexosamine biosynthetic pathway. This promotes 

O-GlcNAcylation since OGT is highly sensitive to intracellular UDP-GlcNAc levels. Elevated 

O-GlcNAcylation of key signaling molecules and transcription factors can be involved in the 

development and pathology of diseases.8,10,12,13 For this reason, OGT is emerging as a 

therapeutic target of current interest. A selective and cell-permeable OGT inhibitor is 

strongly needed to further decipher its function in biological process and explore its 

potential as a therapeutic target. 

    In recent years, biochemical and crystallographic studies have clearly revealed the 

mechanistic aspects of OGT’s catalytic process. The sugar donor substrate UDP-GlcNAc 

binds to the active site of the enzyme first, followed by the sugar acceptor substrate.14,15 

The ternary substrate approaches the transition state for glycosyl transfer of 

N-acetylglucosamine from the donor onto the specific serine or threonine of the acceptor. 

To discover OGT inhibitors, a few OGT sugar donor analogues have been identified that 

show a moderate inhibitory effect on OGT activity.16–18 However, these compounds cannot 
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permeate into cells, which restricts their use in research. In addition, most of these 

compounds have a severe off-target effect because of their similarity to commonly used 

UDP-GlcNAc.17 Other types of inhibitors have been described that are non-substrate 

inhibitors but some off-target or toxicity effects were still noted.19  

    Here, we describe our approach to obtaining OGT inhibitors targeting acceptor and 

donor sites using a dynamic peptide microarray and a fragment-based method, 

respectively. In collaboration with Jie Shi within our group, two selective OGT peptide 

substrates were identified by using peptide microarrays (Scheme 1). First their potential 

for inhibition was studied by substituting the serine in the O-GlcNAc modification site with 

an alanine. Inspired by his work, a further optimization of these peptides resulted in new 

inhibitors with improved inhibitory effect on OGT activity. Moreover, a study on 

bisubstrate OGT inhibitors was performed by conjugating part of the sugar donor (uridine) 

to the substrate peptides with neutral linkers, which showed a variation in the magnitude 

of the synergy effects. Besides, the process of searching for fragments targeting the UDP 

binding pocket of OGT, provided us with four compounds inhibiting OGT activity in vitro, 

one of which as a replacement of uridine was incorporated into a novel OGT bisubstrate 

inhibitor. 

 

Scheme 1. The schematic depiction of the peptide microarray approach to afford peptides 

as substrate of OGT. Briefly, the microarray was blocked with BSA, and followed by the 

addition of OGT, UDP-GlcNAc, and a FITC conjugated antibody. The enzymatic reaction 

was run by pumping the mixture up and down through the porous Al2O3 chip material.  
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5.2 Results and Discussion 

5.2.1 The optimization of peptide inhibitors derived from OGT acceptor 

substrate 

    Using a peptide microarray approach, we recently identified the peptide 

RBL-2_410-422 as an OGT substrate (Scheme 1). This peptide is derived from the RBL-2 

protein, which is a key regulator of entry into cell division and may function as a tumor 

suppressor. The serine that is modified by O-GlcNAc was identified in this peptide.20,21 

Interestingly, replacing this serine with an alanine in peptide RBL-2_410-422_420A 

resulted in a competitive OGT inhibitor (Figure 1). This finding suggests a significant 

interaction between the peptide substrate and OGT that could form the basis for OGT 

inhibitor development. Another specific substrate peptide was identified among tyrosine 

kinase substrates and was derived from the tight junctions ZO-3 protein: ZO-3_357_371.22 

Again replacing the serine at the modification site with an alanine yielded an OGT inhibitor. 

To identify the minimum structural requirements for OGT inhibition, two series of shorter 

peptides based on the original sequences were synthesized and they were tested as OGT 

inhibitors (Figure 2). In the series of truncated RBL-2_410-422_S420A peptides, 

surprisingly, an actual potency improvement was observed for a shorter peptide, i.e. 

octapeptide Pep6 (Figure 2A). Additional experiments showed that it exhibited an IC50 

value of 385 M. 

    Similar results were obtained for the ZO-3_357-371_S369A derivatives with the 

optimal peptide being heptapeptide Pep13 (Figure 2B), that showed an IC50 value of 193 

M. Besides providing more support for OGT being sequence specific, our data also 

motivated us to improve potency and selectivity. To this end, we proceeded to develop 

bisubstrate inhibitors by conjugating parts of mimics of the sugar donor analogues with 

these identified peptide inhibitors. 
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Figure 1. The RBL-2_410-422_S420A inhibited OGT activity competitively. The effect of 

RBL-2_410-422_S420A (0.5 mM) on OGT activity was determined using a peptide 

microarray assay on which RBL-2_410-422 was immobilized. A parallel assay was 

performed using water as control. Real time OGT activity was reflected by the fluorescent 

antibody bound to O-GlcNAcylated RBL-2_410-422. 

 

Figure 2. (A) A series of peptides derived from RBL-2_410-422_S420A (Pep1) were 

produced with sequences shown in the right table and their inhibitory effect on OGT 

activity were determined at concentration of 1 mM using UDP-Glo assay. Pep6 is obtained 

as the best OGT inhibitor among these peptides. (B) A series of peptides derived from 

ZO-3_357-371_S369A (Pep9) were produced with sequences shown in the right table and 

their inhibitory effect on OGT activity were determined at concentration of 1 mM using 

UDP-Glo assay. Pep13 is obtained as the best OGT inhibitor among these peptides. All 

peptides were synthesized by standard Fmoc SPPS protocols described in Experimental 

Section. 

5.2.2 Design and synthesis bisubstrate inhibitors by conjugating peptides to 

uridine with neutral linkers 
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As revealed by privious research, the Kd of sugar donor (UDP-GlcNAc) for OGT is even 

higher than the one of UDP, which points that the GlcNAc moiety even hampers the 

binding.23 Accordingly, we have focused on the UDP alone and its binding site to boost the 

peptides’ affinity. UDP itself as a product of O-GlcNAcylation inhibits OGT in vitro with an 

IC50 of 1.8 µM, making it the most potent OGT inhibitor to date.23,18 Despite its strong 

affinity for OGT the charged phosphates preclude cell permeability. Aiming to combine the 

peptide selectivity with UDP’s potency but removing its diphosphate, we prepared 

uridine-peptide conjugates (compounds 1-5 shown in Figure 3) with neutral linkers of 

different length.  

 

Figure 3. Structure of Pep6, Pep13 and bisubstrate derivatives. All the compounds were 

prepared by standard Fmoc SPPS protocols. The modified “Glu” building blocks were 

prepared as described in Scheme 2. Incorporation of the modified “Glu” building block 

were performed by using corresponding building block (2.0 eq), BOP reagent (4.0 equiv), 

and DiPEA (8 eq). Upon completion of SPPS, peptides were cleaved from the resin to yield 

the crude product. Purified compounds were obtained by preparative HPLC and 

compounds identity was confirmed by analytical HPLC and high-resolution mass 

spectrometry. 
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    The ability of these compounds to inhibit OGT activity was again determined using 

UDP-Glo Glycosyltransferase assay and was further compared with Pep6 and Pep13. As 

shown in Table 1, an IC50 of 297 M was determined for 1 whereas no obvious inhibition 

was shown for 2 and 3, indicating the importance of spacer length. One unanticipated 

finding was that similar modifications on Pep13 would render the compounds inactive, 

indicating differences in the binding modes of Pep13 and Pep6. Overall the enhancement 

of the binding due to the introduction of UDP is modest at best. For this reason, we 

started a search for more potent fragments that could more productively replace uridine 

in the context of a bisubstrate or hybrid inhibitor. 

