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Functional proteomics 

In 2001, the International Human Sequencing Consortium realized the initial sequencing and 

analysis of the human genome. This draft version covered 90% of the genome. In 2003, 99% of 

the genome was covered. Up till now, there are still small gaps present, limited by today’s 

methodology in DNA sequencing.[1-3] However, with all these sequences in hand, research has 

just started; all the molecular and cellular functions of thousands of predicted gene products 

have to be assigned! This is a major challenge, because there is a huge gap between the 

genome and the functions of the proteins they encode.[4, 5] Processes like alternative gene 

splicing and posttranslational modifications do expand the coding capacity of the genome two 

to three orders of magnitude.[6, 7] Posttranslational modifications are covalent modifications 

that occur after RNA has been translated into proteins. This is a highly dynamic process; some 

modifications do only exist for a few seconds.[8] They often serve as reversible signals, involved 

in intracellular signalling, subcellular localization and protein-protein interactions. About 500 

human protein kinases, 150 protein phosphatases, 500 proteases, glycosyl transferases and 

glycosidases are responsible for these modifications. Major types of covalent modifications are 

phosphorylation, acetylation, glycosylation, methylation, lipoylation and ubiquitination.[6] The 

field of proteomics tries to develop methods to analyze protein expression. The most common 

method used by researchers in proteomics is two-dimensional gel electrophoresis together 

with mass spectrometry. Proteins are visualized and quantified by staining. Coomassie Blue and 

silver stain, the traditional staining methods, are cost-effective but have a limited dynamic 

range and sensitivity. Fluorescent dyes have recently been developed to improve these 

limitations, but still then, the 2D gel suffers from a lack of resolving power that hinders the 

detection of mainly membrane-associated and low-abundant proteins. Yeast two-hybrid 

methods and protein microarrays are two other strategies that have greatly enriched our 

knowledge about the expression levels and interactions of proteins.[9, 10] However, all these 

methods lack the ability to profile proteins according to their actual biological activities or 

functional state, which is probably more important for understanding the role of these 

macromolecules in vivo, than just their abundance in the cell.  
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Using mass spectrometry, there are chemical approaches developed to quantify protein 

abundance, and also to measure protein phosphorylation in complex proteomes. With the 

Isotope-coded Affinity Tag (ICAT) method[11], changes in protein expression can be followed. It 

is a “gel-free method” that uses a chemical labeling reagent referred to as ICAT. This molecule 

consists of three elements: a reactive group capable of labeling a specific amino acid side chain 

(e.g. iodoacetamide to modify cysteine residues), an isotopically coded linker, and a tag (e.g. 

biotin) for the affinity isolation of labeled proteins or peptides. For the quantitative comparison 

of two proteomes, one sample is labeled with the isotopically light (d0) probe and the other 

with the isotopically heavy (d8) version. Both samples are then combined to minimize errors, 

digested with a protease, and subjected to avidin affinity chromatography to isolate the 

labeled peptides. These peptides are then analyzed by liquid chromatography-mass 

spectrometry (LC-MS). The ratios of signal intensities of differentially mass-tagged peptide 

pairs are quantified to determine the relative levels of proteins in the two samples. The 

method circumvents limitations of gel-based methods, and provides therefore improved access 

to lipophilic and low abundant proteins. An overview is given in Figure 1.  

 

 

Figure 1 - Structure of the ICAT reagent, and the strategy for quantifying differential protein 
expression. The ICAT reagent consists of three elements: a purification tag (biotin), which is 
used to isolate ICAT-labeled peptides; a linker that can incorporate stable isotopes; and a 
reactive recognition group with specificity toward thiol groups (cysteines). 
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Related strategies have been introduced to evaluate the post-translational modification state 

of proteins. Especially for measuring the phosphorylation state of proteins in complex 

proteomes, several (chemical) reagents have been developed.[12]  

 

Activity-based protein profiling (ABPP) 

Since the approaches described above are mainly limited to protein abundance, various 

chemical strategies have been developed to determine the functional state of proteins. One of 

the key technologies in the field of functional proteomics is activity-based protein profiling 

(ABPP). The method is based on the design of active-site-directed covalent probes that are able 

to capture specific subsets or families of enzymes in complex proteomes. The method provides 

a basis for quantitative readout of the functional state of individual enzymes in the family. 

Most often, the probes target a fraction of the enzyme proteome, defined by shared catalytic 

features. The method uses a variety of chemical scaffolds, including mechanism-based 

inhibitors, protein-reactive natural products, and general electrophiles. The method is 

powerful because it provides information about the structure and reactivity of enzyme active 

sites in cells and tissues, rather than only protein expression levels.  

 

Probes have been developed for more than a dozen of enzyme classes, including proteases 

(serine, cysteine, metallo), kinases, phosphatases, glycosidases and oxidoreductases. Before 

showing some specific examples, the general concept will be described. 

 

A small-molecule probe can covalently label the active site of a given enzyme or enzymes. It 

may target the conserved mechanistic or structural features in enzyme active sites. The 

reactive groups can be divided in two general classes: 1.) electrophilic groups that modify 

conserved active site nucleophiles, and 2.) photoreactive groups that label nearby residues in 

enzyme active sites following UV irradiation. In addition, a probe should possess a so-called 

“reporter tag”, to facilitate target identification (Figure 2).  
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Figure 2 - Schematic picture of a chemical probe. In general, a chemical probe consists of an 
(electrophilic) recognition group, a spacer and a reporter group. Fluorophores (e.g. fluorescein 
1), biotin 2, and “clickable” handles as azides 3 and acetylenes 4 can be used as reporters for 
visualization or enrichment of labeled proteins. 
 

 

Examples of reporter tags are fluorophores (e.g. fluorescein 1), biotin 2, and azides 3 or alkynes 

4. The latter two can be functionalized by click chemistry.[13-15] The identity of the reporter tag 

determines the experimental options for downstream analysis. Proteomes treated with a 

probe can be analyzed on (SDS)-polyacrylamide gel electrophoresis (PAGE), and the labeled 

enzymes can be visualized by either fluorescence scanning (for fluorescent probes) or avidin 

blotting (for biotinylated probes). The fluorescent reporter molecule is often used for rapid 

screening of the proteome, the biotin reporter tag to purify the labelled enzymes using 

(strept)avidin chromatography, gel separation and mass spectrometry to identify probe-

labeled proteins. The fluorescence-based method is especially powerful for fast and robust 

comparison of different proteomes in parallel. The two-step labelling approach, e.g. involving 

reporters such as 3 or 4, is developed because of the hydrophobicity, bulkyness and difficult 

cellular uptake of reporter molecules such as 1 and 2.[16] First, the small molecule ligand can 

bind its target protein specifically, and in the second step a biotin or fluorescein moiety is 

coupled (Figure 3). 
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Figure 3 – Schematic overview of a one- and two-step labeling approach of a protein with a 
chemical probe. A) One-step labeling, where the reporter is either fluorescein 1 or biotin 2. B) 
Two-step labeling approach, where the reporter is either 3 or 4, to which a biotin or fluorescein 
moiety can be coupled in a second, bio-orthogonal, reaction step.  
 

To be able to couple this molecule, a bio-orthogonal coupling reaction is necessary; two 

biological inert coupling partners that would react at useful rates at submillimolar 

concentrations to produce a stable product in high yield. Two of such bio-orthogonal reactions 

have been applied in functional proteomics methodologies, namely the Staudinger ligation of 

azides with triaryl phosphines[17], and the copper-catalyzed alkyne-azide cycloaddition (CuAAC) 

reaction.[13, 14] Also, Bertozzi et al. introduced a copper-free click reaction, to overcome the 

intrinsic toxicity of the copper when the probes were applied in living cells.[18] They synthesized 

a cyclooctyne moiety, which is a reactive alkyne due to its ring strain. They further increased 

the reactivity of the alkyne in metal-free cycloadditions with azides with the development of a 

difluorinated, electron-withdrawing, cyclooctyne.[19] Boons and co-workers published a 

dibenzocyclooctyne reagent. Compared to the cyclooctyne compound of Bertozzi, the aromatic 

rings impose additional ring strain and are conjugated with the alkyne. Kinetic analysis of the 

copper-free click reaction with benzylazide gave a second-order rate constant of 0.17 M-1s-1 for 

dibenzocyclooctyne, and 7.6 x 10-2 M-1s-1 for the difluorinated compound. The former reaction 

rate constant was reported to be about three orders of magnitude greater than the reaction of 

benzylazide with cyclooctyne.[7] The copper free reaction was also compared with copper-
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catalyzed click chemistry. The reactions were compared under pseudo first-order conditions 

using an azide labelled protein as the limiting reagent. This experimental setup was chosen 

because direct comparison in model reactions was complicated by the difference in reaction 

order of the two processes.[20] The difluorinated cyclooctyne showed similar sensitivity for 

azide detection as copper catalyzed click chemistry, in contrast to all reported phosphine and 

cyclooctyne reagents.[19, 21]  The labeling of azido glycans on the cell surface of living cells was a 

factor 20 greater than with the Staudinger ligation after 1h incubation.[19] Three bio-orthogonal 

reactions are shown in Figure 4. 

 

 
 
Figure 4 - Three bio-orthogonal coupling reactions. The Staudinger ligation (A) as well as the 
copper-catalyzed alkyne-azide cycloaddition (CuAAC) reaction (B) were used in in vitro 
biological environments. The third, copper-free, reaction (C) has recently been published for 
dynamic in vivo imaging. Dibenzocyclooctyne is shown as example of another copper-free 
reagent.[7, 13, 14, 17, 19] 
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Methods to analyze the labeled proteome 

To overcome the disadvantages of gel electrophoresis as mentioned earlier, multiple LC-MS 

strategies have been developed. In general, these approaches can be divided into two 

categories: a) those that analyze the whole protein targets, and b) those that specifically 

analyze probe-labeled peptides derived from these targets (Figure 5). The first strategy uses 

biotinylated probes to label proteomes, which are then directly incubated with (strept)avidin 

beads to enrich probe-labeled proteins. Enriched proteins are then digested on-bead with 

trypsin and analyzed by LC-MS/MS. This approach has shown to be capable of identifying 50-

100+ active enzymes in individual proteomes.[22] Moreover, the relative levels of enzyme 

activities in two or more proteomes can be determined using semiquantitative parameters.[22, 

23] However, this method does not offer a straightforward way to identify the probe-labeled 

peptides of enzyme targets. With the second approach however this is possible, which is called 

active-site peptide profiling (ASPP). Labeled proteomes are first digested with trypsin prior to 

incubation with affinity purification resins. Probe labeled peptides are selectively enriched 

using either (strept)avidin or antibody resins and then eluted with organic solvents and 

analyzed by LC-MS/MS. Probes containing a disulfide linker in the spacer are also used, in that 

case labelled peptides can be eluted easily with an excess of free thiols.[24, 25] 

 

Figure 5 - LC/MS-based technologies for activity based protein profiling. A) ABPP, where 
probe-labeled enzymes are captured on (strept)avidin beads and then digested by trypsin and 
the resulting peptide mixture is analyzed by LC-MS/MS. B) ASPP, where probe-treated 
proteomes are digested with trypsin prior to affinity enrichment.  
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In tandem-orthogonal proteolysis (TOP) activity-based protein profiling, both ABPP and ASPP 

approaches are combined. Both protein digestions were analyzed in sequential LC-MS runs. 

Cross-correlating the data from each digestion greatly improved confidence in protein 

assignments, allowing for the removal of false-positive signals. This platform allows researchers 

to simultaneously profile enzyme targets of ABPP probes and their specific sites of probe 

modification.[26]  

 

It is important to note that the superior resolution and information content of LC-MS 

approaches requires much larger quantities of proteome compared to gel-based methods (0.5-

1.0 mg versus 0.01-0.02 mg, respectively). Furthermore, LC-MS methods for ABPP are much 

slower than 1D-SDS-PAGE. Ideally, a general ABPP method would combine the throughput and 

minimal sample amounts of gel-based analysis with the resolution afforded by LC-MS. 

Currently, there are two emerging platforms which do combine the requirements of low 

sample demand and high-resolution analysis.  

 

The first strategy combines capillary electrophoresis (CE) with the use of laser-induced 

fluorescence (LIF) scanning as separation and detection techniques.[27] CE was chosen because 

of its high-resolution, reproducible separations and a short run time, which makes it a perfect 

method for high-througput separations. LIF detection enables high-sensitivity and 

quantification of the labeled peptides. One analysis consumes only 20 nl of 5 mg/ml of 

proteome, from which an absolute detection limit of  ≈ 100 zmol (1 x 10-19 mol) for the CE-LIF 

instrument was calculated. However, conventional LC-MS/MS experiments needed to be 

performed in parallel to be able to identify the labelled peptides. 

 

The second strategy is the ABPP microarray.[28] Proteomes are first treated with fluorescent 

activity-based probes, the excess probe is removed by gel-filtration, after which the protein 

mixture is concentrated and applied to the microarray. The captured enzymes are visualized on 

glass-slides displaying anti-enzyme antibodies. The microarray was shown to possess greater 

sensitivity (about 30-fold for the detection of serine proteases) compared to gel-based 

methods, and also minimal amounts of proteome (<0.01 mg) were required for one 

experiment. The limitation of this method is the use of antibodies on the glass slides, which 



Chapter 1 

 16 

selectively recognize enzyme targets. Both approaches are applicable for high-throughput 

screening of different proteomes. However, protein identification with these methods is not 

yet possible.   

 

Combined fractional diagonal chromatography (COFRADIC) 

When cell or tissue lysates are analyzed, the number of peptides often becomes so high that a 

mass spectrometer can no longer analyze all of the peptides. This results in poor sample 

coverage, generally referred to as random sampling or undersampling.[29] Therefore it is crucial 

to perform a certain peptide prefractionation before MS analysis. Gevaert et al. developed a 

method to identify proteins by their N-terminal peptides.[30] N-terminal peptides where 

isolated after acetylation and trypsin digestion of the whole proteome. Because each protein 

has one N-terminus and is thus represented by only one peptide, this method highly reduces 

the complexity of the peptide sample. The principle of the method is shown in Figure 6.  

 

The technique is based on diagonal chromatography[31] consisting of two repeated, identical 

peptide separations with a specific modification reaction (sorting step) in between. Peptides 

that remain unchanged after the modification reaction elute at the same position in the two 

chromatographic runs, whereas modified peptides segregate from the unchanged peptides 

either in earlier or in later fractions. The modification reaction is a nucleophilic aromatic 

substitution of 2,4,6-trinitrobenzenesulfonic acid (TNBS), which derivatizes all the free, 

nucleophilic, amine (N-) termini of internal peptides (after alkylation of the side chains of 

cysteines and lysines). These modified peptides display a strong hydrophobic shift and 

therefore segregate from the unaltered N-terminal peptides. In this way, the N-terminal 

peptides are enriched and can be identified with LC-MS/MS techniques.  
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Figure 6 - Chemistry and chromatographic steps during N-terminal peptide sorting.  a) 
Alkylation of cysteines with iodoacetamide (open circles); b) Acetylation of free amines (filled 
squares); c) trypsin digestion of the proteome, followed by primary HPLC run; d) TNBS 
treatment, followed by secondary HPLC run. N-terminal peptides are unaltered by the TNBS 
reaction, thus elute exactly the same time interval as during the first run and can be specifically 
collected and analyzed further by LC-MS/MS. The HPLC chromatograms show the primary and 
secondary HPLC run. TNP-modified peptides show a hydrophobic shift. The mechanism of the 
derivatization reaction is shown between brackets. 
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Two main drawbacks follow from the method of protein identification, which is based on only 

the identification of its N-terminal peptide. First, this obviously lowers the level of confidence, 

and second, information about posttranslational modifications is lost. However, since the 

technique of peptide sorting is based on the specific chemical nature of the side chains, the 

principle of the method can and also has been applied to peptides with other modifications. 

Peptides have been selected that carry a specific posttranslational modification, either by 

removing this modification, or by converting it into a moiety with altered properties. This 

reaction again causes a shift in the retention time in the second reversed phase HPLC run. An 

overview of the different COFRADIC procedures that are developed is given in Table 1.[32]     

 

Sorted peptide Sorting agent 
Methionyl peptide Hydrogen peroxide 
Cysteinyl peptide Reduction of nitrothiobenzoic acid-modified 

cysteine 
N-terminal peptide TNBS reaction on internal, free α-amine peptides 
Phosphorylated peptide Cocktail of phosphatases 
N-glycosylated peptide PNGaseF 
ATP-binding peptide NaOH treatment 
3-nitrotyrosinyl peptide Reduction of NO group 

 

Table 1 - Overview of the different COFRADIC procedures. The type of peptide and the sorting 
agent used in between the two consecutive RP-HPLC separation steps are given. 
 

Photolabels 

During the past decades a variety of photolabeling methods have been developed to obtain 

structural and functional information of biological targets. Photolabels can be highly useful, 

since they can help to answer major questions important in the study of protein-ligand 

interactions and drug development.[33] The questions one can think of are for example:    

 

• What is the ligand for this target protein?   

• What is the protein target for this ligand? 

• What are the affinity and selectivity for this ligand? 

• Where and when are the target proteins found? 

• What is the active site, and where is the active site of this target located? 
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However, several criteria have to be considered when using photo-activatable groups. First, the 

photolabel should be small, as not to cause any steric pertubation of the interaction to be 

examined. It should be stable in the dark, and highly susceptible to light of a wavelength that 

does not cause photolytic damage to the biological sample. Furthermore, the reaction with its 

biological target should lead to a stable, covalent bond-containing product to allow isolation, 

purification and analysis.[34] For the reaction to take place in sufficient yields for analysis, the 

photolabel should be in close proximity to amino acid residues of its biological target (a few 

Ångstrom).  

  

The three main classes of photolabile precursors are the generators of nitrenes (phenylazides), 

carbenes (diazirines) and radicals (arylketones). Their structures and photochemistry are 

shown in Figure 7.[33] 

 

 

Figure 7 - Photochemistry of the three major photophores in photoaffinity labeling. A) 
phenylazide; B) diazirine; C) benzophenone.  
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Phenylazides 

The photochemistry of phenylazide has been studied in great detail. This phenylazide 

photolabel has been used more than any other label. However, despite the frequent use of 

azides, it has been pointed out that this moiety “rarely gives stoichiometric labeling”.[35] Yields 

of azide photolabeling are generally less than 30%, and the few reported exceptions probably 

result from tight binding.[36] The relative photoreactivity of an aryl azide was found to vary over 

a factor of 106 depending on the amino acid that was available for labeling. Cysteine showed 

the highest reactivity towards the nitrene intermediate, while glycine was essentially non-

reactive.[37] One of the explanations for the low cross-linking yields in aryl azide applications lies 

in the chemistry that follows irradiation of the aryl azide. Originally it has been assumed that 

they react via short-lived singlet nitrenes, however it appeared that they react mainly through 

an azacycloheptatetraene intermediate by very rapid intramolecular ring expansion of the 

nitrenes. These 7-membered rings are highly electrophilic, but significantly less reactive than 

nitrenes.  Therefore, they do not insert into C-H bonds of the target molecule, but rather react 

with any present nucleophile and also with the solvent. [34]  Two other complications of this 

photolabel are the wavelength that is necessary to excite the chromophore, which is 254 nm, a 

wavelength that can damage biological systems, and the loss of photoreactivity in the presence 

of dithiothreitol and mercaptoethanol, which easily reduce the azide moiety.[38]   

Fluorination of the phenylazide resulted in a much more useful photolabel. The 

photochemistry is the same as for the phenylazide, however the fluorine substitution slows 

down ring expansion of the nitrene to the azacycloheeptatetrane, leading to an increased 

efficiency of intermolecular reactions of the nitrene. This nitrene moiety can insert into C-H 

bonds at room temperature. [39, 40] An example where tetrafluorophenylazide has been 

compared with phenylazide in labeling the enzyme ATPase, showed an improved labeling 

efficiency of 22% over 8% for phenylazide. [41] However, it was also shown that the fluorinated 

ligand was a less active substrate than the non-fluorinated azide, which resulted in less specific 

labeling.[42, 43] Therefore, the possible effect of the fluoride atoms on affinity and binding 

location should always be taken into account.  
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Diazirines 

Smith and Knowles proposed the diazirines as potential photolabeling reagents in 1975.[44] The 

diazirine is a small, non-bulky, lipophilic chromophore with λmax between 300 and 370 nm.[45] 

Therefore, many applications of photocrosslinking have been reported for this moiety.[37] One 

example is a [3H]fatty acid-diazirine-probe 5 (Figure 7), which was able to label the fatty acid 

binding protein rat serum albumin to the extent of 1-3%. Smith and Knowles[46]  also evaluated 

the extent of undesired covalent labeling of the solvents [14C]methanol and [1-14C]acetonitrile, 

instead of the protein. The solvents were incorporated in 6-13% yield. Lehmann et al.[47] have 

examined a number of diazirine photolabeling applications and found that the position of the 

diazirine moiety is highly important for the labeling efficiency. In case of the maltose binding 

protein, 16% of the protein became labeled by the radioactive probe 6 (Figure 8). From the 

total amount of radioactivity that was incorporated into the protein, 83% was associated with 

one peptide. This peptide was isolated after tryptic cleavage of the modified MBP and 

sequenced, and is most likely part of the binding site. Another example, adamantyl diazirine 

7[48] (Figure 8), introduced as a hydrophobic general labeling reagent, also showed a high 

solvent capture (80%), while 5-8% was incorporated into Cytochrome P450.  

 

 

 

Figure 8 - Examples of diazirine-based photoprobes. In compound 5, 2.4 3H-atoms were 
incorporated. They were distributed along the carbon chain due to H/T-exchange. 
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Aryl ketones 

Within the series of aryl ketones, benzophenone is by far the most commonly used photolabel, 

although other examples such as acetophenones and enones (8, 9, 10, Figure 9) are also 

described.[49-51] Most of the enones are steroid derivatives. The advantage of these native 

substrates is that they possess inherent photoreactivity without the need for chemical 

modification. With radioactive unsaturated progesterone 10 (Figure 9) for example, a steroid 

binding globulin could be labeled with really high efficiency (60-80%). Trp-371 was suggested 

as the main site of photolabeling.[51] 

 

 

 

Benzophenones have many advantages over aryl azides and diazirines. They are chemically 

more stable; they can be manipulated in ambient light and can be activated at 350-360 nm, 

avoiding protein-damaging wavelengths. Moreover, benzophenones react preferentially with 

unreactive C-H bonds, even in the presence of solvent water and bulk nucleophiles. The 

combination of these properties has led to highly efficient covalent modifications of 

macromolecules, frequently with remarkable site specificity.  The high binding specificity and 

labeling efficiency can be explained by the fact that in the absence of abstractable hydrogens 

nearby (within 3-4 Å) the triplet excited state falls back to the ground state (i.e. the 

regenerated photoprobe).[37, 52] Disadvantages of benzophenones are that they add additional 

bulkiness and hydrophobicity to the probe, however these properties are generally outweighed 

by their advantages.[52] Obviously, those disadvantages can be used as advantages in labelling 

Figure 9 - Some examples of 
acetophenone- and enone-based 
photoprobes. m-Acetylanilido-GTP 8, 
progesterone 9 and unsaturated 
progesterone 10 are shown here. 
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lipophilic targets, such as the phospholipid bilayer. Highly efficient labelling (~90%) was 

obtained with a 4,4’-dialkoxy long chain substituted benzophenone.[53]   

 

The position of the photolabel is of course crucial for labelling the binding site specifically. 

When the labeling efficiency is low, a (flexible) linker can be introduced between the 

photolabel and the ligand to improve the crosslinking. However, a long flexible spacer can also 

increase the amount of non-specific labeling. Dorman and Prestwich wrote in their review[52] 

that “Benzophenone photochemistry in biological systems is most regioselective when the 

flexibility is limited, but just enough to achieve efficient H-abstraction.” Kawamura et al. clearly 

showed the need for flexibility to get efficient photocrosslinking. It even showed, at least in a 

model system, that flexibility was more important than a high binding affinity to obtain high 

labeling efficiencies.[54]  

 

Chemical probes 

A chemical probe is usually a small molecule, derived from a ligand, a substrate, or an inhibitor 

of (a) target protein(s), synthesized with the aim to capture functional proteins of interest from 

a certain proteome. Depending on the nature of the molecule, it can be either selective for one 

special target protein, or more general, used for profiling a class of proteins within a proteome. 

A sizeable number of different chemical probes have been developed over the past decades, 

labeling all kinds of different functional proteins. Here, the most relevant examples will be 

mentioned, with a special focus on the probes developed to study glycosidases and lectins.  

 

Most of the developed chemical probes are meant to label enzymes. The probe makes use of 

enzyme activity, which obviously results in highly efficient and specific labeling of only 

functional active proteins. Up till now, these probes are the best in terms of protein 

identification and active site peptide profiling. Cravatt et al. have developed several probes, 

each targeting different enzyme families. The serine hydrolase family is one of them.[55] It is 

one of the largest and most diverse families of enzymes, comprising numerous proteases, 

lipases, esterases and amidases. For the global analysis of this large family, a 

fluorophosphonate (FP)-based probe 11 (Figure 10) was synthesized, which includes a biotin 
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handle allowing purification of the labeled proteins. Nearly all serine hydrolases are irreversibly 

inhibited by FP-based reagents.[56] Seven serine hydrolases could be identified from rat tissue 

using mass spectrometry, as well as one peptide sequence which likely represents an 

uncharacterized serine hydrolase, as indicated by BLAST database searches. Other “warheads” 

have been designed and synthesized to capture other enzyme families (Figure 10).[15] To profile 

kinases for example, chemical probe 12 which consists of an acyl phosphate reactive group 

attached to an ATP or ADP as a kinase binding group, and a biotin tag for purification, has been 

synthesized. A kinase will first bind the ATP- or ADP-part of the probe, and then a conserved 

lysine residue in the binding pocket will attack the carbonyl carbon of the probe, release ATP or 

ADP, and thus covalently bind the remaining biotin moiety by creating an amide linkage.[57] 

From one single experiment, 136 distinct proteins were identified with >95% confidence, of 

which two-thirds (90 proteins) were ATP phosphohydrolases. The remaining proteins included 

GTPases, FAD/NAD-utilizing enzymes, two adenine nucleotide biosynthetic enzymes, and five 

DNA/RNA binding enzymes. There were 11 proteins of unknown function and 15 proteins that 

were well-identified, but had no known nucleotide recognition ability. Many members of the 

latter group were abundant proteins and were possibly labeled by the probe in a nonselective 

manner involving surface lysines.  

 

Non-electrophilic “warheads” have been developed to target the family of metalloproteases, 

based on a combination of structure-activity and crystallographic data from known MP 

inhibitors.[58] Metalloproteases (MPs) are subject to numerous forms of posttranslational 

regulation in vivo, which hinders the functional analysis by conventional, abundance-based 

proteomic methods. Probe 15 consists of a zinc-chelating hydroxamate (Figure 10), which has 

been shown to chelate the conserved zinc atom in the active site of a metalloprotease, a 

benzophenone-photocrosslinking group as well as a rhodamine for visualization of the targeted 

proteins. Maximum labeling was already achieved with 100 nM of the probe. In a proteome, it 

was possible to detect 3 ng of active enzyme. By using a probe which also contained a biotin 

moiety, isolation of the labeled proteins was possible with avidin-based affinity purification. 

Bands were excised from the gel and digested with trypsin. A few proteins were identified after 

LC-MS analysis.[58]  
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Figure 10 - Examples of electrophilic “warheads”, and a zinc-chelating hydroxamate-based 
probe. (Derivatives of) these molecules have been used to capture the respective enzyme 
family.  
 

Since the metalloprotease family posesses large variations in active-site structure that limit the 

possibility of a probe to profile the whole enzyme class, proteomic profiles were also made 

with cocktails of different active-site probes, from which 22 MPs could be identified.[59] 

Complementary to this research, Geurink et al.[60] developed a straightforward affinity based 

enrichment protocol for metalloproteinases. A 96-membered peptide hydroxamate library was 

synthesized using solid-phase peptide synthesis, from which a selection of 8 inhibitors was 

immobilized on Sepharose beads. The method was evaluated using three recombinant active 

metalloproteinases. Interestingly, they found that the affinity of the probe (measured in 

solution) and its efficacy as an activity-based probe are not always directly correlated. One 

inhibitor gave extraction yields of >99% for one of the metalloproteinases, while this was not 

most potent compound with respect to its IC50-value.[60]    

 

In a different study, probes have been reported to detect proteins interacting with 

phospholipids at the membrane interface.[61, 62] In total 3 different probes 16, 17, 18 were 
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evaluated and 16 and 18 were used in the enrichment and identification of membrane-bound 

proteins (Figure 11). Between these two probes, there was only little overlap in the set of 

identified proteins, which is most likely caused by the different head group structures of the 

lipid analogues: one carried a net negative charge, whereas the other contains a zwitterionic 

headgroup similar to phosphatidylcholine. Both probes carried the same phenylazide 

photocrosslinker moiety. The probe carrying a benzophenone photolabel 17 was not used in 

protein identification experiments, because it seemed to label less specific than the 

phenylazide moiety, at least in this model system.  

 

To study peptide-protein interactions, chemical probes have been prepared by incorporating a 

photolabel into a peptide sequence.[63-66] A phenylalanine derivative,  Fmoc-para-benzoyl-Phe, 

is commercially available and can be incorporated into a peptide with standard solid phase 

peptide synthesis (SPPS).[67] One example is the identification of the binding site of the 

neuropeptide corticotropin-releasing factor (CRF) on its binding protein (CRFBP).[68] A 

photoprobe that contained the benzophenone at its N-terminus 19 labeled the amino acid 

sequence rat CRFBP (34-38), whereas a photoprobe that contained the photophore at its C-

terminus 20 labeled rat CRFBP (12-26) (Figure 11).  

 

Haley et al.[38] have described photoactive DNA to study DNA-binding proteins. An azidouracil 

building block 21 (Figure 11) has been synthesized with the aim to incorporate this nucleotide 

by enzymatic synthesis into DNA. Later, a related photoaffinity probe was published to study 

nucleotide diphosphate sugar binding proteins. In this case, an azido-functionalized uridine 

diphospho (UDP)- [32P]-glucose was synthesized. UDP-glucose is the glycosyl donor for many 

biochemical reactions and plays a major role in the synthesis and metabolism of glycogen, the 

biosynthesis of glycoproteins, detoxification in the liver, and sugar interconversion reactions.[69] 

The probe was successful in labeling four UDP-glucose utilizing enzymes and specific proteins in 

rat liver homogenates. Specific binding was demonstrated with competition experiments; 

unfortunately, the labeled proteins in a tissue homogenate were not identified.  
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Figure 11 - Chemical probes developed to study membrane-, peptide- and DNA-binding 
proteins.  
 

 

Carbohydrate-based photoaffinity probes have been synthesized as well. Compound 22 was 

among the first ones of these kind that have been synthesized. The aim of this probe was to 

identify the substrate binding site of human hexosaminidases.[70] Its structure is shown in 

Figure 12.   

 

 

 

 

 

Analogues of this probe have been published to label α-amylase[71] and a maltose-binding 

protein.[47] The photolabile (diazirine) group was introduced into the aglycon of the enzyme-

resistant thioglycoside so the recognition of the compound as a substrate analogue was not 

impaired. The protein was first isolated by affinity chromatography from human liver, followed 

by incubation with the probe. After photolysis at 350 nm, isolation of the covalently labelled 

enzyme and trypsin digestion, the labelled peptide could be sequenced and the active site 

identified. The same thio-diazirine moiety coupled to galactose 24 was not able to capture β-D-

galactosidase.[72] However, when the diazirine label is positioned directly onto the anomeric 

center as in 23, the probe did label β-D-galactosidase. After trypsin digestion, the labelled 

peptides could be isolated and identified. Both probes were competitive inhibitors of the 

 
Figure 12 - Structure of probe to label 
hexosaminidases 



Chapter 1 

 28 

hydrolysis of O-nitrophenyl β-D-galactopyranoside by β-D-galactosidase (71 and 750 µM 

respectively). The reason that 24 was not capable of labelling the enzyme is possibly due to the 

distance between the protein and the photolabel. Two other sugar-based chemical probes 

25,26 (Figure 13) were synthesized to study the sodium D-glucose cotransporter.[73] Both 

probes consist of a glucose moiety and a photolabel, either a benzophenone or diazirine. They 

both competitively inhibit sodium-dependent D-glucose uptake, and with MALDI it was 

demonstrated that both probes successfully labelled the protein. 

 

Figure 13 - Examples of sugar-based chemical probes 
 
 

A carbohydrate containing crosslinking probe was used to select bacterial surface adhesins.[74] 

With this probe, identification of the Lewisb-binding adhesin of Heliobacter pylori through 

enrichment of approximately 300 fmol of adhesin from solubilized cells was successful. The 

probe consisted of a Lewisb hexasaccharide-conjugated human serum albumin, a phenylazide 

photolabel and a biotin moiety with a disulfide bond in between the biotin and the label itself, 

so it could be cleaved from streptavidin beads allowing identification. 

A number of articles describe the addition of modified sugars to cell cultures to monitor 

protein glycosylation processes in the cell. Most of the research was carried out by Bertozzi et 

al.[75-78] They synthesized azido sugars 27-30, which acted as precursors in the metabolic 

labeling of specific glycan subtypes. The building block was taken up by the cells when added to 

the medium of the cell culture, which enabled its subsequent covalent reaction with a 

fluorescent reporter for visualization, or with an affinity tag for enrichment and proteomic 

analysis. Mucin-type O-linked glycoproteins[75], sialylated glycoproteins[76], cytosolic O-GlcNAc-

modified proteins[77] and fucosylated proteins[78] are examples of glycoprotein classes that have 

been studied using this “chemical reporter”strategy (Figure 14). 
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Figure 14 - Azido sugar analogues to probe protein glycosylations. Mucin-type O-linked 
glycoproteins were studied using azidosugar 27, sialylated glycoproteins using 28,  cytosolic O-
GlcNAc-modified proteins with 29 and fucosylated proteins with 30. 
 

 

Hsu et al.[79]  followed a similar strategy as Bertozzi et al., however they switched the “click”-

components and thus synthesized alkynyl sugar analogues. They showed that alkynyl fucose 

has greatly reduced toxicity to cells when compared to its azido counterpart. Another 

advantage is that a click-activated fluorogenic coumarin[80] could be attached, which did not 

produce any fluorescent background since it is only fluorescent when ligated. Overall, this 

strategy resulted in a higher signal to noise ratio.  

 

Azides were also incorporated into recombinant proteins. Again Bertozzi and coworkers 

designed these azido-functionalized amino acids, inspired by their own successful azidosugar 

projects.[81] The method was based on previous work by Hecht et al.,[82] which started with the 

discovery that transfer RNA can be aminoacylated chemically. Based on this, Schultz et al.[83]  

developed a general strategy to incorporate unnatural amino acids into proteins, using a 

chemically acylated suppressor tRNA. Then, Kiick and Tirrell[84]  incorporated a variety of 

methionyl analogues, with alkyl and unsaturated side chains, by methionyl-tRNA synthetase 

into proteins in vivo. Kiick et al.[81] have also synthesized azidohomoalanine as a methionine 

analogue, which was surprisingly recognized by the translational apparatus of E. coli. They used 

a special methionine auxotropic host, so the azido-analogues were incorporated with high 

efficiency.  
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Glycosidases 

β-glucosidases and their structure, mechanism of catalysis and substrate specificity  

Davies and Henrissat classified the glycosyl hydrolase family into three classes: 1) enzymes 

containing a pocket or crater, 2) a cleft or groove or 3) a tunnel.[85] These three topologies are 

based on the active site: enzymes in the same class show similar folding and they also have the 

same catalytic residues. β-glucosidases were classified in Family 1. All family 1 β-glucosides 

share a general mechanism for the hydrolysis of the β-glycosidic linkage between an anomeric 

carbon and glycosidic oxygen. There are two stereochemically-different hydrolytic mechanisms 

proposed for cleavage of the β-linkage between the glycone and aglycone parts of a β-

glucoside. These mechanisms differ with respect to retention and inversion at the anomeric 

center of the terminal sugar residue. The β-glucosidases are known to hydrolyze the substrate 

while retaining the anomeric configuration of the sugar.[86] This so-called retaining mechanism 

involves acidic catalysis that donates the proton to the glycosidic oxygen and leads to 

formation of a transition state oxocarbonium ion. At the end of the cleavage, the anomeric 

carbon of the monosaccharide reacts with a water molecule to generate β-D-glucopyranose 

(Figure 15).[87] 

   

 

 
Figure 15 - Proposed mechanism for the hydrolysis of β-glucosidic bond by the “retaining”β-
glucosidases. 
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The inverting mechanism of the anomeric configuration is based on a direct displacement of 

the aglycon by an activated water molecule. The final product in the inverting mechanism is α-

D-glucopyranoside.[86, 88]  

 

The active site nucleophile has been identified using [1-3H]-2’-4’-dinitrophenyl-2-deoxy-2-

fluoro-β-D-glucopyranoside 31 (Figure 16), which is a mechanism-based inhibitor of the 

enzyme. The fluorine at C-2 destabilizes the transtition states of both the glycosylation and 

deglycosylation steps, while the reactive leaving group (dinitrophenolate) accelerates only the 

glycosylation step. This results in an accumulation of the glycosyl enzyme adduct. So, after 

incubation of β-glucosidase with this probe, cleavage of the enzyme into peptides with pepsin, 

HPLC purification of the radiolabeled peptides followed by Edman degradation, two sequences 

were obtained: YITENGA and ITENGA. It was also discovered that the glutamic acid residue of 

this sequence was attached to the sugar moiety.[89] In 2005, co-crystallization of the enzyme 

with converted and covalently linked conditurol-B-epoxide (1,2-anhydro-myo-inositol; CBE; 32) 

was successful (Figure 16).[90]  

 

β-glucosidases have a broad specificity with respect to both the aglycone and the glycon 

moieties of their substrates. From all sources, they have a similar specificity for the glycon 

(glucose) portion of the glucoside, but they vary with respect to aglycone specificity. Verdoucq 

et al.[91] reported about amino acids in two different plant β-glucosidases which are crucial in 

aglycone recognition and binding. Although these two enzymes share a 72% sequence identity, 

one hydrolyzes a broad spectrum of substrates, while the other is highly specific for its natural 

substrate. Since the number of identified β-glucosidases is still growing, a considerable amount 

research still has to be performed to gain knowledge about substrate specificities of all 

different enzymes. Some natural substrates of β-glucosidases include steroid β-glucosides and 

β-glucosylceramides of mammals, cyanogenic β-glucosides and glucosinolates of plant 

secondary metabolism, and oligosaccharide products released from the digestion of the 

Figure 16 - Two irreverisble 
inhibitors of β-glucosidase, 
used to study the enzyme 
catalytic site. 
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cellulose of plant cell-walls. Within the field of biochemistry, artificial substrates such as 

benzyl-, nitrophenyl- and methylumbelliferylglycosides are used to determine enzyme 

velocities of hydrolysis, or substrate affinities.  

 

The glycosidases are a large class of hydrolases that occur in microorganisms, plants, fungi and 

mammals. In mammalian systems, two different types of β-glucosidases have been described: 

the cytosolic and lysosomal β-glucosidases.[92] Cytosolic β-glucosidases are mainly present in 

the liver, kidney and intestines. Gopolan et al.[93] suggested that cytosolic β-glucosidases play a 

key role in the detoxification of plant β-glucosides. This seems to correspond with the 

significant quantities of this enzyme in the liver and intestine, which are especially the organs 

containing detoxification enzymes.  

The lysosomal β-glucosidases are membrane-associated. They cleave the substrate 

glucosylceramide (glucocerebroside) to give ceramide and glucose. Therefore, the enzyme is 

also called lysosomal glucocerebrosidase or glucosylceramidase (E.C. 3.2.1.45).[92] Lysosomal β-

glucosidase is present in most tissues and cell types with various levels of catalytic activity 

(Figure 17). 

 

 

 
Figure 17 – Simplified overview of the synthesis and metabolism of glucosylceramide. The 
scheme shows only a small part of the glycosphingolipid biosynthesis. Glucosylceramide 
synthase uses UDP-glucose as substrate. In Gaucher disease, glucosylceramide accumulates in 
the lysosome, due to a mutation in the enzyme glucocerebrosidase. This enzyme cleaves 
glucosylceramide into glucose and ceramide. Substrate reduction therapy inhibits 
glucosylceramide synthase, which decreases the synthesis of glucosylceramide. Enzyme 
replacement therapy increases the degradation of glucosylceramide.  
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In Gaucher disease patients, this enzyme is defective. The disorder is characterized by the 

accumulation of glucosylceramide in tissue macrophages (Gaucher cells). In most other cell 

types, no accumulation of glucosylceramide is detected. This finding suggests that there is 

another catabolic pathway of converting glucosylceramide to glucose and ceramide, which 

indeed seems to be the case. Van Weely et al.[94] detected a glucosylceramidase distinct to 

glucocerebrosidase in various tissues and cell types. The enzyme is not located in lysosomes 

but near the cell surface. Therefore, the enzyme is called non-lysosomal glucosylceramidase. 

The enzyme is not deficient in Gaucher disease patients and contrary to glucocerebrosidase, 

this enzyme behaves as an integral membrane protein.[94, 95] Additionally it shows a more 

neutral pH optimum, and it was shown to be extremely sensitive to inhibition by hydrophobic 

deoxynojirimycin analogues.[95] The gene encoding this enzyme was identified[96], and it was 

shown that a mutation in the enzyme causes an endoplasmic reticulum glycolipid storage 

disease.[97]   

 

Glycosidase inhibitors 

Glycosidase inhibitors have many potential applications as therapeutic agents, for example in 

viral infection, cancer and genetic disorders.[98] In 1962, Paulsen synthesized the first 

carbohydrates with nitrogen instead of oxygen in the ring.[99] A few years later, nojirimycin 33 

was discovered as an antibiotic produced by Streptomyces roseochromogenes and S. 

lavendulae.[100] Niwa et al. showed later that it was also a potent inhibitor of α- and β-

glucosidases from various sources.[101] However, this iminosugar with the hydroxyl group at C-1 

is relatively unstable. Usually it is stored as the bisulfite adducts or it is reduced to 1-

deoxynojirimycin (DNM, 34, Figure 18) by catalytic hydrogenation with a platinum catalyst or 

by NaBH4.[102] Later, DNM was isolated from the roots of mulberry trees and called 

molanoline.[103] DNM is also produced by many strains in the genera Bacillus and 

Streptomyces.[104-106] Because its efficacy in vivo was only moderate, a large number of DNM 

derivatives were prepared in hoping to increase the activity. N-2-hydroxyethyl DNM (Miglitol) 

35 and N-butyl DNM 36 (Figure 18) for example were reported to posess anti-HIV and antiviral 

effects against hepatitis B and C, bovine diarrhea and dengue virus. The compounds were also 

effective in the treatment of patients with diabetes or Gaucher’s disease. Miglitol was selected 

out of a large number of in vitro active agents. In 1999 the compound was introduced on the 
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market as a more potent second-generation α-glucosidase inhibitor with fewer gastrointestinal 

side effects than the previous one: acarbose. Miglitol is used in the oral treatment of the non-

insulin-dependent diabetes mellitus (type II diabetes).[98]  

N-butyl DNM 36 (Zavesca®, miglustat, OGT 918) is on the market for the treatment of Gaucher 

disease. This compound is used as an inhibitor of the glycosphingolipid biosynthesis. This 

therapy is called substrate reduction therapy. The rationale behind the therapy is the partial 

inhibition of glucosylceramide synthase, the enzyme which condenses UDP-glucose and 

ceramide to produce glucosylceramide. In this way the compound balances the reduced 

catabolic capacity in patients with Gaucher disease.[107] A second successful treatment for this 

disease is enzyme replacement therapy (intravenous administration of recombinant 

glucocerebrosidase (Cerezyme)).[108] Drawbacks of this therapy are its intravenous 

administration and the high costs. Currently a third therapy is being developed, which is called 

chaperone mediated therapy.[109] It is based on the concept that an active-site directed 

inhibitor can already bind an enzyme during the folding process in the endoplasmic reticulum, 

thereby stabilizing the right protein conformation. This stabilization might result in a larger 

percentage of properly folded enzymes. The first results on this approach were reported in 

1999 by Fan and coworkers for the deficient α-galactosidase in Fabry disease.[110] They 

observed that galactostatin, an iminosugar-based inhibitor, enhanced enzyme activity in cells 

of patients with Fabry disease at concentrations below those required for inhibition of the 

enzyme.   

 

Nojirimycin and DNM are such potent inhibitors because they both mimic the structure of the 

transition state stabilised by the enzyme. These compounds belong to the azasugars. They 

mimic the transition state with their protonated (or protonatable) amine, which interacts 

electrostatically with carboxylate groups at the active site (Figure 18).  
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Figure 18 - General transition state model of glycosidases. The structures of protonated 
nojirimycin 33 and deoxynojirimycin 34 mimic the oxocarbonium ion character of transition 
state. The interaction of an iminosugar with a carboxylate group at the active site is depicted 
for compound 33. Compound 35 (Miglitol) and compound 36 (miglustat) are glycosidase 
inhibitors. 

 

 

However, in 2007 there were crystals structures published of glucocerebrosidase with N-

alkylated DNM bound in the active site. Remarkably, the tertiary amine of DNM did not really 

coordinate with the two glutamic acid residues. It was the anomeric carbon that coordinates 

those two active side residues, which is in accordance with numerous kinetic studies 

performed.[111, 112] True transition state analogues would require sp2 hybridization at the 

pseudo anomeric center of the iminosugar, like Nagstatin 39 (Figure 19).[113] 

 

Because β-glucosidase inhibitors have many potential therapeutic applications, it is worth 

trying to develop novel inhibitors, or optimize the known active compounds. Many studies 

were performed in this field. Besides nojirimycin and DNM, many other, most azasugar-like, 

glycosidase inhibitors were identified (Figure 19).  
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Figure 19 - Main classes of aza-sugar like β-glucosidase inhibitors. Their inhibitory constants 
are shown in between brackets. Ki-values are given in micromolar; a percentage means the % 
inhibition at 1 mM compound concentration. All compounds are tested on sweet almond β-
glucosidase. Nagstatin 39 is a highly potent inhibitor of N-acetyl-β-D-glucosaminidase (Ki = 
0.017 µM). 
 

 

Recently, Borges de Melo et al. wrote an excellent review about α- and β-glucosidases 

highlighting the main chemical classes of inhibitors.[111] References to the compounds shown in 

Figure 19 can also be found in this article.   

 

Tan et al.[114] produced a series of N-alkylated DNM derivatives and tested them for their 

inhibitory activity against glucosidase I and II in the endoplasmic reticulum. The potency was 

increased with N-alkylation, and the compounds became more selective for glucosidase I 

instead of II, compared to DNM. Branching of the alkyl chain decreased the inhibitory potency. 

Overkleeft et al.[95] synthesized several derivatives of DNM, mainly hydrophobic ones, to inhibit 

membrane-bound glucosyl ceramide synthase.[95, 115] N-(5-adamantane-1-yl-methoxy)pentyl)-



General introduction & Outline 

 37 

DNM proved to be a very powerful inhibitor. Lengthening the alkyl chain improved the 

inhibtion of glucosylceramide synthase, but also increased the cytotoxicity, which is caused by 

membrane disruption and cell fragmentation, since they behave as detergent-like 

amphiphiles.[116] Because the cytotoxic effects were not related to the therapeutic effects, 

there is room for further development of new imino-sugars with a greater therapeutic efficacy. 

Detailed structure-activity relation studies should be performed to reach this goal. 

 

Chemical probes to study glycosidases 

The DNM derivative 47 was synthesized by Romaniouk et al.[117]  as the first photoactive 

derivative of DNM (Figure 20).  

 

 

 

 

The IC50-value of the probe was 0.42 µM for the enzyme- (glucosidase I from the endoplasmatic 

reticulum) probe complex, and after photolysis and protease treatment a 24 kDa, [125I]-labeled 

peptide containing the active site of the protein was obtained. Mellor et al.[118] prepared a 

series of N-alkylated, radiolabeled DNM derivatives. They studied cytotoxicity, the influence of 

the alkyl spacer length on IC50-value, cell and tissue uptake, protein binding, and lipid 

biosynthesis. The C9-C18 analogues possessed increased potency for glucosylceramide synthase 

over N-butyl-DNM both in vitro and in cellular studies. However, the toxicity increased also 

with spacer length, which will reduce the potential for therapeutic applications.  

 

The group of Withers[24, 25] described a very elegant way to profile retaining β-endoglycosidases 

in complex proteomes. This is a gel-free, mass spectrometry-based strategy. They synthesized a 

probe 48 which consists of a mechanism-based inactivator of the enzyme, a 2-deoxy-2-

fluoroglycoside with a good leaving group. In addition, the probe contains a biotin moiety for 

enrichment of the captured proteins, and a disulfide linkage to facilitate the isolation of the 

labeled peptides (Figure 21). The probe was only capable to label endo-glycosidases, since 

Figure 20 - The first photoactive derivative of deoxynojirimycin. 
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these enzymes tolerate modifications at the 4’-position of the sugar. Endo-glycosidases act at 

internal positions of oligosaccharide chains, whereas exo-glycosidases cleave only terminal 

glycosides, forming very specific hydrogen-bond interactions with all their substrate hydroxyl 

groups.[25] A number of peptides could be identified, and they were all from the familiy of 

retaining glycanases. Also, the active-site peptide of a new glycanase was identified in this 

manner, and this peptide sequence was highly conserved among glycosidase family 10 

members.  

 

 

 

Figure 21 - Probe to label retaining glycosidases. The sugar moiety provides specificity for 
recognition and binding to the active site. Upon binding, a reaction between the enzymatic 
nucleophile and the anomeric center results in a covalent probe-enzyme linkage, since the 
subsequent enzymatic step was prevented by the 2-F. The protein was digested with trypsin, 
and the biotinylated peptides enriched with streptavidin beads. They were cleaved from the 
beads by the water soluble reducing agent tris-(2-carboxyethyl)phosphine (TCEP), and analyzed 
with LC/MS-MS. 
 

 

In a different approach, a fluorescent dansyl moiety was coupled to 1-amino-1,2,5-trideoxy-

2,5-imino-D-mannitol by Hermetter et al.[119] which resulted in two powerful probes (49, 50) for 

β-glucosidase. In the first compound 49 the dansyl group was coupled directly to the sugar, the 

second probe 50 contained a spacer in between the sugar and the fluorescent group (Figure 

22). Both compounds however were very potent inhibitors of β-glucosidase (from 

Agrobacterium sp.), with Ki-values of 2.4 and 2.1 nM respectively. They were also able to 

fluorescently label β-glucosidase selectively in a mixture with 3 other related proteins and 

visualize the labeled enzyme on a native PAGE. Isofagomine and 1,5-dideoxy-1,5-iminoalditols 

were N-alkylated with different spacer lengths or fluorescent groups (dansyl or dapoxyl) by 

Greimel et al..[120] These syntheses were done to obtain useful diagnostic tools for activity-
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based high throughput analyses. Isofagomine lost its activity when the compound was N-

alkylated. Increasing the spacer length or adding a dansyl or dapoxyl moiety to the sugar was 

beneficial for the inhibitory activity, where dansyl proved sligthly more potent than dapoxyl. 

The most potent compound 49 had a Ki value of 0.14 µM (Figure 22). 

 

 

 
Figure 22 - Fluorescent aza-sugar derivatives, which are also potent β-glucosidase inhibitors. 
Ki-values are shown in between brackets and given in nanomolar. 
 

Galectin-3 

The galectins are a family of β-galactoside binding proteins.[121] Fifteen mammalian galectins 

have been identified, which can be subdivided into those containing one or two carbohydrate 

binding domains.[122-124] A schematic picture of them is shown in Figure 23.  

 

 

 

 

  

 

 
Figure 23 - Galectin subunit types. The CRDs are shown filled, the other parts of the protein 
open.  
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The galectins which contain one CRD can occur as monomers, dimers or higher order oligomers 

depending on specific conditions (concentration, presence of ligand). Two different dimer 

interfaces have been defined, found in galectin-1 and galectin-7. For galectin-3, a dimer 

interface has been suggested.[125] Galectin-3 forms a special subgroup. This protein contains 

one carbohydrate recognition domain (CRD), but also another type of domain; a long relatively 

flexible peptide, rich in glycines, prolines and tyrosines. Since this protein consists of two 

different types of domains, it is called a chimera type protein. The formation of dimers or 

higher oligomers of galectin-3 is promoted by the N-terminal, non-carbohydrate-binding 

domain. Several studies have been performed on the quaternary structure of galectin-3, of 

which an overview is presented here.  

 

In one study,[126] galectin-3 was coated on a 96-well plate, and incubated with radiolabeled 

galectin-3, with and without the presence of lactose or with a truncated galectin-3: the CRD of 

galectin-3 without the N-terminal domain (galectin-3C). It was found out that galectin-3 self-

associates, and that this is inhibited by galectin-3C and also by lactose. However, galectin-3C 

does not bind to (radiolabeled) galectin-3C. It was suggested that therefore both domains were 

involved in the self-association. Another study reported that galectin-3, when purified by 

laminin affinity chromatography, exist mainly as two distinct species of 35 and 67 kDa, when 

analyzed under non-reducing conditions, and cysteine 186 was responsible for this 

dimerization. The dimeric form bound with higher affinity to laminin than the monomer and via 

a lactosamine-dependent mechanism.[127] Another study[128] showed that galectin-3 can self-

associate through intermolecular interactions involving both the N- and C-terminal domains. 

Only the latter was inhibitable with lactose. A W181L mutant of the protein (tryptophan is 

replaced by leucine in the carbohydrate binding domain) showed no intermolecular binding to 

galectin-3C. However, it was pointed out that the intermolecular interactions involved in the 

self-association are rather weak, because galectin-3 primarily exists as monomers in solution. 

Brewer and coworkers[129] showed that when galectin-3 was exposed to a divalent ligand, it 

was converted into pentamers within a few seconds, due to association of its N-terminal 

domain. The pentamers further associate to form heterogeneous aggregates.   
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Galectin-3 and cancer 

The galectins are involved in many different biological processes. In particular, galectin-3 

expression was reported to be involved in apoptosis[130-133], inflammation[134-139], cell 

signaling[132, 140], cell adhesion[141] and cancer progression[140]. In this context galectin-3 can be 

considered an emerging cancer marker. An increasing number of publications reveal that this 

protein is important in the development and progression of cancer. Here, the most important 

findings in the literature are discussed.  

 

In most types of cancer cells, galectin-3 has a higher expression level in comparison with their 

normal cells. The protein is localized in the nucleus, the cytosol, and is sometimes also 

associated with the plasma membrane. A change in subcellular localization has been observed 

during the transition from normal cells to cancer cells.[142-144] Studies have been performed with 

different types of carcinoma cells, from which it appeared that mostly cytoplasmic galectin-3 is 

associated with an agressive cancer phenotype. The protein is excreted via a non-classical 

pathway, and the nuclear translocation of the protein is still not understood. It was also shown 

that the N-terminal domain of galectin-3 can be phosphorylated on serine residues. Both 

phosphorylated and non-phosphorylated galectin-3 were found in the nucleus, but only 

phosphorylated galectin-3 was present in the cytosol. Also shuttling, defined as the repeated 

bidirectional movement of a protein across the nuclear membranes,[145] of galectin-3 between 

the nucleus and the cytoplasm was observed. However, there are conflicting data about the 

exact mechanism and which part of the protein is involved in this process.    

 

Galectin-3 interacts with a number of intracellular proteins that are involved in cell regulation, 

for example with oncogenic Ras[146, 147], cell cycle regulators such as the cyclins, and cell cycle 

inhibitors such as p21 and p27.[148-150] In one study, serum was subjected to affinity 

chromatography using different immobilized galectins, and mainly galectin-3 bound to 

glycoproteins (with affinities in the low micromolar range), including α-2 macroglobulin and 

acute phase proteins such as haptoglobin.[151] It was also shown that galectin-3 is involved in 

metastasis via cell-cell and cell-matrix interactions. Galectin-3 acts like a crosslinker, and binds 

to glycosylation patterns on the cell surface, for example Thomson-Friedenreich (T) antigen, 

Galβ1-3GalNAc, which is located on the surface of most human carcinoma cells. In the 
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presence of serum concentrations of galectin-3, increased cancer cell-endothelial adhesion has 

been observed.[152] Monoclonal antibodies against galectin-3 have been shown to inhibit 

asialofetuin- (a glycoprotein with nine LacNAc-epitopes) induced homotypic aggregation of 

tumor cells, and the same antibody was also capable of reducing lung metastasis up to 90% in 

mice.[153] Mice bearing breast cancer tumors have been treated with the CRD of galectin-3 

(galectin-3C), to compete with endogeneous galectin-3 for carbohydrate binding sites. The lack 

of the N-terminal domain of galectin-3 would prevent cell-cell interactions and thus cell 

adhesion and cell signaling. The mice were treated for 90 days without acute toxic effects, and 

the truncated protein proved to be efficacious in reducing metastases and tumor volumes.[154] 

Galectin-3C was obtained from recombinant human galectin-3, produced by E. coli, and 

subsequent treatment with collagenase.[154, 155]  

 

In several tumor cell types, it was shown that galectin-3 possesses anti-apoptotic activity.[133, 

142, 156, 157] For example, galectin-3 interacts with CD95, a member of the death receptor 

family.[132, 158] Galectin-3 was also found to have a sequence similarity with Bcl-2, a well-

characterized suppressor protein of apoptosis. In particular, the lectin contains the NWGR 

(peptide) motif that is highly conserved among members of the Bcl-2 family and shown to be 

critical for the apoptosis-suppressing activity. The NWGR motif is only present in the galectin-3 

sequence, and not in all the other members of the galectin family.[159] Furthermore, it was 

demonstrated that galectin-3 interacts with Bcl-2 in a lactose-inhibitable manner. Jurkat cells 

transfected with galectin-3 grow significantly faster than non-transfected cells. It was also 

found that galectin-3-expressing transfectants were remarkably more resistant to 

staurosporine-induced apoptosis than the galectin-3-negative controls. Therefore, selective 

galectin-3 inhibitors have potential as (indirect) inducers of apoptosis.[160]  

 

Inhibitors 

Since the mechanisms in which galectin-3 plays a role are generally poorly understood, 

selective inhibitors of this protein can be highly useful in studies to the multiple functions of 

galectin-3. Moreover, inhibitors have been shown to be potential anti-inflammatory 

compounds and cancer therapeutics.[161] Studies with modified citrus pectin (MCP) showed that 

cancer metastasis, angiogenesis and tumor growth was influenced, presumably via its 
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inhibition of galectin-3.[162] Citrus pectin has only limited solubility in water, but modification of 

citrus pectin to MCP, which involves the degradation of the galacturonic acid chain by 

elimination (pH 10) followed by partial degradation of the carbohydrates (pH 3), results in 

simpler, orally absorbable carbohydrate chains of the same sugar composition as the 

unmodified citrus pectin.[162] GCS-100, a MCP which is currently in phase II clinical trials, 

induces apoptosis, inhibits angiogenesis, overcomes drug resistance and has low toxicity.[163] 

Although the effects of MCP are promising, the composition of MCP is not well-defined. This 

shows the need for synthetic galectin-3 inhibitors, to be able to study the biology of galectin-3, 

and maybe improve the properties of MCP. Leffler, Nilsson and coworkers have designed 

multiple galectin-3 inhibitors (Figure 23).  

 

 

Figure 23 - Potent galectin-3 inhibitors. Those examples all benefit from the 3-OH substitution 
of galactose, and are developed by Leffler, Nilsson and coworkers.  
 

 

Potent ones are based on the natural ligand of galectin-3, Galβ1 4GlcNAc (N-acetyl-

lactosamine, LacNAc). A high affinity was obtained by substituting the 3-OH of galactose with 

aryl derivatives, which interact with nearby arginines in the protein.[164, 165] The design was 

based on a crystal structure of galectin-3 with bound LacNAc[125], and further improved by 

results obtained with libraries of substituted galactoses.[166-169] The strategy of 3’-substitution 

was also applied to thiodigalactosides, which resulted in symmetrical molecules with a Kd up to 

33 nM, due to interaction of both aryl moieties with two arginines of galectin-3.[170, 171] Peptide 

ligands have also been shown to inhibit galectins. Short pentapeptides were discovered to 

inhibit the binding of several galectins in the millimolar range to the glycoprotein asialofetuin 

(ASF, a potent ligand for galactose specific lectins).[172]  Phage-display studies yielded peptides 

of 15 amino acids with nanomolar affinity and specificity for galectin-3. These peptides also 

inhibited metastasis-associated cell adhesion.[173]   



Chapter 1 

 44 

Chemical probes to study lectins 

Galectin-3 is a member of the superfamily of lectins. Lectins are proteins which share 

carbohydrate-binding properties. So far, only a few photo-affinity glycoprobes have been 

developed for the identification of lectins. One study showed a probe which consisted of three 

key parts: a glycan chain, a digoxin tag (digoxin can be detected with antibodies) as well as a 

photoreactive crosslinker. GalNac binding analysis in human serum is shown.[174]  A lactose-

based chemical probe 53 has been synthesized (Figure 24), capable of labeling members of the 

galectin family. This probe contained a benzophenone photolabel, and an azide functionality, 

to which, after the labeling, a bulky fluorescent label or biotin-tag can be coupled by 

cycloaddition “click” chemistry. The probe was able to selectively label two galectins in a 

mixture of four different proteins.[175] 

 

 

 

 

 

 

Outline of this thesis 

From what is described above, it is evident that chemical probes can be highly useful in the 

field of biology. With a chemical probe based method, classes of proteins or protein families 

within a certain proteome or cell environment, or one specific protein of interest, can be 

visualized or enriched from this proteome. Protein-protein interactions, or the expression, the 

protein activity, even the location in the cell can be studied. The compound can be modified 

with organic synthesis, in such a way that the probe captures either a completely other 

subproteome, or a more general ligand, or a specific target protein. In addition, a chemical 

probe is small in comparison with an antibody, which enables it to cross the cell membrane. 

Figure 24 - A lactose-based chemical probe, able to label galectins.  
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Cell cultures are able to grow in the presence of a chemical probe, which makes it possible to 

follow certain proteins in living cells.[7, 19] The alkyne of the probe provides the ability to couple 

a purification or visualization tag. Cycloaddition “click” chemistry is used for this coupling, 

which is a highly selective reaction between an alkyne and an azide and which can be 

performed in a biological environment.[13, 14] Visualization of labeled proteins allows measuring 

their expression or activity, in time or in different proteomes. The probe is simply incubated 

with the proteome, is UV irradiated to covalently link the probe to the target protein(s), a 

fluorescent tag is “clicked”, and the whole mixture is resolved on SDS-PAGE. No gel staining is 

required; the gel can be scanned immediately with a fluorescence scanner. Purification of 

captured proteins is possible after the coupling of a purification tag to the chemical probe. In 

this way, proteins can be identified with mass spectrometry.  

      

The focus of this thesis is the development of chemical probes to study both the family of 

glucosidases and a representative of the carbohydrate binding protein family, i.e. galectin-3. 

Glucosidases are enzymes that cleave carbohydrates, and are for instance involved in the 

degree of glycosylation of the cell surface and of proteins.[85] Galectin-3 is a β-galactoside 

binding protein, and seen as an emerging cancer marker in the literature. This protein is more 

highly expressed in cancer tissues compared to normal healthy tissues, and is involved in many 

cancer-related processes such as metastasis and angiogenesis.[130, 132, 133, 143, 176] Current 

methods available for galectin-3 detection are antibody-based methods, which are only semi-

quantitative and sometimes lead to conflicting results. A chemical probe based method would 

provide a more robust, fast, cheap and easy method to study the function of galectin-3.  

  

The design, synthesis, development and evaluation of chemical probes to study glucosidases is 

described in Chapter 2. In this chapter, limitations and important considerations that have to 

be taken in the design of a chemical probe were reported. The probes that were synthesized 

differ in affinity and flexibility of the ligand, and reactivity of the photolabel. A low nanomolar 

affinity probe was capable to selectively label a human β-glucosidase. The next three chapters 

all describe the synthesis and evaluation of new chemical probes to selectively label galectin-3. 

Each chapter deals with a completely different kind of chemical probe. Multivalency is the 

approach that was followed in Chapter 3. This chapter describes the evaluation of a divalent 



Chapter 1 

 46 

lactose-based chemical probe, and it was compared with a previously synthesized monovalent 

one.[175] In Chapter 4, the synthesis of peptidic photoprobes is presented. The probes were able 

to label galectin-3; however their binding mechanism is not yet clear. In Chapter 5, 

carbohydrate-based photoprobes were synthesized. All probes were based on 

thiodigalactoside, a disaccharide which is more stable and has a higher affinity for galectin-3 

than the natural ligand LacNAc. Thiodigalactoside binds in the sugar binding pocket of the 

protein, and a number of derivatives were synthesized. Variations were made in the linkage 

between the sugar and the photolabel, and two different photolabels were compared on 

labeling efficiency and also binding specificity in the presence of a human cancer cell lysate. 

One probe proved to bind galectin-3 highly specifically: the labeling could even be compared 

with an antibody against galectin-3. Chapter 6 is different from the other chapters because it 

deals with the synthesis and evaluation of two purification tags, rather than chemical probes. 

Efforts have been made to selectively enrich only the labeled proteins, but this enrichment 

proved to be difficult. Although protein identifications from chemical probe based methods are 

described in the literature, we found out that control experiments are crucial for confident 

results. A summerizing discussion, conclusion and some future prospects are given in Chapter 

7. It shines a light upon the multidimensional challenges that were met in creating a successful 

probe. It involves issues of lipophilicity, affinity and photoreactivity. Improvements have been 

made on hydrophobicity and affinity of the chemical probes, however their labeling efficiency 

is still a crucial issue. This aspect has to be improved, if chemical probe based methods are 

going to have a future in glycobiology research.   
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Abstract 

Photoprobes were synthesized with the aim to profile β-glucosidases in complex protein 

mixtures such as human cell lysates. Four different probes were synthesized. The first probe 

was based on an easy to synthesize, acyclic mimic of the known inhibitor deoxynojirimycin. The 

second probe was based on glucose with the photolabel benzophenone attached to its 

anomeric center. The third and fourth probe were based on a high-affinity inhibitor (IC50 = 1.7 

nM) for non-lysosomal glucosylceramidase. The affinity of the probes for three different β-

glucosidases was determined. Furthermore, their labeling efficiencies, binding specificities 

through competition with deoxynojirimycin, and binding specificities in the presence of cell 

lysate, were evaluated. Some proteins were identified with mass spectrometry. The probes 

were able to label β-glucosidases, especially one inhibitor-based probe 19 showed very high 

affinity towards non-lysosomal glucoceramidase (IC50 = 20 nM). 

 

Introduction 

The glucosidases are a large class of hydrolases that occur in plants, funghi, mammals and 

microorganisms. The glucosidases catalyze the hydrolysis of glycosidic bonds, and are therefore 

involved in many important processes such as the biosynthesis and metabolism of 

glycoproteins.[1, 2] In mammalian systems, two different types of β-glucosidases have been 

described: the cytosolic and lysosomal β-glucosidases[3]. Cytosolic β-glucosidases are mainly 

present in the liver, kidney and intestines. Gopolan et al. suggested that cytosolic β-

glucosidases play a key role in detoxification of plant β-glucosides[4], which seems to 

correspond with the significant quantities of this enzyme especially in the organs containing 

detoxification enzymes, namely the liver and intestine.  

The lysosomal β-glucosidases are membrane-associated. They cleave the substrate 

glucosylceramide (glucocerebroside) into ceramide and glucose. Therefore, the enzyme is also 

called lysosomal glucocerebrosidase or glucosylceramidase (E.C. 3.2.1.45) [3]. Lysosomal β-

glucosidase is present in most tissues and cell types with various levels of catalytic activity. This 

enzyme is defective in Gaucher disease patients. The disorder is characterized by the 

accumulation of glucosylceramide in tissue macrophages (Gaucher cells). 
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To study glycosidases and capture them selectively from a complex protein mixture, a chemical 

probe, based on a substrate or inhibitor of the enzyme can potentially be a very useful tool. 

Romaniouk et al. synthesized the first photoaffinity derivative of the iminosugar 

deoxynojirimycin.[5] With this [125I]-labeled probe, it was possible to identify the peptide that is 

part the active site of the protein glucosidase I. The group of Withers[6, 7] synthesized a probe to 

profile retaining β-endoglycosidases in complex proteomes. Their probe consisted of a 

mechanism-based inactivator of the enzyme. A number of peptides were identified, and they 

all proved to be derived from proteins belonging to the family of retaining glycanases. In a 

different approach, a fluorescent dansyl moiety was coupled to 1-amino-1,2,5-trideoxy-2,5-

imino-D-mannitol by Hermetter et al.[8] with two powerful β-glucosidase probes as a result. In 

one compound the dansyl group was coupled directly to the sugar while the other probe 

contained a spacer in between the sugar and the fluorescent group. Both compounds were 

highly potent inhibitors of Agrobacterium sp. β-glucosidase, with Ki-values of 2 nM. With one 

probe it was possible to fluorescently label β-glucosidase selectively in a mixture with three 

other related proteins and visualize the labeled enzyme on a native PAGE.[8] 

The project started with the synthesis of a chemical probe, inspired by a relatively easy to 

synthesize, acyclic mimic of the highly potent iminosugar DNM (Figure 1).[9]  

 

 

 

 

The synthesis of DNM requires numerous steps [10-13], and those acyclic inhibitors can be 

synthesized in only 4 steps from cheap commercially available (Z)-2-butene-1,4-diol. 