Table 1. OGT inhibition values obtained for Pep6, Pep13 and bisubstrate derivatives.a 

Compound IC50[M] Compound IC50[M] 

Pep6 385 Pep13 193 

1 297 4 >1000 

2 >1000 5 >1000 

3 493   

aIC50 values are reported in μM and are averages obtained from triple independent 

duplicate analysis of each compound. 

5.2.3 Discovery of small molecules targeting UDP binding pocket from a 

fragment screening and a novel OGT bisubstarte inhibitor 

In collaboration with Professor Marko Anderluh (University of Ljubljana), a fragment 

library containing more than 216,000 fragments to identify compounds binding to the UDP 

site of OGT, was screened with a docking protocol in FRED software was screened. The 

library contained fragments from the Asinex, ChemBridge, ChemDiv, Enamine, Life 

chemicals, Key Organics, Maybridge and Otava fragment libraries. Analysis of interactions 

of UDP in the OGT binding site revealed that uracil moiety of UDP forms two hydrogen 

bonds with Ala896 backbone carbonyl and amine groups. To mimic this hydrogen bonding 

network Ala896 was used as a constraint in virtual screening (docking) experiment and 

hence only compounds containing proximal hydrogen bond donor and acceptor groups 

were retrieved as potential hits.  
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Figure 4. The schematic depiction of fragment screening and testing. Fragments screening 

yielded seven hits with same heterocyclic scaffold that were synthetically modified and 

tested for OGT inhibition at 1 mM using a UDP-Glo assay. 

    Among these virtual hits, seven compounds contained the same scaffolds as they 

were all quinolone-4-carboxamides (Figure 4). A common feature of these molecules is 

that the quinolone ring is anchored in the uridine binding site of OGT and different 

carboxamides point to the diphosphate group binding site. To capitalize on this finding, a 

series of 22 fragments (F01-F22) carrying diverse carboxamides (listed in Table 3) was 

prepared. This library was constructed by coupling 2-hydroxyquinoline-4-carboxylic acid 

and various amines with EDC/HOBt as a coupling agent. The inhibitory effect of these 

compounds on OGT activity was initially measured at concentration of 1 mM using a 

UDP-Glo assay and several fragments were found to inhibit OGT activity by 90%. The most 

potent fragments are shown in Figure 5A, and their inhibition profile at 200 M. Docking 

pose of OGT inhibitor F20 predicted two hydrogen bonds with Ala896, which mimic the 

binding mode of the uracil moiety of UDP. Additional hydrogen bonds are predicted 

between Thr921 side chain and inhibitor carboxylate group and Thr922 side chain and 

carbonyl group of the carboxamide at position 4 of the quinolone-2-one ring (Figure 6). 

Moreover, comparing the similar F19 and F20 activities suggests that a free carboxylate 

group is not a prerequisite for binding, thus making this a suitable site for conjugation to 

the peptide. 
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Figure 5. (A) Top 4 fragments structures and OGT inhibition validation. F03, F18, F19 and 

F20 were tested for OGT activity inhibition at 0.2 mM using UDP-Glo assay. (B) On resin 

synthesis of compound 6 as a Pep6-F20 conjugate: (a) Pd(PPh3)4, phenylsilane, DCM, RT, 

1h. (b) F20, Bop, DiPEA, DMF, 2h. (c) Piperidine/DMF, 1h. (d) TFA/TIPS/EDT/H2O, RT, 3h. 

Considering that the shortest linker was the most effective in 1-3, a lysine was 

selected for conjugating the fragment, placing the fragment at a similar distance than the 

uridine group in 1. This choice also allowed a convenient on-resin synthesis, in which F20 

can be covalently linked to the amine group of the Lys side chain. After cleavage and 

purification, compound 6 was obtained and tested for its ability to inhibit OGT in our assay. 

An IC50 of 117 M was determined, which indicated that an improved synergy effect of the 

two components hybrid inhibitor. 
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Figure 6. Predicted binding mode of OGT inhibitor F20 (in green sticks) in OGT binding site 

(in grey cartoon, PDB entry: 4N39). The ligand and the neighbouring protein side-chains 

are shown as stick models, coloured according to the chemical atom type (blue, N; red, O; 

orange, S; green, Cl). Hydrogen bonds are indicated by black dotted lines. 

5.3 Conclusion 

    In conclusion, we successfully designed and synthesized several bi-substrate or hybrid 

OGT inhibitors. Starting from peptide substrates and replacing the modification site serine 

with an alanine showed inhibition. Trimming the peptides to 7-8 amino acids actually 

yielded the more potent inhibitors Pep6 and Pep13. Such an enhancement is unusual as 

trimming usually leads to reduced potency. Linking uridine to Pep6 in various ways lead to 

a modest synergy effect but not for Pep13. In addition, fragments were identified to block 

the sugar donor site of OGT through a combination of virtual screening and rational 

redesign. Importantly, we have demonstrated that removing diphosphate moiety is not a 

prerequisite when designing hybrid inhibitors. Linking a fragment to Pep6 displayed 

enhanced inhibition showing the promise of this approach for making potent and selective 

OGT inhibitors.  

 



Inhibition of O-GlcNAc transferase by peptidic hybrids 

101 
 

5.4 Experimental Section 

5.4.1 Reagents and general method 

    Unless stated otherwise, chemicals were obtained from commercial sources and used 

without further purification. All solvents were purchased from Biosolve (Valkenswaard, 

The Netherlands) and were stored on molecular sieves (4 Å). Fmoc-L-Glu-OtBu and 

Fmoc-L-Lys(Alloc)-OH were obtained from Iris Biotech GMBH (Marktredwitz, Germany) 

and other standard Fmoc amino acids were obtained from GL Biochem Ltd (Shanghai, 

China).  

    All reactions and fractions from column chromatography were monitored by thin 

layer chromatography (TLC) using plates with a UV fluorescent indicator (normal SiO2, 

Merck 60 F254). One or more of the following methods were used for visualization: 10% 

H2SO4 in MeOH, molybdenum blue, I2 or ninhydrine followed by warming until spots could 

be visible. Flash chromatography was performed using Merck type 60, 230–400 mesh silica 

gel. Removal of solvent was performed under reduced pressure using a rotary evaporator. 

    1H and 13C NMR spectroscopy was carried on an Agilent 400-MR spectrometer 

operating at 400 MHz for 1H and 101 MHz for 13C. HSQC, TOCSY and NOESY (500 MHz) 

were performed with a VARIAN INOVA-500. Electrospray Mass experiments were 

performed in a Shimadzu LCMS QP-8000. High resolution mass spectrometry (HRMS) 

analysis was recorded using Bruker ESI-Q-TOF II. Analytical LC-MS (electrospray ionization) 

was performed on Thermo-Finnigan LCQ Deca XP Max using same buffers and protocol as 

described for analytical HPLC. 

    Analytical HPLC was performed on a Shimadzu-10AVP (Class VP) system using a 

Phenomenex Gemini C18 column (110Å, 5 µm, 250×4.60 mm) at a flow rate of 1 mL min. 

The used buffers were 0.1 % trifluroacetic acid in CH3CN: H2O= 5: 95 (buffer A) and 0.1 % 

trifluroacetic acid in CH3CN: H2O = 95: 5 (buffer B). Runs were performed using standard 

protocol (a) or (b), (a): 100% buffer A for 2 min, then a linear gradient of buffer B (0-100% 

in 38 min) and UV-absorption was measured at 214 and 254 nm; (b) 100% buffer A for 2 

min, then a linear gradient of buffer B (0-100% in 48 min) and UV-absorption was 

measured at 214 and 254 nm. Purification using preparative HPLC was performed on an 

Applied Biosystems workstation with a Phenomenex Gemini C18 column (10 µm, 110 Å, 

250×21.2 mm) at a flow rate of 6.25 mL/min. Runs were performed by a standard protocol: 

buffer A for 5 min followed by a linear gradient of buffer B (0 – 100% in 70 min) with the 

same buffer as described for the analytical HPLC.  

5.4.2 Molecular Modelling 
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Compound library. Fragment libraries from Asinex, ChemBridge, ChemDiv, Enamine, 

Life chemicals, Key Organics, Maybridge and Otava were downloaded in SDF format. These 

libraries were merged and duplicates removed, which resulted in a library containing 

216,472 compounds. For these compounds a library of conformers was generated using 

OMEGA software (Release 2.5.1.4, OpenEye Scientific Software, Inc., Santa Fe, NM, USA; 

www.eyesopen.com)24 using default settings, which resulted in a maximum of 200 

conformers per ligand. The average number of conformers in the library was 51. 

 

Figure 7. Binding mode of UDP (in yellow sticks) in OGT binding site (in grey cartoon, PDB 

entry: 4N39). The ligand and the neighbouring protein side-chains are shown as stick 

models, coloured according to the chemical atom type (blue, N; red, O; orange, S; green, 

Cl). Hydrogen bonds are indicated by black dotted lines. 

    Structure-based virtual screening and docking. For docking with FRED software 

(Release 3.2.0.2, OpenEye Scientific Software, Inc., Santa Fe, NM, USA; 

www.eyesopen.com), OGT binding site (PDB entry: 4N39)25 was prepared using MAKE 

RECEPTOR (Release 3.2.0.2, OpenEye Scientific Software, Inc., Santa Fe, NM, USA; 

www.eyesopen.com). The grid box around the UDP bound in the OGT crystal structure was 

generated automatically and was not adjusted. This resulted in a box with the following 

dimensions: 16.67 Å *15.00 Å * 20.33 Å and the volume of 5083 Å 3. For “Cavity detection” 

slow and effective “Molecular” method was used for detection of binding sites. Inner and 

outer contours of the grid box were also calculated automatically using “Balanced” 



Inhibition of O-GlcNAc transferase by peptidic hybrids 

103 
 

settings for “Site Shape Potential” calculation. The inner contours were disabled. Ala896 

was defined as hydrogen bond donor and acceptor constraint for the docking calculations. 

    Fragment library, prepared by OMEGA, was then docked to the prepared UDP-binding 

site of OGT (Figure 7, PDB entry: 4N39) using FRED (Release 3.2.0.2. OpenEye Scientific 

Software, Inc., Santa Fe, NM, USA; www.eyesopen.com).26,27,28 Docking resolution was set 

to high, other settings were set as default. A hit list of top 500 ranked molecules was 

retrieved and the best ranked FRED-calculated pose for each compound was inspected 

visually and used for analysis and representation. 

5.4.3 Chemistry 

    Synthesis of all the peptides was achieved by following a standard Fmoc SPPS strategy 

on a Symphony Multiple Peptide Synthesizer and starting from Rink amide resin. The 

modified “Glu” building blocks 10-12 were prepared and an on-resin approach for 

preparing compound 1-5 was established as described in Scheme 2. 

    Peptides were assembled on Rink amide tentagel S resin (227 mg with a resin loading 

of 0.22 mmol/g). With the exception of the modified building block, peptide couplings 

were performed with protected Fmoc amino acid (4.0 eq), BOP reagent (4.0 eq), and 

DIPEA (8.0 eq) in DMF (total volume 5 mL) at ambient temperature for 1 hour.  

Incorporation of the modified Glu was performed by using corresponding building 

block (2.0 eq), BOP reagent (4.0 equiv), and DiPEA (8 eq). Upon completion of SPPS, 

peptides were cleaved from the resin and deprotected by using a mixture of 

TFA/EDT/TIPS/H2O (9:0.25:0.25:0.5, V/V/V/V) followed by Et2O precipitation to yield the 

crude peptides. Pep1-15 were confirmed by LC/MS analysis, in each case providing the 

expected mass (Table 2). 1-5 were purified by preparative HPLC as described in general 

method and their identities were confirmed by analytical HPLC and high-resolution mass 

spectrometry. 

Table 2. Analytical data of Pep1-Pep15 

Compound Rt (min)a Molecular formula Exact Mass Measured 

Massb 

Pep1 8.94 C55H94N16O19S 1314.66 1313.95 

Pep2 11.49 C49H82N14O18S 1186.57 1186.71 
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Pep3 9.20 C44H75N13O15S 1057.52 1057.29 

Pep4 9.16 C40H69N11O13S 943.48 943.86 

Pep5 9.58 C37H64N10O11S 856.45 856.80 

Pep6 8.22 C32H57N9O10S 759.39 759.50 

Pep7 7.64 C29H52N8O9 656.39 656.41 

Pep8 6.05 C24H43N7O8 557.32 557.48 

Pep9 11.00 C80H125N25O28S 1915.88 1915.80 

Pep10 23.50 C49H79N15O16 1133.58 1133.65 

Pep11 21.00 C45H74N14O13 1018.56 1018.74 

Pep12 18.09 C39H63N13O12 905.47 905.55 

Pep13 10.53 C30H54N12O10 742.41 742.51 

Pep14 8.24 C24H42N8O9 586.31 586.94 

Pep15 4.57 C19H33N7O8 487.24 487.73 

aRetention time measured on a a Prosphere C18 column (250 × 4.6 mm, 300 Ȧ, 10 µm) and 

an acetonitrile gradient (5-95%, 0.1% of TFA) in 40 minutes; flow rate of 1 ml/min. b 

ESI-LRMS. 

    For preparing 1-5, modified “Glu” building blocks 10-12 were first synthesized 

following a method described in Scheme 2 (A). Briefly, a 2',3'-O-isopropylidene uridine 

precursor was converted into 7-9 which bear azido groups. For 7, the 5'-hydroxy group was 

first converted into a p-toluenesulfonyl ester with p-toluenesulfonylchloride and pyridine 

as the catalyst/base. The following nucleophilic substitution with sodium azide gave 7 in 
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high yield. The ensuing catalytic hydrogenation with Lindlar catalyst proceeded to 

completion within 3 h, and the desired amine derivative was found to be pure by LCMS 

and used without purification in the next reaction step due to its inherent instability. 

Treatment of with Fmoc-Glu-OtBu in dry dichloromethane, with DiPEA as the base, gave 

the 10 in relatively high yield. In the meantime, synthesis of the 8 and 9 began with the 

synthesis of azido linkers via a modified literature method.29,30,31 Via the route, two linkers 

with hundred milligram quantities were readily prepared. These linkers were reacted with 

the 5'-hydroxy group of 2',3'-O-isopropylidene uridine precursor in CH3CN with NaOMe 

under reflux, which produced corresponding 8 and 9. These intermediates were 

subsequently transformed into corresponding amine under reaction conditions similar to 

those used for 7. The resulting compound confirmed by LCMS were reacted to 

Fmoc-L-Glu-OtBu to give 11 and 12 in same condition as 10 used. The 10, 11 and 12 were 

deprotected by the treatment with TFA/DCM, then were incorporated into Pep6 and 

Pep13 to replace the GlcNAc site residue Ala separately by standard automated SPPS 

strategy as described in Scheme 2 (B). After deprotection and cleavage from the resin, 

crude peptides were precipitated in cold Et2O, which was purified by preparative HPLC. 