Attachment of a hydrophobic photolabel to the nitrogen atom of 2 would increase the affinity 

of the compound for its target enzyme over unmodified DNM, as was demonstrated previously 

for other inhibitors.[14] Following the strategy as described for the synthesis of the acyclic 

inhibitor, an epoxide ring-opening with an amine had to be performed, which required the 

Figure 1 – Deoxynojirimycin and its acyclic analogue 
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synthesis of a new, primary amine-containing photolabel. To attach a reporter molecule 

(fluorescein-N3
[15], 3, Figure 2A) in the biological experiments, the chemical probe should also 

contain an alkyne moiety (Figure 2B), which was decided to place away from the binding site, 

attached to the benzophenone. However, the alkyne was likely not going to be stable during 

acidic Friedel-Crafts reaction conditions[16], and also an amine is incompatible with an 

electrophilic aromatic substitution reaction. Therefore it was decided to first synthesize the 

benzophenone, and functionalize the photolabel afterwards. As can be seen in the 

retrosynthetic strategy of Figure 2B[17-19], an alkyne was to be introduced via alkylation of a 

hydroxyl-group, and an amine by replacement of a benzylic bromide with N-potassium 

phtalimide in a Gabriel synthesis[20]. A methoxy-group was chosen as protection of the 

hydroxyl-functionality, as described by Atkinson et al.[17] This methoxy-group has a strong 

electron-donating effect, which makes methoxybenzene an ideal aromatic nucleophile for the 

Friedel-Crafts reaction.  

 

 

 

Figure 2 – A) Reporter molecule fluorescein-N3 3[15] and B) retrosynthesis of the amine-alkyne- 
functionalized benzophenone. 
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A glucose-based probe was synthesized in parallel, to compare its specificity and affinity with 

the acyclic probe. Benzophenone was placed at the anomeric position of glucose, not only 

because its ease of synthesis. β-Glucosidases have broad specificity with respect to the aglycon 

moieties of their substrates, and the hydrophobic nature of the benzophenone would give such 

a probe a higher affinity for β-glucosidase compared to glucose as previous studies 

demonstrated the presence of several hydrophobic residues in the active site.[21, 22] Finally, the 

synthesis and evaluation of two DNM-based photoprobes is described. Photolabels were 

attached and they were evaluated on their binding specificity, labeling efficiency and affinity 

for three different β-glucosidases.  

 

Results & discussion 

Synthesis of the acyclic photoprobe 12[9, 17-19] 

The acyclic moiety was synthesized in two steps as described by Newbury et al..[9] (Z)-2-butene-

1,4-diol was protected first using p-methoxybenzoylchloride, which resulted in compound 4. 

Acetyl protecting groups were also tried, however they proved to be incompatible with the 

subsequent epoxide-ring opening. In that case, the amine-nucleophile attacked the carbonyl of 

the acetyl-group, instead of the epoxide. Benzyl protecting groups were not chosen, because 

the hydrogenation conditions necessary for deprotection are incompatible with the alkyne.  

The desired epoxide 5 was formed in moderate yield by reaction of 4 with mCPBA. The amine-

functionalized benzophenone was synthesized starting from p-methylbenzoic acid and anisol, 

using AlCl3 as a Lewis acid in a Friedel-Crafts reaction. The benzophenone derivative 6 was 

formed with the methoxy group in the para-position, due to the methoxy-, electron-donating 

group and steric shielding of both of the ortho-positions by the methoxy-group. The product 

crystallized easily from a mixture of hexane and EtOAc. Benzylic bromination was performed 

with N-bromo succinimide and AIBN as radical initiator to give 7. Application of Gabriel amine-

synthesis [20, 23] resulted in 8, stable enough to survive the harsh acidic conditions to remove the 

methoxy-group. The free hydroxyl-compound was difficult to isolate, and therefore the crude 

was used directly for the alkylation reaction with propargylbromide. The alkylation product 9 

was easily isolated, as it precipitates by triturating the crude mixture with diethylether, and 

was obtained in good yield. Removal of the phthalimide protecting group was less 
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straightforward. The conventional method with hydrazine reduced the alkyne. 

Ethylenediamine was chosen as an alternative.[19] The reaction was performed in the literature 

at 90°C for 20 h. However the starting material 9 was already converted for ~90% after 1.5h. 

Some side products were observed on TLC as well, and therefore the amount of 

ethylenediamine was reduced from 170 equivalents [19] to only 10 equivalents. Moreover, 

when the reaction was heated for 3 hours, and stirred at room temperature for a further 16 

hours, fewer side products were formed. Via this procedure 10 was obtained in 80% yield. The 

conditions for the epoxide ring opening of 5 were first tested with benzylamine, which gave 

racemic mixtures in 65% yield. Lithium perchlorate was used as a catalyst and it needed to be 

very dry. It had to be dissolved under argon in freshly distilled diethylether to be reactive. Then 

the reaction was performed with amine 10, which resulted in 11, obtained in 52% yield. For the 

oxidative cleavage of the p-methoxybenzoyl- (PMB-) protecting groups, DDQ and cerium 

ammonium nitrate (CAN) were attempted, and the latter reagent gave the cleanest reaction 

mixture according to TLC. Still, the purification consisted of two successive chromatographic 

procedures in order to obtain the product in sufficient purity. An overview of the synthesis is 

given in Scheme 1.    
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Scheme 1 – Synthesis of acyclic glucosidase inhibitor based chemical probe. a.) (Z)-2-butene-
1,4-diol (1 eq.), methoxybenzylchloride (2.4 eq.), NaH (2.4 eq.), DMF, 16 h, 98%; b.) mCPBA (1.5 
eq.), 16 h, 50%; c.) SOCl2 (2.5 eq.), toluene, Δ, 3h; d.) AlCl3 (1.5 eq.), anisole, argon, 4°C, 4 h, 
75% over two steps; e.) NBS (1.1 eq.), AIBN (cat.), CCl4, Δ, 24 h, quant.; f.) phthalimide 
potassium salt (1 eq.), dry DMF, 15 h, 82%; g.) BBr3 (5 eq.), dry CH2Cl2, argon, -78°C  0°C, 88 
h; h.) propargyl bromide (1.1 eq.), K2CO3 (1.1 eq.), DMF, 16 h, 82% over two steps; i.) EDA (10 
eq.), butanol, 16h, 80%; j.) 5 (0.4 eq.), LiClO4 (0.5 eq.), dioxane, Δ, 16h, 52%; then CAN (20 eq.), 
toluene: CH3CN: H2O (1:1:3 v/v/v), 16h, obtained as a racemic mixture in 32% yield; 
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Synthesis of the glucose–based probe 16 

Glucose was acetylated and imidate-donor 13 was prepared according to known procedures.[24] 

Commercially available 4,4’-dihydroxbenzophenone was mono-alkylated with 

propargylbromide and an excess of base to give 14. After that, the photolabel was coupled to 

the sugar under glycosidic coupling conditions (cat. TMSOTf in dry CH2Cl2)[24].  Final 

deprotection of the sugar using Zemplen’s method yielded the glucose-based chemical probe 

16. An overview of the synthesis is given in Scheme 2.  

 

 

Scheme 2 – Synthesis of glucose-benzophenone (16). a) propargylbromide, K2CO3, acetone, 
16h, 31 %; b) Ac2O, NaOAC, Δ, 30 min, quant.; c) EDA (1.2 eq), acetic acid (1.4 eq), THF, 18h, 71 
%; d) Cl3CCN (2.5 eq), DBU (0.2 eq), CH2Cl2, 0°C  rt, 4h, 89%; e) TMSOTf (0.2 eq); f) 15, 
NaOMe, MeOH, 10 min, 23% over two steps.  
 

 

Profiling sugar binding and processing proteins 

Probe 16 was evaluated first on its ability to label β-glucosidase. The general procedure was 

followed, developed by Cravatt and co-workers.[25] During incubation of the enzyme with 16 for 

30 min, the sample was irradiated with UV light. Fluorescein-N3 was ‘clicked’ onto the affinity 

labeled product overnight and the samples were resolved on SDS-PAGE. An overview of the 

general procedure is given in Scheme 3.  
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Scheme 3 – Overview of a labeling experiment. The protein of interest and or a protein 
mixture is incubated with the chemical probe. The sample is irradiated with UV light (366 nm) 
for 30 min, which cross-links the probe to the target protein. Then, a fluorescent reporter is 
“clicked” to the alkyne moiety of the chemical probe. The whole complex is resolved on SDS-
PAGE, and the gel scanned for fluorescence and silver stained.  
 

 

The result of this first labeling experiment is shown in Figure 3. The probe was able to label the 

enzyme, however an exact detection limit could not be determined. It turned out that the 

fluorescence intensity depended on several factors such as the concentration of the probe, the 

amount of enzyme, the reaction time of the click reaction, the irradiation time and the 

extensiveness of washing the gel (which lowers the background) before fluorescence scanning.  

 

Clearly, UV light irradiation was necessary to fluorescently label the protein. In a second 

experiment we turned to cell lysates, to find out if it was possible to profile sugar binding 

proteins and sugar processing enzymes (e.g. glycosidases, glycosyltransferases) in such a 

complex mixture. The result is shown in Figure 4A, in which the fluorescence scan and the 

silver stain of one gel are compared. 
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Figure 3 – Almond β-glucosidase is labeled by probe 16. Without light irradiation, no covalent 
bond was formed between the probe and the protein, and no fluorescent labeling occurred. 
 

 

 

Figure 4 – Profiling glucose-binding proteins in E. Coli cell lysate. A) E. coli lysate spiked with 
different amounts of β-glucosidase, was incubated with 40 µM of 16. A fluorescent picture( 
lanes 1-6) and silver stain (lanes 7-12) of the same gel are shown. B) Comparison between the 
fluorescent patterns of glucose-probe 16 (lane 1) and benzophenone 14 (lane 2), which 
showed only minor differences. The boxes indicate the position of β-glucosidase. 
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Table 1 - Characteristics of the proteins identified. For each protein the following 
characteristics are given; the protein name and accession number as given in the NCBI 
database, the theoretical molecular weight and pI, the number of peptides used for 
identification of the protein, the Mascot score and the percentage sequence coverage. 
 

Protein 

number 

Protein ID Accession 

NCBI 

MW 

(Da) 

pI # peptides  Mascot 

score 

SQ 

(%) 

1 Glycerol kinase gi|6729905 56100 5.36 19 272 50.0 

2 Tryptophanase gi|41018359 

 

52810 5.88 15 274 36.9 

3 Tryptophanase gi|54401938 53509 6.00 16 318 42.6 

4 Outer membrane 

protein, OmpI 

gi|1788544 40368 4.58 8 140 30.2 

5 α-galactosidase gi|13364578 50570 5.58 10 145 35.0 

6 Elongation factor 

Tu 

gi|26249935 44850 5.25 11 132 40.8 

7 Porin/ outer 

membrane protein, 

OmpF 

gi|6729727 37040 4.69 12 158 58.8 

Figure 5 – Identified proteins. Two 
lanes from the same gel, showing 
two independently prepared 
samples, which were treated exactly 
the same. Bands were excised from 
the gel, and only the bands with a 
number could be identified with 
high score according to Mascot. The 
lane on the left is the same lane as 
depicted in the Figure 4A, lane 1.  
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It was clear that only a small percentage of all the proteins present were labeled with the 

probe. The fluorescent bands were excised from the gel (Figure 5), trypsin digestion and 

MALDI-TOF analysis were performed, and some of the identified proteins were known to bind 

glucose. The proteins marked in Figure 5 and listed in Table 1 were identified with high 

confidence (100 % C.I.) according to Mascot .[26] 

 

Especially OmpF is an interesting result, because this protein is important in nutrient (including 

glucose) regulation.[27] Since this protein is a membrane protein, it is often lost in common 2D-

gel MS identification techniques.[28] However, because protein identification is always a 

method based on probability, which makes use of statistics, algorithms and confidence 

intervals[26], it is not certain that the most abundant peptides in the mass spectrum are part of 

the fluorescently labeled protein. Especially in 1D-gels loaded with full cell lysate, one excised 

band usually consists of 10-1000 different proteins, of which often only the most abundant 

proteins are identified.[28-30] Chapter 6 describes the synthesis and evaluation of some 

purification tags to enrich the labeled proteins, in order to be able to identify them.  

 

Figure 4B shows an important control experiment, which is the profile of benzophenone-

labeled proteins. From this experiment, it was concluded that the influence of the photolabel is 

dominant in the chemical probe, since there were only small differences observed in the gel 

profile between the glucose-probe 16 and benzophenone 14. In a separate experiment, the 

acyclic photoprobe 12 showed the same profile as well, as was expected considering the 

results from figure 4B. An explanation is probably the large size of the photolabel compared to 

the rest of the probe, as well as its hydrophobicity. Carbohydrate-protein interactions are 

usually weak[22, 31], which makes these probes more a “water soluble photolabel” rather than a 

targeted probe. Despite this result, some glucose specific labeled proteins were obtained by 

substracting the benzophenone-labeled proteins from the glucose-probe labeled proteins using 

suitable software.[32] However, to be able to label sufficient amounts of protein(s) of interest 

and reduce the background of the photolabel, I aimed at the synthesis of probes with a high 

affinity for the target protein(s). In this light, it might be an advantage when the photolabel can 

contribute to the binding affinity. For this reason, the second part of this chapter described the 

testing of this hypothesis for a (membrane bound) enzyme from the glucosidase family, for 
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which the highest affinity inhibitors consist of an iminosugar with a  large hydrophobic tail[14]. 

In the design of the chemical probe, the hydrophobic part was partly replaced by the 

photolabel. This probe is aimed at binding its target protein specifically. However upon 

profiling sugar binding proteins, a profile of the proteins binding to solely the photolabel 

always has to be performed as a reference experiment.  

 

Synthesis of iminosugar-based probes 

The synthesis of the two iminosugar-based probes started with the alkylation of the 

hydrochloride salt of 1-deoxynojirimycin 1[12] by bromide 17.  After removal of the Boc-group 

with TFA, the purified OSu ester 21 (Chapter 5)[33] was used to prepare 19.  For the synthesis of 

20 acetophenone derivative 22 (Chapter 5)[33] was successfully coupled using EDC/NHS. After a 

final preparative HPLC purification benzophenone probe 19 and acetophenone probe 20 were 

obtained in 13 and 39% isolated yield, respectively (Scheme 4).  

 

 

 
Scheme 4 – Synthesis of the iminosugar-based probes. a.) 1, K2CO3, DMF, 85°C, 18h; b.) Boc2O, 
dioxane/ H2O/ NaOH, 1h, 0°C, 91%; c.) TFA/ CH2Cl2 1:1 (v/v), 1h, 0°C; d.) for 19: 21, DMF, 16 h, 0 
°C→r.t., 13%.; for 20: 22, EDC, NHS, DMF, 16 h, 0 °C→r.t., 39%. 
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Affinity measurements 

The probes were tested for their ability to inhibit 3 different β-glucosidases: lysosomal 

glucocerebrosidase (Cerezyme®, recombinant GBA, Ceredase®, human placental GBA), non-

lysosomal glucoceramidase (GBA2), and almond β-glucosidase. The assays for the first two 

enzymes were based on a competition of the probe with the substrate 4-methylumbelliferyl (4-

MU) β-glucoside. The 4-MU part is cleaved from β-glucose by the enzyme, of which the amount 

can be measured with a fluorometer. Obtained values were expressed as the inhibitor 

concentration resulting in 50% inhibition (IC50-values).[14] The assay for the third enzyme was 

based on competition of the probe with the substrate para-nitrophenol β-glucoside (PNPG), 

whose liberated PNP group was quantified by UV spectroscopy at 405 nm. Measurements were 

performed with different substrate concentrations, from which a Ki-value was determined. 

Results of these measurements are shown in Table 1. The affinity of DNM 1 and 16 for almond 

β-glucosidase are given for comparison.  

 

 GBA IC50, µMa GBA2 IC50, µMa Almond β-glucosidase Ki, µMa 

20 1.65 +/- 0.15 0.075 +/- 0.03 6.4 +/- 0.1 

19 0.35 +/- 0.05 0.02 +/- 0.005 1.3 +/- 0.1 

1 506c 28.80c 167 +/- 1 

16 n.d. n.d. 588 +/- 133b 

 

Table 1 – Affinity measurements of the probes on three different enzymes.  
aValues are means of two experiments, standard deviation is given in parentheses (n.d. = not 
determined).  
bProbe 16 can be considered as an inhibitor even though it is a slowly converting substrate. 
cValues from reference[14]

 
 are given for comparison. 

 

Especially the affinities of 19 and 20 for the membrane-bound glucosidase GBA2 were very 

high (20 and 75 nM, respectively). The best inhibitor thus far described in the literature has a 

IC50-value of 1.7 nM,[14] which is only a factor of 10 lower than the value obtained for 

compound 19. For a monosaccharide-protein interaction this is exceptional. The other Ki-values 
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given in Table 1 were all in the low micromolar or high nanomolar range, so both 19 and 20 

bound with high affinities. 

 

Labeling experiments 

The difference in labeling efficiency of the probes was first tested with the cheap, readily 

available almond β-glucosidase. The iminosugar probes 19 and 20 were compared with 

glucose-probe 16. Concentration ranges were made of the probes, from 10 down to 0.1 µM. 

The result is shown in Figure 6.  

 

 
 
Figure 6 – Labeling of almond β-glucosidase with different probe concentrations.  
 
 
Clearly, the intensity of the fluorescent band dropped faster for 16 than for 19 and 20, when 

going to lower probe concentrations. It seemed that the labeling efficiency correlated with the 

affinity of the probes for this enzyme. The higher the affinity, the lower probe concentration 

can be used to obtain the same labeling efficiency. The same kind of experiment was carried 

out with lysosomal glucocerebrosidase, of which the result is shown in Figure 7.  
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Figure 7 – Labeling Ceredase® with different probe concentrations. Each lane contained 100 
ng of enzyme. Concentrations were from left to right for each probe: 10, 1 and 0.1 µM. Probe 
16, a benzophenone containing substrate of the enzyme was used as a comparison. The 5-fold 
difference in affinity of 20 and 19 for the enzyme seemed to correlate with the labeling 
efficiency. 
 

It turned out that clear labeling could only be observed at the 10 µM probe concentration. At 

this concentration, there is a large difference in efficiency between the compounds. Probe 19 

labeled the best, and the labeling by probe 20 was only negligible. The difference in affinity of 

both compounds for this enzyme is about a factor 5 (Table 1), which probably influences the 

labeling efficiency. However, the difference in reactivity between acetophenone and 

benzophenone is likely of greater influence, considering their absorptions in near UV.[33] Since 

compounds 16 and 19 differ roughly a factor 100 in their binding constant (Table 1), the 

difference in labeling efficiency between these compounds is most likely a matter of affinity.    

 

To test if 16, 19 and 20 bind the enzyme specifically in the binding pocket, a competition 

experiment with 1 was performed. The result is shown in Figure 8.  

 

 

Figure 8 – Competition of the probes with increasing concentrations of 1. 200 ng of Ceredase® 
is present in all the samples. Probe concentrations are 5 µM in all samples. From DNM 1 a 
concentration range was prepared: from left to right for all probes 0, 10, 100 and 500 µM.  
 

In this experiment, the labeling efficiency of 19 was again higher than the efficiency of 20. For 

all molecules it was clear that they competed with 1, since the fluorescent signal decreased 
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with an increase in concentration of 1. From this picture it was concluded that both probes 19 

and 20 bind specifically in the binding pocket of lysosomal glucocerebrosidase, and this seemed 

to be the case also for glucose probe 16.  

 

The final experiment was set up to determine if probe 19 was specific for GBA in the presence 

of other proteins. The chosen probe concentration was relatively low, to avoid non-specific 

interactions. However, since the labeling efficiency of this compound is not that high, the 

samples had to contain a considerable amount (300 ng) of the enzyme. A concentration range 

of a human cell lysate was prepared up to 3 µg of total proteins/ sample. The results are shown 

in Figure 9. 

 

 

 

Figure 9 – Labeling of Ceredase by probe 19 in the presence of a human cell lysate. In all of 
the lanes, 300 ng of Ceredase® is present. Concentration ranges were made (from left to right) 
of the cell lysate: 0.3, 0.7, 1.3 and 2.7 µg of total protein per lane. Lanes 1-5: fluorescent 
picture; lanes 6-10: silver stain of lanes 1-5.  
 

 

Probe 19 seems to be highly specific for GBA, as was concluded from the fluorescent picture. 

Surprisingly, the fluorescent signal did not decrease with an increasing amount of other 

proteins present, which is in contrast to another highly selective probe to label galectin-3 

(Chapter 5).[33] It is likely that 19 binds the enzyme in a deep pocket in accordance with a recent 

crystal structure.[34] In contrast the galectin-3 probe bound in a surface groove benefiting from 
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electrostatic interactions with arginines.[35] Therefore, probe 19 is probably less likely capable 

of capturing additional proteins than the galectin-3 probe. 

 

It was also attempted to label GBA2 with compound 19. GBA2 is a membrane-bound enzyme, 

and can not be isolated in an active form. Therefore, COS-cells, transfected with DNA encoding 

for human non-lysomal glucoceramidase, were chosen as model system, and they were 

cultured and transfected by M. Verhoek (department of Medical Biochemistry, Amsterdam). 

The expression level of GBA2 however was very low, and we were not able to clearly detect the 

protein in the gel. A faint fluorescent band was observed at the right molecular weight, which 

was in correspondence with its Western blot. However, the protein was not identified with 

mass spectrometry due to a lack of proper purification methods. A number of other proteins 

were also fluorescently labeled, of which most of them were more abundant than GBA2. In the 

future, this experiment can probably be improved by labeling the pellet of the cell lysate, which 

should contain most of this membrane-bound enzyme. Possibly urea can then be used to 

solubilize the enzyme for resolving the mixture on SDS-PAGE.       

 

Conclusions 

The start of this project was inspired by the easy to synthesize acyclic inhibitors from the group 

of R. Field (St. Andrews, UK). A glucose-probe (16) was synthesized in parallel in order to 

compare their binding specificities. A disadvantage of this second probe was that it is a 

substrate of the enzyme as well, which caused cleavage of the benzophenone moiety and 

subsequent non-specific labeling. Furthermore, it turned out that the relatively small sugar (or 

acyclic mimic) had only small influence on binding specificity, when it was coupled to a large, 

bulky, hydrophobic photolabel. A less hydrophobic photolabel might have been used, such as a 

diazirine moiety, however this label is reported to possess lower labeling efficiency, and a 

higher reactivity towards nucleophiles and the solvent, than aryl ketones (Chapter 1)[36, 37]. 

Instead it was opted to switch to the high affinity iminosugar DNM. To DNM, the 

benzophenone photolabel 21 could be coupled, as well as the less bulky and less hydrophobic 

acetophenone photo affinity label 22. The prepared DNM-based labels were tested for their 

affinity towards three different glycosidases, and compared with the glucose-probe 16. 
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Especially probe 19 showed a very high inhibitory potency with an IC50-value of 20 nM for the 

non-lysosomal glucoceramidase (GBA2) assay. The probes were tested for their ability to label 

different β-glucosidases, and their binding specificity was evaluated by competition 

experiments with DNM. From those experiments, it was concluded that all probes bound 

specifically in its binding pocket of the enzyme. Although in general, labeling efficiencies were 

low, lysosomal glucocerebrosidase could be labeled specifically in the presence of a complex 

protein mixture. The labeling efficiency can possibly be improved by coupling the photolabel 

directly, or having a shorter spacer, to the iminosugar. Nevertheless, the chemical probes 

presented here did label three different β-glucosidases specifically, and two of them with 

exceptionally high affinity. Furthermore, the experiments clearly showed that creating a 

successful probe is a multidimensional challenge involving issues of lipophilicity, affinity and 

photoreactivity.  

 

Experimental  

General methods All reagents were purchased from commercial sources and used without 
further purification. The compound 1-deoxynojirimycin 1 was obtained from the group of prof. 
dr. H. S. Overkleeft (Leiden University).[12] Dowex 50X8 (H+ form, 20–50 mesh) was purchased 
from Sigma. Analytical thin layer chromatography (TLC) was performed on Merck pre-coated 
silica gel 60 F254 (0.25 mm) plates. Spots were visualized with UV light, H2SO4, or ninhydrine. 
Column chromatography was carried out using Merck Kieselgel 60 (40–63 mm). 1H NMR and 
13C NMR were obtained on a Varian 300 MHz spectrometer. Chemical shifts are given in ppm 
with respect to internal TMS for 1H NMR. Two-dimensional 1H-1H correlation and total 
correlation spectroscopy (COSY and TOCSY) and 1H-13C correlated heteronuclear single 
quantum coherence (HSQC) NMR spectra (500 MHz) were recorded at 300 K with a Varian 
Unity INOVA 500 spectrometer. Low resolution ESI-MS experiments were performed on a 
Shimadzu LCMS QP8000 system. Exact masses were measured by nanoelectrospray time-of-
flight mass spectrometry on a Micromass LCToF mass spectrometer at a resolution of 5000 
fwhm. Gold-coated capillaries were loaded with 1 µL of sample (concentration 20 µM) 
dissolved in a 1:1 (v/v) mixture of CH3CN-H2

 

O. NaI or poly(ethylene glycol) (PEG) was added as 
an internal standard. The capillary voltage was set between 1100 and 1350 V, and the cone 
voltage was set at 30 V.  

1,4-Di-O-(4-methoxybenzyl)-(Z)-but-2-ene-1,4-diol (4) Sodium hydride (5.6 g, 140 mmol of a 
45 % w/w dispersion in mineral oil), was slowly added to a solution of (Z)-2-
butene-1,4-diol (5.1 g, 58.3 mmol) in DMF (35 ml). Methoxybenzyl chloride 
(16.7 ml, 140 mmol) was then added dropwise to the reaction mixture, which 

was stirred overnight at room temperature. Methanol (20 ml) was then added and after 
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stirring for a few minutes the resulting solution was washed with water (3 x 20 ml) and the 
product was extracted into diethyl ether (3 x 20 ml). The organic extract was dried (Na2SO4) 
and concentrated in vacuo. The resulting oil was purified by column chromatography (hexane/ 
EtOAc, 10:1, v/v) to yield 4 as clear colourless oil (13.5 g, 70%). 1H NMR (CDCl3): δ = 3.81 (6 H, s, 
2 x OCH3), 4.05 (4 H, d, J = 5.0 Hz, 2 x CHCH2), 4.44 (4 H, s, 2 x CH2Ph), 5.79 – 5.81 (2 H, m, 2 x 
CH), 6.88 – 6.91, 7.26 – 7.29 (8 H, 2 x d, J = 8.5 Hz, CHar); ESI-MS: m/z = 351.25 [M+Na]+ 
 
2,3-Anhydro-1,4-di-O-benzyl-erythritol (5) 3-Chloroperoxybenzoic acid (4.31 g, 25.0 mmol) 

was added to a solution of 4 (5.0 g, 15.2 mmol)  in dry CH2Cl2 (75 ml) and the 
mixture was stirred for 16h. During this time complete disappearance of 9 
occurred, as judged by TLC (hexane/ EtOAc, 3:1, v/v) along with precipitation 

of 3-chlorobenzoic acid. Solids were removed by filtration and the filtrate was successively 
washed with 10% w/v Na2SO3 solution (2 x 50 ml), saturated NaHCO3 solution (3 x 25 ml), 5% 
NaOH solution (25 ml) and saturated aq. NaCl solution (25 ml). The organic extract was dried 
with Na2SO4 and concentrated in vacuo. The resulting oil was purified by silica gel column 
chromatography (hexane/ EtOAc, 3:1, v/v) to yield 5 as a white solid (2.6 g, 50%); 1H NMR 
(CDCl3): δ = 3.22-3.26 (2 H, m, CHOCH), 3.46- 3.52 (2 H, dd, J = 11.4, 6.3 Hz, CH2), 3.63-3.67 (2 H, 
dd, J = 11.4, 3.6 Hz), 4.44, 4.54 (4 H, 2x d, J = 11.5 Hz, 2x OCH2Ph), 6.87- 6.90 (4 H, d, J = 8.8 Hz, 
CHar), 7.24 - 7.27 (4 H, d, J = 8.8 Hz, CHar); 

13C NMR (CDCl3): δ = 52.2 (2 C, 2 OCH3), 55.5 (2 C, 2 x 
CH), 68.0, 73.1 (4 C, 2x OCH2Ph), 114.1, 129.7 (4 C, 4x CHar), 130.1, 159.6 (2 C, 2x Car); ESI-MS: 
m/z = 367.35 [M+Na]+; 709.60 [2M+Na]+ 

 
4-methoxy-4’-methylbenzophenone (6) P-methylbenzoic acid (2.0 g, 14.7 mmol) was 

suspended in toluene (10 ml). Thionyl chloride (37 mmol, 2.7 ml) was 
added and the mixture was refluxed at 80°C for 4h, until a clear 
reaction mixture was obtained from which no HCl-gas evolved. The 
mixture was concentrated in vacuo, and the product dissolved in 10 ml 
dry anisole. Aluminium chloride (2.0 g, 0.015 mol) and anisole (10 ml) 

were placed in a two-necked flask, fitted with dropping funnel, on an icebath. P-
methylbenzoylchloride (14.7 mmol in 10 ml dry anisole) was added dropwise to the mixture. 
The mixture was stirred for 4 h, after which TLC analysis indicated that the reaction was 
complete. The reaction was quenched by pouring the mixture into ice-water, and then washed 
with 1 M aqueous sodium hydroxide (3 x 30 mL). The organic phase was separated and washed 
with aqueous potassium hydrogen sulfate (2 x 40 mL), aqueous sodium hydrogen carbonate (3 
x 40 mL) and brine (2 x 40 mL). The organic extract was dried (MgSO4) and evaporated to 
dryness in vacuo to afford the title compound as a white solid (2.49 g, 75%). Rf = 0.41 (hexane/ 
EtOAc, 4:1, v/v); 1H NMR (CDCl3): δ = 2.38 (s, 3 H, CH3), 3.80 (s, 3 H, OCH3), 6.90 (d, J = 8.7 Hz, 2 
H, CHarCOCH3), 7.22 (d, J = 8.1 Hz, 2 H, CHarCCH3), 7.64 (d, J = 8.1 Hz, 2 H, C9,13H), 7.77 (d, J = 8.7 
Hz, 2 H, C3,5H); 13C NMR (CDCl3): δ = 21.5 (CH3), 55.3 (OCH3), 113.4 (C2,6), 128.8 (C10,12), 129.9 
(C9,13), 130.3 (C4), 132.3 (C3,5), 135.4 (C8), 142.5 (C11), 163.0 (C1), 195.0 (C7).  
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4-methoxy-4’-(bromomethyl)benzophenone (7) To a solution of 6 (1.35 g, 6 mmol) in carbon 
tetrachloride (7 ml), was added N-bromosuccinimide (1.17 g, 6.6 mmol) 
and 2,2’-azobisisobutyronitrile (AIBN, 7 mg). The solution was refluxed 
at 90°C for 24h. The white precipitate of succinimide was filtered and 
washed with carbon tetrachloride. The combined filtrates were 
concentrated to give 7 as orange oil in quantitative yield (1.83 g). Rf = 

0.38 (hexane/ EtOAc, 4:1, v/v); 1H NMR (CDCl3): δ = 3.88 (s, 3 H, OCH3), 4.53 (s, 2 H, CH2Br), 6.96 
(d, 2 H, J = 9 Hz, CHarCOCH3), 7.48 (d, 2 H, J = 8 Hz, CHarCH2Br), 7.72 (d, 2 H, J = 8 Hz, C9,13H), 7.81 
(d, 2 H, J = 9 Hz, C3,5H)   
 
 4-methoxy-4’-(phtalimidomethyl)benzophenone (8) To a mixture of N-potassium phtalimide 

(0.74 g, 4.0 mmol) in 15 ml dry DMF was added 7 (1.22 g, 4.0 
mmol). The mixture was stirred for 15 h. Chloroform was added 
and the mixture poured into H2O. The aqueous phase was 
separated, and the product extracted with chloroform. The 
combined organic layers were washed successively with 0.2 M 
NaOH (2x), water, brine and dried with Na2SO4. The solution was 
filtered, concentrated and the white solid triturated with 

diethylether to give 5 (1.21 g, 3.3 mmol) in 82% yield. Rf = 0.18 (hexane/ EtOAc, 4:1, v/v); 1H 
NMR (CDCl3): δ = 3.87 (s, 3 H, OCH3), 4.92 (s, 2 H, CH2), 6.93 (d, 2 H, J = 9 Hz, CHarCOCH3), 7.52 
(d, 2 H, J = 8 Hz, CHarCH2N), 7.71 (d, 2 H, J = 8 Hz, C9,13H), 7.79 (d, 2 H, J = 9 Hz, C3,5H), 7.72-7.89 
(m, 4 H, Hpht) 
 
4-(prop-2-ynyloxy)-4’-(phtalimidomethyl)benzophenone (9) Compound 8 (281 mg, 0.76 

mmol) was dissolved in 2 ml dry CH2Cl2 under argon and cooled to -
78°C. A solution of 1 M boron tribromide (3.0 ml) in CH2Cl2 was 
added carefully to the stirred solution. The reaction was allowed to 
attain room temperature overnight (19 h). An additional quantity of 
boron tribromide (2.0 ml) was added and the solution was stirred 
for a further 24 h. The reaction was complete according to TLC (Rf = 
0.16, hexane/ EtOAc, 4:1, v/v) and the reaction was quenched by 
careful addition of ice-water (5 ml). The mixture was stirred for 15 

min and the product extracted with EtOAc (3x). The combined organic layers were washed with 
1M NaHCO3 (3x), H2O (2x), brine (1x) and dried with Na2SO4. The solution was filtered and 
concentrated in vacuo. The obtained yellow-brownish solid was redissolved in DMF (10 ml). 
K2CO3 (115 mg, 0.84 mmol) and 145 µl propargylbromide were added slowly. The mixture was 
stirred for 16 h. The mixture was filtered and concentrated in vacuo. White crystals of 9 (147 
mg) were obtained by recrystallization of the crude mixture from EtOAc. A second portion of 9 
(97 mg) was obtained after silica column chromatography of the remaining solution (hexane/ 
EtOAc 3:1, v/v), which gave a final yield of 82% over two steps. Rf = 0.52 (hexane/ EtOAc, 1:1, 
v/v); 1H NMR (CDCl3): δ = 2.56 (t, 1 H, J = 2.4 Hz, C≡CH), 4.76 (d, 2 H, J = 2.4 Hz, CH2O), 4.92 (s, 2 
H, CH2N), 7.02 (d, 2 H, J = 9 Hz, CHarCOCH2CCH), 7.52 (d, 2 H, J = 8 Hz, CHarCH2N), 7.72 (d, 2 H, J 
= 8 Hz, C9,13H), 7.80 (d, 2 H, J = 9 Hz, C3,5H), 7.72- 7.89 (m, 4 H, CHpht); 

13C NMR (CDCl3): δ = 41.3 
(CH2N), 55.9 (OCH2), 76.2 (C≡CH), 77.2 (C≡CH), 114.4 (CHarCO), 123.5, 128.3, 130.2, 130.9, 
132.1 (C4), 132.4, 132.4, 134.2, 137.6 (C8), 140.3 (C11), 161.0 (C1), 168.0 (C=Opht), 194.9 (C7).   
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4-(prop-2-ynyloxy)-4’-(aminomethyl)benzophenone (10) Compound 9 (498 mg, 1.3 mmol) was 
suspended in butanol (80 ml) and ethylenediamine (0.85 ml) was 
added. The mixture was refluxed for 3 h at 90°C, and further stirred 
for 16 h at room temperature. A clear solution was obtained. The 
mixture was co-evaporated with toluene, and compound 10 (266 mg) 
was isolated in 80% yield after silica column chromatography (CH2Cl2/ 
MeOH, 9:1, v/v). Rf = 0.18 (CH2Cl2/ MeOH, 9:1, v/v); 1H NMR (CD3OD): 

δ = 2.67 (s, 1 H, C≡CH), 4.15 (s, 2 H, CH2NH2), 4.59 (bs, 2 H, NH2), 7.04 (d, 2 H, J = 9 Hz, 
CHarCOCH2CCH), 7.58 (d, 2 H, J = 8.1 Hz, CHarCH2NH2), 7.77 (d, 2 H, J = 8.1 Hz, C9,13H), 7.78 (d, 2 
H, J = 9 Hz, C3,5H); 13C NMR (CD3OD): δ = 34.2 (CH2NH2), 44.6 (CH2O), 115.5 (C2,6), 129.8 (C10,12), 
130.6, 130.8 (C4,C8), 131.5 (C9,13), 133.9 (C3,5), 140.0 (C11), 165.1 (C1), 197.1 (C7); ESI-MS (m/z): 
266.18 [M+H]+.   
 