The purity and identity were confirmed via analytical HPLC and high-resolution mass 

spectrometry. 
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Scheme 2 (A) Synthesis of 1-5. Reagents and conditions: a) TsCl, pyridine, 0 oC→ RT, 12h; b) 

NaN3, DMF, RT, 12h; c) ICH2CH2N3, NaOMe, CH3CN, 85 oC, 12h; d) TsOCH2CH2OCH2CH2N3, 

NaOMe, CH3CN, 85 oC, 12h; e) Lindlar catalyst, H2, RT, 3h; f) Fmoc-L-Glu-OtBu, Bop, DiPEA, 

CH2Cl2, RT, 20h; (B) Reagents and conditions: g) TFA/CH2Cl2, RT, 2h. 

5.4.4 Synthetic procedures and compound characterization 

    The 2',3'-O-isopropylidene uridine and 7 were prepared according to established 

literature procedures and analytical data were in agreement with published values.32,33 In 

addition, 1-azido-2-iodoethane was prepared based on the established procedure and 

cude was used in next reaction without further purification because of its potential 

explosive character.29,34 Similar method was used to produce 2-(2-azidoethoxy)ethyl 

4-methylbenzenesulfonate and analytical data was in agreement with published values.31  

Tert-butylN2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N5-(((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,

4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-

L-glutaminate (10) 

    7 (600 mg, 1.9 mmol) was dissolved in methanol (150 mL) and argon was bubbled 

through the solution for 10 min. Lindlar catalyst (200 mg) was added and the suspension 

stirred under hydrogen. After 3 h, TLC indicated the disappearance of the starting azide 

and the catalyst was filtered off. The solvent was evaporated under reduced pressure at no 

more than 40 °C and the colourless oil (550 mg) was achieved. LCMS indicated a high 

degree of purity so the product was used without purification for further synthesis. The 

crude (500mg) was dissolved in DCM (50 ml), and N-alpha-(9-Fluorenyl 

methyloxycarbonyl)-L-glutamic-acid alpha t-butyl ester (Fmoc-L-Glu-OtBu) (901 mg, 2.12 

mmol), BOP (0.94 g, 2.12 mmol), and DiPEA (768 µl, 4.42 mmol) were added. The mixture 

was stirred for 20 hours. The solvent was evaporated and residue was dissolved in EtOAc 

(100 ml) and washed with 1 M KHSO4 (3 × 100 ml), saturated NaHCO3 (3 × 100ml). The 
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organic layer was dried over Na2SO4 and filtered and the solvent was removed by 

evaporation. Silica gel chromatography (eluent: DCM/CH3OH = 98.5/1.5 → 98/2) afforded 

10 as colourless oil (700 mg, 1.01 mmol, 57%). Rf = 0.6 (10% CH3OH in DCM). 

1H NMR (400 MHz, DMSO-d6) δ 8.01 (t, J = 5.9 Hz, 1H), 7.86 (dt, J = 7.6, 0.9 Hz, 2H), 7.69 (d, 

J = 5.9 Hz, 1H), 7.67 (d, J = 6.4 Hz, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.38 (ddd, J = 8.3, 7.4, 1.0 Hz, 

2H), 7.29 (tt, J = 7.4, 1.3 Hz, 2H), 5.72 (s, 1H), 5.71 (d, J = 2.1 Hz, 1H), 5.59 (d, J = 8.0 Hz, 1H), 

4.99 (dd, J = 6.5, 2.3 Hz, 1H), 4.65 (dd, J = 6.6, 4.3 Hz, 1H), 4.26 (ddd, J = 16.4, 9.6, 6.6 Hz, 

2H), 4.19 (d, J = 6.6 Hz, 1H), 3.98 – 3.90 (m, 1H), 3.90 – 3.80 (m, 1H), 3.37 (dt, J = 13.7, 5.7 

Hz, 1H), 3.22 (dt, J = 13.2, 6.2 Hz, 1H), 2.15 (t, J = 7.7 Hz, 2H), 1.98 – 1.80 (m, 1H), 1.81 – 

1.68 (m, 1H), 1.43 (s, 3H), 1.35 (s, 9H), 1.24 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 171.99, 171.80, 170.75, 163.65, 156.49, 150.66, 144.21, 

143.54, 141.14, 128.06, 127.49, 125.70, 125.67, 120.54, 113.73, 102.21, 92.53, 85.31, 

83.86, 81.87, 80.97, 66.05, 60.18, 55.33, 54.56, 47.07, 41.10, 31.94, 28.07, 27.41, 27.09, 

25.61. 

HRMS (EI) m/z, calculated for C36H42N4O10H+ [M+H+]: 691.2974, found 691.2983. 

    The deprotection of 10 was conducted using 10 ml of TFA/DCM (1: 1). After 

evaporating the solvent fully, the residue was used for SPPS directly without purification. 

1-((3aR,4R,6R,6aR)-6-((2-azidoethoxy)methyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dio

xol-4-yl)pyrimidine-2,4(1H,3H)-dione (8) 

    2’,3’-O-isopropylidene uridine (0.50 g, 1.8 mmol) was dissolved in CH3CN (50 ml). 

After the addition of 1-azido-2-iodoethane (0.35 g, 1.8 mmol) and NaOMe (0.28 g, 5.2 

mmol) at room temperature, the solution was refluxed and stirred overnight. After judging 

by TLC (CH2Cl2: MeOH, 10:1), the solution was concentrated in vacuo, then the crude 

mixture was dissolved in 200 ml EtOAc and washed with brine (1 × 200 ml) and water (2 × 

200 ml). The combined organic layer was dried over Na2SO4, filtered, and concentrated in 

vacuo. The resulting yellow oil was purified by silica gel chromatography eluting with a 

gradient of CH2Cl2: MeOH (100:1 → 50:1) to yield 8 (340 mg, 0.96 mmol, 53%). In the 

meantime, 90 mg starting material was collected back. 

1H NMR (400 MHz, CDCl3) δ 7.45 (s, 1H), 5.75 (d, J = 8.1 Hz, 1H), 5.63 (d, J = 2.7 Hz, 1H), 

4.95 (dd, J = 6.4, 2.7 Hz, 1H), 4.92 (dd, J = 6.4, 3.0 Hz, 1H), 4.34 – 4.27 (m, 1H), 4.14 (t, J = 

6.2 Hz, 2H), 3.90 (dd, J = 12.0, 2.6 Hz, 1H), 3.78 (dd, J = 12.0, 3.4 Hz, 1H), 3.51 (t, J = 6.2 Hz, 

2H), 2.97 (d, J = 24.5 Hz, 1H), 1.56 (s, 3H), 1.34 (s, 3H), . 

13C NMR (101 MHz, CDCl3) δ 162.58, 151.00, 140.81, 114.39, 101.87, 96.26, 87.07, 84.28, 

80.50, 62.71, 48.30, 39.74, 27.33, 25.34. 
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HRMS (EI, m/z): calculated for C14H19N5O6Na+ ([M+Na]+): 376.1228, found: 376.1254. 

Tert-butyl N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N5-(2-(((3aR,4R,6R,6aR)-6-(2,4-diox

o-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)meth

oxy)ethyl)-L-glutaminate (11) 

    8 (340 mg, 0.96 mmol) was dissolved in CH3OH (150 mL) and argon was bubbled 

through the solution for 10 min. Lindlar catalyst (300 mg) was added and the suspension 

stirred under hydrogen. After 3 h, TLC indicated the disappearance of the starting azide 

and the catalyst was filtered off. The solvent was evaporated under reduced pressure at 

not more than 40 °C and the colourless oil (315 mg) dried was achieved. LCMS indicated a 

high degree of purity so the product was used without purification for further synthesis. 