Acyclic photoprobe, PMB protected, (11) Amine 10 (181 mg, 0.68 mmol), epoxide 5 (100 mg, 
0.27 mmol) and lithium perchlorate (0.27 mmol, 54 µl of a 5 M solution in diethyl ether) were 
added to 1,4-dioxane (3 ml) under a nitrogen atmosphere. The reaction mixtures were heated 
to 105°C, and the progress of the reactions was followed by TLC (CH2Cl2/ MeOH, 9:1, v/v). On 
completion the resulting solutions were diluted with CH2Cl2 (50 ml) and washed successively 
with water (2 x 50 ml) and 10% (w/v) Na2CO3-solution (1 x 50 ml). The combined organic 
extracts were dried (Na2SO4) and concentrated in vacuo. The resulting materials were purified 
by column chromatography (CH2Cl2/ MeOH, 95:5, v/v) to give 11 in 52 % yield (83 mg). 1H NMR 
(CDCl3): δ = 2.56 (s, 1 H, C≡CH), 2.71 (bs, 1 H, NH), 2.88 (q, 1 H, J = 5 Hz, CHNH), 3.44- 3.63 (m, 5 
H, CHOH, 2x CH2OPMB), 3.78- 3.79 (3x s, 8 H, CH2NH, 2x CH3), 4.41, 4.46 (s, d, 4 H,  J = 3.0 Hz, 
2x OCH2Car), 4.77 (d, 2 H, J = 2.4 Hz, CH2C≡CH), 6.84- 6.88 (m, 4 H, CHarCOCH3), 7.03 (d, 2 H, J = 
9 Hz, CHarCOCH2CCH), 7.19- 7.24 (m, 4 H, CHarCCH2O), 7.38 (d, 2 H, J = 8 Hz, CHarCH2NH), 7.70 
(d, 2 H, J = 8 Hz, C9,13H), 7.81 (d, 2 H, J = 9 Hz, C3,5H); ESI-MS (m/z): 610.70 [M+H]+.   
 
Acyclic photoprobe (12) Compound 11 was dissolved in 1.5 ml toluene: CH3CN: H2O (1:1:1, 
v/v/v). Cerium ammonium nitrate (0.71 g, 1.3 mmol) was dissolved in 1 ml H2O and added to 
the mixture. The mixture was stirred for 16h. Saturated NaHCO3-solution was added, and the 
mixture was filtered and concentrated in vacuo by co-evaporation with MeOH. The mixture 
was purified on an ion-exchange Dowex H+-resin column (2 ml bed volume), from which the 
product was eluted with an 2 M aqueous NH3-solution. After purification of the eluted fraction 
by HPLC, 11 was obtained as racemic mixture in 32% yield. The retention time of 11 on an 
Alltech Alltima C8-reversed phase column was 17.09 min. ESI-MS (m/z): 370.65 [M+H]+. 
 
4-hydroxy-4’-(prop-2-ynyloxy)benzophenone (14) 4,4’-dihydroxybenzophenone (1.0 g, 4.7 

mmol), was dissolved in acetone (30 ml) and K2CO3 (600 mg, 4.34 
mmol) was added. Propargylbromide (80% w/v solution in toluene, 
500 µl, 3.6 mmol) was slowly added to the solution and the 
mixture was stirred for 16h. After filtration and concentration of 
the crude product, the product was purified by silica gel column 
chromatography (hexane: EtOAc, 5:1, v/v). Compound 14 was 

obtained as a white solid (362 mg, 31 % yield). 1H NMR (CD3OD): δ =  3.02 (s, 1 H), 4.84 (s, 2 H), 
4.92 (bs, 1 H), 6.89 (d, 2 H, J = 8.3 Hz), 7.11 (d, 2 H, J = 8.8 Hz), 7.69 (d, 2 H, J = 8.3 Hz), 7.75 (d, 2 
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H, J = 8.3 Hz); 13C NMR (CDCl3): δ = 55.6, 76.2, 78.0, 114.9, 129.1, 131.6, 132.0, 132.6, 161.3, 
162.2, 194.2 
 
 
2, 3, 4, 6-tetra-O-acetyl-β-D-glucopyranoside trichloroacetimidate (13) To a solution of 

etylenediamine (0.8 ml, 12 mmol) in THF (250 ml), glacial acetic acid 
(0.8 ml, 14 mmol) was added dropwise which resulted in immediate 
formation of a precipitate which remained present until aqueous 
workup. Peracetylated glucose (3.9 g, 10 mmol) was added and the 
mixture was stirred for 18 h. Complete conversion to 2,3,4,6-tetra-O-
acetyl-β-D-glucopyranoside was detected on TLC (hexane/ EtOAc 1:1, 

v/v). Water was added, and the product was extracted with CH2Cl2. The organic layer was 
washed with 2N HCl (3x 150 ml), sat. aq. NaHCO3-solution and water, dried with Na2SO4 and 
concentrated in vacuo. The anomerically deprotected product (2.48 g, 7.1 mmol; Rf = 0.26, 
hexane/ EtOAc 1:1, v/v), was converted into the imidate by dissolving the crude (2.1 g, 6.05 
mmol) in dry CH2Cl2 (25 ml). The mixture was stirred at 0°C and trichloroacetonitrile (1.51 ml, 
15.1 mmol) and DBU (1.21 mmol, 181 µl) were added slowly. The mixture was stirred for 4 h, 
concentrated in vacuo and the product was purified by silica column chromatography (hexane/ 
EtOAc 3:1, v/v) and obtained in 89% yield. Rf = 0.43 (hexane/ EtOAc 1:1, v/v); 1H NMR (CDCl3): δ 
= 1.93, 1.94, 1.96, 1.98 (4x s, 4 H, C(=O)CH3), 4.03 (d, 1 H, J = 7 Hz, H-6a), 4.13 (d, 1 H, J = 6 Hz, 
H-6b), 4.19 (dd, 1 H, J = 2 Hz, J = 8 Hz, H-4), 5.03- 5.11 (m, 2 H, H-3, H-5), 5.47 (t, J = 6 Hz, H-2), 
6.47 (~s, 1 H, H-1α), 8.68 (s, 1 H, NH); 13C NMR (CDCl3): δ = 20.5, 20.7, 20.8 (3 x C(=O)CH3), 61.5, 
67.8, 69.8, 69.9, 70.1, 90.8 (CCl3), 93.0 (C1), 160.6 (C=NH), 169.6, 169.9, 170.0, 170.6 (4x 
C(=O)CH3) 
 
Acetylated glucose probe (15) Compounds 13 (258 mg, 0.60 mmol) and 14 (75 mg, 0.30 mmol) 

were dissolved in dry CH2Cl2 (10 ml) and stirred at -
20°C. Trimethylsilyl triflate (13 µl, 0.06 mmol) was 
added and the mixture was stirred for 16 h allowing 
the mixture to warm to rt. The mixture was neutralized 
with Et3N, concentrated in vacuo and purified by silica 
gel column chromatography (hexane: EtOAc, 5:1, v/v) 
to give 15 as a white solid (41 mg, 0.070 mmol). 1H 

NMR (CD3OD): δ = 2.00, 2.01, 2.05 (3x s, 12 H), 3.03 (s, 1 H), 4.18 (d, 2 H, J = 11.7 Hz, H-6ab), 
4.33 (dd, 1 H, J = 5.3 Hz, 8.8 Hz, H-4), 4.86 (s, 2 H, OCH2), 5.15 (t, 1 H, J = 9.8 Hz, H-5), 5.23 (t, 1 
H, J = 8.8 Hz, H-2), 5.42 (t, 1 H, J = 9.5 Hz, H-3), 5.52 (d, 1 H, J = 7.8 Hz, H-1), 7.12 (d, 2 H, J = 8.3 
Hz), 7.15 (d, 2 H, J = 8.3 Hz), 7.76 (d, 2 H, J = 7 Hz), 7.77 (d, 2 H, J = 7 Hz); 13C NMR (CDCl3): δ = 
20.6- 20.7 (4x COCH3) 55.8, 61.8, 68.1, 71.0, 72.1, 72.5, 76.2, 77.7, 98.2, 114.4, 116.0, 131.0, 
132.0, 132.2, 132.9, 159.6, 160.9, 169.4, 170.2, 170.6, 194.2 
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Glucose-probe (16) To a solution of compound 15 in MeOH (5 ml) was added a few droplets 
NaOMe (30% w/v in MeOH) and the mixture was 
stirred for 30 min. The mixture was neutralized with 
Dowex H+-resin, filtered and concentrated in vacuo to 
give 16 in 23% yield over two steps as a white solid. 1H 
NMR (CD3OD): δ = 3.02 (s, 1 H, C≡CH), 3.37- 3.56 (m, 3 
H, H-3, H-2, H-6a), 3.72 (dd, 1 H, J = 5.8, 17.3 Hz, H-5, H-

6b), 3.92 (~d, 2 H, J = 11.8 Hz, H-4), 4.86 (s, 2 H, OCH2), 5.06 (d, 1 H, J = 6.9 Hz, H-1), 7.12 (d, 2 
H, J = 8.8 Hz), 7.22 (d, 2 H, J = 8.8 Hz), 7.76 (d, 2 H, J = 5.5 Hz), 7.79 (d, 2 H, J = 5.2 Hz); 13C NMR: 
δ = 52.8, 58.5, 67.3, 70.8, 73.9, 74.3, 97.7, 111.7, 113.2, 128.2, 129.1, 158.5, 158.7, 192.6; HR-
ESI-MS calculated for C22H22O8 437.1213 [M+Na]+, found 437.1192   
 
3-bromo-propyl-1-NHBoc (17) 3-bromopropylamine (500 mg, 2.3 mmol) and Boc2O (548 mg, 

2.5 mmol) were dissolved in dioxane/ H2O (10/ 5ml). 1 M NaOH-solution 
(5 ml) in H2O was added and the mixture was stirred for 1½ h. The 
reaction mixture was diluted with EtOAc (50 ml) and H2O (20 ml). The 

organic layer was washed once with 1 N KHSO4, dried with Na2SO4, filtered and concentrated in 
vacuo. Compound 17 was obtained as a colorless oil in 91% yield (516 mg, 2.2 mmol). Rf 
(hexane/ EtOAc, 4:1 v/v) = 0.43; 1H NMR (300 MHz, CDCl3): δ = 1.45 (s, 9 H, 3x CH3), 2.05 
(quintet, 2 H, J = 6.6 Hz, CH2CH2CH2), 3.27 (quartet, 2 H, J = 6.3 Hz, CH2NH), 3.44 (t, 2 H, J = 6.6 
Hz, CH2Br), 4.77 (bs, 1 H, NH); 13C NMR (75 MHz, CDCl3): δ = 28.5 (3x CH3), 30.9 (CH2Br), 32.9 
(CH2CH2CH2), 39.1 (CH2NH), 79.5 (C(CH3)3), 156.1 (C=O).  
 
N-(propylamide-acetophenone)-1-deoxynojirimicin (20) Compound 1 (33 mg, 0.2 mmol) was 

reacted with Boc-protected bromide 17 (71 
mg, 0.3 mmol) in DMF (1 ml) with K2CO3 (83 
mg, 0.6 mmol) at 85°C for 18h. Reaction 
mixture was filtered and concentrated in 
vacuo. The crude product 18 was dissolved in 

2 ml MeOH, cooled to 0°C, and 2 ml TFA and a droplet of H2O were added. The mixture was 
stirred for 1h at 0°C, and evaporated to dryness. The crude solid was dissolved in dry DMF (4 
ml) and acetophenone 22 (139 mg, 0.6 mmol), EDC (115 mg, 0.6 mmol), NHS (69 mg, 0.6 mmol) 
and DiPEA (0.2 ml, 1.2 mmol) were added. The mixture was stirred for 18h, concentrated in 
vacuo and 20 was obtained after preparative HPLC and lyophilization in 39% yield (34 mg) as 
yellow oil. 1H NMR (500 MHz, DMSO): δ =  1.79 (~ bs, 2 H, CH2CH2NH), 2.45 (t, 2 H, J = 6.5 Hz, 
CH2C(=O)NH), 2.50 (s, 2 H, CH2Nimino), 2.90 (quartet, 1 H, J = 10.5 Hz, H-1ax), 2.97 (t, 1 H, H-5), 
3.12 (~d, 2 H, J = 5.5 Hz, CH2NHC=O), 3.21 (m, 4 H, CH2C(=O)Car, H-1eq, H-3), 3.33 (m, 1 H, H-4), 
3.56 (bs, 1 H, H-2), 3.63 (s, 1 H, C≡CH), 3.75, 3.90 (2x d, 2 H, J = 11 Hz, H-6ab), 4.91 (s, 2 H, 
HC≡CCH2O), 7.09 (d, 2 H, J = 9.0 Hz, CHar), 7.97 (d, 2 H, J = 8.5 Hz, CHar), 8.03 (s, 1 H, NH), 9.28 
(bs, 1 H, NH+

imino); 13C NMR (125 MHz, DMSO): 22.9 (CH2CH2NH), 29.3 (CH2C(=O)NH), 33.0 
(CH2C(=O)Car), 35.7 (CH2NHC=O), 39.8 (CH2Nimino), 53.3 (C-1, C-6), 55.7 (OCH2C≡CH), 65.0 (C-5), 
66.1 (C-2), 67.1 (C-4), 76.2 (C-3), 78.5 (C≡CH), 114.4, 129.7 (4x Car), 160.6 (CarOCH2C≡CH), 171.4 
(C(=O)NH), 198.5 (C=O). HRMS (m/z): calcd for C22H31N2O7

+ [M+H]+ 435.2131; found 435.2129 
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N-(propylamide-benzophenone)-1-deoxynojirimicin (19) Compound 1 (17 mg, 0.1 mmol) was 
reacted with Boc-protected bromide 17 
(36 mg, 0.15 mmol) in DMF (0.5 ml) with 
K2CO3 (42 mg, 0.3 mmol) at 85°C for 18h. 
The reaction mixture was filtered and 
concentrated in vacuo. The crude product 

was dissolved in MeOH (1 ml), cooled to 0°C, and TFA (1 ml) and a droplet of H2O were added. 
The mixture was stirred for 1h at 0°C, and evaporated to dryness. The crude solid was dissolved 
in 2 ml dry DMF and benzophenone-succinimidyl ester 21 (63 mg, 0.17 mmol) and DiPEA (0.1 
ml, 0.6 mmol) were added. The mixture was stirred for 18h, concentrated in vacuo and 19 was 
obtained after preparative HPLC and lyophilization in 13% yield (34 mg) as colorless oil.  1H 
NMR (500 MHz, CD3OD): δ = 2.02 (m, 2 H, CH2CH2NH), 2.91- 3.01 (m, 3 H, H-5, H-1ax, C≡CH), 
3.24 (~s, 2 H, CH2Nimino), 3.31 (t, 1 H, J = 9.5 Hz, H-3), 3.41- 3.56 (m, 4 H, H-4, H-1eq, CH2NHC=O), 
3.63 (m, 1 H, H-2), 3.86, 4.05 (2x d, 2 H, J = 12 Hz, H-6ab), 4.78 (s, 2 H, OCH2), 7.06 (d, 2 H, J = 
9.0 Hz, CHar), 7.75 (t, 4 H, J = 8 Hz, CHar), 7.90 (d, 2 H, J = 8.0 Hz, CHar); 

13C NMR (125 MHz, 
CD3OD): δ = 33.4 (CH2CH2NH), 36.1 (CH2NHC=O), 47.3 (CH2Nimino), 52.9 (C-1, C-6), 54.9 (OCH2), 
65.7 (C-5, C-2), 66.9 (C-4), 76.2 (C-3), 75.4 (C≡CH), 77.0 (C≡CH), 113.6, 126.4, 128.6 (6x Car), 
129.1 (Car, etherC=O), 131.5 (2x Car), 136.1 (CarC(=O)NH), 140.0 (Car, amideC=O), 161.2 
(CarOCH2C≡CH), 167.6 (C(=O)NH), 195.7 (C=O). HRMS (m/z): calcd for C26H31N2O7

+ [M+H]+ 
483.2131; found 483.2114 
 
Labeling study of β-glucosidase with 16 The following components were incubated and 
irradiated for 30 min under a 366 nm UV lamp at 4°C: 3 µl of a 1 mg/ml stock solution of β-
glucosidase (from almonds, Sigma) and 4 µl of a 1 mM stock solution of 16 in 5 % DMSO in 
water, in 100 µl final volume of 50 mM HEPES-buffer, 150 mM NaCl, pH 7.4. The control sample 
without UV treatment was protected from daylight with aluminium foil. After photoincubation, 
10 µl TCEP (freshly prepared 50 mM stock solution in water), 10 µl CuSO4 (50 mM stock 
solution in water) and 1 equivalent, with respect to probe 16, of fluorescein-N3 (compound 2, 
Chapter 3)[15] (40 µl of a 100 µM stock solution in water) were added and the volume was 
adjusted to 200 µl (click conditions adapted from ref[25]). The samples were gently shaken for 1 
h at r.t. and denatured by the addition of 100 µl sample buffer (10% SDS, 40% glycerol and 2% 
DTT solution) and subsequent incubation at 95°C for 5 min. From the total volume of 300 µl, 20 
µl was loaded onto a 12% Tris-HCl gel for SDS-PAGE. After extensive washing of the running gel 
(1 h in water) to eliminate excess fluorescence, fluorescence was detected with a Typhoon 
fluorescence scanner and the gel was subsequently silver stained (BioRad Silver staining plus 
kit).  
 
Bacterial lysate preparation Bacterial cells (BL21(DE3) from Novagen, OD600 = 2.2, 1.5 ml) were 
pelleted by centrifugation at 5000 rpm for 10 min. The cells were resuspended in 300 µl of B-
Per® Reagent (Pierce) and vortexed for 2 min. the homogeneous mixture was centrifuged at 
13000 rpm for 5 min. The supernatant was used for the labeling studies. Protein 
concentrations of the solutions were determined by standard BCA protein concentration 
assay[38], using bovine serum albumin as a standard.  
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Labeling studies with probe 16 (and 14 as control) in bacterial lysate Bacterial lysate (40 µl, 1 
mg/ml as was determined by standard BCA protein assay), 6, 1.5 or 0.75 µl of a 0.5 mg/ml 
stock solution of almond β-glucosidase, and 4 µl (Figure 4A) or 10 µl (Figure 4B) of a 1 mM 
stock solution of probe 16 (or 14) in 5% DMSO in water, in 50 mM HEPES-buffer, 150 mM NaCl, 
pH 7.4 (total volume 100 µl), were photoactivated and submitted to conjugation to fluorescein-
N3

[15] 3 and loaded onto a gel and visualized as described above.   
 
Protein identification using mass spectrometry After fluorescence detection, gels were silver 
stained. An overlay was made of the silver stained gel on the fluorescence gel picture and the 
fluorescent bands were manually excised. The samples were reduced with dithiothreitol (DTT) 
and treated with iodoacetamide to block the cysteine thiols. After treatment with 
iodoacetamide the samples were dialyzed against 50 mM ammonium bicarbonate pH 8.5 and 
digested with trypsin (Sigma-Aldrich) for 20 h at 37°C. The digested protein was mixed with 5 
mg mL−1 α-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1% TFA and spotted on the 
MALDI plate. Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) MS peptide 
mass fingerprints were acquired on a 4700 proteomics analyzer MALDI-TOF/TOF mass 
spectrometer (AB 4700 proteomics analyzer, Applied Biosystems). This instrument is equipped 
with a 200 Hz Nd/YAG laser operating at 355 nm. Experiments were done in a reflectron 
positive ion mode using delayed extraction. Typically, 2000 shots per spectrum were acquired 
in the MS mode and 15000 shots per spectrum in the MS/MS mode. Internal calibration was 
done using trypsin autodigest peaks. The spectra obtained were searched against the National 
Center for Biotechnology Information databases for protein identity using the Mascot search 
engine.  
 
Determination of IC50-values of probes 19 and 20 for inhibition of the enzymes lysomal 
glucocerebrosidase (GBA) and non-lysomal glucoceramidase (GBA2) Experiments were 
performed as described in the literature.[14] 
 
 
Determination of Ki-values of probes 16, 19 and 20 for inhibition of almond β-glucosidase The 
activity of almond β-glucosidase was determined with 0.2- 5 mM p-nitrophenol-β-D-
glucopyranoside (PNPG) as a substrate in 0.1 M acetate buffer pH 5.0. The amount of liberated 
p-nitrophenol was measured at 405 nm after 15 min incubation at 37°C. Ki-values were 
determined by variation of inhibitor concentrations (I) and substrate concentrations (PNPG, 
0.2- 5 mM). The assay was performed in a 96-wells format; samples of 150 µl were prepared in 
each well, consisting of 50 µl PNPG-solution (dilutions from a freshly prepared 20 mM stock 
solution in water) and 100 µl inhibitor in acetate-buffer pH 5.0. The reaction was started by 
adding 50 µl β-glucosidase (in 0.2% BSA in 0.01 M Na2HPO4 pH 7.0). The Michaelis constant KM 
and Ki-values were determined from the obtained curves using the following equation:[39] 
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Labeling almond β-glucosidase with different probe concentra ons β-glucosidase (1.5 µl of a 
1 mg/ml stock solu on, Sigma) was incubated and irradiated for 30 min under a 366 nm UV 
lamp at 4°C in 50 µl samples containing 10, 5, 1, 0.5, 0.1 µM of probe 16, 19 or 20 (stock 
solu ons in water) in 50 mM HEPES-buffer, 150 mM NaCl, pH 7.4. A er photoincuba on, 2 µl 
TCEP (freshly prepared 50 mM stock solu on in water), 2 µl CuSO4 (50 mM stock solu on in 
water) and 15 µl of fluorescein-N3

[15] 3 (100 µM stock solu on in water) were added and the 
volume was adjusted to 100 µl (click condi ons adapted from ref[25]). The samples were gently 
shaken for 16 h at 4°C and denatured by the addi on of 50 µl sample buffer (10% SDS, 40% 
glycerol and 2% DTT solu on) and subsequent incuba on at 95°C for 5 min. From the total 
volume of 150 µl, 20 µl was loaded onto a 12% Tris-HCl gel for SDS-PAGE. A er extensive 
washing of the running gel (1 h in water) to eliminate excess fluorescence, fluorescence was 
detected with a Typhoon fluorescence scanner.  
 
HeLa cell lysate prepara on 2.5x105 cells were washed twice with PBS and pelleted by 
centrifuga on at 1400 rpm for 5 min. The cells were resuspended in 100 µl of B-Per® Reagent 
(Pierce) and vortexed for 1 min, a er which the homogeneous mixture was centrifuged at 
12,000 rpm for 5 min. The supernatant was used for the labeling studies. Protein 
concentra ons of the solu ons were determined by standard BCA protein concentra on 
assay[38], using bovine serum albumin as a standard. 
 
Labeling Ceredase® with different probe concentra ons, in compe on with DNM (1), or in 
the presence of human cell lysate Ceredase® (1.5 or 2.3 µl, 1 mg/ml, gi  from AMC 
Amsterdam) was incubated and irradiated for 30 min under a 366 nm UV lamp at 4°C in 50 µl 
samples containing 10, 5, 3, 1, 0.5, 0.1 µM of probe 16, 19 or 20 (stock solu ons in water), 0, 
0.5, 5 or 25 µl of DNM 1 (1 mM stock solu on in water), 0, 5, 10, 20 or 40 µl HeLa cell lysate 
(0.5 mg/ml as determined by standard BCA protein concentra on assay) in 50 mM HEPES-
buffer, pH 6.1. Samples were submi ed to conjuga on to fluorescein-N3

[15] 3 and loaded onto a 
gel and visualized as described for the labeling of almond β-glucosidase with different probe 
concentra ons. 
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Abstract 

A chemical probe was developed for the detection of the emerging cancer marker galectin-3. 

The probe contains a benzophenone moiety which covalently attaches itself to the protein 

upon binding and irradiation. Introduction of a fluorescent label via ‘click’ chemistry allows the 

labeled proteins to be visualized in a gel. With the probe, selective visualization of galectin-3 in 

protein mixtures was shown and remarkably even in cell lysates. 

 

Introduction 

The development of methods that allow the study of specific subsections of the proteome is an 

important research goal.[1] Current methods typically reduce the sample complexity through 

multidimensional separations, followed by identification and quantification by mass 

spectrometry. Complementary to this, synthetic molecular probes can tag a particular protein 

class, typically based on catalytic activity. The advantage of this path is that information about 

the quantities of functional proteins is obtained. Probes designed for enzymes can covalently 

capture their target proteins by taking advantage of their catalytic mechanisms with the use of 

suicide inhibitors.[2-14] The appeal of these probes is that the captured set of proteins is a 

reflection of the enzyme activity present in a certain sample, rather than the protein 

abundance that most other methods report on. For this reason the inhibitor-probe method is 

called activity-based protein profiling (ABBP).[2, 15-19] However, this cannot be done for proteins 

that merely bind their target molecules or for enzymes for which no suicide inhibitors exist. For 

these cases photoreactive groups[20] have been linked to the ligands in order to attach to 

nearby protein residues. Such probes[18] can thus capture proteins as a function of their binding 

activity within a complex sample as was shown for kinases[21, 22], metalloproteases[23, 24], HMG-

CoA reductase[25], and aspartic proteases[26]. An example of a non-catalytic protein group is 

comprised by the carbohydrate binding proteins: the lectins. The galectins, a group of 15 β-

galactoside binding lectins, are a particularly interesting subgroup thereof due to their 

involvement in many health related biological processes.[27, 28] In particular, galectin-3 

expression has been correlated, with notable exceptions, with cancer aggressiveness[29], 

metastasis[30], and apoptosis[31, 32]. In this context galectin-3 can be considered an emerging 

cancer marker. A photoaffinity probe for the profiling of galectins, within samples of low 
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protein complexity and high galectin concentration, was reported previously.[33] Here, a 

significant leap in development is reported. The focus has become the most cancer relevant 

galectin-3. The approach allowed the detection of galectin-3 in more complex mixtures of 

proteins, including carbohydrate binding and processing ones, with detection limits in the low 

nanogram range per gel lane. Furthermore detection was possible in complex cell lysates. The 

method aims to provide an alternative to antibody based methods.[28] In order to arrive at the 

improvements, multivalency was introduced into the system in order to increase galectin-3 

affinity[34] and lower the detection limit[35, 36]. Multivalency is known to be of great importance 

in the biological mechanism of action of the galectins which often involves crosslinking or 

aggregation. For galectin-3 this is particularly true as this predominantly monomeric lectin was 

shown to aggregate into a pentameric form of the lectin in the presence of divalent ligands.[37] 

A divalent lactoside, similar to the one presented here was shown to increase binding 15-fold 

in a heamagglutination inhibition study.[38] The other factor favoring galectin-3 detection is the 

presence of an aromatic group linked to the 3-position of the used lactose ligand. Such 

substituents were shown to greatly enhance the binding to galectin-3, i.e. over 200-fold, due to 

cation–π interactions of the aryl group to a protein arginine residue.[39-41] The detection 

principle and the used compounds are shown in Scheme 1 and Scheme 2A. Scheme 1 shows 

the non-covalent binding of the probe 1 to a partial aggregate of galectin-3 followed by photo-

labeling. In the final step a fluorescent reporter molecule 2 is introduced to allow visualization 

of the captured proteins in a gel. Such a two step protocol has advantages such as fewer 

artefacts due to non-specific effects of bulky labels in the crucial photoreaction step. The 

alkyne moiety on the probe allows for ‘click chemistry’ [42] to introduce the fluorescent reporter 

molecule. In order to get an idea about the magnitude of the operative multivalency effect for 

1, a monovalent reference probe 3 was also prepared as shown in Scheme 2. 
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Scheme 1 - Depiction of the capture strategy of galectin-3 in which photocovalent 
attachment and chemoselective ligation are combined. The incubation of a divalent ligand 
and galectin-3 leads to aggregate formation and enhanced affinity. 
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Scheme 2 - Structures of used probes 1 and 3 and reporter molecule 2. 

 

Results & discussion 

Probe evaluation 

To evaluate the probes, protein mixtures were prepared. The first mixture consisted of six 

common (marker) proteins and the second mixture contained a series of seven carbohydrate 

binding and processing proteins, including several galactose specific ones (protein mix I: α-

lactalbumin, trypsin inhibitor, carbonic anhydrase, ovalbumin, albumin and phosphorylase B; 

protein mix II: α-glucosidase from yeast, β-galactosidase from E. coli, β-glucosidase from 

almonds, galectin-1, lectin from Arachis hypogaea, peanut agglutinin (PNA), lectin from Helix 

aspersa (garden snail), helix aspersa agglutinin (HAA), galactosyl transferase from bovine milk). 

To these mixtures various amounts of galectin-3 were added and also various amounts of 

probe were applied. Following the above protocol, the fluorescent gel images obtained showed 

a strong and dominant band corresponding to galectin-3, indicating good selectivity of the 

probe in both protein mixtures (Figure 1).  
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Figure 1 - Evaluation of the probe in prepared protein mixtures. Lane 1: protein mix I and lane 
2: galectin-3, both silver stained. Lanes 3–5: Fluorescence images, galectin-3 (120 ng) in protein 
mix I (400 ng per protein). Lane 3: no probe; lane 4: no light irradiation. Lanes 6 and 7: galectin-
3 (67 ng), silver stained and fluorescence image respectively; lane 8 fluorescence image of 
galectin-3 (40 ng) with protein mix II (40 ng per protein), no light irradiation; lane 9: 
fluorescence image of galectin-3 (67 ng); lane 10- 12: fluorescence image of protein mix II with 
decreasing amounts of galectin-3; lane 13: Coomassie stain of protein mix II. 
 

 

In the first mixture some minor labeling of phosphorylase B (lane 5, 94 kDa) was observed. 

Strikingly, in the second protein mixture the probe exhibited selectivity for galectin-3 over 

galectin-1, as indicated by the absence of a fluorescent band at 14 kDa in lane 8. A faint band at 

twice the molecular weight of galectin-3 (≈60 kDa) was seen in a sample only containing 

galectin-3 (lane 7), indicating the capture of two copies of this protein. The most favorable 

probe 1 concentration was determined by using a concentration range and was found to be 

around 5 µM with a two-fold excess of fluorescein–N3 construct 2 (figure 2).  
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Figure 2 - Effect of probe concentration on labeling intensity. Lanes 1 and 2 are silver stained, 
lanes 3-9 fluorescent pictures. 
 

 

Higher concentrations of 2 gave rise to saturated fluorescence gels and thus poorly visible 

protein signals. With these concentrations of 1 and 2 the minimal detection limit for galectin-3 

was found to be 1–5 ng, which is clearly sufficient for application, considering that in sera of 

patients with metastatic gastrointestinal carcinoma 320 ng·ml−1 was found to be the median 

concentration of galectin-3.[43] With the related monovalent probe 3 around 50 ng of galectin-3 

could be detected, thus confirming the benefits of multivalency (figure 3). 
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Figure 3 - Galectin-3 labeling studies with variation of galectin-3 quantity at 5 µM 
monovalent probe 3 or divalent probe 1. 
 

 

Once the optimal probe concentration and the lower detection limit were known, the 

methodology was applied to an E. coli and a human cell line lysate to explore the probe 

sensitivity in a biologically complex environment (Figure 4).  

 

 

 

Figure 4 – Labeling galectin-3 with probe 1 in the presence of cell lysate. Lane 1: labeling of 20 
ng galectin-3. Lane 2–4: labeling of an E. coli lysate with different amounts of galectin-3 and 
with no galectin-3 added. The box indicates the galectin-3 position. Lane 5-6: fluorescent image 
of human colon carcinoma lysate, with and without galectin-3 added. The asterisk indicates 
labeling of galectin-3 present in this lysate, which was confirmed by MALDI analysis. 
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The bacterial lysate was spiked with various concentrations of galectin-3. Following the 

protocol, fluorescent images of the gel clearly show that galectin-3 can be detected under 

these conditions. In the corresponding experiments with the CaCo2 lysate, which is known to 

express galectin-3 [44], the spiked sample showed a band corresponding to the expected 

galectin-3 position (lane 5), but also in the nonspiked sample a band is visible (lane 6). In order 

to confirm the presence of endogenous galectin-3 in the CaCo2 cell line, the presumed 

galectin-3 band was excised from the gel, digested and analyzed by MS. The analysis confirmed 

the presence of galectin-3 (figure 5, table 1).  

Figure 5 - MALDI spectrum of the excised protein band indicated in figure 2, lane 6. Arterisks 
indicate nine peptides from a tryptic digest of galectin-3. The two other large peaks (2163 and 
2273 m/z) are trypsin autodigest peaks, which were used for internal calibration.  
 
Protein ID Accession 

NCBI 
MW (Da) pI #  peptides Mascot 

score 
SQ (%) 

Galectin-3 gi|48145911 26057 8.60 9 346 35.3 
 
Table 1 - Characteristics of the identified galectin-3, notably the number of peptides  
used for identification of the protein, the Mascot score and the percentage sequence 
coverage.  
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In order to confirm that binding of the carbohydrate portion of the probe was a prerequisite 

for detection, an experiment was performed with increasing amounts of the competing lactose 

ligand (figure 6A). The experiment clearly showed that the signal of fluorescently labeled 

galectin-3 disappears with the addition of larger quantities of the weak lactose ligand. In Figure 

6B, the same experiments were run in the presence of human cell lysate. At the higher lactose 

concentration (1–10 mM) the galectin-3 lane fades while non-targeted ligands remained 

equally visible, clearly indicating that specific binding is responsible for the galectin-3 detection 

(figure 6B). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 – Competition experiments between lactose and probe 1. A.) Competition 
experiment between lactose and probe 1. Samples of 50 ng galectin-3 were incubated with 10 
mM divalent probe in the presence of different concentrations of lactose. Top row: fluorescent 
picture of labeled galectin-3. Bottom row: silver stain of the same gel, as a loading control; B.) 
Competition experiment between 10 µM divalent probe and increasing concentrations of 
lactose; 50 ng galectin-3 was added to 3 µg lysate (per lane). The arrow indicates the band of 
galectin-3, which decreases in intensity with increasing concentrations of lactose. 
 

 

When lanes are loaded with equal amounts of galectin-3, it is possible to determine an affinity 

constant kD from a competition experiment with a sugar of which its affinity for the protein is 
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known. Since the amount of fluorescence is correlated linearly with the amount of labeled 

galectin-3 proteins, we can apply the Cheng-Prusoff equation[45] to determine the affinity 

constant of the chemical probe: 

D

i

k
D

IC
k

+
=

1

50  

Where:  ki = inhibitory constant of the known, competing ligand 

 IC50 = concentration when 50% of the unknown compound is bound to the protein 

 D = concentration unknown compound 

 kD = affinity constant of the unknown compound 

 

A concentration range of lactose was made with constant concentrations of 1, 2 and galectin-3. 

The samples were loaded onto SDS-PAGE, and the bands quantified using an appropriate 

computer program. The result is shown in Figure 7.  

 

A sigmoidal curve was obtained from the lactose concentration range, plotted in Figure 7B. The 

high lactose concentrations of 140 and 160 mM were measured to show that there is always a 

certain background labeling present, in the case the photoprobe is irradiated with light of the 

appropriate wavelength. Binding of the photoprobe to galectin-3 is a combination of reversible 

and irreversible binding. Irreversible when the benzophenone reacts with the protein, 

reversible when the photoprobe is not in its excited triplet state, or when there is no C-H bond 

of the protein close enough to react with. Only the reversible binding of 1 competes with 

lactose. Therefore, we have to subtract the irreversible binding from the curve first, before the 

kD can be calculated. Then, the IC50-value can be estimated from the graph, and filled in the 

equation together with the other known constants[46] (all in mM): 

Dk
0025.0

1

9
2.1

+
=  

From this calculation, the affinity constant kD for probe 1 = 0.4 µM, which is a about a factor 10 

lower in affinity than measured with the fluorescence polarization assay.[47]  
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Figure 7 A) Fluorescent picture of labeled galectin-3; competition experiment between lactose 
and probe 1. Samples of 100 ng galectin-3 were incubated with 2.5 µM divalent probe in the 
presence of different concentrations of lactose; B) Fluorescence intensities were quantified 
using the computer program ImageQuantTM, and plotted. The data were corrected for 
background labeling; this irreversible covalent binding of 1 to the protein is caused by the 
reactivity of the benzophenone, and is independent of the lactose concentration. 
 

 

Conclusions 

A probe-based system for the detection of the cancer-linked galectin-3, which is considered an 

emerging cancer marker, is presented here. The chemical probe based method, as presented 

here, may ultimately prove to be a valid alternative to the often used antibody based methods 

as a detection method for active galectin-3. However, the protein–carbohydrate interactions, 

governing the probe–galectin-3 binding are notoriously weak, illustrating the tremendous 

challenge to realize this goal. Two features of the probe presented here have allowed a 

significant step forwards. The first is the multivalency of the system and the second is the use 

of a C3-aromatic substituent on the lactose ligand that is known to greatly enhance binding to 

A) 

B) 
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galectin-3. With probe 1 it proved possible to strongly and selectively identify galectin-3 from a 

mixture of carbohydrate binding and processing proteins, including galactose binding ones and 

even the close cousin galectin-1. Furthermore in this study it was possible to visualize galectin-

3 in spiked lysates of bacterial and human origin, despite the fact that non-targeted, non-

specifically bound and likely highly abundant proteins were also labeled by the probe. 

Gratifyingly, in an experiment with a non-spiked CaCo2 cell lysate, which should contain 

significant amounts of endogenous galectin-3, it proved possible to excise the corresponding 

fluorescent band and after digestion and mass spectrometric analysis, it was unambiguously 

identified as galectin-3. This experiment bodes well for further development of the principle. In 

conclusion, the utility of a galectin-3 specific divalent photoaffinity probe for the visualization 

of galectin-3 in biological protein mixtures is shown. This type of probe in combination with 

various reporter molecules may become a valuable tool in further deciphering the galectin-3 

roles in biology and especially cancer and may ultimately aid in its diagnosis and prognosis. 

 

Experimental 

Galectin-3 labeling studies in presence of protein mixture I 
Solutions of probe 1 (10, 5, 2, 1, and 0.5 µL of a 50 µM stock solution in water : DMSO 20 : 1) 
were diluted to 35 µL total volume in HEPES buffer pH 7.4, 150 mM NaCl. A 5 µL aliquot of 
galectin-3 stock solution (human, recombinant form, carrier free, R & D Systems Europe, 
Abingdon, UK) (125 lg mL−1 in HEPES buffer) together with 10 µL of protein mix I (200 µg mL−1 
of each protein: α-lactalbumin, trypsin inhibitor, carbonic anhydrase, ovalbumin, albumin and 
phosphorylase B) was added to each one of these samples and the resulting solutions were 
irradiated for 30 min under a 366 nm UV lamp at 4–5 cm distance at 4°C. After 
photoincubation, 5 µL of ligand (100 µM in DMSO : tert-butyl alcohol, 1 : 4), 5 µL of CuSO4 (50 
mM in water) and a two fold excess with respect to probe quantity of fluorescein–azide 
conjugate 2 (20, 10, 4, 2, and 1 µL respectively of a 50 µM solution in water) were added and 
the volume adjusted to 80 µL. The samples were then gently shaken for 1 h at rt and denatured 
(20 µL of a 10% SDS, 40% glycerol and 2% DTT solution) boiling at 95°C for 5 min. From the 
total volume of 100 µL, 20 µL were loaded onto a 15% Tris-HCl gel for SDS-PAGE. After 
extensive washing of the developed gel (1–2 h in water) to eliminate excess dye reagent, 
fluorescence was detected with a Typhoon fluorescence scanner and each gel was 
subsequently silver stained. 
 
Galectin-3 labeling studies in presence of protein mixture II 
Probe 1 (5 µL of a 50 µM stock solution in water : DMSO 20 : 1) was diluted to 35 µL total 
volume in HEPES buffer pH 7.4, 150 mM NaCl. Decreasing amounts of galectin-3 were added to 
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each of the samples: 5, 3, 2, 1 and 0.5 µL of galectin-3 stock solution (100 µg mL−1 in HEPES 
buffer) together with 3 µL of protein mixture II (100 µg mL−1 in each α-glucosidase 
from yeast (Serva 22828); β-galactosidase from E. coli (Boehringer 1510220, 105031); β-
glucosidase from almonds (Sigma G4511); galectin-1 (R & D Systems 1152-GA-CF), lectin from 
Arachis hypogaea (peanut), peanut agglutinin, PNA (Sigma L0881); lectin from Helix aspersa 
(garden snail), helix aspersa agglutinin, HAA (Sigma L6635); galactosyl transferase from bovine 
milk (Fluka 48279) was added to each one of these samples. The resulting solutions were 
irradiated for 30 min under a 366 nm UV lamp at 4–5 cm distance at 4°C. After 
photoincubation, 5 µL of ligand (100 µM in DMSO : tert-butyl alcohol, 1 : 4), 5 µL of Cu2SO4 (50 
mM in water) and a two fold excess with respect to probe quantity of fluorescein–azide 
conjugate 2 (10 µL of a 50 µM solution in water) were added and the volume adjusted to 100 
µL. The samples were then gently shaken for 1 h at rt and denatured (50 µL of a 10% SDS, 40% 
glycerol and 2% DTT solution) boiling at 95°C for 5 min. From the total volume of 150 µL, 20 µL 
were loaded onto a 15% Tris-HCl gel for SDS-PAGE. After extensive washing of the developed 
gel (1–2 h in water) to eliminate excess dye reagent, fluorescence was detected with a 
Typhoon fluorescence scanner and each gel was subsequently silver stained. 
 
Lactose competition experiments 
Stock solutions of lactose (1, 10, 100 mM) in 50 mM HEPES buffer pH 7.4, 150 mM NaCl were 
prepared. For a concentration range of 0.1, 1 and 10 mM, 2 µl from the lactose stock solutions 
were added, together with 1.2 µl galectin-3 stock solution (125 lg ml−1 in HEPES buffer), 4 µl 
probe 1 stock solution (50 µM in water : DMSO 20 : 1) and in the case of the lysate experiment 
2.4 µl human cell lysate (4.3 mg mL−1 stock as determined by BCA protein concentration assay), 
to a final sample volume of 20 µL (in HEPES buffer). The samples were irradiated as described 
above. After photoincubation, 3 µL of fluorescein azide conjugate 2 (100 µM stock in water), 
0.8 µL CuSO4 and 0.8 µL TCEP (both 50 mM stock in water) were added and the final sample 
volume was adjusted to 40 µL. The samples were gently shaken for 1 h at rt and denatured (20 
µL of a 10% SDS, 40% glycerol and 2% DTT solution) boiling at 95°C for 5 min. From the total 
sample volume of 60 µL, 20 µL was loaded onto a 15% Tris-HCl gel for SDS-PAGE. After 
extensive washing of the developed gel (1–2 h in water), fluorescence was detected with a 
Typhoon fluorescence scanner and each gel was subsequently silver stained.  
 
Determination of affinity constant kD from a lactose competition experiment 
A 200 mM stock solution of lactose was prepared in HEPES-buffer. 0, 1, 2.5, 5, 10, 35 and 40 µl 
of this lactose-stock solution were added to 7.5 µl galectin-3 solution (0.1 mg/ml stock) and 2.5 
µl of 1 (50 µM in water : DMSO 20 : 1) in a final sample volume of 20 µL (in HEPES buffer). The 
samples were irradiated as described above. After photoincubation, 15 µL of fluorescein azide 
conjugate 2 (100 µM stock in water), 2 µL CuSO4, 2 µL TCEP (both 50 mM stock in water) and 6 
µl ligand (1.7 mM stock in DMSO:t-butanol 1:4)[48, 49] were added and the final sample volume 
was adjusted to 100 µL. The samples were gently shaken overnight at 4°C and denatured (50 
µL of a 10% SDS, 40% glycerol and 2% DTT solution) boiling at 95°C for 5 min. From the total 
sample volume of 150 µL, 20 µL was loaded onto a 15% Tris-HCl gel for SDS-PAGE. 
Fluorescence was detected with a Typhoon fluorescence scanner and the fluorescence 
intensities were quantified using the program ImageQuantTM (GE Healthcare).  
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Labeling of galectin-3 spiked in bacterial and human cell extract by probe 1 
To 40 µL cell lysate (with a protein concentration of 3 µg mL−1) (or, in lane 1, 40 µL 50 mM 
HEPES buffer pH 7.4) 0, 1.2 or 3 µL (respectively 0, 20 or 50 ng lane−1) of a 125 µg mL−1 stock 
solution of galectin-3 (in HEPES buffer pH 7.4) was added. An aliquot of 10 µL of probe 1 was 
added and the total volume was adjusted to 55 µL. The resulting solutions were photoactivated 
and submitted to conjugation to the fluorescein–azide dye 2 and 20 µL from a total sample 
volume of 150 µL was loaded onto a gel and visualized as described above. 
 
Bacterial protein extraction 
E. coli cells (BL21(DE3) from Novagen, OD600 2.2, 1.5 ml) were pelleted by centrifugation at 
5000 rpm for 10 min. The cells were resuspended in 300 µl of B-PerR® Reagent (Pierce, no. 
78243) and vortexed for 2 min. The homogeneous mixture was centrifuged at 13000 rpm for 5 
min. The supernatant was taken for the labeling studies. Protein concentrations of the 
solutions were determined by BCA protein concentration assay[50], using bovine serum albumin 
as a standard. 
 
Human cell protein extraction 
Colon cancer cells: 20 mL cell culture (CaCo2 cells, ATCC HTB-37) was pelleted by centrifugation 
(5 min 1400 rpm), the medium was removed, cells were resuspended in PBS and centrifuged 
again. The pellet obtained was resuspended in 1 mL lysis buffer (20 mM HEPES pH 7.4, 10 mM 
KCl, 1 mM MgCl2, 0.5 mM DTT, 0.1% Triton X-100 (w/v), 20% glycerol (w/v), 120mM NaCl), 
vortexed for 1 min and centrifuged at 13000 rpm for 5 min. The supernatant was collected and 
a protein concentration of 0.8 mg mL−1 was determined with the use of a Bradford-based 
protein assay. 
 
Protein identification using mass spectrometry 
After fluorescence detection, gels were silver stained and bands were manually excised. The 
samples were reduced with dithiothreitol (DTT) and treated with iodoacetamide to protect the 
cysteines. After treatment with iodoacetamide the samples were dialyzed against 50 mM 
ammonium bicarbonate pH 8.5 and digested with trypsin (Sigma-Aldrich) for 20 h at 37°C. The 
digested protein was mixed with 5 mg mL−1 α-cyano-4-hydroxycinnamic acid in 50% acetonitrile 
and 0.1% TFA and spotted on the MALDI plate. Matrix-assisted laser desorption/ionization time 
of flight (MALDI-TOF) MS peptide mass fingerprints were acquired on a 4700 proteomics 
analyzer MALDI-TOF/TOF mass spectrometer (AB 4700 proteomics analyzer, Applied 
Biosystems). This instrument is equipped with a 200 Hz Nd/YAG laser operating at 355 nm. 
Experiments were done in a reflectron positive ion mode using delayed extraction. Typically, 
2000 shots per spectrum were acquired in the MS mode and 15000 shots per spectrum in the 
MS/MS mode. Internal calibration was done using trypsin autodigest peaks. The spectra 
obtained were searched against the National Center for Biotechnology Information databases 
for protein identity using the Mascot search engine (Table 1). 
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Abstract 

Photoprobes were prepared with specificity for binding, labeling, and visualizing galectin-3 in a 

mixture of proteins. The probes were derived from a galectin-3 binding 15-mer peptide 

sequence in which a benzophenone photolabel was incorporated at the N-terminus and in 

another case as a phenyl alanine replacement in the middle of the sequence. Detection of 

galectin-3 was possible in Escherichia coli lysates that were spiked with various amounts of 

galectin-3. 

 

Introduction 

The galectins are a group of medically relevant lectins that are raising a great deal of interest.[1, 

2] Among others, they play roles in processes involving the immune system and also in cancer. 

Particularly, galectin-3 has been implicated in cancer[3, 4] and remarkably it acts via several 

mechanisms. It is linked to metastasis[5], apoptosis[6], and angiogenesis[7]. There are, however, 

also conflicting data regarding the role of the lectin in cancer.[3] One factor is its location, as 

galectin-3 can be located extracellularly, where its lectin abilities mediate metastasis. However, 

its anti-apoptotic properties are exerted mostly in the cytosol through protein–protein 

interactions and galectin-3 also acts in the nucleus.[6] Part of the confusion may be caused by 

the limitations of the used detection methods, often Western blotting[8], thus arriving at 

incorrect conclusions.[3] Antibody-based methods can suffer from cross-reactivity, and 

especially Western blotting is typically used only for qualitative purposes. Furthermore, mRNA 

analysis is only an indirect measure of galectin concentration or activity. An accurate, cheap, 

and easy method of detection of galectin-3 in complex biological samples can thus become an 

important tool in research but it also has the potential to become a tool for cancer diagnosis 

and prognosis.[8] Despite the fact that galectin-3 has well-described lectin properties, part of its 

biological activities derive from its ability to bind other biomolecules such as RNA and 

proteins.[8] While previously carbohydrate-based probes for galectin detection were 

developed[9], probes based on peptides are in principle equally valid. In fact, short 

pentapeptide sequences that bound galectins in the millimolar range were reported 

previously.[10, 11] Although this affinity is too low to prepare a successful probe, a recent report 

featured a 15-mer peptide with galectin-3 specificity that exhibited a Kd of 72 nM.[12] This 
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peptide was shown to bind to the carbohydrate recognition domain (CRD) of the protein, did 

not bind to the related galectins 1 and 4, and was capable of blocking the galectin-3 interaction 

with a relevant disaccharide: the Thomsen–Friedenreich antigen.[13, 14] These features made the 

peptide an attractive candidate for the development of a new photoprobe. Photoprobes are 

increasingly used in proteomics research to capture enzymes for which no irreversible 

inhibitors exist or for proteins, such as lectins which bind but do not convert their substrate. 

Such probes can thus capture proteins as a function of their binding activity and were shown to 

function within a complex sample as was shown for kinases[15, 16], metalloproteases[3, 17, 18], 

HMG-CoA reductase[19], and aspartic proteases[20]. The synthesis of peptidic benzophenone 

photoprobes is reported here, based on the mentioned galectin-3 binding 15-mer peptide. The 

peptidic probes were evaluated in galectin-3 detection experiments in the context of a cell 

lysate, and binding studies have been performed. The benzophenone moiety was used as the 

photoreactive group that is to covalently capture the target protein[21], since this group can 

easily be introduced into peptides as part of the available Fmoc-4-benzoyl-L-phenylalanine 

amino acid for solid phase synthesis. Furthermore, an alkyne moiety was introduced at the N-

terminus, for the coupling of a fluorescent reporter molecule after the benzophenone moiety 

has captured the protein. This reporter molecule can be linked to the covalently captured and 

thus labeled protein via ‘click’ chemistry and allows subsequent visualization in a gel[22]. Such a 

two-step protocol has advantages such as fewer artefacts due to non-specific effects of bulky 

labels in the crucial photoreaction step.  

 

Results & discussion 

Synthesis of the probes 

Four peptides 1, 2, 4, 5 (Figure 1) were synthesized on a TentaGel resin using solid phase Fmoc 

chemistry, cleaved from the resin, purified by preparative HPLC and analyzed by electronspray 

mass spectrometry. Peptide 1 contains the benzophenone photoreactive group on the N-

terminal part of the sequence, while in peptide 2 a phenylalanine residue in the middle of the 

sequence was replaced with the benzophenone-containing amino acid. In both cases 4-

pentynoic acid was attached to the N-terminus. Peptide 4 was synthesized as a control peptide, 
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without any photolabel or modification, and peptide 5 contains a fluorescein moiety on its N-

terminus.   

 

 
Figure 1 Structure of the peptides 1, 2, 4 and 5 and reporter molecule 3. 
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Evaluation of the probes 

The high proline content of these peptides made me curious if these structures possess any 

secondary structure. Therefore, a circular dichroism (CD) spectrum was recorded of compound 

4. The spectrum is shown in Figure 2.  

 

 

Figure 2 - CD spectrum of peptide 4 in H2O (0.3 mg/ml, 0.2 mM). 
 

The spectrum shows here the secondary structure of the peptide 4 in aqueous solution. The 

curve represents the structure of a 310 -helix, which is a slightly tighter and more elongated 

helix than an α-helix. It is a helix with a repeat of three amino acids per turn, instead of 4 for an 

α-helix.[23, 24] The CD pattern of a 310-helix is characterized by a negative maximum in the 201-

206 nm region accompanied by a pronounced negative shoulder centered at approximately 

222 nm.[24] A value of 0.15-0.40 for the [θ]222/[θ]neg.max (≈205nm) (R) ratio is considered diagnostic 

for the 310-helical formation, while values close to unity are seen as typical of the α-helix.[24] 

Since R = -0.495/-1.048 = 0.47, probably a large percentage of peptide 4 adopted the 310-helical 

conformation in water.  
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To evaluate the probes on their ability to label galectin-3, they were first exposed to galectin-3 

(50 nM) alone, irradiated at 366 nm for 30 min, and after introduction of the reporter molecule 

3 [25] by ‘click’ chemistry, visualized on a gel using a fluorescence scanner. The appropriate 

lanes of Figure 3 clearly show the band corresponding to the galectin at the correct molecular 

weight.  

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3. (A) Labeling of galectin-3 (50 ng) with peptides 1 and 2 (18 µM). Without UV 
irradiation or without adding peptide no fluorescent signal is detected. (B) Silver stain of the 
same gel as a control on the amount of galectin-3 present in each lane. 
 
 

Both probes were able to visualize galectin-3. Without light irradiation or in the absence of 

probe no fluorescence band was observed. The next step was to evaluate the probes in the 

context of a complex protein mixture. To this end an E. coli cell lysate was used which was 

spiked with various amounts of galectin-3. E. coli was chosen because these cells are easy to 

culture. Following the protocol, a fluorescent scan was made of the gel (Figure 4). These 

images showed a clearly visible band of galectin-3 along with a few other proteins. The two 

most pronounced bands between 40 and 44 kDa were identified by mass spectrometry as 

phosphoglycerate kinase (AN: 15833051, Mascot score 107, lower band) and elongation factor 

EF-Tu (AN: 1942723, Mascot score 307, upper band). These are known to be present in high 

abundance in E. coli.[26, 27] Probe 1 gave the clearest images, but also with probe 2 detection 
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was possible. The detection took place in a concentration-dependent manner since the staining 

intensity correlated to the concentration of galectin-3 that was used. According to Iurisci et al, 

median galectin-3 levels of healthy individuals were 62 ng/ mL, whereas for patients with 

metastatic gastrointestinal cancer this number was 320 ng/ mL (with examples of up to 950 ng/ 

mL). With commonly used enrichment steps these levels should be detectable with the 

peptidic probes.  

 

 
Figure 4. Labeling of different amounts of galectin-3 in the presence of 4 µg of a bacterial 
protein extract. The box indicates galectin-3. Peptide 1 is slightly more efficient in labeling 
galectin-3 than peptide 2 (probe concentrations 18 µM). Lanes 1-6: fluorescent image. Lanes 7-
12: silver staining of the same gel, lanes 1-6, respectively.  
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Competition experiment with lactose 

A competition experiment between the peptidic photoprobe 2 and lactose was performed to 

find out if indeed the probe was capable to bind in the sugar binding pocket of the protein 

(Figure 5).  

 

 

 

 
 
 
Figure 5. Competition experiment between 2 (20 µM) and different concentrations of lactose. 
50 ng galectin-3 is loaded in each lane. A fluorescent picture of the gel is shown here.  
 

Apparently, no competition, even up till 100 mM of lactose, can be detected. Either the probe 

does bind the protein really strongly as was described in the literature,[12] so the interaction of 

lactose is not sufficiently strong enough to be able to compete with the peptide, or, what is 

more likely, the probe does bind the protein outside of the carbohydrate binding pocket. 

 

Binding studies 

Although the peptides 1 and 2 did not compete with lactose, they were capable of labeling 

galectin-3. Three experiments were carried out to determine the affinity between the peptide 

and galectin-3. First, an ELISA experiment was performed in two different ways. One was with 

asialofetuin (ASF) coated on the plate, which should compete with the peptide 2, which was 

added together with galectin-3.[12] In a second experiment the peptide was coated on the plate, 

and the amount of bound galectin-3 was measured. Although the procedure as described in 

the literature[12] was exactly followed, both experiments did not show binding of the peptide to 

galectin-3 in my hands.  

 

The second approach was to employ fluorescence polarization.[28] Fluorescently labeled 

LacNAc, as well as fluorescently labeled peptide 5 have been used to compete with the 

peptide. Both strategies did not show binding between the peptidic probes 1 and 2 and the 

protein. The negative result obtained with fluorescent LacNAc is in agreement with the lactose 
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competition experiment shown above. However, at this part we do not have an explanation for 

the absence of competition between the peptideprobe 1 and 2 and their fluorescently labeled 

derivative 5. Or the two peptides 1 and 2 bind the protein differently due to their 

modifications, or most likely, the peptide (unmodified, 4) simply does not bind galectin-3. 

 

The third and final approach that was carried out was isothermal titration calorimetry (ITC), in 

which heat (enthalpy) differences upon binding can be measured.[29] Human galectin-3 is 

known to form dimers and higher oligomers[30], and it is suggested that the peptide binds at the 

dimer interface of the protein.[31] The formation of dimers and higher oligomers is 

concentration dependent, a factor which can be varied with ITC. The experiment was set up 

with two ligands with known affinities for galectin-3; lactose (1.25 mM[32]) and  

diacetophenone-thiodigalactoside (0.9 µM)[33]. However, the reproducibility of those titrations 

appeared to be difficult, most likely due to the behavior of galectin-3, which is known to self-

associate, forming uncontrollable, non-homogeneous mixtures of monomers, dimers and 

higher oligomers. Even protein precipitates, which likely are aggregates, were observed during 

protein concentration. Solutions of galectin-3 had to be concentrated before each experiment, 

since relatively high concentrations were required (20-50 µM, dependent on the affinity of the 

ligand). This problem of aggregation might be addressed by removal of the N-terminal domain 

with the enzyme collagenase.[34] However, the N-terminal domain is probably important in the 

binding of the peptide to galectin-3. The peptide does not bind in the sugar binding pocket of 

the protein as was concluded from the competition experiment with lactose. The results from 

the titration experiment were unclear. The first injections showed relatively large enthalpy 

differences, after which immediately the protein seemed to be saturated with ligand. 

Considering the probably low concentrations of galectin-3 dimer in the cell, together with the 

published nM affinity of the peptide, it can be expected that the binding pocket is saturated 

with peptide after only a few additions of peptide solution to galectin-3 (Figure 7A). Lowering 

the peptide concentration resulted however in almost the same curve (Figure 7B). Thus, it 

remains unclear whether this peptide is capable of binding galectin-3 or not, due to the limited 

sensitivity of the ITC instrument. In addition, the aggregation behavior of galectin-3 made it 

impossible to measure at higher protein concentrations.  
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Figure 7 - ITC measurements of the peptide titrated to human galectin-3. Both curves are 
representations of 6 experiments. A) 140 µM peptide is titrated to 28 µM galectin-3; B) 50 µM 
peptide was titrated to 24 µM galectin-3.       
 

 

Conclusions 

Two new peptidic photoprobes 1 and 2 were successfully applied in the detection of galectin-3, 

via a two-step protocol. The photoprobes were based on a publication that showed high 

affinity, in the nanomolar range, of peptide 4 towards galectin-3.[12] Peptides were selected on 

bases of their affinity towards galectin-3 using combinatorial bacteriophage display technology. 

The peptides inhibited the binding of galectin-3 to Thomsen-Friedenreich glycoantigen (TFAg) 

displayed on immobilized asialofetuin (ASF). A maximal inhibitory effect was obtained with 

peptide concentrations of 6-12 µM. Blotting with the, biotinylated, peptides and a streptavidin-

alkaline phosphatase conjugate with a series of truncated galectin-3 mutants showed that the 

peptide bound the carbohydrate recognition domain of galectin-3. The peptides also inhibited 

homotypic adhesion of MDA-MB-435 human breast carcinoma cells, a process which is known 

to be mediated and promoted by interaction between cell surface TFAg and galectin-3 

A) B) 
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molecules.[13, 35-37] Although these experiments described in the literature were convincing, 

binding of galectin-3 to ASF could not be inhibited with the peptidic probes in our hands. 

Moreover, competition between lactose and the peptidic probe 2 in binding galectin-3 was not 

observed. ELISA experiments, the fluorescence polarization assay as well as ITC measurements 

did not show any binding between galectin-3 and the peptide. The assay concentrations of the 

peptides in the literature were similar to the concentrations used in our labeling experiments, 

which do show specific, concentration dependent, galectin-3 labeling. However, in comparison 

with the labeling experiments shown in other chapters, relatively high concentrations were 

used in this chapter (18-20 µM, compared to 1-5 µM in Chapter 2, 3 and 5). The need for 

higher affinity probes has already been shown in Chapter 2. By employing probes having a 

higher affinity for galectin-3, lower concentrations could be used in the labeling experiments, 

which may result in less influence of the photolabel. Since relatively high probe concentrations 

were used in this chapter, any non-specific labeling caused by the benzophenone photolabel 

cannot be excluded.  

 

In summary, two new peptidic photoprobes were successfully applied in the detection of 

galectin-3, although the labeling mechanism remains unclear. There is still doubt whether 

these peptidic probes actually bind galectin-3. I was not able to reproduce the nanomolar 

affinity reported by Zou et al. Maybe those peptides indeed only bind galectin-3 dimers as was 

hypothesized before[31], which are present in low concentrations, but enough to detect them 

with the chemical probe based method. 

 

Experimental 

General remarks 
Chemicals and resins were obtained from commercial sources and were used without further 
purification. Mass analysis was carried out using either a Shimadzu LCMS QP-8000 single 
quadrupole bench top mass spectrometer (m/z range <2000), coupled with a QP-8000 data 
system or a Finnigan LCQ DECA XP ion trap mass spectrometer (m/z range <2000). Analytical 
HPLC was performed on a Shimadzu Class-VP automated HPLC using an analytical reversed 
column (Alltech Adsorbosphere C8, 90Å, 10 μm, 250 x 4.6 mm or Alltech Alltima C8, 90Å, 5 μm, 
250 x 4.6 mm) and a UV detector operating at 220 nm and 254 nm. Elution was effected using 
an appropriate gradient from 0.1% TFA in CH3CN:H2O (5/95, v/v) to 0.1% TFA in CH3CN:H2O 
(95/5, v/v) with a flowrate of 1 mL min-1. 
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Synthesis of the peptides 1 and 2 
TentaGel S RAM (1.00 g, 0.24 mmol/g) was swelled in CH2Cl2 in a glass SPPS-reactor. 
Pressurized nitrogen gas was used to agitate the beads during all the steps and to exclude 
oxygen. The Fmoc protecting group on the amine was removed by reaction with 5 ml 20% 
piperidine in NMP for 8 minutes. This procedure was repeated twice to ensure complete 
deprotection. The resin was washed 3 times with NMP and 3 times with CH2Cl2 for 2 minutes to 
ensure the complete removal of piperidine and the dibenzofulvene-adduct. Deprotection was 
monitored by a Kaiser-test, where a blue color indicated successful deprotection. Coupling was 
performed using 4 equivalents of Fmoc-protected amino acid, 4 equivalents of BOP and 8 
equivalents of DiPEA in NMP for 1 hour. The resin was washed 3 times with NMP and 3 times 
with CH2Cl2 for 2 minutes. Coupling was monitored by a Kaiser-test, and showed no color upon 
successful coupling, with the exception of Proline, where a chloranyl test was used. If 
necessary, a second coupling was performed until no free primary amines were detected by a 
Kaiser-test. After 4 successful couplings, the beads were split into two equal portions and 
placed in separate SPPS-reactors. In the first reactor, Fmoc-p-Bz-Phe-OH (Fmoc-Bpa-OH) was 
coupled using 3 equivalents of amino acid, 3 equivalents of BOP and 6 equivalents of DiPEA. 
This reactor was protected from light during the remainder of the synthesis to prevent side 
reactions due to the photoreactive benzophenone. In the second reactor, Fmoc-Phe-OH was 
coupled using the standard protocol. After 10 couplings, due to possible secondary structure of 
the growing peptide chain, both coupling and deprotection cycles were extended to ensure 
quantitative reactions. Coupling was performed for 1.5 hours and deprotection for 3 times 20 
minutes. After complete synthesis of the target peptide, 4-pentynoic acid was coupled using 4 
equivalents of acid, 4 equivalents of BOP and 8 equivalents of DiPEA. After the last coupling, 
the resin was washed with NMP and CH2Cl2 to remove any residual reagents. The peptides 
were cleaved from the resin using 5 ml TFA: H2O: TIS (95: 2.5: 2.5) in 4 h, and precipitated into 
50 ml of a ice-cold 1:1 (v:v) mixture of MTBE and hexanes. The precipitated peptide was 
centrifuged at 3500 rpm for 5 minutes. Solvents were decanted and the precipitated peptide 
was washed 3 times with MTBE: hexanes to remove the hydrophobic remains of protective 
groups. The peptide was dried with nitrogen to remove the MTBE and hexanes, dissolved in 10 
ml (v:v) CH3CN: H2O, and lyophilized. The crude peptide was purified by preparative HPLC on an 
Alltech Adsorbosphere XL C8-column (90 Å, 10 μm, 250 x 22 mm) using an appropriate gradient 
of buffer A (95% H2O, 5% CH3CN and 0.1% TFA) and buffer B (95% HPLC grade CH3CN, 5% H2O 
and 0.1% TFA). The purity of the different collected fractions was assessed by analytical HPLC. 
A UV 220 nm detector was used to detect the peptide. Fractions containing the pure peptide 
were combined and lyophilized. 62 mg of peptide 1, and 45 mg of peptide 2 were obtained as 
white powder. Assuming that the 0.10 mmol (-NH2 equivalents) resin was split in two equal 
parts, this corresponds to 63% and 49% isolated yield respectively. Samples were taken for 
mass analysis using an ESI mass spectrometer in positive mode. Peptide 1: Expected Mass: 
[M+2H]2+ m/z = 989.50; observed: [M+2H]2+ m/z = 990.26. Peptide 2: Expected Mass: [M+2H]2+ 

m/z = 915.96; observed: [M+2H]2+ m/z = 916.90 and [M+Na+H]2+ m/z = 927.59. The peptides 
were stored at -20oC protected from light.   
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Synthesis of peptide 4 
TentaGel S RAM (1.07 g, 0.26 mmol/g) was swelled in CH2Cl2 in a glass SPPS-reactor. The 
following sequence was synthesized, according to the procedure as described above: 
PQNSKIPGPTFLDPH-Rink-Resin. Approximately 40% (0.10 mmol) of the resin was taken and the 
peptide was cleaved from the resin, lyophilized (33 mg crude peptide was obtained) and 
purified as described above. The purity of the different collected fractions was determined 
with analytical HPLC. Fractions containing the pure peptide were combined and lyophilized, 
after which peptide 4 was obtained as a white powder (24 mg). Samples were taken for mass 
analysis using an ESI mass spectrometer in positive mode. Peptide 4: Expected Mass: [M+2H]2+ 

m/z = 823.94; observed: [M+2H]2+ m/z = 825.02. 
 