The residue was dissolved in 50 ml dry DCM, and Fmoc-L-Glu-OtBu (491 mg, 1.15 mmol), 

BOP (512 mg, 1.15 mmol), and DiPEA (419 µl, 2.41 mmol) were added. The mixture was 

stirred for 20 hours. The solvent was evaporated and residue was dissolved in EtOAc (100 

ml) and washed with 1 M KHSO4 (3 × 100 ml), saturated NaHCO3 (3 × 100ml). The organic 

layer was dried over Na2SO4 and filtered and the solvent was removed by evaporation. 

Silica gel chromatography (eluent: DCM/CH3OH = 98 /2 → 30/1) afforded product 11 as 

colourless oil (420 mg, 0.57 mmol, 59% yield in two steps).  

1H NMR (400 MHz, DMSO-d6) δ 7.85 (dt, J = 7.6, 0.9 Hz, 2H), 7.80 (d, J = 8.1 Hz, 2H), 7.69 (d, 

J = 7.4 Hz, 2H), 7.62 (d, J = 7.8 Hz, 1H), 7.38 (td, J = 7.5, 1.1 Hz, 2H), 7.29 (tt, J = 7.5, 1.2 Hz, 

2H), 5.83 (d, J = 2.5 Hz, 1H), 5.72 (d, J = 8.1 Hz, 1H), 5.10 – 5.02 (m, 1H), 4.86 (dd, J = 6.3, 

2.6 Hz, 1H), 4.72 (dd, J = 6.3, 3.4 Hz, 1H), 4.33 – 4.14 (m, 3H), 4.08 (q, J = 4.2 Hz, 1H), 3.93 

(t, J = 6.3 Hz, 2H), 3.90 – 3.81 (m, 2H), 3.56 (tt, J = 9.8, 4.7 Hz, 2H), 3.49 (t, J = 6.3 Hz, 2H), 

3.38 (t, J = 5.8 Hz, 2H), 3.13 (q, J = 5.8 Hz, 2H), 2.14 (t, J = 7.7 Hz, 2H), 1.97 – 1.83 (m, 1H), 

1.73 (m, 1H), 1.45 (s, 3H), 1.35 (s, 9H), 1.25 (s, 3H). 

 13C NMR (101 MHz, DMSO-d6) δ 171.86, 171.77, 162.53, 156.48, 150.96, 144.22 , 141.13 , 

140.74 , 129.34 , 128.07 , 127.71 , 127.49 , 125.70 , 121.81 , 120.54, 120.45, 113.31 , 

101.29 , 92.64 , 87.24 , 84.35 , 80.95 , 80.87 , 66.07 , 61.64 , 54.63 , 47.07 , 36.50 , 32.09 , 

28.14 , 28.08 , 27.45 , 27.02 , 25.58. 

HRMS (EI) m/z, calculated for C38H46N4O11H+ [M+H+]: 735.3236, found 735.3244. 

    The deprotection of 11 was conducted using 10 ml of TFA/DCM (1: 1). After 

evaporating the solvent fully, the residue was used for SPPS directly without purification. 

1-((3aR,4R,6R,6aR)-6-((2-(2-azidoethoxy)ethoxy)methyl)-2,2-dimethyltetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)pyrimidine-2,4(1H,3H)-dione (9) 
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    2’,3’-O-isopropylidene uridine (0.60 g, 2.1 mmol) was dissolved in CH3CN (50 ml). 

After addition of 2-(2-azidoethoxy)ethyl 4-methylbenzenesulfonate (0.72 g, 2.5 mmol) and 

NaOMe (0.34 g, 6.3 mmol)at room temperature, the solution was refluxed and stirred for 2 

days. After judging by TLC (CH2Cl2: MeOH = 5: 1), the solution was concentrated in vacuo, 

then the crude mixture was dissolved in 200 ml EtOAc and washed with brine (1 × 200 ml) 

and water (2 × 200 ml). The combined organic layers were dried over Na2SO4, filtered, and 

concentrated in vacuo. The resulting yellow oil was purified by silica gel chromatography 

eluting with a gradient of CH2Cl2: MeOH (50: 1) to yield the compound 9 (620 mg, 1.56 

mmol, 74%).  

1H NMR (400 MHz, CDCl3) δ 7.32 (d, J = 8.1 Hz, 1H), 5.75 (d, J = 8.0 Hz, 1H), 5.54 (d, J = 2.8 

Hz, 1H), 5.04 (dd, J = 6.5, 2.8 Hz, 1H), 4.96 (dd, J = 6.5, 3.5 Hz, 1H), 4.29 (td, J = 3.5, 2.5 Hz, 

1H), 4.23 – 4.11 (m, 2H), 3.91 (dd, J = 12.1, 2.5 Hz, 1H), 3.80 (d, J = 11.9 Hz, 1H), 3.75 – 

3.71 (m, 2H), 3.66 (t, J = 5.0 Hz, 2H), 3.33 (td, J = 4.7, 1.2 Hz, 2H), 2.83 (s, 1H), 1.57 (s, 3H), 

1.36 (d, J = 0.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 140.93, 114.43 , 102.20 , 97.14 , 87.25 , 84.03 , 80.41 , 69.64 , 

67.58 , 62.86 , 50.86 , 39.98 , 27.40 , 25.40 . 

HRMS (EI, m/z): calculated for C16H23N5O7Na+ ([M+Na]+): 420.1490, found: 420.1493. 

Tert-butyl N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N5-(2-(2-(((3aR,4R,6R,6aR)-6-(2,4-di

oxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)me

thoxy)ethoxy)ethyl)-L-glutaminate (12) 

    9 (360 mg, 0.91 mmol) was dissolved in methanol (150 mL) and argon was bubbled 

through the solution for 10 min. Lindlar catalyst (200 mg) was added and the suspension 

stirred under hydrogen. After 3 h, TLC indicated the disappearance of the starting azide 

and the catalyst was filtered off. The solvent was evaporated under reduced pressure at 

not more than 40 °C and the colourless oil (350 mg) dried was achieved. LCMS indicated a 

high degree of purity so the product was used without purification for further synthesis. 

The residue was dissolved in 50 ml dry DCM, and Fmoc-L-Glu-OtBu (441 mg, 1.04 mmol), 

BOP (502 m g, 1.13 mmol), and DiPEA (410 µl, 2.35 mmol) were added. The mixture was 

stirred for 20 hours. The solvent was evaporated and residue was dissolved in EtOAc (100 

ml) and washed with 1 M KHSO4 (3 × 100 ml), saturated NaHCO3 (3 × 100ml). The organic 

layer was dried over Na2SO4 and filtered and the solvent was removed by evaporation. 

Silica gel chromatography (eluent: DCM/ CH3OH = 98.5/ 1.5 → 95/ 5) afforded product 12 

as colourless oil (510 mg, 0.65 mmol, 70 % yield in two steps).  