Synthesis of peptide 5 
TentaGel S RAM (1.04 mg, 0.24 mmol/g) was weighed in a plastic SPPS-reactor for Automated 
Solid Phase Peptide Synthesis. In preparation, two times 4 equivalents of amino acid were 
weighed and placed in cartridges for a double coupling step if needed. For the more expensive 
Fmoc-p-Bz-Phe-OH, only one cartridge was filled for a single extended coupling. The first 16 
amino acids were coupled on an Applied Biosystems ABI433A Automated Peptide Synthesizer 
using HBTU/HOBt as coupling reagents. Fmoc-deprotection was performed with 20% 
piperidine in NMP. The coupling and deprotection steps were monitored by analyzing the 
concentration of the dibenzofulvene-piperidine adduct. The following sequence was 
synthesized: Fmoc-PQNSKIPGPTFLDPHB-Rink-Resin. The synthesis was completed in 30 hours 
and consisted only of single couplings. Spectroscopic analysis of the dibenzofulvene-piperidine 
adduct formed during each deprotection step indicated that all steps were virtually complete. 
The resin was removed from the SPPS reactor and stored swelled in CH2Cl2 at 4oC. Because of 
the presence of benzophenone in the sequence, the resin was protected from light during 
storage. Approximately 0.03 mmol (–NH2 equivalents) resin was placed in a small SPPS-reactor 
and deprotected with 20% piperidine (NMP) for 20 minutes. This step was repeated two times 
to ensure complete deprotection of the N-terminal Proline. The resin was washed with NMP 
and CH2Cl2 to ensure complete removal of piperidine. A chloranyl test confirmed that free 
secondary amine was present. 0.12 mmol 5(6)-carboxyfluorescein (~ 4 equivalents) was 
coupled to the N-terminus using 4 equivalents of BOP and 8 equivalents of DiPEA in 2 mL NMP 
for 2 hours. Reagents were removed by extensive washing with NMP and CH2Cl2 (4 times 2 
minutes, 3 mL NMP and 4 times 2 minutes, 3 mL CH2Cl2). A chloranyl test indicated that free 
secondary amines were still present. An additional coupling was performed using 4 equivalents 
of 5(6)-carboxyfluorescein, 4 equivalents of BOP and 8 equivalents of DiPEA over night. 
Reagents were removed by extensive washing with NMP and CH2Cl2. A positive chloranyl test 
indicated that the coupling was still not quantitative. The resin was washed with 3 mL 20% 
piperidine (NMP) for 15 minutes. This procedure was repeated two times to ensure that no 
ester-linked carboxyfluorescein was coupled to the N-terminal 5(6)-carboxyfluorescein. 
Reagents were removed by washing with NMP and CH2Cl2. After cleavage, deprotection and 
washing, the peptide was not lyophilized but directly dissolved in 1:1 (v:v) CH3CN:H2O to obtain 
a concentration of ~10 mg/mL for preparative HPLC on an Alltech Adsorbosphere C8 column. 
Afterwards, relevant fractions were analyzed on an Alltech Alltima C8 column. Pure fractions 
were combined and lyophilized overnight. Because of the presence of benzophenone, the 
peptide was protected from light during all purification steps, including lyophilization. 8 mg of 
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peptide 5 was obtained as a bright yellow powder. Expected Mass: [M+2H]2+ m/z = 1128.51; 
Observed: [M+2H+]2+ m/z = 1129.26. 
 
Circular dichroism spectroscopy 
CD spectra were measured at 1.0 nm intervals in the range of 195- 250 nm as the average of 20 
runs using a spectral band width of 2.0 nm in 0.5 mm cuvettes, thermostated at 20°C with the 
optical chamber continually flushed with N2 gas. The peptide was dissolved in H2O. The 
concentration of 0.3 mg/ml was determined on the basis of the calculated molecular mass of 
the purified lyophilized peptides.  
 
Production and purification of recombinant human galectin-3 from E. coli 
The purification was performed as described previously.[38] Briefly, one liter of LB with 
ampicillin (50 mg/l) was inoculated with E. coli BL21 containing galectin-3 encoding plasmid in 
pET3c (kindly provided by Dr. H Leffler, Section MIG, Department of Laboratory Medicine, Lund 
University, Lund, Sweden) and cultured overnight (37°C, shaking at 250 rpm). The next morning 
IPTG (0.4 mM) was added and the culture continued for about 3 hours. The bacteria were 
pelleted by centrifugation at 5000 x g. The pellets were resuspended in about 50 – 100 ml 
MEPBS (PBS, pH 7.2 with  2 mM EDTA and 4 mM mercaptoethanol) and bacteria disrupted by 
sonication. After centrifugation at about 18000 x g to remove debris, the supernatant was 
loaded on a lactosyl-Sepharose column (bed volume of about 30 ml) equilibrated in MEPBS. 
After washing with MEPBS until no or little protein is coming off (as measured at 280 nm), 
active lectin is eluted with MEPBS containing 150 mM lactose. The eluate was extensively 
dialyzed against 50 mM Hepes 120 mM NaCl pH 7.2, and stored in this buffer at 4°C. 5 mg 
galectin-3 was obtained. 
 
Preparation of lactosyl-sepharose[39]  
Sepharose 4B or CL-4B (100 ml, Pharmacia) was put in a Buchner funnel and washed with 0.5 
M Na2CO3 (buffer A) until pH = 11 was obtained. The drained gel was transferred to a beaker 
and resuspended in 100 ml buffer A. Vinyl-sulfone (10 ml, Sigma) was slowly (2 ml aliquots over 
10-15 min) added. The mixture was gently stirred for 70 min and then the gel was washed with 
buffer A in a Buchner funnel. The drained gel was again transferred to a beaker and 
resuspended in 100 ml buffer A containing 10% (= 10 g) lactose. The reaction was gently stirred 
overnight. Finally the gel was washed in a Buchner funnel with first buffer A, then distilled 
water and then 20% EtOH for storage. 
 
Labeling galectin-3 with the peptidic probes 
3 μL of 1 or 2 (100 μM stock-solution in HEPES-buffer (50 mM, pH 7.4, 150 mM NaCl)) was 
added to 1 μL of galectin-3 (125 μg/mL stock) in a final volume of 17 μL HEPES-buffer. One 
sample was made without addition of peptide. One additional sample (-UV) contained 3 μL 3 
stock and 1 μL Gal-3 and was kept in the dark during the experiment. Samples were irradiated 
for 30 min under a 366 nm UV lamp at 4-5 cm distance at room temperature. After 
photoincubation, 3 μL of CuSO4 (50 mM) stock solution, 3 μL of TCEP (50 mM) stock, one-and-
half-fold excess with respect to 1 or 2 of the reporter molecule 3 (4.5 μL of a 100 µM stock-
solution in H2O) was added to the samples. Volumes were adjusted to 34 μL with HEPES. 
Samples were gently mixed during 2 hours at room temperature, followed by denaturing (16 μL 
of a 2% SDS, 10% glycerol, 125 mM DTT, 62.5 mM Tris pH 6.8 and 0.5% bromophenol blue 
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solution) and boiling at 95oC for 5 minutes. From the total volume of 50 μL, 20 μL was loaded 
onto a 15% gel for SDS-PAGE. A low molecular weight marker (Amersham Biosciences, product 
code 17-04460-01) was used as a standard. SDS-page was performed following standard 
procedure.[40] The gel was allowed to overrun for 30 minutes to remove any unbound 3. The gel 
was washed 1 hour in water to eliminate excess dye reagent and fluorescence was detected 
with a Typhoon fluorescence scanner (excitation 488 nm, emission 520 nm). Gels were fixed 
overnight in 50 mL fixative solution (50% MeOH, 10% AcOH and 10% fixative enhancer 
concentrate (Biorad™) in water, and subsequently silver stained [41]. 
 
Labeling galectin-3 in the presence of a bacterial protein extract 
3 μL of 1 or 2 (100 μM stock solution in HEPES-buffer) was added to 1, 2 and 3 μL galectin-3 
(125 μg/mL), 10 μL E. coli lysate (0.4 mg/mL total protein concentration in B-PER lysis buffer 
(Pierce, no. 78243)) in a final volume of 17 μL HEPES-buffer. The E. coli lysate was prepared 
according to the instructions of the manufacturer. The protein concentration was determined 
with a Bradford-based protein assay. Samples were further treated as described above. 
 
Identification of detected proteins 
Two bands corresponding to fluorescent labeled proteins in lane 7 of the silverstained gel were 
excised and prepared for MALDI-analysis. Bands were excised and washed with 100 μL MilliQ 
water (MQ). Samples were destained for 10 minutes with 100 μL 30 mM potassium ferricyanide 
(K3Fe(CN)6) and 50 μM sodium thiosulphate. Samples were washed twice with MQ. The gel 
fragments were shrinked with 100 μL CH3CN twice. Proteins were reduced in gel with 100 μL 6.5 
mM DTT in 50 mM NH4HCO3 (pH 8.3) for 60 min. Gel fragments were shrinked twice with CH3CN. 
Free cysteines in the proteins were alkylated with 100 μL 54 mM iodoacetamide in 50 mM 
NH4HCO3 (pH 8.3) for 30 minutes, protected from light. Gel fragments were twice shrinked with 
CH3CN and swelled in 50 mM NH4HCO3 (pH 8.3). The shrinking and swelling was repeated once. 
After being shrinked twice with CH3CN and dried for 15 minutes, gel fragments were incubated 
with 20 μL  10 ng/μL trypsin in 50 mM NH4HCO3 (pH 8.3) at 4oC for 40 minutes. The solution was 
removed and 15 μL 50mM NH4HCO3 (pH 8.3) was added. Proteins were digested overnight at 
37oC. Peptides were bound to a μC18 ZipTip, salts were removed with water and the peptides 
were eluted in 1 μL 5 mg/mL α-cyanohydroxycinnamic acid in 50 % CH3CN, 0.1 % TFA in H2O and 
spotted on the MALDI plate. Matrix-assisted laser desorption/ionization time of flight (MALDI-
TOF) MS peptide mass fingerprints were acquired on a 4700 proteomics analyzer MALDI-TOF/TOF 
mass spectrometer (AB 4700 proteomics analyzer, Applied Biosystems). This instrument is 
equipped with a 200 Hz Nd/YAG laser operating at 355 nm. Experiments were done in a 
reflectron positive ion mode using delayed extraction. Typically, 2000 shots per spectrum were 
acquired in the MS mode and 15000 shots per spectrum in the MS/MS mode. Internal calibration 
was done using trypsin autodigest peaks. The spectra obtained were searched against the 
National Center for Biotechnology Information databases (Bethesda, USA, www.ncbi.nlm.nih.gov) 
for protein identity using the Mascot search engine.[42] 
    
Binding studies 
ELISA, fluorescence polarization and ITC were all performed according to the literature.[12, 32, 34, 

43] 
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Abstract  

New chemical probes were synthesized to label galectin-3. They are based on the high-affinity 

thiodigalactoside ligand. The probes were synthesized with benzophenone or acetophenone 

moieties as the photolabel, for covalent attachment to the protein. Besides labeling the 

protein, these aromatic photolabels also greatly enhance the affinity of the probes towards 

galectin-3, due to the interaction of the photolabel with two arginine guanidinium groups of 

the protein. The linkage between the sugar and the photolabel was varied as an ester, an 

amide and a triazole. For the amide and triazole derivatives, a versatile synthesis route towards 

a symmetrical 3-azido-3-deoxy-thiodigalactoside was developed. The new probes were 

evaluated for their binding affinity of human galectin-3. They were subsequently tested for 

their labeling efficiency, as well as specificity in the presence of a protein mixture and a human 

cancer cell lysate. 

Introduction 

The galectins are a family of β-galactoside binding proteins.[1] Fifteen mammalian galectins 

have been identified, which can be subdivided into those containing one or two carbohydrate 

binding domains.[2-4] The galectins are involved in many different biological processes, including 

apoptosis,[5-8] inflammation,[9-14] cell signaling,[7, 15, 16] cell adhesion[17] and cancer progression.[15] 

Galectins are present intra- and extracellularly, and their expression is altered in tumor cells 

compared to normal, healthy cells.[18] A change in subcellular localization has been observed 

during the transition from normal cells to cancer cells.[16, 18] Galectins interact with a number of 

intracellular proteins that are involved in cell regulation, for example galectin-3 interacts with 

oncogenic Ras,[19, 20] cell cycle regulators such as the cyclins, and cell cycle inhibitors such as 

p21 and p27.[21-23] In several tumor cell types, it was shown that galectin-3 possesses anti-

apoptotic activity.[6, 24, 25] Selective galectin-3 inhibitors have potential as (indirect) inducers of 

apoptosis,[26] but also as anti-inflammatory agents.[27] Since the mechanisms in which galectin-3 

plays a role are generally poorly understood, a synthetic molecular probe that can detect and 

identify certain galectins can be particularly useful in generating a better understanding of the 

role of this protein, in- and outside the cell. We previously reported on the chemical probe 

based method.[27-30] In this chapter we used the best available galectin-3 inhibitors,[31] based on 
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thiodigalactoside, as the starting point for a new series of galectin-3 probes. This class of 

compounds is interesting because of their high affinity, stability, and their ease of synthesis. 

Free thiodigalactoside has a KD of 43 µM. Attachment of an aromatic moiety to the 3-OH of the 

sugar increases the affinity 10-1000 times,[31] which is due to a favorable interaction of an 

aromatic ring of the ligand with the arginine side chains of Arg144 and Arg186.[32-35] By 

attaching aromatic photolabels to the 3-OH of the probe, we take advantage of this 

phenomenon. Various photolabels are used in the literature,[36, 37] however the aryl ketones are 

reported to have the highest labeling specificity and labeling efficiency.[38] Another advantage 

of this type of photolabel is that UV irradiation can be used with light of wavelengths of over 

300 nm, which greatly limits the damage to the protein. Critical for efficient labeling is the 

position of the photolabel with respect to nearby amino acid residues of the protein in the 

bound state. This is one of the reasons some variations in the linker between the photolabel 

and the sugar moiety were made. The linker can also affect the affinity, the specificity and the 

sensitivity to proteolytic degradation. Our studies started with the preparation of a series of 

ester derivatives of thiodigalactoside 6.[39, 40] After evaluation of these derivatives (12-14), the 

less hydrophobic acetophenone,[41] was also incorporated (15). Despite the greater loss in 

entropy upon binding, the flexibility of a photolabel can highly improve the labeling 

efficiency.[42] We subsequently synthesized probes with amide (21, 22) and triazole (24) linkers, 

to further increase the affinity for galectin-3. The amide linkage was part of the best known 

galectin-3 ligands,[31] and triazole moieties are known to mimic amide bonds.[43] Furthermore, a 

triazole moiety is known to enhance affinities for certain galectins.[44-46] To enable these 

syntheses a new 3-azido-3-deoxy-thiodigalactoside building block was prepared, that allowed 

easy access to different amide and triazole derivatives.  
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Results and Discussion 

Synthesis of carboxylic acid functionalized photolabels 

The synthesis of the photolabels started with alkylation of phenol. The second step was a 

Friedel-Crafts reaction, using either terephtaloylchloride or succinylchloride, in the presence of 

aluminiumchloride, to prepare the aryl ketones 2 and 4 (Scheme 1).  

 

Scheme 1 – Synthesis of carboxylic acid functionalized photolabels. a) K2CO3 (3 eq.), 
propargylbromide (1.2 eq.), acetone, 18h, 98%; b) 1.) terephtaloylchloride (2.5 eq.), AlCl3 (1.1 
eq), CH2Cl2, 0°C, 1h; 2.) H2O, 55%; c) 1.) succinyl chloride (2.5 eq.), AlCl3 (1.1 eq.), CH2Cl2, 0°C, 
4h; 2.) H2O, 89%.   

 

Spectrophotometrical characterization of the two photolabels 

Both labels do absorb at UV wavelengths above 300 nm. However, the absorption of 

acetophenone at these wavelengths is much lower than the absorption of benzophenone. Still, 

there is a small peak present, which corresponds to the absorption of the n  π* transition of 

the carbonyl group in photolabel 4 (Figure 1).[41]  
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Figure 1 – Absorption spectra of benzophenone derivative 2 and acetophenone derivative 4. 
100 μM stock solutions of the compounds were prepared in 4 % DMSO. Extinction coefficients 
were calculated to be: 23.208 M-1 cm-1 for 4 at 271 nm, and 23.319 M-1 cm-1 for 2 at 261 nm. 

 

Synthesis of ester-linked probes 

The synthesis of thiodigalactoside was performed as previously described.[40] To couple the 

photolabel selectively to the 3-position of the sugar, ideally the other free hydroxyl groups had 

to be protected. However, as recently shown[39] it is possible to use only a benzylidene 

protecting group on the 4- and 6-positions of the thiodigalactoside. Coupling takes place 

preferentially at the 3-position, obviating the need to protect the 2-OH. Still, minor coupling to 

the 2-OH occurred as well (Scheme 2). For the benzophenone-based probes the 3-

monosubstituted, and 2,3’-disubstituted compounds (8 and 9) were actually isolated and 

evaluated. The use of N-hydroxybenzotriazole esters to couple the photoprobes proved more 

efficient than coupling of the corresponding NHS esters. It brought reaction times down from 

18 to ca. 2 hours, and selectivities appeared to be similar. After deprotection of the coupled 

products probes 12-15 were obtained. 
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Scheme 2 - Synthesis of ester-linked photoprobes a) benzaldehyde dimethyl acetal (4.5 equiv), 
camphor sulphonic acid (CSA) (0.1 equiv), DMSO, 60°C, 20 h, 68%; b) HOBt-ester (3 equiv), 
Et3N, CH2Cl2, 2 h, 19-51%; c) AcOH/H2O 3:1 (v/v), 90°C, 1 h, 32-67% for 10 and 11, 14% for 9, 
87% for 8 (when using 1.5 equiv of HOBt-ester). 

 

Synthesis of the amide- and triazole-linked probes 

The amide- and triazole-linked probes can either be made by coupling two monosaccharide 

building blocks, each containing a photolabel, or by first synthesizing the appropriate 

thiodigalactoside, and subsequently attaching the photolabel. The advantage of the second 

strategy is its flexibility, since multiple labels can be made from a common intermediate. First 

the azido-galactose building block 16 (Scheme 3) was synthesized according to known 

procedures.[47-50] However, a conventional sodium sulfide coupling to the thiodigalactoside did 

not work with this compound.[34] Treatment of 16 with hydrobromic acid eliminated the azide 

functionality as hydrogen azide, and a reaction of 17 with sodium sulfide resulted in reduction 

of the azide. After some experimentation the use of thiourea, as used for the preparation of 

thioglycosides, proved successful.[51-53] Compound 16 was treated with BF3·Et2O and two 
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equivalents thiourea. Subsequent addition of 17, together with an excess of base, resulted in 

the formation of 18 as the main product. The difficult purification resulted in a low isolated 

yield of 37%, the product is present in the reaction mixture in at least 70% (as judged by TLC). 

 

For the synthesis of the amide-linked derivatives, the azido groups on the disaccharide were 

reduced by the Staudinger reaction[54, 55] using PPh3, which was more efficient than catalytic 

hydrogenation. The subsequent coupling reaction of the diamine with activated esters of the 

photolabels proved problematic, likely due to acetyl migration to the nitrogen.[56] To overcome 

this, the hydroxyl groups of 18 were first deprotected, followed by Staudinger reduction of the 

azides to give 20 and the coupling of the photolabels via their NHS esters. Only low yield of 

coupling products were obtained which was due to the limited solubility of the compounds 

which complicated their purification. Finally, probes 21 and 22 were obtained after Zemplen 

deprotection. The triazole-linked probe 24 was prepared using a ‘click’ chemistry reaction of 18 

and the photolabel-linked dialkyne 25 followed by removal of the acetyl groups. In the ‘click’ 

reaction the photolabel was added in a 10-fold excess with respect to the sugar, to prevent 

polymerization.  
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Scheme 3 - Synthesis of the amide- and triazole- linked photoprobes a) TiBr4, CH2Cl2/ EtOAc 
(10:1 v/v) 3 d, 48 %; b) BF3·Et2O, CH3CN, 5 min, 0°C; c) thiourea, CH3CN, 80°C, 2 h; d) 17, Et3N, 4 
h, 34%; e) NaOMe, MeOH, 1 h, quant.; f) PPh3, CH3CN/ H2O, 20 h, quant.; g) OSu ester (3 equiv), 
CH3CN/ 0.1M NaHCO3, 20 h, 8-18%; h) 10 equiv 25, 0.15 equiv CuSO4, 0.3 equiv sodium 
ascorbate, DMF, 20 min, 80°C, µw; i) NaOMe, MeOH, Dowex H+, quant. over two steps. 
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Binding affinity of the probes for galectin-3 

First, all probes were tested for binding to human galectin-3 with a fluorescence polarization 

assay.[57] The results are shown in Table 1. When we compare the probes to N-acetyl 

lactosamine derivative 26 (Galβ1-4GlcNAc-β-OMe) or thiodigalactoside 6, all of the 3,3’-

substituted sugars (14, 15, 21, 22, 24) show increased affinity. The mono- (12) and 2,3’-

disubstituted (13) analogues lose affinity compared to the unsubstituted 6. The observation for 

13 can be rationalized by computer modeling studies. It is clear that a substitution on the 2-OH 

does either hinder the binding of the sugar to the protein, or alternatively it will point into the 

solvent, which is also unfavorable. Furthermore, the 2-OH can no longer contribute as a 

hydrogen bond donor when it is substituted, and finally the photoprobe on the 2 position 

cannot reach either of the two crucial arginine residues to enhance the binding. 

When we compare the benzophenone-linked (14, 21) probes with the acetophenone-linked 

ones (15, 22), for both the ester and the amide linkages, the acetophenone probes showed 

improved affinity. When comparing the linkages in the benzophenone series, the triazole-

linked compound 24 was significantly less effective than the ester- (14) and amide- (21) linked 

versions. The best compound (22) contained both the optimal elements to enhance the 

affinity, i.e. the flexible acetophenone moiety and the amide linkage, and showed a Kd of 0.9 

µM. 
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Molecular modeling  

In order to evaluate to what extent the binding affinities can be predicted/explained by 

molecular methods we used the Lamarckian genetic algorithm in Autodock 4.[58] The scoring 

function was previously tested with 188 PDB complexes with quite some success and a 

standard error of around 1.5 log units.[59] The free energy estimate includes intermolecular and 

intramolecular energies from bound and unbound conformations, as well as solvation 

parameters for atoms and entropic penalties for torsional freedom. We used the local docking 

procedure as implemented in Yasara,[60] which means minimization followed by rigid docking. 

The method was tested with the redocking of the high-affinity cyclic urea ligand DMP323, 

binding to HIV-protease (PDB file 1mes) and found two clusters of results with a Kd of 295 pM 

and 965 pM as the best cluster hits. This is remarkably close to the experimental Kd value of 0.5 

nM.[61] Furthermore, the redocking results for LacNAc and LacNAc 3’tetrafluoro-p-OMe-

benzamide binding to galectin-3, as given in Table 2 also suggest that the scoring function is 

remarkably accurate.  

Table 1. KD values of all the probes for galectin-3

Compound 

[a] 

KD Relative affinity (µM) 

Thiodigal.(6) 49 1 

12 143 0.3 

13 > 250 <0.2 

14 14 3.5 

15 2 25 

21 2.4 20 

22 0.9 54 

24 23 2.1 

LacNAc-β-OMe 
 

59 0.8 

[a] Values were determined by a fluorescence 
polarization assay. LacNAc-β-OMe 26 and 
thiodigalactoside 6 are included in the table as 
reference compounds.[39] 
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Two X-ray structures were used in the modeling study: 1) 1kjl in which LacNAc is bound to 

galectin-3, and 2) 1kjr in which LacNAc 3’tetrafluoro-p-OMe-benzamide is bound, a ligand that 

benefits from interactions of its 3’ aromatic group with Arg144. The difference between these 

structures is the open position of Arg144 in 1kjr, allowing it to interact with the aromatic ring. 

Cross-docking of these ligands to the other PDB-file shows that LacNAc 3’tetrafluoro-p-OMe-

benzamide has indeed a strong preference for the galectin-3 conformation in PDB-file 1kjr, 

where arginine 144 is in a more open conformation to allow for interaction with the aromatic 

ring. This can be seen in Table 2, where its predicted affinity for 1kjr is 4 µM and for 1kjl 75.8 

µM. 

 

In our modeling procedure the ligand and protein side chains within 7 Ångstrom of the ligand 

are subjected to minimization and simulated annealing with the Amber force field before rigid 

(re)docking within Autodock. Following this procedure, the structure of the complex of the 

original ligand LacNAc and galectin-3 revealed only minor changes to the ligand and the protein 

when compared to 1kjl. During modeling of the compounds 14, 15, 22 and 24 only Arg168 

moves towards the ligands. Next, modeling studies were performed with the protein structure 

part of 1kjr. These studies also revealed only minor changes to the galectin-3 structure. Arg144 

moves slightly and Arg168 more pronounced during the modeling of compounds 14, 15, 22 and 

24. Furthermore, modeling predicts the bis-triazole compound 24 to be of very high affinity, 

interacting with arginines 144, 162, 168 and 186 as well as with Trp 181 and Glu 184 (Figure 2). 

Although the predicted Ki values are nicely within the range of the experimental values, the 

rank ordering is quite different. Compound 24 was measured to be the worst probe, whereas it 

is predicted to be the best probe. Surprisingly, in the modeling of the series of probes with the 

1kjr-derived structures with exposed arginine, most probes actually bound worse than they do 

to the 1kjl-derived structure.  
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Table 2. Results of computer docking 

Compound Calcd. Ki Calcd. K(µM) 
with 1kjl 

i Exp. K(µM) 
with 1kjr 

d (µM)

LacNAc  

[a] 

88.0  
(RMSD 0.95 Å)

57.3 
[c] 

59

LacNAc 
3’tetrafluoro 

[b] 

-p-OMe-
benzamide 

75.8 4  
(RMSD 1.1 Å)

0.88
[c] 

[33]

14 

 

0.14 0.18 14 

15 102 35 2 

22 80 28 0.9 

24 0.14 1.1 23 

[a] Values were determined by fluorescence polarization. [b] for the 
anomeric β-OMe derivative.  [c] deviation of the modeled ligand position 
from that in the crystal structure. 

 

Figure 2 - Modeling structure of the complex of 24 and galectin-3 (derived from 1kjl)  Selected 
residues in direct contact with the ligand are shown.    
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Galectin-3 labeling experiments 

In order to see if the probes indeed were able to label galectin-3, they were exposed to the 

previously reported protocol.[30] In this protocol the protein and the probe are incubated, 

exposed to UV radiation and subsequently a fluorescein azide moiety is attached to the the 

probe’s alkyne group by ‘click’ chemistry. The labeling was visualized by running the protein 

samples on an SDS-PAGE gel and visualizing fluorescent proteins in a fluorescent scanner. In 

order to confirm that the synthesized probes indeed bind in the binding pocket of human 

galectin-3, probe 12 and isomeric probes 13 and 14 were also incubated in the presence of 

varying amounts of competing lactose, a relatively weak ligand for galectin-3 (Kd ≈ 0.2 mM) 

(Figure 3). In all cases labeling of galectin-3 was observed, but this was much better for the 

probes containing 2 photolabels, despite a 10-fold lower concentration. However, only in the 

case of the 3,3’-disubstituted thiodigalactoside 14 competition by lactose was observed. The 

observation for 14 seems to be in agreement with the measured Kd-value, considering that the 

labeling does not go to zero since the gel reflects the accumulation of covalent bound probe 

over time as previously noted.[30] The fact that for 12 and 13 no competition was observed and 

considering their high Kd’s for galectin-3 indicates that these compounds label non-specifically. 

 

 

 
Figure 3 - Comparison of galectin-3 labeling by probes 12, 13 and 14, with 30 ng of human 
galectin-3 per sample and different concentrations of lactose. Lane 1-3: 12 (10 μM) and 0, 1 
and 10 mM lactose; Lanes 4-6: 13 (1 μM ) and 0, 1 and 10 mM lactose; Lanes 7-9: 14 (1 μM) 
and 0, 1 and 10 mM of lactose. Upper panel: fluorescence picture, lower panel: silver stain 
shows equal protein loading.  
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Improved sensitivity in the detection of labeled proteins using Alexa488-N3

So far, we have used fluorescein-N3 29 (Figure 4) to visualize labeled proteins in SDS-PAGE.[29, 62] 

Within the assay concentrations used fluorescein is soluble in H2O and it has a high extinction 

coefficient, however it is bleached by light. In addition, it is not fluorescent under acidic 

conditions, which makes this reporter molecule unsuitable with protein fixation conditions. 

When 29 is used, the gel is washed for at least 2 hours with H2O, to get rid of the excess of 

fluorescent label present in the front of the gel, which drowns out the low molecular weight 

proteins. After 2 hours, often there is still an excess of fluorescence present in the gel. It is 

possible to wash the gel a couple of hours more; however fixation of proteins is necessary to 

avoid diffusion of the proteins.  

 (28) 

 

We remedied these disadvantages by using a new fluorescent compound, which is more stable 

to light, more water soluble and is still fluorescent under acidic conditions.[63] Alexa488-CO2H 

26 was synthesized and kindly provided by J. Kuil as a free carboxylic acid, to which an azide 

spacer could be coupled using BOP as a coupling reagent and DiPEA as a base (Scheme 4).  

 

 

Scheme 4 - Synthesis of Alexa-N3 (28) a) BOP (1.1 eq), DiPEA (3 eq), DMF, 16h, dark, 21% after 
HPLC purification. 
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This compound was compared directly with 29 with respect to the fluorescent intensity of 

labeled galectin-3. In Figure 4 it is shown that a circa two-fold increase in intensity over 

fluorescein-N3 29 was observed.  

 

Figure 4 - Comparison of Alexa-N3 (28) with fluorescein-N3 (29) 50 ng galectin-3 was labeled 
with different concentrations of 24. Concentrations of Alexa-N3 and fluorescein-N3

Labeling specificity of the probes 

 are 15 µM 
in all the samples.  

Compound 14 was also compared to the previously reported[30] divalent probe 30 (Kd = 4 µM) 

for their specificity in binding galectin-3 in the presence of other proteins. Both probes were 

incubated with 10, 50 or 100 ng of galectin-3 and five other proteins (100 ng each) (Figure 5). 

From this fluorescent picture it seems that both probes are comparable in their selectivity for 

binding galectin-3. However, a ten-fold lower concentration of 14 can be used which is 

indicative of an enhanced labeling efficiency. 
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Figure 5 - Comparison of 14 with the divalent probe 30, for their specificity for galectin-3 
labeling in a mixture of other proteins. In all samples, 100 ng of all the proteins is present, 
except for lane 2. These proteins are (from high to low molecular wheight): a) phosphorylase B, 
b) albumin, c) ovalalbumin, d) carbonic anhydrase and e) trypsin inhibitor. The amount of 
galectin-3 was varied over the samples. Lane 1: Coomassie stain of lane 3; Lane 2: 10 ng 
galectin-3, labeled with 1 μM of 14; Lane 3: protein mixture without any galectin-3 present, 
labeled with 1 μM of 14; Lanes 4-6: 1 μM of 14 with 100, 50, 10 ng galectin-3 respectively; Lane 
7-9: 10 μM of divalent probe 30 with 100, 50 and 10 ng galectin-3 respectively.  

 

 

A direct comparison was made with the other probes for their ability to label galectin-3. Figure 

6A shows their respective labeling efficiencies. Strikingly, the acetophenone-based probes 15 

and 22 showed the most pronounced labeling. This is likely due to the stronger interaction 
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between the probe and galectin-3, and/or the increased mobility of the photolabel. 

Apparently, these properties are more important than the reactivity of the photolabel itself. 

Interestingly, 24 seems to label galectin-3 efficiently at lower concentrations. 

 
Based on the above results probes 15, 22 and 24 were chosen for an experiment in which the 

probes are compared for their ability to label human galectin-3 specifically in the presence of 

many other proteins. A human cancer (HeLa) cell lysate, which expresses galectin-3[64, 65] and 

relatively easy to culture, was used as a relevant protein environment. The result is shown in 

Figure 6B. Both the acetophenone-probes 15 and 22 were able to label galectin-3. However 

when increasing amounts of other proteins were added, the probes seemed to have a 

preference for labeling the highly abundant proteins, present in the cell lysate. Surprisingly, 

this is in contrast with the results observed for the benzophenone-triazole probe 24. Even with 

up to 2 μg of other proteins, the probe still labeled its target protein specifically.  

 

The specificity of probe 24 was also compared with an antibody against galectin-3 (Figure 6C). 

This picture clearly shows the disadvantage of a chemical probe: the labeling intensity of 

galectin-3 is dependent on the amount of other proteins in the sample. Likely the probe binds 

other proteins non-specifically, which seems to be in contrast to the antibody used in this 

experiment: the antibody follows the increase in amount of galectin-3, which is expressed by 

the HeLa cells, while on the other hand the signal from the chemical probe decreases with an 

increase in galectin-3 concentration. Therefore, the method cannot be used for the 

quantification of a certain protein in the presence of other proteins. An advantage however is 

the sensitivity of the method: the first lane shows 50 ng purified, labeled galectin-3, which is 

clearly visible with the fluorescent stain, while it is near the detection limit with Western 

blotting.  
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Figure 6 – Labeling efficiency and specificity of the probes A) Comparison of the 
thiodigalactoside based probes in labeling human galectin-3 in the presence of a human cancer 
(HeLa) cell lysate. In all the lanes, 50 ng of galectin-3 is present. Concentration ranges were 
made of the cell lysate: from left to right for each probe 0, 0.25, 0.5, 1 and 2 μg of total protein 
lane. Probe concentrations: 22: 2 μM; 15: 2 μM; 24: 1 μM. Upper panel: fluorescence picture, 
lower panel: silver stain of the corresponding lanes (arrows and asterisks denote the position 
of galectin-3); B) Concentration ranges of the probes show the comparison in the efficiency of 
labeling galectin-3. 50 ng of galectin-3 is present in each sample. Concentrations of the probes 
are (from left to right) 10, 1, 0.5 and 0.1 µM respectively; C) Direct comparison between probe 
24 (1 µM) and an anti-galectin-3 rat monoclonal antibody (ATCC, TIB-166, 0.23 µg/ml). Again, 
50 ng of galectin-3 is present in all the lanes. Concentration ranges were made of the HeLa cell 
lysate: from left to right 0, 0.3, 0.7, 1.3 and 2.7 μg of total protein lane. Upper panel: 
fluorescence picture, lower panel: Western blot of the corresponding lanes (arrows denote the 
position of galectin-3).  
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Conclusions 

New chemical probes have been synthesized to label galectin-3, and they were evaluated in 

the presence of other proteins and in a human cancer cell lysate. Three different linkages 

between the disaccharide and the photolabel were compared in binding affinity, labeling 

efficiency and labeling specificity of galectin-3. Also two different photolabels were compared. 