1H NMR (400 MHz, DMSO-d6) δ 7.85 (dt, J = 7.6, 0.9 Hz, 2H), 7.80 (d, J = 8.1 Hz, 2H), 7.69 (d, 

J = 7.4 Hz, 2H), 7.62 (d, J = 7.8 Hz, 1H), 7.38 (td, J = 7.5, 1.1 Hz, 2H), 7.29 (tt, J = 7.5, 1.2 Hz, 
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2H), 5.83 (d, J = 2.5 Hz, 1H), 5.72 (d, J = 8.1 Hz, 1H), 5.10 – 5.02 (m, 1H), 4.86 (dd, J = 6.3, 

2.6 Hz, 1H), 4.72 (dd, J = 6.3, 3.4 Hz, 1H), 4.33 – 4.14 (m, 3H), 4.08 (q, J = 4.2 Hz, 1H), 3.93 

(t, J = 6.3 Hz, 2H), 3.90 – 3.81 (m, 2H), 3.56 (tt, J = 9.8, 4.7 Hz, 2H), 3.49 (t, J = 6.3 Hz, 2H), 

3.38 (t, J = 5.8 Hz, 2H), 3.13 (q, J = 5.8 Hz, 2H), 2.14 (t, J = 7.7 Hz, 2H), 1.97 – 1.83 (m, 1H), 

1.73 (ddd, J = 16.2, 11.6, 7.7 Hz, 1H), 1.45 (s, 3H), 1.35 (s, 9H), 1.25 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 171.81, 171.71, 156.48, 150.85, 144.22, 141.14 , 140.85 , 

128.05 , 127.48 , 125.69 , 125.67 , 120.52 , 113.31 , 101.24 , 92.66 , 87.26 , 84.34 , 80.95 , 

80.90 , 69.13 , 66.78 , 66.06 , 61.66 , 54.60 , 47.08 , 45.50, 38.99 , 31.96 , 28.07 , 27.45 , 

27.13 , 25.59 . 

HRMS (EI, m/z): calculated for C40H50N4O12Na+ ([M+Na]+): 801.3317, found: 801.3325. 

    The deprotection of 12 was conducted using 10 ml of TFA/DCM (1:1). After 

evaporating the solvent fully, the residue was used for SPPS directly without purification. 
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5.4.5 Structures of prepared fragments F01-F22 

 

Table 3. Structures of prepared fragments F01-F22. 

Cpd.  Cpd.  

F01 

 

F12 

 

F02 

 

F13 

 

F03 

 

F14 

 

F04 

 

F15 

 

F05 

 

F16 
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F06 

 

F17 

 

F07 

 

F18 

 

F08 

 

F19 

 

F09 

 

F20 
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F10 

 

F21 

 

F11 

 

F22 
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5.4.6 Analytical HRMS and HPLC traces for Pep6, Pep13 and compounds 1-6 

Pep6: HRMS (EI, m/z): calculated for C32H57N9O10SH+ ([M+H]+): 760.4022, found: 760.4026. 

Pe13: HRMS (EI, m/z): calculated for C30H54N12O10H+ ([M+H]+): 743.4164, found: 743.4144. 

1: HRMS (EI, m/z): calculated for C43H70N12O16SH+ ([M+H]+): 1043.4826, found: 1043.4816. 

2: HRMS (EI, m/z): calculated for C45H74N12O17SH+ ([M+H]+): 1087.5088, found: 1087.5096. 

3: HRMS (EI, m/z): calculated for C47H78N12O18SH+ ([M+H]+): 1131.5351, found: 1131.5306. 

4: HRMS (EI, m/z): calculated for C41H67N15O16H+ ([M+H]+): 1026.4963, found: 1026.4960. 

5: HRMS (EI, m/z): calculated for C43H71N15O17H+ ([M+2H]2+/2): 535.7649, found: 535.7656. 

6: HRMS (EI, m/z): calculated for C53H76N12O13SH+ ([M+H]+): 1121.5454, found: 1121.5455 
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5.4.7 Inhibition effect of compounds in UDP-Glo assay 

Inhibition of OGT for Pep6 

Inhibition of OGT for Pep13 

Inhibition of OGT for Compound 1 
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Inhibition of OGT for Compound 3 

Inhibition of OGT for Compound 6 
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6.1 Summary 

    The work described in this thesis focuses on the development of inhibitors for two 

distinct types of proteins that act on carbohydrates: the galectins and O-GlcNAc 

transferase (OGT). These two types of protein can bind or convert certain carbohydrates to 

exhibit different functions in a wide variety of biological processes. 

    In chapter 1, a general introduction is given on the galectins, a group of proteins that 

recognize β-galactosides specifically and contain conserved carbohydrate-recognition 

domains (CRDs) consisting of about 130 amino acids. To date, we know there are 15 

members in the galectin family, and they are present in organisms ranging from 

nematodes to mammals. Galectins display an intriguing combination of intra- and 

extracellular activities. To decipher the precise action mechanisms of different galectins 

and explore their therapeutic potential, selective inhibitors are an urgent need. Currently 

several potent galectin inhibitors have been developed with an emphasis on galectin-1 and 

-3. Based on their structural features, these inhibitors can be divided into three types: 

carbohydrate-based small molecule inhibitors, non-carbohydrate-based inhibitors, and 

carbohydrate-based multivalent inhibitors. Among these inhibitors, small molecule 

inhibitors based on thiodigalactoside (TDG) have shown their potential while aryl 

modifications at their C3 position improved selectivity and potency. In addition, 

non-carbohydrate-based inhibitors such as calixarene 0118 were discovered, that can bind 

to Gal-1 on the opposite side of the lectin’s carbohydrate binding site. The third type of 

galectin inhibitors, i.e the multivalent carbohydrate based ones, usually make use of a 

suitable scaffolds to bear multiple ligands so as to achieve a multivalency effect that 

enhances the interactions between ligands and proteins.  

    Chapter 2 introduces O-GlcNAcylation as an example of protein glycosylation. Protein 

glycosylation is the process by which a carbohydrate, i.e. the glycosyl donor, is covalently 

linked to a target protein (the glycosyl acceptor). The resulting modified proteins can 

exhibit different functions and subsequently be involved in numerous biological processes. 

While most glycosylated proteins are present on the cell surface, O-GlcNAc transferase 

(OGT) acts entirely on proteins that function intracellularly. It can catalyze the attachment 

of O-GlcNAc to serines and threonines of certain proteins. OGT is emerging as a topic of 

interest, and selective OGT inhibitors are strongly needed to further decipher its roles in 

biological processes and explore its potential as a therapeutic target. Based on their 

structural features, inhibitors can be classified into three types: sugar donor mimic 

inhibitors, bi-substrate inhibitors and small molecule inhibitors identified from high 

throughput screening. However, despite significant progress, most of these compounds 

can’t permeate into cells or are not selective enough and show off-target effects, which 

restricts their use in research and potential applications.  
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    Chapter 3 describes the synthesis of neo-glycoproteins as multivalent galectin 

inhibitors. The approach involves conjugating NHS-functionalized thiodigalactoside 

(TDG)-based inhibitors to lysine residues of the BSA serum protein. To obtain the NHS 

functionalized-TDG, a synthetic approach was developed to create a non-symmetrical TDG 

derivative linked to a PEG-based spacer terminating in an NHS ester. Subsequent reaction 

with BSA gave multivalent TDG-glycoconjugates. Slightly alkaline pH was found to be 

crucial for an effective conjugation. To the best of our knowledge, this is the first example 

of the conjugation of a TDG derivative to a carrier. In collaboration with the biomaterials 

group of Professor Lothar Elling (RWTH Aachen University), inhibitory potencies of these 

conjugates were studied in vitro, which showed that the multivalent presentation of the 

conjugates unlocked the non-symmetrical TDG’s full potential. Large multivalency effects 

were observed that resulted in one of the most effective inhibition of Gal-3 in vitro until 

now. In the future, TDGs with different functional groups on the C3 and C3’ position (e.g. 

4-phenoxyphenyl) will be involved in new conjugates, that potentially provide a higher 

galectin selectivity on a multivalent level. 

    Chapter 4 describes the synthesis of hetero-bivalent or hybrid galectin inhibitors. This 

was approached through the conjugation of a TDG derivative to a calixarene 0118 

derivative. The molecules were designed to bind to the two different binding sites on the 

galectins simultaneously. To obtain these hybrid compounds, TDG and calixarene 

components were synthesized separately after which they were linked by a CuAAC “click” 

reaction. Using our compounds, NMR spectroscopy was used to study the interactions 

between ligands with Gal-1 and Gal-3, which was conducted by Dr. Hans Ippel (University 

of Maastricht) in collaboration with Professor Kevin Mayo (University of Minnesota). The 

data showed that the new hybrid inhibitors indeed strongly bound to galectins-1 and -3 

but that the binding mainly resulted from the TDG moiety and the desired “chelating” 

binding effect for hybrid compounds was not observed. In addition, cytotoxicity studies 

were done to evaluate proliferation inhibition of these compounds on cancer cells in 

collaboration with the medical oncology group of Professor Arjan Griffioen (VU University 

Medical Center). By comparison with the parent TDG and calixarene 0118 compounds, we 

found that the hybrid compounds affected cell viability greatly, but the effects were all due 

to the calixarene moiety. Interestingly, the killing effect on non-cancerous HUVECs was less 

than that of the two cancer cell lines, suggesting that the TDG may possibly enhance 

selectivity.   

    Chapter 5 describes an approach to obtain OGT inhibitors targeting both the donor 

and acceptor sites. The approach used a combination of peptide optimization and a 

fragment-based method. Two substrate peptides were previously identified by Jie Shi 

within our group, and their potential to be developed into OGT inhibitors was evaluated by 

substituting the O-GlcNAc site serine with an alanine. Through subtracting amino acids 
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from the found peptides, we identified two peptide inhibitors targeting the OGT acceptor 

substrate site. Furthermore, we designed and synthesized bisubstrate or hybrid inhibitors 

by conjugating these peptides to uridine, a moiety of the sugar donor. Using the right 

linker was important to observe a synergy effect between the two components of the 

hybrid inhibitor. In parallel, an in silico fragment screening was conducted to obtain small 

molecules blocking the sugar donor site of OGT.  This was performed in collaboration 

with Professor Marko Anderluh (University of Ljubljana). The evaluation of the initial hits 

provided us with four quinolone-4-carboxamide analogues that significantly inhibited OGT 

in vitro. The common unit was used as a replacement of uridine in novel hybrid inhibitors. 

These compounds inhibit OGT activity with IC50 values in the micromolar range and 

structural data could facilitate the further development and ultimately their application in 

biomedical research.  
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6.2 Samenvatting in het Nederlands 

    Het werk beschreven in dit proefschrift gaat over de ontwikkeling van remmers van 

twee verschillende typen eiwiten die beide werken op koolhydraten: de galectines en 

O-GlcNAc transferase (OGT). Beide typen eiwitten kunnen binden aan koolhydraten of 

kunnen deze omzetten en hierdoor invloed hebben op een variëteit aan biologische 

processen. 

    In hoofdstuk 1 wordt een algemene inleiding over de galectines gegeven, een groep 

eiwitten die specifiek β-galactosides binden en die een geconserveerd koolhydraat 

bindend domain (CRD) van ca. 130 aminozuren bevatten. Tot nu toe weten we dat er 15 

leden van de galectine familie bestaan en dat ze aanwezig zijn in vele organismes 

variërend van nematoden tot zoogdieren. Galectins hebben een intrigerende hoeveelheid 

intra- en intercellulaire biologische activiteiten. Om al deze activiteiten in detail verder op 

te helderen en uiteindelijk gebruik te maken van hun therapeutische potentiaal zijn 

selectieve remmers dringend nodig.  Momenteel zijn er meerder krachtige galectine 

remmers ontwikkeld met een nadruk op galectines 1 en 3. Op basis van hun structuren zijn 

deze remmers in te delen in drie groepen: kleine koolhydraten en hun derivaten, 

niet-koolhydraten en multivalente koolhydraten. Onder deze remmers zijn de 

thiodigalactosiden (TDG) veelbelovend vooral als de C3 positie aromatische substituenten 

bevat want dan wordt de remming aanzienlijk versterkt en de selectiviteit vergroot. Ook 

zijn niet-suiker remmers beschreven zoals het calixareen 0118 dat galectine-1 kan binden 

aan de andere kant dan de CRD. Het derde type galectine remmers, de multivalente 

koolhydraten, maken doorgaans gebruik van een geschikt kernmolecuul waaraan 

meerdere remmers gekoppeld kunnen worden zodat de interacties met de eiwitten 

versterkt kunnen worden door het multivalentie principe.  

    In hoofdstuk 2 wordt O-GlcNAcylering geintroduceerd als een voorbeeld van eiwit 

glycosylering. Eiwit glycosylering is een proces waarin een koolhydraat (de donor) wordt 

gekoppeld aan een bepaald eiwit (de acceptor). Eiwit glycosylering in de biologie refereert 

vooral naar het enzym gedreven proces waarin koolhydraatketens aan eiwitten gekoppeld 

worden en de gemodificeerde eiwitten andere functies krijgen en als zodanig invloed op 

bepaalde biologische processen kunnen hebben. Hoewel de meeste geglycosyleerde 

eiwitten op het celoppervlak zitten, werkt de O-GlcNAc transferase alleen op eiwitten die 

binnen de cel hun werk doen. Het kan de koppeling van N-acetyl glucosamine (GlcNAc) 

aan bepaalde serines en threonines van bepaalde eiwitten katalyseren. OGT is een 

onderwerp met een groeiende belangstelling en selectieve remmers van OGT zijn urgent 

nodig om de verschillende rollen in biologische processen verder op te helderen en verder 

te onderzoeken of remmers ervan geneesmiddelen kunnen worden. Op basis van hun 

structuren zijn er drie typen remmers van OGT: suiker-donor mimetica, bi-substraat 

remmers en kleine moleculen verkregen van “high throughput screening”. Ondanks flinke 
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vooruitgang op dit gebied gaan de meeste remmers niet de cel in of zijn ze onvoldoende 

selectief en binden ook andere eiwitten, waardoor hun gebruik in biologisch onderzoek en 

richting toepassingen nu nog beperkt is.   

    In hoofdstuk 3 beschrijft de synthese van nieuwe suiker-eiwit conjugaten, ofwel 

neoglyco-eiwitten, als multivalente galectine remmers. De aanpak betreft de koppeling 

van NHS-gefunctionaliseerde TDG remmers aan de lysine aminozuren van het serum eiwit 

BSA. Om de benodigde NHS-gefunctionaliseerde TDG remmers te krijgen, werd een 

synthetische route ontwikkeld naar een niet-symmetrische TDG gekoppeld aan één kant 

aan een PEG staart met een NHS ester aan het eind. Vervolgens gaf de koppeling de 

gewenste TDG-BSA conjugaten. De koppeling verliep alleen goed onder licht basische 

omstandigheden. Voorzover wij weten is dit het eerste voorbeeld van een koppeling van 

een TDG derivaat aan een eiwit. In samenwerking met de groep van Professor Lothar Elling 

(RWTH Universiteit van Aken) werden de remmingen van de nieuwe conjugaten 

bestudeerd met in vitro assays. De resultaten lieten zien dat de effecten van de 

multivalente presentatie van de TDG remmers groot waren. Grote multivalentie effecten 

zijn gemeten en het resultaat is één van de meest krachtige galectine-3 remmers ooit. Op 

basis hiervan kunnen in de toekomst TDG’s  met verschillende groepen op de C3 en de 

C3’posities (zoals 4-phenoxyphenyl) geïntroduceerd worden die wellicht een betere 

selectiviteit te zien zullen geven.   