A new disaccharide building block was synthesized, which allowed a rapid assembly of a novel 

thiodigalactoside-triazole probe. Taking all the different experiments together, it can be 

concluded that firstly, the labeling efficiency and affinity is higher for the acetophenone-

derivatives than for the benzophenone-derivatives. The linker between the acetophenone and 

the sugar is more flexible, which may allow a more optimal stacking of an aryl moiety onto the 

arginines 144 and 186 of the protein, thereby increasing the affinity as well as labeling 

efficiency over the more rigid, benzophenone-based probes. As for the affinity, however, the 

opposite trend was obtained from the computer modeling, although the calculated affinities 

were within the range of the experimental values. Secondly, the amide derivatives have a 

higher binding affinity for galectin-3 than the ester derivatives, with a factor of 2 and 6, for 

acetophenone- and benzophenone-based probes respectively. The affinity improvements 

obtained in this study are mainly reflected in the concentrations of the chemical probe that can 

be used in the biochemical labeling experiments. Unfortunately, being able to use the probes 

at lower concentrations did not improve their selectivity for the target protein. Finding an 

effective photoprobe is a multidimensional challenge with issues such as affinity, labeling 

efficiency, lipophilicity, and flexibility that all impact the finale outcome in a complex protein 

mixture. These issues may similarly play a role in drug efficacy in a complex protein 

environment. In a labeling experiment flexibility of the photoprobe can increase the labeling 

efficiency but rigidity is better if the geometry is of the probe is appropriate.[42] Notably, rigidity 

seems beneficial for optimal selectivity in complex mixtures as seen for 24, which was really 

specific for its target protein. Affinity played only a secondary role, as this compound only 

exhibited limited affinity for galectin-3, although the computer docking predicted a very high 

affinity. The triazole linkage in probe 24 is a very attractive attribute of this compound and 

possibly crucial for its favorable properties. Gratifyingly, its synthesis was also the most 

straightforward. Additional advantages of the triazole moiety over the ester and amide include 
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its stability towards chemical hydrolysis, reduction, oxidation and proteases.[46] Probe 24 

greatly contributed to solving the non-specific binding issue in galectin-3 labeling about which 

we reported previously.[30] The probe may find applications in proteomics and cell biology 

experiments, thereby providing an additional tool in the study towards the roles of galectin-3. 

 

Experimental Section 

General methods: All reagents were purchased from commercial sources and used without 
further purification. Dowex 50X8 (H+ form, 20–50 mesh) was purchased from Sigma. Analytical 
thin layer chromatography (TLC) was performed on Merck pre-coated silica gel 60 F254 (0.25 
mm) plates. Spots were visualized with UV light, H2SO4 or ninhydrine. Column chromatography 
was carried out using Merck Kieselgel 60 (40–63 mm). 1H NMR and 13C NMR were obtained on 
a Varian 300 MHz spectrometer. Chemical shifts are given in ppm with respect to internal TMS 
for 1H NMR. 13C NMR spectra were recorded using the attached proton test (APT) pulse 
sequence. Two-dimensional 1H-1H correlation and total correlation spectroscopy (COSY and 
TOCSY) and 1H-13C correlated heteronuclear single quantum coherence (HSQC) NMR spectra 
(500 MHz) were recorded at 300 K with a Varian Unity INOVA 500 spectrometer. Low 
resolution ESI-MS experiments were performed on a Shimadzu LCMS QP8000 system. Exact 
masses were measured by nanoelectrospray time-of-flight mass spectrometry on a Micromass 
LCToF mass spectrometer at a resolution of 5000 fwhm. Gold-coated capillaries were loaded 
with 1 µL of sample (concentration 20 µM) dissolved in a 1:1 (v/v) mixture of CH3CN-H2O. NaI 
or poly(ethylene glycol) (PEG) was added as internal standard. The capillary voltage was set 
between 1100 and 1350 V, and the cone voltage was set at 30 V.  
 
4,4’,6,6’-O-benzylidene-1-thio-β-D-digalactopyranoside (7).[39]  Thiodigalactoside 6 (948 mg, 

2.65 mmol)) was dissolved in DMSO (16 ml). CSA (camphor sulphonic acid, 
62 mg, 0.3 mmol) and benzaldehyde dimethyl acetal (1.79 ml, 11.9 mmol) 
were added at intervals. The mixture was stirred at 60°C for 20 h. The 
reaction was quenched with a few drops of NEt3, and concentrated in vacuo. 
The product 7 was purified using silica column chromatography and 
obtained as a white solid (960 mg) in 68 % yield. Rf = 0.50 (CH2Cl2/ MeOH, 
9:1, v/v) 1H NMR (500 MHz, CDCl3): δ = 3.51 (s, 1 H, 5-H), 3.59 (dd, J2,3 = 3.0 

Hz, J1,2 = 9.5 Hz, 1 H, 2-H), 4.01 (d, Ja,b = 12.5 Hz, 1 H, 6a-H), 4.20 (d, J3,2= 3.0 Hz, 1 H, 3-H), 4.29 
(d, Ja,b = 12.5 Hz, 1 H, 6b-H), 3.70 (d, J1,2 = 9.5 Hz, 1 H, 1-H), 4.40 (d, J4,3 = 9.5 Hz, 1 H, 4-H), 5.50 
(s, 1 H, CHC6H5), 7.21-7.41 (m, 10 H, 10 x Harom); 13C NMR (75.5 MHz, CDCl3): δ = 69.4, 70.1, 71.3, 
73.6, 76.1 (C-6, C-4, C-5, C-2, C-3), 85.5 (C-1), 101.3 (CHC6H5), 126.5-129.4 (10 x CHarom), 137.5 
(2 x Carom).  
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3-benzophenone-4,4’,6,6’-O-benzylidene-1-thio-β-D-digalactopyranoside (8) Compound 7 (64 
mg, 0.12 mmol) was dissolved in dry CH2Cl2 (2 ml). 
The HOBt-ester (1.5 equiv) and Et3N (70 µl) were 
added. The reaction was stirred for 2 h, after which 
it was diluted with CH2Cl2 (50 ml), washed with 
saturated NaHCO3 (2x 25 ml), dried with Na2SO4, 
filtered and concentrated in vacuo. The product was 
obtained from silica column chromatography 
(hexane/ EtOAc 2:1  3:1, v/v) in 87% yield as a 

white solid (82 mg). Rf = 0.42 (CH2Cl2/ MeOH, 92:8, v/v); 1H NMR (500 MHz, CDCl3): δ = 2.57 (t, 
1 H, J = 2 Hz, C≡CH), 3.56 (~ s, 1 H, H-5’), 3.68 (dd ~ m, 1 H, H-2’), 3.75 (~ s, 1 H, H-5), 4.05- 4.13 
(m, 2 H, H-6b, H-6b’), 4.25 (d, 1 H, J6a’, 6b’ = 3.5 Hz, H-6a’), 4.30 (d, 1 H, J1’,2’ = 12.5 Hz, H-1’), 4.37- 
4.40 (m, 2 H, H-4’, H-6a), 4.51- 4.58 (m, 2 H, J1,2 = 9.5 Hz, H-1, H-3’), 4.69 (d, 1 H, J4,3 3.0 Hz, H-
4), 4.78 (d, 2 H, J = 2 Hz, HC≡CCH2O), 4.93 (t, 1 H, J2,3 = 10.0 Hz, J2,1 = 9.5 Hz, H-2), 5.13 (dd, 1 H, 
J3,4 = 3.0 Hz, J3,2 = 10.0 Hz, H-3), 5.46 (s, 1 H, CHC’benzylidine), 5.58 (s, 1 H, CHCbenzylidine), 6.95- 7.13 
(m, 6 H, CHbenzylidine), 7.03 (d, 2 H, J = 9.0 Hz, CHbenzoph), 7.37 (d, 2 H, J = 7 Hz, CH’benzylidene), 7.49 
(d, 2 H, J = 7.5 Hz, CHbenzylidene), 7.54 (d, 2 H, J = 8.5 Hz, CHbenzoph), 7.76 (d, 2 H, J = 8.5 Hz, 
CHbenzoph), 7.90 (d, 2 H, J = 8.0 Hz, CHbenzoph). 13C NMR (75.5 MHz, CDCl3): δ = 56.1 (OCH2C≡CH), 
67.5, 69.4, 69.8, 70.5, 71.4, 71.9, 73.9, 74.9, 75.9, 76.3, 76.5 (C-2, C-2’, C-3, C-3’, C-4, C-4’, C-5, 
C-5’, C-6, C-6’, C≡CH, C≡CH), 85.8 (C-1’), 86.2 (C-1), 101.8 (CHC’benzylidene), 102.7 (CHCbenzylidene), 
114.8 (2x CbenzophCOCH2C≡C), 126.7- 132.7 (18x Car), 137.2 (2x CHCbenzylidene), 142.1 (COO), 161.6 
(CbenzophOCH2C≡C), 166.3 (CbenzophCOO), 194.9 (C=Obenzoph).  
 
2,3’-dibenzophenone-4,4’,6,6’-O-benzylidene-1-thio-β-D-digalactopyranoside (9) The product 

was obtained with a 14% yield from the above 
reaction as a white solid (16 mg). Rf = 0.72 (CH2Cl2/ 
MeOH, 92:8, v/v); 1H NMR (500 MHz, CDCl3): δ = 
2.56 (s, 2H, 2 x CH2CCH), 3.69 (s, 2 H, 2 x 5-H), 4.06 
(d, Ja,b = 12.6 Hz, 2 H, 2 x 6a-H), 4.07-4.16 (m, 1 H, 
2B-H), 4.20 (t, 1 H, J= 8.8 Hz, 3B-H), 4.36-4.41 (m, 3 
H, 2 x 6b-H, 2A-H), 4.54 (dd, J3,4 = 3.5 Hz, J3,2 = 12 Hz, 
1 H, 3A-H), 4.60 (d, J1,2 = 7.0 Hz, 2 H, 2 x 1-H), 4.77 (s, 
4 H, OCH2CCH), 5.18 (dd, J4,3 = 3.5 Hz, J4,5 = 9.2 Hz, 2 
H, 4-H), 5.53 (s, 1 H, CHAC6H5), 5.63 (s, 1 H, 

CHBC6H5), 7.04 (d, 4 H, J = 8.5 Hz, COC3H2C3H2OCH2CHCH), 7.19- 7.49 (m, 10 H, 10 x CHbenzylidene), 
7.71-7.83 (m , 8 H, CH2arom A,BCOCH2arom A,B), 8.09 (d, J = 8 Hz, 2 H, CH2, arom, BCOO), 8.20 (d, J = 8 
Hz, 2 H, CH2,arom,ACOO); 13C NMR (75.5 MHz, CDCl3): δ = 56.1 (OCH2CCH), 64.6, 68.2 (C-6), 69.4 
(C-3B), 70.0 (C-5), 73.4 (C-2B), 74.5 (C-3A), 75.3, 76.0, 76.6 (CH2CCH), 79.8, 84.7 (C-2A), 86.0 (C-
1), 101.4 (CHC6H5-A), 103.4 (CHC6H5-B), 114.9 (HCCCH2OCC2H2C2H2CCO), 126.3, 128.5, 129.7 (10 
x CHbenzylidene), 137.5 (2 x Carom, benzylidene), 129.2 (COCC2H2C2H2CCOO), 130.4 (COCC2H2C2H2CCOO), 
130.4 (HCCCH2OCC2H2C2H2CCO), 132.3 (HCCCH2OCC4H4CCO), 132.7 (COCC4H4CCOO), 138.9, 
142.5 (COCC4H4CCOO), 161.6 (HCCCH2OCC4H4CCO), 165.9 (COCC4H4CCOO), 194.8 (CaromCOCarom). 
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3,3’-dibenzophenone-4,4’,6,6’-O-benzylidene-1-thio-β-D-digalactopyranoside (10). 
Compound 2 (61 mg, 0.11 mmol) was dissolved in dry CH2Cl2 (2 
ml). The HOBt-ester (3 equiv) and NEt3 (70 µl) were added. The 
reaction was stirred for 2 h, after which it was diluted with 
CH2Cl2 (50 ml), washed with sat. NaHCO3 (2 x 25 ml), dried with 
Na2SO4, filtered and concentrated in vacuo. The product 10 was 
obtained from silica column chromatography (hexane/ EtOAc 
1:1  1:2, v/v) in 51% yield as a white solid (59 mg) (along with 
16 mg (14%) of 9, see below). Rf = 0.66 (CH2Cl2/ MeOH, 92:8, 

v/v); 1H NMR (500 MHz, CDCl3): δ = 2.56 (s, 1 H, CH2CCH), 3.77 (s, 1 H, 5-H), 4.13 (d, Ja,b = 12.5 
Hz, 1 H, 6a-H), 4.38 (d, Ja,b= 12.5 Hz, 1 H, 6b-H), 4.60 (d, J3,2 = 9.5 Hz, 1 H, 3-H), 4.71 (s, 1 H, 1-H), 
4.76 (s, 2 H, OCH2CCH), 5.05 (dd ≈ t, J2,3 = 9.5 Hz, 1 H, 2-H), 5.18 (d, J4,3 = 10.0 Hz, 1 H, 4-H), 5.51 
(s, 1 H, CHC6H5), 6.81-7.01 (m, 10 H, 10 x Hbenzylidene), 7.50 (d, J = 8.0 Hz, 2 H, 
COC3H2C3H2OCH2CHCH), 7.53 (d, J = 8.0 Hz, 2 H, COC3H2C3H2COO), 7.72 (d, J = 8.5 Hz, 2 H, 
COC3H2C3H2OCH2CHCH), 7.97 (d, J = 8.5 Hz, 2 H, COC3H2C3H2COO); 13C NMR (75.5 MHz, CDCl3): δ 
= 56.1 (OCH2CCH), 67.8, 69.7, 71.8, 75.0, 75.9 (C-2, C-6, C-5, C-3, C-4), 76.5 (CH2CCH), 86.4 (C-1), 
103.1 (CHC6H5), 114.7 (HCCCH2OCC2H2C2H2CCO), 127.1, 128.2, 129.5 (10 x CHbenzylidene), 136.9 (2 
x Carom, benzylidene), 129.1 (COCC2H2C2H2CCOO), 130.2 (COCC2H2C2H2CCOO), 130.4 
(HCCCH2OCC2H2C2H2CCO), 132.3 (HCCCH2OCC4H4CCO), 132.7 (COCC4H4CCOO), 142.2 
(COCC4H4CCOO), 161.5 (HCCCH2OCC4H4CCO), 166.2 (COCC4H4CCOO), 194.8 (CaromCOCarom).  
 
3,3’-diacetophenone-4,4’,6,6’-O-benzylidene-1-thio-β-D-digalactopyranoside (11) Compound 

7 (59 mg, 0.11 mmol) was dissolved in dry CH2Cl2
 (2 ml). The HOBt-

ester (3 equiv) and NEt3 (70 µl) were added. The reaction was 
stirred for 2 h, after which it was diluted with CH2Cl2 (50 ml), 
washed with saturated NaHCO3 (2x 25 ml), dried with Na2SO4, 
filtered and concentrated in vacuo. The product was obtained from 
silica column chromatography (hexane/ EtOAc 1:2, v/v) in 19 % 
yield as a white solid (20 mg, 20 µmol). Rf = 0.49 (CH2Cl2/ MeOH, 
92:8, v/v); 1H NMR (300 MHz, CDCl3): δ = 2.56 (t, 2 H, J = 2 Hz, 

C≡CH), 2.70 (t, 4 H, J = 6.9 Hz, CH2COO), 3.15 (t, 4 H, J = 6.9 Hz, CH2CH2COCar), 3.58 (s, 1 H, H-5) 
4.01 (d, Ja,b = 13 Hz, 2 H, H-6a), 4.26 (d, Ja,b= 13 Hz, 1 H, H-6b), 4.40 (d, 2 H, J4,3 = 3 Hz, H-4), 4.48 
(d, 2 H, J1,2 = 9.6 Hz, H-1), 4.73 (m, 6 H, JOCH2C≡CH = 2 Hz, OCH2C≡CH, H-2), 4.99 (dd, 2 H, J3,2 = 9.9 
Hz, J3,4 = 3.3 Hz, 2 H, H-3), 5.46 (s, 2 H, CHC6H5), 6.94 (d, 4 H, Jacetoph = 9.0 Hz, CHar), 7.06- 7.46 
(m, 10 H, CHbenzylidene), 7.85 (d, 4 H, Jacetoph = 9.0 Hz, CHar); 

13C NMR (75.5 MHz, CDCl3): δ = 28.8 
(CH2COO), 33.4 (CH2CH2COCar), 56.0 (OCH2C≡CH), 67.8, 69.5, 71.4, 74.5, 74.9 (C-2, C-3, C-4, C-5, 
C-6), 76.4 (C≡CH), 78.0 (C≡CH), 85.9 (C-1), 102.4 (CHCbenzylidene), 114.7 (2x Cacetoph), 127.1, 128.1, 
128.4, 129.1, 130.5 (8 x Car), 137.1 (CHCbenzylidene), 161.5 (CH2OCacetoph), 173.2 (C(=O)O), 196.8 
(C=O).    
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3-benzophenone-1-thio-β-D-digalactopyranoside (12) Compound 8 (16 mg, 20 µmol) was 
dissolved in acetic acid/ H2O 3:1 v/v (5 ml) and 
heated for 1 h at 90°C. Disappearance of the 
starting material was followed by TLC analysis. 
The solvent was coevaporated with toluene (3x) 
in vacuo, and the product purified by silica gel 
column chromatography (CH2Cl2/ MeOH, 92:8, 
v/v) and obtained in 32 % yield as a white solid (4 

mg, 6 µmol). Rf (CH2Cl2/ MeOH, 8:2, v/v) = 0.11; 1H NMR (300 MHz, CD3OD): δ = 3.03 (t, 1 H, J = 
2.4 Hz, C≡CH), 3.46- 3.99 (m, 10 H, H-2, H-4, H-5, H-6ab), 4.48 (dd, 1 H, J3’, 4’ = 4.2 Hz, J3’,2’ = 11.7 
Hz, H-3’), 4.61 (dd, 1 H, J3, 4 = 3 Hz, J3,2 = 9 Hz, H-3), 4.70 (d, 1 H, J1’, 2; = 9.6 Hz, H-1’), 4.75 (d, 1 H, 
J1,2 = 9.6 Hz, H-1), 7.14 (d, 2 H, J = 9.0 Hz, CHar), 7.80- 7.85 (m, 4 H, CHar), 8.22 (d, 2 H, J = 8.4 Hz, 
CHar); HRMS (m/z): calcd for C29H32O13SNa [M+Na]+ 643.1456; found 643.1469. 
 
2,3’-dibenzophenone-1-thio-β-D-digalactopyranoside (14) Compound 9 (16 mg, 15 µmol) was 

dissolved in acetic acid / H2O 3:1 v/v (5 ml) and heated 
for 1 h at 90°C. Disappearance of the starting material 
was followed by TLC analysis. The solvent was 
coevaporated with MeOH (3x) in vacuo, and the 
product was purified by silica gel column 
chromatography (CH2Cl2/ MeOH, 9:1, v/v) and 
obtained in 67 % yield as a white solid (9 mg, 10 
µmol). Rf (CH2Cl2/ MeOH, 9:1, v/v) = 0.14; 1H NMR (300 

MHz, CD3OD): δ = 2.98, 3.02 (2x t, 2 H, J = 2.4 Hz, C≡CH), 3.38- 3.42 (m, 2 H, H-5), 3.55- 3.77 (m, 
4 H, H-6ab), 3.95- 4.08 (m, 4 H, H-2, H-4), 4.49- 4.74 (m, 4 H, H-1, H-3), 7.11 (~ t, 4 H, J = 9.0 Hz, 
J = 8.1 Hz, CHar), 7.74- 7.86 (m, 8 H, CHar), 8.14 (d, 2 H, J = 8.1 Hz, CHar), 8.24 (d, 2 H, J = 8.7 Hz, 
CHar); HRMS (m/z): calcd for C46H43O16SNa [M+Na]+ 905.2086; found 905.2065. 
 
3,3’-dibenzophenone-1-thio-β-D-digalactopyranoside (14). Compound 10 (59 mg) was 

dissolved in acetic acid/ H2O 3:1 v/v and refluxed for 1 h at 
90°C. Disappearance of the starting material was followed 
by TLC analysis. The solvent was coevaporated with MeOH 
(3x) in vacuo, and the product purified by silica gel column 
chromatography (CH2Cl2/ MeOH, 9:1, v/v) and obtained in 
38 % yield as a white solid (19 mg). Rf = 0.66 (CH2Cl2/ 
MeOH, 8:2, v/v); 1H NMR (300 MHz, CD3OD): δ = 3.02 (t, 2 

H, J = 2 Hz, C≡CH), 3.61- 3.95 (m, 6 H, H-5, H-6ab), 4.06 (t, 2 H, J2,3 = 9.6 Hz, H-2), 4.23 (d, 2 H, 
J4,3 = 3.3 Hz, H-4), 4.59 (~s, 2 H, H-1), 5.09 (dd, 2 H, J3,2 = 9.6 Hz, J3,4 = 3.3 Hz, H-3), 7.12 (d, 4 H, J 
= 9.0 Hz, CHar), 7.80 (d, 4 H, J = 8.1 Hz, CHar), 7.81 (d, 4 H, J = 9.0 Hz, CHar), 8.25 (d, 4 H, J = 8.1 
Hz); HRMS (m/z): calcd for C46H42O16SNa [M+Na]+ 905.2086; found 905.2080. 
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3,3’-diacetophenone-1-thio-β-D-digalactopyranoside (15) Compound 11 (20 mg, 20 µmol) was 
dissolved in acetic acid/ H2O 3:1 v/v (5 ml) and refluxed for 1 h at 
90°C. Disappearance of the starting material was followed by TLC 
analysis. The solvent was coevaporated with MeOH (3x) in vacuo, 
and the product purified by silica gel column chromatography 
(CH2Cl2/ MeOH, 9:1, v/v) and obtained in 50 % yield as a white solid 
(8 mg, 10 µmol). Rf (CH2Cl2/ MeOH, 9:1, v/v) = 0.15; HRMS (m/z): 
calcd for C38H42O16SNa [M+Na]+ 809.2086; found 809.2092. 
 

2,4,6-Tri-O-acetyl-3-azido-3-deoxy-α-D-galactopyranosyl bromide (17). Compound 16 (637 
mg, 1.69 mmol) was dissolved in 10:1 CH2Cl2- EtOAC (44 ml). Titanium 
tetrabromide (1.11 g, 2.5 mmol) was added and the mixture was stirred for 3 
days. The reaction was quenched by adding NaOAc (1 g) and stirring for 1 h. The 
suspension was diluted with CH2Cl2 and extracted with water. The organic layer 

was dried with Na2SO4, filtered and evaporated. 17 was purified from the residue with silica gel 
column chromatography (3:1 hexane: EtOAc) and isolated in 48% yield (317 mg, 0.80 mmol) as 
a yellowish oil; Rf = 0.42 (3:1 hexane: EtOAc). 1H NMR (CDCl3): δ = 2.07, 2.16, 1.18 (3 s, 9 H, 
OCH3), 4.03 (dd, 1 H, J6a, 5 = 6.9 Hz, J6a, 6b = 11 Hz, H 6a), 4.12 (dd, 1 H, J3,4= 3.3 Hz, J3,2 = 10.5 Hz, 1 
H, H-3), 4.17 (dd, J6b,5 = 6 Hz, J6a, 6b = 11 Hz, 1 H, H-6b), 4.40 (t, J5,6 = 6 Hz, 1 H, H-5), 4.93 (dd, J2,3 
= 10.5 Hz, J2,1 = 3.9 Hz, 1 H, H-2), 5.48 (dd, J4,3= 3.3 Hz, J4,5 = 1 Hz, 1 H, H-4), 6.69 (d, J1,2 = 3.9 Hz, 
1 H, H-1). 13C NMR (75.5 MHz, CDCl3): δ = 28.2, 28.3, 28.4 (3x OC(O)CH3), 68.7 (C-6), 66.1, 74.9, 
77.2, 79.1 (C-2, C-3, C-4, C-5), 96.1 (C-1), 177.3, 177.5, 177.9 (3x C=O).  
 
3,3’-diazido-3,3’-dideoxy-2,2’,4,4’,6,6’-hexa-O-acetyl-ß-D-thiodigalactoside (18). Compound 

17 was dissolved in dry CH3CN (1 ml) and stirred on an ice bath. BF3· Et2O (74 
ml) was added and the mixture was stirred for 5 min at 0°C. Thiourea (61 mg, 
0.8 mmol) was added and the mixture was refluxed for 2 h. The mixture was 
allowed to cool to r t. Bromide 17 (238 mg, 0.60 mmol) was dissolved in dry 

CH3CN (1 ml) and added to the mixture. NEt3 (0.5 ml) was added and the mixture was stirred 
for 20 h. The mixture was diluted with CH2Cl2 (100 ml) and washed with H2O (1x) and brine (1x). 
The organic layer was dried with Na2SO4, filtered and evaporated. 18 was purified with silica gel 
column chromatography (300: 80: 20  200: 85: 15 hexane: EtOAc: CH3CN (v: v: v) and 
obtained in 34% yield. Rf = 0.30 (1:1 hexane: EtOAc). 1H NMR (CDCl3): δ = 2.06, 2.13, 2.17 (3 s, 9 
H, OCH3), 3.64 (dd, 1 H, J2,3 = 9.9 Hz, J3,4 = 3.3 Hz, H 3), 3.84 (dt, 1 H, J5,6 = 6.6 Hz, J5,4 = 1.2 Hz, H 
5), 4.11 (d, 2 H, J6.5 = 6.6 Hz, H 6ab), 4.78 (d, 1 H, J1,2 = 9.9 Hz, H 1), 5.17 (t, 1 H, J2,1 = 9.9 Hz, H 
2), 5.47 (dd, 1 H, J4,5 = 1.2 Hz, J4,3 = 3.3 Hz, H 4). 13C NMR (75.5 MHz, CDCl3): δ = 20.9, 21.0 (3x 
OC(O)CH3), 61.7 (C-6), 63.1, 67.9, 68.6, 75.7 (C-2, C-3, C-4, C-5), 81.4 (C-1), 169.6, 170.1, 170.6 
(3x C=O). ESI-MS: m/z = 683.2 [M+ Na]+. 
 
3,3’-diazido-3,3’-dideoxy-ß-D-thiodigalactoside (19). Compound 18 (14 mg, 0.022 mmol) was 

dissolved in MeOH (10 ml). A few drops of a NaOMe-solution (30% w/v in 
MeOH) were added and the mixture was stirred for 3 h. The mixture was 
neutralized with Dowex H+ resin, filtered, and concentrated in vacuo. 
Colorless oil was obtained in quantitative yield (10 mg, 0.022 mmol). Rf = 0.79 

(4:2:1 EtOAc: MeOH: H2O); 1H NMR (300 MHz, CD3OD): δ = 3.36 (dd, 2 H, J3,2 = 9.9 Hz, J3,4 = 3.0 
Hz, H-3), 3.57 (dt, 2 H, J5,4 = 1 Hz, J5,6a = 7.5 Hz, J5,6b = 4.5 Hz, H-5), 3.64 (dd, 2 H, J6b,5 = 4.5 Hz, 
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J6b,6a = 11.4 Hz, H-6b), 3.74 (dd, 2 H, J6a,5 = 7.5 Hz, J6a,6b = 11.4 Hz, H-6a), 3.84 (t, 2 H, J = 9.9 Hz, 
H-2), 3.94 (dd~ d, 2 H, J4,3 = 3.0 Hz, H-4), 4.71 (d, 2 H, J1,2 = 9.9 Hz, H-1). 13C NMR (75.5 MHz, 
CD3OD): δ = 61.5, 67.2, 68.5, 68.9, 80.0, 84.5.  
 
3,3’-diamino-3,3’-dideoxy-ß-D-thiodigalactoside (20) Compound 19 (0.066 mmol) was 

suspended in CH3CN (3 ml). PPh3 (44 mg, 0.17 mmol) was added. When the 
PPh3 was dissolved completely, H2O (1 ml) was added to dissolve the sugar. 
The clear reaction mixture was stirred for 20 h. TLC analysis (EtOAc: MeOH: 
H2O 4:2:1) showed the product on the baseline. The mixture was diluted with 
H2O (30 ml) and washed twice with EtOAc. The H2O-layer was evaporated in 

vacuo and a yellow solid was obtained in quantitative yield (23 mg, 0.066 mmol). 1H NMR (300 
MHz, D2O): δ = 2.86 (dd, 2 H, J3,2 = 9.9 Hz, J3,4 = 2.6 Hz, H-3), 3.40 (t, 2 H, J = 9.9 Hz, H-2), 3.60 
(m, 6 H, H-5, H-6a, H-6b), 3.85 (dd ~ s, 2 H, H-4), 4.70 (d, 2 H, J1,2 = 9.9 Hz, H-1). 13C NMR (75.5 
MHz, D2O): δ = 56.8, 61.4, 67.8, 69.6, 80.1, 84.2. ESI-MS: m/z = 356.95 [M+ H]+. 
 
3,3’-dideoxy-3,3’-(dibenzophenone-amide)-ß-D-thiodigalactoside (21) Compound 20 was 

dissolved in 0.1 M NaHCO3-solution (1 ml). Compound 3 
was dissolved in CH3CN (1 ml). The two solutions were 
mixed together with DMF (1 ml) to dissolve the reagents 
completely. The mixture was stirred for 20 h. The mixture 
was concentrated in vacuo and the product purified using 
silica gel column chromatography (5  15% MeOH in 
CH2Cl2). After lyophilization, 6.2 mg white powder was 
obtained (7.0 µmol, 18%). Rf = 0.62 (2: 8 MeOH: CH2Cl2). 1H 

NMR (500 MHz, DMSO): δ = 2.54 (t, 4 H, J = 6.5 Hz, CH2C(=O)NH), 3.17 (t, 4 H, J = 6.5 Hz, 
CH2C(=O)O), 3.53- 3.54 (m, 4 H, H-6ab), 3.65 (s, 2 H, C≡CH), 3.73 (dd, 2 H, J2,1 = 10 Hz, J2,3 = 16.5 
Hz, H-2), 4.00 (ddd, 2 H, H-3), 4.62 (t, 2 H, J5, 6ab = 5.5 Hz, H-5), 4.75 (d, 2 H, J1,2 = 10 Hz, H-1), 
4.92 – 4.97, m, 6 H, H-4, CH2O), 7.16 (d, 4 H, J = 9.0 Hz, CHar), 7.77 (dd, 8 H, CHar), 8.07 (d, 4 H, J 
= 8.5 Hz, CHarNH), 8.31 (d, 2 H, J = 7.5 Hz, NH). HRMS (m/z): calcd for C46H44N2O14SNa [M+Na]+ 
903.2405; found 903.2391. 
 
3,3’-dideoxy-3,3’-(diacetophenone-amide)-ß-D-thiodigalactoside (22). Compound 20 (15 mg, 

42 µmol) and OSu ester 5 (41 mg, 125 µmol) were suspended in 
CH3CN (2 ml) and a NaHCO3-solution (0.1 M,1 ml) was added. The 
pH was checked ( ≈ 8) and the mixture was stirred for 20 h. The 
mixture was concentrated in vacuo and 22 was isolated using 
preparative HPLC. After lyophilization, 2.7 mg of a white powder 
was obtained (3.4 µmol, 8% yield). Rf = 0.093 (9:1 CH2Cl2: MeOH). 
1H NMR (500 MHz, DMSO): δ = 2.50- 2.57 (t, 4 H, CH2C(O)Ar), 3.18 
(t, 4 H, J = 7 Hz, CH2C(O)NH), 3.33- 3.40 (m, 4 H, H-6a, H-6b), 3.46 
(dd, 2 H, H-2), 3.62 (t ~ s, 2 H, C≡CH), 3.71 (ddd, 2 H, H-3), 4.57 (t, 2 

H, J5,6ab = 6 Hz, H-5), 4.61 (d, 2 H, J1,2 = 9.5 Hz, H-1), 4.78 (d, 2 H, J4,3 = 5.5 Hz), 4.91 (d, 4 H, J = 2 
Hz, OCH2), 7.09 (d, 4 H, J = 9 Hz, CHar), 7.76 (d, 2 H, J = 7.5 Hz, NH), 7.96 (d, 4 H, J = 9 Hz, CHar). 
ESI-MS: m/z = 785.80 [M+ H]+; HRMS (m/z): calcd for C38H45N2O14SNa [M+Na]+ 807.2405; found 
807.2403. 
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3,3’-(ditriazol-4-benzophenone-1-yl)-2,2’,4,4’,6,6’-hexa-O-acetyl ß-D-thiodigalactoside (23). 
Compound 18 (5.2 mg, 7.8 µmol), sodium ascorbate (0.5 mg, 2.3 
µmol), CuSO4 (0.3 mg, 1.2 µmol) and benzophenone 25 (22 mg, 0.075 
mmol) were dissolved in DMF (2 ml). The mixture was heated under 
microwave irradiation to 80°C for 20 min. The mixture was 
concentrated in vacuo and the product purified with silica gel column 
chromatography (2 : 98, MeOH : CH2Cl2). The product was obtained as 
a white solid in quantitative yield. Rf = 0.48 (CH2Cl2/ MeOH, 9:1, v/v). 
1H NMR (CDCl3): δ = 1.87, 1.95, 2.07 (3x s, 6 H, OCH3), 2.56 (t, 2 H, J = 
2.4 Hz, C≡CH), 4.08- 4.22 (m, 6 H, H-5, H-6a, H-6b), 4.77 (d, 4 H, J = 2.4 
Hz, OCH2CC≡CH), 4.98 (d, 2 H, J1,2 = 9.6 Hz, H-1), 5.16 (dd, 2 H, J3,2 = 

11.1 Hz, J3,4 = 3.3 Hz, 3-H), 5.28 (s, 2 H, OCH2(triazole)), 5.57 (dd~d, 2 H, J4,3 = 3 Hz, H-4), 5.68 (t, 
J2,1 = 9.6 Hz, J2,3 = 11.1 Hz, 1 H, H-2), 6.99 (d, 2 H, J = 8.4 Hz, CHar), 7.04 (d, 2 H, J = 8.7 Hz, CHar, 
7.67 (s, 1 H, C=CHtriazole , 7.77 (d, 2 H, J = 8.4 Hz, CHar), 7.79 (d, 2 H, J = 8.7 Hz, CHar). 

13C NMR 
(75.5 MHz, CDCl3): δ = 20.4, 20.7, 20.9 (3x C(O)CH3), 56.1 (OCH2C ≡CH), 61.5 (OCH2Ctriazole), 62.2 
(C-6), 63.3, 66.6, 68.7, 75.9 (C-2, C-3, C-4, C-5), 76.4 (C≡CH), 82.4 (C-1), 114.5, 114.6 (4x CHar), 
131.5 (2x Car), 132.4, 132.5 (2x CHar), 144.5 (N-C=C), 161.0, 161.3 (2x Car), 168.9, 169.6, 170.6 
(3x C(O)CH3), 194.4 (C=O).  
 