    Hoofdstuk 4 beschrijft de synthese van hetero-bivalente of hybride galectine 

remmers. De aanpak betrof de koppeling van een TDG molecuul aan derivaat van 

calixareen 0118. De remmers zijn ontworpen om tegelijkertijd de twee verschillende 

bindingsplaatsen op de galectines te binden. Om deze hybrides te verkrijgen, werden de 

TDG en calixareen componenten apart gesynthetiseerd waarna ze middels een CuAAC 

“click” reactie aan elkaar gekoppeld zijn. NMR spectroscopie werd gebruikt om de 

interacties tussen de nieuwe verbindingen en Gal-1 en Gal-3 te bestuderen, en dat is 

gedaan door Dr. Hans Ippel (Universiteit van Maastricht) in samenwerking met Professor 

Kevin Mayo (Universiteit van Minnesota). De data van de studie lieten zien dat de nieuwe 

hybrides inderdaad sterk bonden aan de galectines-1 en -3, maar dat de binding vrijwel 

volledig kon worden toegeschreven aan de TDG component en dat de beoogde chelaat 

binding niet optrad. Verder zijn er ook cytotoxiciteitsstudies uitgevoerd met de 

verbindingen op kankercellen in samenwerking met de groep van Professor Arjan Griffioen 

(VU Medisch Centrum). Door de verbindingen te vergelijken met de onderdelen TDG en 

het calixareen 0118 derivaat, bleek dat de hybrides een groot effect hadden op de 

levensvatbaarheid van de cellen, maar dat de effecten volledig waren toe te schrijven aan 

het calixareen deel van de moleculen. Een interessante observatie hierbij was dat de 

niet-kanker cellijn HUVEC aanzienlijk minder last had van de hybrides dan de calixareen 
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referentieverbindingen hetgeen suggereert dat het TDG deel wellicht de selectiviteit 

vergroot. 

    In Hoofdstuk 5 wordt een studie beschreven naar remmers van OGT die zowel 

elementen van de donor als van de acceptor bevatten. De aanpak bestond uit een 

combinatie van peptide optimalisatie en een ‘fragment-based’ methode. Gebruik 

makende van twee eerder gevonden peptidesubstraten werd bestudeerd of deze peptides 

de basis konden vormen van nieuwe remmers door de serine waar de GlcNAc op komt te 

vervangen door een alanine. Door verder de lengte van de peptides in te korten werden 

geschikte remmers gevonden met affiniteit voor de acceptor plaats van OGT. Op basis 

hiervan zijn bisubstraat of hybride remmers gemaakt waarin de peptides aan uridine, een 

belangrijk deel van de donor, zijn gekoppeld. De lengte van het verbindingsstuk tussen 

beide delen bleek erg belangrijk, maar met de juiste versie was het mogelijk een 

synergie-effect tussen beide delen van het molecuul waar te nemen. Naast deze aanpak 

werd ook een “in silico fragment screening” uitgevoerd met als doel om kleine moleculen 

te vinden met affiniteit voor de donor locatie van OGT. Dit deel was uitgevoerd in 

samenwerking met Professor Marko Anderluh (Universiteit van Ljubljana). De modificatie 

van de eerste hits van de screening gaf ons vier quinolone-4-carboxamides die OGT 

significant konden remmen. Deze eenheid werd door ons ingebouwd in nieuwe hybride 

remmers ter vervanging van het uridine deel. De verbindingen remden OGT met 

bemoedigende micromolaire IC50 waarden. In de toekomst kunnen structurele data helpen 

bij het verbeteren van de remming en uiteindelijke toepassingen in biomedisch onderzoek. 
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我们三个人漂洋过海跑到这里相识，一起开始又一起结束，一起度过了这确实不怎么

容易的四年，我真是三生有幸能跟你俩并肩作战，千言万语换一句好生保重，后会有

期兄弟。鸥，作为你的师弟我只能说科比万岁，虽然你知道我想说 Beat LA。 一起打

球打游戏吃吃喝喝是那时候最快乐的日子，祝你早日找到你的 soulmate，也顺祝叔叔

阿姨身体健康！阿泰，乌特勒支认识你的人那么多，一半不知道你的大名罗文豪，看

在你已经献身祖国科研事业，我也勉为其难叫你一声罗老师，祝你早日晋升，我期待

在未来院士名单上看到你的大名。鲁文静，你现在最需要的应该就是鼓励，坚持住，

读博士不比减肥难哈哈。光允，好好做自己，有事儿就说话。小岛，看到你媳妇我就

知道你早晚会是一特成功人士，好好干，祝你俩荷兰生活开心美满，哥们北京等你。

谢谢 2013年一起到乌特的兄弟姐妹们，每次想到你们都让我心头一暖。谢谢戴美玲，

祝你在国外一切顺利。谢谢郭勇，跟你一起损杨欣简直不要太爽。谢谢娄博，如果不

嫌弃希望再次合作啊。谢谢刘芳，热心肠的好姑娘。谢谢张玉茂，乌特留学百事通，

祝你跟茂嫂生活幸福美满。还有王朝文，温仕成，杨浩然，孙飞龙，郭洪波，赵玉珑，

王宏凯，祝你们心想事成！谢谢邓慧师姐，李文涛师兄，黄宇星师兄，石洋师兄，祝

你们工作顺利。谢谢 UIPS 的师弟师妹们，韦萱，李静，陈建明，高永智，刘明龙，

孙丽凤，陈度伸，张良伟，张宇睿，朝乐梦，姜明，祝你们留学生活顺利！ 

    借此机会我想感谢乌特勒支篮球队的兄弟们。张帅，再过几十年我预感你会是篮

球场最烦的那种老大爷，又难缠又能说，祝你跟嫂子王莹天天开心。刘金峰，扎实的

后卫，祝你早日回国任教。郑尚镐（Sangho），MVP of UTRECHT, best wishes to you and 

your future wife. I hope we can play basketball together again and welcome to China! 邓

博超，谢谢你带我吃遍了乌特和阿姆，哥们等你和 PP 来北京。谢谢范玉，虽然你每

逢大赛就失踪，但我还得说你打的不错。谢谢陶崴，你投三分的时候有安东尼和科比

一起打铁的样子。还有关吉斌，王梦麟，崔伯龙，熊武，叶诚沛，钱律，杨为晔，郑

旭，高宇，李安，姜嘉炜，祝你们在生活和事业里都如球场上那么牛逼。 
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我想谢谢我的家人，没有你们的无私付出我不可能走到今天。谢谢我的爸爸妈妈，

儿子久未尽孝于前，愧疚于心，成此书也不抵万一，唯愿父母身体安康。岳父岳母，

蒙您青眼，允我为婿又维护有加，可我于妻于您都照顾未周，今得回国，自当尽心竭

力。姐姐姐夫，我不在的日子里为我承责太多，弟弟无以为报，只能好好工作，不负

所期。最后，给我的妻子陈姝，你用了最美的年华来等我，也请让我用余生来与你相

伴。 

再次由衷的谢谢！ 

                                            张 浩 

                                                2018年 3月 30日于北京 

 

 

 