3,3’-(ditriazol-4-benzophenone-1-yl)-ß-D-thiodigalactoside (24) Compound 23 (7.8 µmol) was 

dissolved in MeOH (10 ml) and a few drops of a 30% (w/t) NaOMe-
solution in MeOH were added. The mixture was stirred for 4 h, 
neutralized with Dowex H+ resin, filtered and the solvent was 
evaporated in vacuo. The white solid was dissolved in a few ml CH3CN/ 
H2O (1:1, v/v) and lyophilized to obtain a white powder (9 mg) in 
quantitative yield. 1H NMR (300 MHz, CD3OD): δ = 3.00 (t, 2 H, J = 2.4 
Hz, C≡CH), 3.67 (dd, 2 H, J3,2 = 10 Hz, J3,4 = 3 Hz, H-3), 3.75- 3.84 (m, 6 H, 
H-5, H-6ab), 4.10 (d, 2 H, J4,3 = 3 Hz, H-4), 4.95 (t, 2 H, H-2), 4.95 (d, 2 H, 
J1,2 = 10 Hz, H-1), 5.29 (s, 4 H, OCH2Ctriazole), 7.12 (~ dd, 8 H, J = 9 Hz, 
CHar), 7.75 (d, 8 H, J = 9 Hz, CHar), 8.32 (s, 2 H, NCH=CN), 8.54 (s, 2 H, 

NH); HRMS (m/z): calcd for C50H48N6O14SNa [M+Na]+ 1011.2841; found 1011.2913. 
 
4,4’-(prop-2-ynyloxy)benzophenone (25) 4,4’-dihydroxybenzphenone (229 mg, 1.07 mmol) 

was dissolved in 10 ml acetone. K2CO3 was added, followed by 
slow addition of 298 µl (298 mmol) propargylbromide (80% w/v 
in toluene). The mixture was stirred for 68 h at rt. The reaction 
mixture was filtered and concentrated in vacuo. The compound 

was obtained in quantitative yield as a white solid (321 mg). Rf (hexane/ EtOAc, 4:1 v/v): 0.28; 
1H NMR (300 MHz, CDCl3): δ = 2.56 (d, 2 H, J = 2.4 Hz, C≡CH), 4.77 (d, 4 H, J = 2.4 Hz, OCH2), 
7.04 (d, 4 H, J = 9 Hz, CHarom), 7.80 (d, 4 H, J = 9 Hz, CHarom); 13C NMR (75.5 MHz, CDCl3): δ = 56.1, 
76.3, 114.6, 131.6, 132.4, 160.9, 194.4. 
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1-(prop-2-ynyloxy)benzene (1) Phenol (4.94 g, 52 mmol) was dissolved in acetone (50 ml), 
K2CO3 (22g, 159 mmol) was added and propargylbromide (10.9 ml, 79 mmol) 
was added dropwise to the mixture. The mixture was stirred for 20 h. after 
which it was filtered and the filtrate was coevaporated with toluene (3x) in 

vacuo. The product was obtained as a yellow oil in 98% yield (6.8g, 51 mmol). 1H NMR (300 
MHz, CDCl3): δ = 2.50 (d, 1 H, J = 0.6 Hz, C≡CH), 4.66 (d, 2 H, J = 2.4 Hz, OCH2), 6.95- 6.98 (m, 3 
H, CHarom), 7.29 (t, 2 H, J = 1 Hz, CHarom); 13C NMR (75.5 MHz, CDCl3): δ = 55.8, 75.6, 78.8, 115.0, 
121.7, 129.6, 157.7.  
 
4-benzoic acid-4’-(prop-2-ynyloxy)phenone (2) Aluminium chloride (1.0 g, 7.4 mmol) was 

suspended in dry CH2Cl2 (30 ml) in an icebath. 
Terephthaloylchloride (3.4 g, 17 mmol) was dissolved in dry CH2Cl2 
(10 ml) and added slowly to the mixture. Compound 23 (0.89 g, 6.7 
mmol) was also dissolved in dry CH2Cl2 (10 ml) and added drop 
wise to the reaction mixture. After 1 h, the mixture was poured 

into icewater (100 ml) and the product was extracted twice with EtOAc. The combined organic 
layers were washed with H2O (2x), brine and 1N KHSO4. The organic layer was dried with 
Na2SO4, filtered and concentrated in vacuo. The product was obtained in 55% yield as a white 
solid by recrystallization from hexane/ EtOAC (1.05 g, 3.73 mmol). Rf (CH2Cl2/ MeOH/ AcOH, 
94:5:1, v/v): 0.52; 1H NMR (300 MHz, DMSO): δ = 3.67 (t, 1 H, J = 2 Hz, C≡CH), 4.95 (d, 2 H, J = 2 
Hz, CH2O), 7.16 (d, 2 H, J = 9 Hz, CHar), 7.78 (d, 4 H, J = 7.5 Hz, CHar), 8.09 (d, 2 H, J = 8.7 Hz, 
CHar); 

13C NMR (75.5 MHz, DMSO): δ = 56.5 (OCH2), 79.4 (C≡CH), 79.7 (C≡CH), 115.4, 115.6 (2x 
Car), 130.0, 130.3, 132.9 (7x Car), 134.8 (Car), 141.8 (Car), 161.8 (Car), 167.5 (COOH), 194.7 (C=O). 
 
4’-O-succinimide-ester-4-(prop-2-ynyloxy)benzophenone (3) Compound 2 (83 mg, 0.297 

mmol) was dissolved in dry CH3CN (10 ml). DCC (64 mg, 0.31 
mmol) and N-hydroxysuccinimide (38 mg, 0.33 mmol) were 
added and the mixture was stirred for 1 h at 0°C. The mixture 
was filtered and concent rated in vacuo. The product was 
purified by silica column chromatography (hexane/ EtOAc, 2:1 

v/v) and isolated in 66% yield as a white solid (74 mg). Rf (hexane/ EtOAc, 1:1 v/v): 0.42; 1H 
NMR (300 MHz, CDCl3): δ = 2.57 (d, 1 H, J = 2.4 Hz, C≡CH), 2.93 (s, 4 H, CH2CH2), 4.79 (d, 2 H, J = 
2.4 Hz, OCH2), 7.07 (d, 2 H, J = 8.7 Hz, CHarom), 7.84 (dd ~ t, 4 H, CHarom), 8.25 (d, 2 H, J = 8.7 Hz, 
CHarom); 13C NMR (75.5 MHz, CDCl3): δ = 25.9, 56.2, 115.0, 128.0, 129.9, 130.2, 130.7, 132.7, 
144.0, 161.5, 161.8, 169.2, 194.4. 
 
4-oxo-4’-(4-(prop-2-ynyloxy)phenyl)butanoic acid (4) Aluminium chloride (686 mg, 5.2 mmol) 

was suspended in dry CH2Cl2 (5 ml) at 0°C. Succinyl chloride (1.3 ml, 
11.7 mmol, diluted with 5 ml dry CH2Cl2) was added slowly to the 
mixture. Then 618 mg alkylated phenol (4.7 mmol, diluted in 5 ml dry 
CH2Cl2) was added drop wise to the mixture. The mixture was stirred 
for 4 h, poured in ice water (50 ml) and extracted 4 times with EtOAc 

(50 ml). The combined organic layers were washed once with brine, dried over Na2SO4, filtered, 
and the solvent was evaporated. From the crude yellow oil, a yellow solid (0.97 g, 4.2 mmol) 
was obtained in 89% yield by silica column chromatography (2% MeOH, 1% acetic acid in 
CH2Cl2). Rf (CH2Cl2/ MeOH/AcOH, 94:5:1 v/v): 0.47; 1H NMR (300 MHz, DMSO): δ = 2.48 (d, 1 H, 
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J = 2 Hz, C≡CH), 2.54 (t, 2 H, J = 6.3 Hz, CH2COOH), 3.18 (t, 2 H, J = 6.3 Hz, CH2C=OCar), 4.89 (d, 2 
H, J = 2 Hz, OCH2CCH), 7.07 (d, 2 H, J = 8.7 Hz, CHar), 7.95 (d, 2 H, J = 8.7 Hz, CHar); 

13C NMR (75.5 
MHz, DMSO): δ = 28.6 (CH2COOH), 33.4 (CH2C=OCar), 56.4 CH2C≡CH), 79.2 (C≡CH), 79.6 (C≡CH), 
115.3, 115.5 (2x Car), 130.7 (2x Car), 161.6 (CarOCH2C≡CH), 174.6 (COOH), 197.5 (C=O). 
 
4-oxo-4’-(4-(prop-2-ynyloxy)phenyl)butanoic acid-O-succinimide ester (5) Compound 4 (100 

mg, 0.43 mmol) and 54 mg N-hydroxysuccinimide (0.47 mmol) 
were dissolved in acetonitrile (10 ml). DCC (93 mg, 0.45 mmol) 
was added and the mixture was stirred for 1 h at 0°C. The 
mixture was filtered and the product was obtained as a white 

solid after purification by column chromatography (hexane/ EtOAc, 1:2, v/v) in 62% yield. Rf 
(hexane/EtOAc, 1:2, v/v): 0.39; 1H NMR (300 MHz, CDCl3): δ = 2.55 (s, 1 H), 2.84 (s, 4 H, OSu), 
3.08 (t, 2 H, J = 6.9 Hz), 3.39 (t, 2 H, J = 6.9 Hz), 4.76 (d, 2 H, J = 2.5 Hz), 7.03 (d, 2 H, J = 8.8 Hz), 
7.98 (d, 2 H, J = 9.1 Hz); 13C NMR (75.5 MHz, CDCl3): δ = 25.1, 25.8, 34.1, 56.1, 76.5, 115.0, 
130.1, 130.6, 161.8, 168.7, 169.2, 195.1. 
 
General procedure for the synthesis of HOBt-esters. Benzophenone and acetophenone 
derivatives 2 and 4 (0.5 mmol) and HOBt·H2O (2.0 mmol) were dissolved in dry THF (10 ml) and 
stirred under N2 for about 20 min. DMAP (0.15 mmol) and EDC (2.0 mmol) were added to the 
mixture and the mixture was stirred for 1 h. The mixture was decanted onto a small silica plug. 
Flash chromatography was performed in hexane/ EtOAc 1:1 v/v, and the first fractions were 
pooled and concentrated in vacuo. The white solid that was obtained was used immediately in 
the synthesis of 8-11.   
 
AlexaN3 (28) AlexaCO2H 26 (16 mg, 29 µmol, 1:1 mixture of 5- and 6-isomers, synthesized by J. 

Kuil MSc.) was dissolved in 1 ml 
DMF. The spacer 27 (Toronto 
Chemicals, Canada, 32 mg, 145 
µmol), BOP (14 mg, 32 µmol) and 
Dipea (12 µl, 87 µmol) were added 
and the mixture was stirred for 16h 
in the dark. The mixture was 
concentrated in vacuo and purified 

by preparative HPLC (C8-reversed phase column, gradient 95: 5: 0.1 5: 95: 0.1, H2O: CH3CN: 
TFA, v/v/v). Pure fractions containing the expected mass were pooled and lyophilized. A dark 
red powder (4.5 mg, 6.1 µmol) was obtained in 21% isolated yield. 1H NMR (300 MHz, D2O): 
3.25- 3.70 (m, 16 H, 8x OCH2); 6-isomer: 6.82 (dd, 4H, 2x CHCHCNH2), 7.60 (d, 1 H, 
CCHCC(=O)NH), 7.98- 8.05 (m, 2 H, NHC(=O)CCHCHCCOOH); 5-isomer: 7.05 (dd, 4 H, 2x 
CHCHCNH2), 7.41 (d, 1 H, CHCHCC(=O)NH), 8.17 (d, 1 H, CHCHCC(=O)NH), 8.46 (d, 1 H, 
NHC(=O)CCHCCOOH); HRMS (m/z): calcd for C29H28N6O13S2Na3 [M+3Na]+ 801.0849; found 
801.0835.  
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Galectin-3 binding assay by fluorescence polarization. Galectin-3 was produced and potency 
of inhibitors determined by fluorescent polarization in principle as described.[57] A fluorescein 
tagged A-tetrasaccharide (4 in Table SII of ref. [66]) was used as tracer (probe) at 0.1 µM with 1 
µM of galectin-3, and compounds were tested as inhibitors using concentrations between ~0.5 
and 500 µM, to cover a factor of at least ~5 below and above the concentration giving 50% 
inhibition.  
 
Modeling The 3D coordinates of galectin-3 with LacNAc and the fluorinated 3’-substituted 
carbohydrate were downloaded from the PDB (code 1kjl and 1kjr). The difference between 
these structures is the open position of Arg144 in 1kjr, allowing hydrophobic rings to interact. 
The program Autodock 4.0[58] was used for the local docking experiments as implemented in 
Yasara. In this procedure the ligand and protein side chains within 7 Ångstrom are subjected to 
minimization with Amber before rigid docking with Autodock. To remove bumps and correct 
the covalent geometry, the structure was energy-minimized with the Amber99 force field,[67] 
using a 10.4 Å VdW force cutoff and the Particle Mesh Ewald algorithm[68] to treat long range 
electrostatic interactions. After removal of conformational stress by a short steepest descent 
minimization, the procedure continued by simulated annealing (time step 2 fs, atom velocities 
scaled down by 0.9 every 10th step) until convergence was reached, i.e. the energy improved by 
less than 0.1% during 200 steps [Yasara documentation]. After that Autodock 4 was used to do 
a Solis and Wetts local search[58] with rigid protein and rigid ligand to find the best position and 
give an estimate of the free energy (Ki-value) using a procedure described in.[59] The best local 
search parameters were empirically chosen to be 300 for the maximum amount of Solis and 
Wetts iterations, 15000 for the population size in the genetic algorithm and 200 local docking 
runs. These parameters always led to only a limited number of clusters (RMSD for clustering 
was taken to be 5.0 Ångstrom) and with the best hit well within 1.0 Ångstrom from the X-ray 
complex during redocking of a test file (1mes). The compounds 14, 15, 22 and 24 were built in 
Yasara based on LacNAc in the 1JKL PDB file. 
 
Typical procedure for the labeling of human galectin-3 To a 3.8 µl aliquot of Galectin-3 stock 
solution (human, recombinant form, carrier free, R&D Systems Europe, Abingdon, UK) (0.1 
mg/ml in HEPES buffer), together with 10 µl of a six protein mixture solution (200 µg/ml in 
each lactalbumin, trypsin inhibitor, carbonic anhydrase, ovalbumin, albumin and 
phosphorylase B), HeLa cell lysate (natural galectin-3 abundance ca. 5 ng per lane, based on a 
Western blot) or lactose, one of the chemical probes (12, 13, 14, 15, 21, 22 or 24) was added 
(1, 2 or 10 µl of a 50 µM stock solution in water : DMSO, 10 : 1 (v/v), or dilutions from this 
stock) and the samples were adjusted to a total volume of 50 µL with HEPES buffer pH 7.4, 150 
mM NaCl. The resulting solutions were irradiated for 30 min under a 366 nm UV lamp at 4-5 cm 
distance at 4oC. After photoincubation, 6 µl of ligand (100 µM in DMSO : t-butanol, 1 : 4 (v/v)), 
2 µl of CuSO4 (50 mM in water), 2 µl TCEP (50 mM in water) and 15 µL Alexa488-N3 conjugate 
(100 µM stock solution in water) were added and the volume adjusted to 100 µl with HEPES 
buffer. The samples were then gently shaken overnight in the dark at 4oC and denatured (50 µl 
of a 10 % SDS, 40 % glycerol and 2 % DTT solution) boiling at 95oC for 5 min. From the total 
volume of 150 µl, 20 µl was loaded onto a 15 % Tris-HCl gel for SDS-PAGE. After extensive 
washing of the developed gel (1-5 h in water) to eliminate excess dye reagent, fluorescence 
was detected with a Typhoon fluorescence scanner and each gel was subsequently silver 
stained. 
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Western blotting 
Fluorescence of the developed gels was detected with a Typhoon fluorescence scanner, and 
the proteins were blotted to a PVDF membrane and diaminobenzidine (DAB) stained according 
to the instructions of the manufacturers (BioRad and Sigma-Aldrich, SigmaFAST tablets). The 
blot was blocked in PBS-Tween 0.1%, 3% BSA for 1 h, and incubated with each antibody for 1 h. 
As primary antibody was used a rat monoclonal antibody against human galectin-3 (ATCC, TIB-
166, 0.2 mg/ml, 1:1000 dilution in PBS-Tween 0.1% before use), and an anti-rat horseradish 
peroxidase conjugated antibody (Santa Cruz Biotechnology, sc-2032, 1:1000 dilution in PBS-
Tween 0.1% before use) was used as a secondary antibody.  
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Abstract 

To identify labeled proteins, two different purification tags have been synthesized. The tags 

can be “clicked” to the chemical probe, and the labeled protein purified from the complex 

protein mixture. Purifications were either based on a biotin-streptavidin interaction, or on a 

6xhistidine-peptide-cobalt(II) ion interaction. Both methods were compared, and showed to 

have their own advantages and disadvantages. Control experiments turned out to be crucial. 

Since the sugar-probes used in these experiments did not give high labeling efficiencies, hardly 

any difference could be observed between purifications with and without a sugar-probe. By the 

time that chemical probes with higher labeling efficiencies are developed, the strategies shown 

in this chapter will be a useful starting point. 

 

Introduction 

In Chapters 2-5 the visualization of labeled proteins using a fluorescent tag, in the presence of 

complex protein mixtures, has been shown. However, to identify the captured proteins, they 

have to be enriched from the unlabeled proteins (Chapter 2). In the literature, several 

methodologies have been developed to identify a subproteome of interest. Especially Cravatt 

and co-workers developed several new methods to characterize classes of active enzymes 

within a proteome. All of them are based on activity-based protein profiling (ABPP), a powerful 

chemical proteomic strategy that captures an enzyme class of interest, dependent on the 

chemical probe (more details have been described in Chapter 1). Probes have been developed 

for more than a dozen of enzyme classes, including serine-,[1-3] metallo- [4, 5] and cysteine-

proteases,[6-9] kinases,[10] phosphatises,[11] glycosidases[12-14] and oxidoreductases.[15, 16] In all 

cases, a biotin moiety was used as handle, to enrich the labeled proteins from the proteome. 

The biotin was either part of the chemical probe, or introduced after the labeling step by click 

chemistry. The latter has the advantage to circumvent the potential problem that the large 

reporter tag hinders recognition of the target protein.[17] The former has the advantage that all 

labeled proteins contain a biotin-moiety, which improves detection levels.[18] Remarkably in 

most studies just profiles of proteomes are shown, in which specific proteins or enzymes were 

labeled in a proteome with a fluorescent probe. Protein identification from chemical probe 
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labeled proteomes remains a challenge. A brief overview of the different methodologies 

developed, together with some successful examples, is given here.  

 

After the labeling step, proteomes are usually fractionated first by gel filtration,[2, 18] or by ion 

exchange chromatography.[18, 19] Subsequently, the elution fractions are incubated with (strept- 

or neutr-) avidin agarose or Sepharose beads to enrich the labeled proteins. However, Cravatt 

and co-workers stated that several labeled proteins were not able to bind the avidin matrix in 

their native state. Therefore, they used denatured protein samples prior to treatment with 

avidin beads.[2] Extensive washing steps with SDS, CHAPS, 300 mM NaCl or even methanol,[2, 18-

21] were needed to remove the non-specifically bound proteins from the beads. The elution of 

the enriched proteins was mostly done simply by heating the samples for 5 min at 95°C. 

Although the washing steps removed some non-specifically bound proteins, this method 

generally still resulted in contamination of the desired probe-labeled proteins with avidin 

monomers, proteins that were nonselectively bound to the streptavidin, as well as 

endogenously biotinylated proteins.[22] To reduce those false-positive identifications and 

therefore to improve confidence in the protein assignments, a disulfide bridge,[14] a specific 

(e.g. a tobacco etch virus) protease cleavage site,[23] or a diazobenzene cleavable linker[22, 24] 

have been introduced between the biotin moiety and the reactive group of a chemical probe. 

Instead of heating the samples, in this way labeled proteins can be eluted specifically from the 

beads under mild reducing conditions[14, 22, 24] or using cleavage by a protease.[23] 

 

Trifunctional probes have also been developed, allowing fluorescent detection and 

identification of labeled proteins in one single experiment. The advantage is that the 

fluorescent band can be excised from the gel directly, which increases the reliability of having 

cut the correct band. Also no additional staining, which may complicate protein identification, 

is required. Biotin-rhodamine-azide, biotin-rhodamine-alkyne,[18] and also a chemical probe 

containing a biotin, a rhodamine and a phenyl sulfonate reactive group, have been synthesized. 

Using this “sulfonate-trifunctional probe”, two proteins could be identified.[25] A membrane-

associated metalloprotease was identified using the trifunctional probe biotin-rhodamine-

azide.[5] Furthermore, a spiroepoxide-containing probe was found to inhibit and label the 

glycolytic enzyme PGAM1, which could be identified via attachment of biotin-rhodamine-azide, 
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a couple of chromatographic steps and final mass spectrometry techniques.[26] Trifunctional 

probes have also been synthesized to allow detection and identification of carbohydrate-

binding proteins. The chemical probes consisted of one or three monosaccharides (mannose or 

fucose), a benzophenone photolabel and a biotin moiety or fluorescent dye (Cye3 or Cye5[27]). 

The lectin A. aurantia could be labeled, also in the presence of 0.5 µg E. coli lysate. However, 

protein identification was not performed.[28]         

 

A carbohydrate containing cross linking probe has been used to identify a bacterial surface 

adhesion protein: the Lewisb-binding adhesion (BabA). Approximately 300 fmol of adhesion 

protein could be enriched from Helicobacter pylori cell lysate. The probe consisted of Lewisb-

hexasaccharide-conjugated human serum albumin, coupled to a trifunctional scaffold, which 

consisted of a biotin moiety, an aryl azide photolabel, and a disulfide bond to cleave the Lewisb-

hexasaccharide-conjugated human serum albumin from the labeled protein. Streptavidin-

coated magnetic beads were used to enrich the labeled protein.[21]  

 

Mannose binding proteins could be identified by column affinity chromatography using α-D-

mannose as the ligand. Bound proteins were eluted with a gradient of competing mannose, 

resolved by SDS-PAGE, followed by LC-MS to identify the proteins. 136 distinct mannose 

binding proteins could be identified from Oryza sativa.[29] Also galectin-3 binding proteins were 

isolated from serum by affinity chromatography, using a galectin-3 Sepharose column. Bound 

proteins were eluted with lactose, and identified with mass spectrometry. The major galectin-3 

ligand was the glycoprotein α-2-macroglobulin.[30] 

 

To my knowledge, identification of protein binding sites has only been shown with purified 

proteins. For example, the binding site of the neuropeptide corticotropin-releasing factor (CRF) 

on its binding protein (CRFBP) has been identified using a photoprobe designed on the basis of 

CRF. The labeled protein was purified from the unlabeled protein and the binding site was 

identified with LC-MS.[31] Also using sulfonate ester probes, it was possible to map enzyme 

active sites of five known enzyme targets.[32] 
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Research started with the synthesis of a biotin-azide purification tag 1. Biotin is mostly used in 

the purification of (labeled) proteins, because it has a high affinity towards streptavidin and the 

strength of this interaction approaches that of a covalent bond. Streptavidin is commercially 

available coupled to agarose beads, which allows easy purification from the protein mixture. 

The design of the second purification tag which was synthesized, the 6xhistidine-N3 6, was 

based on the most widely used method to purify recombinant proteins.[33] The histidine tag is 

easy to synthesize with standard solid phase peptide synthesis (SPPS) and has a high affinity 

towards nickel (II) or cobalt (II) containing beads.[34] This immobilized metal-ion affinity 

chromatography (IMAC) has proved to be simple, highly selective for neighboring histidine 

residues, inexpensive and amenable to scaling up, and enables one step separation of the 

protein of interest from the bulk of other proteins and biological contaminants. The labeled 

proteins can be eluted under mild conditions from the beads with imidazole, which is a 

competitor of 6xhistidine - metal ion interactions. These mild elution conditions are in contrast 

to the biotin purification, where the beads need strongly denaturing conditions to disrupt the 

almost covalent bond nature of the biotin and streptavidin interaction. Extensive washing steps 

are often required to remove any nonspecifically bound proteins.[2, 18]  Moreover, the histidine-

tag has good ionization properties in the mass spectrometer, which is in contrast to biotin, 

thereby improving the detection limit of histidine-tagged proteins in complex protein mixtures.  

 

The synthesis of the two purification tags is presented here, as well as the efforts to set up a 

method to enrich the labeled proteins from any proteome of interest. In this research, control 

experiments turned out to be crucial. For example, different sugar probes had to be compared, 

as well as different purification methods. Non-specific interactions were hard to avoid, and 

moreover, they have to be distinguished from proteins which co-purified with the labeled 

proteins. Purifications have been attempted on proteomes labeled with the acetophenone-

thiodigalactoside probe 7, the glucose-probe 8 or the divalent probe 9 (Figure 1).  
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Figure 1 – Chemical probes used in the efforts to set up a general method to enrich the 
labeled proteins from a proteome. The synthesis and labeling properties of compounds 7 and 
8 are described in Chapter 5 and 2 respectively, the labeling properties of compound 9 in 
Chapter 3.  
 

 

These probes were chosen because of their relatively high labeling efficiencies, compared to 

other probes described in this thesis. Still, using these probes, the labeling efficiencies were 

low and specific labeling was even less. By the time better photoprobes will be available, the 

purification strategies described in this chapter will be a useful starting point.  

 

Results & discussion 

Chemistry 

Biotin-azide 1 was synthesized by coupling biotin to an azide-polyethlyleneglycol spacer, using 

BOP as a coupling reagent and DiPEA as a base. The synthesis is depicted in Scheme 1. 
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Scheme 1 – Synthesis of biotin-azide 1 Reagents and conditions: a.) TsCl (1 eq.), Et3N (1.5 eq.), 
CH2Cl2, 16 h, 42%; b.) NaN3 (2 eq.), DMF, 16 h, 87%; c.) tert-butylbromoacetate (1.5 eq.), NaH 
(1.2 eq.), TBAI (0.1 eq.), DMF, 0°C, 3 h, 32%; d.) 10% TFA in DCM, 0°C, 10 min, quant.    
 

For the 6xhistidine-peptide 6, spacer 5 had to be prepared, starting from tetraethyleneglycol. 

The synthesis of 5 was developed previously[35] and is shown in Scheme 2. First, 

tetraethyleneglycol was mono-tosylated to give compound 2. The tosylgroup was then 

replaced by an azide-functionality using sodium azide to give compound 3 in 87% yield. The 

carboxylic acid functionality on the spacer was introduced using tert-butylbromoacetate and 

sodium hydride as a base, which afforded 4. A 10% trifluoroacetic acid solution in CH2Cl2 was 

used to cleave off the tert-butylgroup, to desired spacer 5. The 6xhistidine-peptide 6 was 

synthesized by standard solid phase Fmoc-chemistry, starting from Fmoc Rink amide resin 

(ArgogelTM) as indicated in Scheme 3.   

 

 

Scheme 2 – Synthesis of tetraethyleneglycol spacer 5 Reagents and conditions: a) TsCl (1 eq.), 
Et3N (1.5 eq.), CH2Cl2, 16 h, 42%; b) NaN3 (2 eq.), DMF, 16 h, 87%; c) tert-butylbromoacetate 
(1.5 eq.), NaH (1.2 eq.), TBAI (0.1 eq.), DMF, 0°C, 3 h, 32%; d) 10% TFA in DCM, 0°C, 10 min, 
quant.    
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Scheme 3 – Synthesis of the histidine-tag. Six of the following coupling cycles (a and b) were 
performed: a) 20% piperidine, NMP; b) Fmoc-His-OH (4 eq.), BOP (4 eq.), DiPEA (8 eq.), NMP; c) 
20% piperidine, NMP; d) tetraethylenglycol spacer 5 (1.3 eq.), BOP (2 eq.), DiPEA (8 eq.), NMP, 
16h; e) TFA, TIS, H2O (38:1:1 (v/v), 3h. 
 

In this synthesis, Benzotriazol-1-yloxy-tris-(dimethylamino)phosphonium hexafluorophosphate 

(BOP) and N,N-diisopropylethylamine (DiPEA) were used to couple the Fmoc-L-Histidine 

residues to the resin. In each coupling cycle, the Fmoc protecting group was removed using 

20% piperidine in NMP, and the coupling steps were monitored using the Kaiser test.[36] The 

tetraethyleneglycol spacer was coupled to the N-terminal histidine residue on the solid 

support. After cleavage of the peptide from the resin and deprotection of the histidine 

residues, the peptide was purified with preparative HPLC. The peptide was obtained in an 

overall yield of 10% after HPLC purification. The final characterization of the purified 

compounds was performed by analytical HPLC and high resolution mass spectrometry.  

 

Purification strategies 

As a proof of principle, the first experiments were carried out with purified galectin-3. Galectin-

3 was labeled with the acetophenone-thiodigalactoside probe 7, and its MALDI spectrum 

compared with unlabeled galectin-3 (Figure 1A). Furthermore, reporter tag 6 was coupled via 

click chemistry and the labeled protein purified from the unlabeled protein (Scheme 4). The 

elution of the cobalt-affinity column was compared with the crude galectin-3 sample on SDS-

PAGE (Figure 1B). Only a few percent of the total amount of galectin-3 was present in the 

elution, most likely due to the low labeling efficiency of the probe. Considering that in this lane 
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the labeled protein part of 0.47 µg galectin-3 was silver stained, and that for fluorescent 

detection of labeled galectin-3 usually amounts between 20 and 100 ng are loaded per lane 

(Chapter 3, 4 and 5), it can be concluded that fluorescent detection is far more sensitive.  

 

Scheme 4 – Schematic representation of the labeling and purification of galectin-3. Galectin-3 
is incubated with the chemical probe and exposed to UV irradiation for 30 min to covalently 
link the probe to the protein. The 6xHis-N3 6 is coupled using CuSO4 and TCEP in HEPES-buffer, 
18 h, 4°C. The tagged protein is isolated using IMAC. The purification is analyzed by SDS-PAGE, 
potentially followed by MALDI-analysis to identify the eluted proteins. 
 

The protein band present in the elution fraction was excised from the gel and digested with 

trypsin, however the amount of protein was not enough to detect a labeled peptide with 

MALDI. Longer UV exposure times till 18h were attempted, but this did not result in higher 

signals. Then, samples of both labeled and unlabeled galectin-3 were prepared, this time not 

enriched, digested with trypsin, purified and immediately analyzed with MALDI, without SDS-

PAGE and its subsequent staining. These samples gave good signal to noise ratios in the mass 

spectrometer. However, in the search for labeled peptides, only copper containing ion adducts 

were observed (Figure 1C). Reversed phase chromatography using a CH3CN/H2O buffer with 

0.1% TFA was not sufficient to remove the copper ions. Other differences in the spectra 

between the labeled and unlabeled protein were present in the background ions, and they 

were not reproducible.  
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Both reporter tags were evaluated for their ability to enrich labeled proteins from a cell lysate 

(Figure 2). Two samples of E. coli lysate spiked with galectin-3 were labeled with 10 µM 7. One 

sample was reacted with 6xhistidine-N3 6, the other with biotin-N3 1. Samples (supernatant in 

Figure 2) were incubated with cobalt beads or streptavidin beads respectively. The beads were 

washed with Hepes-buffer (flowthrough in Figure 2, representing all the unbound proteins), 

followed by elution of the bound proteins. Histidine-tagged proteins were competitively eluted 

with 150 mM imidazole, biotinylated proteins were incubated in sample buffer for 5 min at 

95°C, to denature the streptavidin, leading to liberation of the bound proteins. The beads of 

the cobalt column were similarily treated after the mild elution of histidine-rich proteins, in 

order to evaluate whether proteins were bound to the beads non-specifically, which was 

indeed the case (see Figure 2, lane 15). More importantly was that several proteins were also 

competitively eluted with imidazole (Figure 2). Two control experiments were performed to 

validate the eluted proteins. First, the purification was done at pH 5, 7 and 9, since the 

interaction of imidazole with the column depends on its protonation (pKa of imidazole = 7.1[37]). 

The large influence of the pH of the buffer is shown in Figure 3A. Figure 3B shows the second 

control experiment. Two elutions were compared: E. coli lysate labeled with probe 7, and the 

same sample without any photoprobe. The click reaction with the 6xhistidine reporter tag 6, 

and subsequent incubation and purification steps were performed on both samples. Both 

samples resulted in about the same pattern on SDS-PAGE. Photoprobes 8 and 9 were also 

attempted, but they also showed the same profile. Small differences were observed, but they 

were present in the background compared to all false-positively eluted proteins.  
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Figure 2 – Comparison between a purification using biotin-N3 (1) or 6xHis-N3 (6). Lane 1-6: 
biotin-N3; lane 7-15:6xHis-N3; lane 1, 7: supernatant; lane 2, 8: flowthrough; lane 3- 5, 9-11: 
column washing steps; lane 12-14: elution (150 mM imidazole) fractions; lane 6, 15: beads.  
 
 
The streptavidin beads, denatured after binding of biotinylated proteins from a cell lysate 

sample, showed only a thick streptavidin band at 16 kDa. Labeled proteins are probably in the 

background, or are not enriched at all (Figure 2). Therefore, the same experiment was 

performed on a larger scale, which enabled me to determine protein concentrations 

spectrophotometrically (A280nm), and to detect them on SDS-PAGE. Instead of steptavidin-

agarose beads, mono-avidin beads were used, from which biotinylated proteins can be eluted 

competitively with 5 mM biotin[38]. Based on A280 measurements of the sample (supernatant) 

and the unbound proteins in the flowthrough of the column, 3.5 % of all proteins were 

biotinylated, which is probably a good indication for the labeling efficiency of the 

acetophenone-thiodigalactoside probe 7. A picture of the gel is shown in Figure 4.      
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Figure 3 – Two control experiments on the 6xHis-tag purification. A) elution fractions of 
purifications performed in lane 1: pH = 9; lane 2: pH = 7; lane 3: pH =5; B) Elution fractions of 
two E. coli lysate samples. Lane 1: labeled with 1 µM of photoprobe 7; lane 2: without 
photoprobe.  
 

 

 
 
 
Figure 4 – Large scale (3 mg E. coli lysate, spiked with 20 µg galectin-3) purification of 
biotinylated proteins. Proteins were labeled with 1 µM probe 7, biotin-N3 was clicked and the 
labeled proteins were purified using mono-avidin beads. Lane 1: supernatant; lane 2: 
flowthrough; lane 3-5: column washing steps; lane 6-8: elution (5 mM biotin) fractions. For 
comparison are shown lane 9 and 10, which are pictures of E. coli lysate, also spiked with 
galectin-3 (the same ratio lysate:galectin-3 as for the large scale purification) and labeled with 
1 µM probe 7. Instead of biotin-N3, fluorescein-N3 was clicked to the sugar-probe. Lane 9 shows 
all proteins present in the sample (like the supernatant in lane 1), lane 10 shows only the 
fluorescently labeled proteins (which can be compared with elution fractions shown in lane 6-
8). Arrows indicate the band of galectin-3.   
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According to the A280-values, this purification seemed to work quite well. When the eluate of 

the biotin-purification was compared with the fluorescence pattern in the gel, differences as 

well as similarities were observed. For example, the band of galectin-3, which is indicated with 

arrows, was labeled and purified from the complex protein mixture. The differences may have 

several causes. First, the bacterial lysates that were used were not obtained from the same 

culture, while this is necessary for a fair comparison. Another difference might be the staining: 

fluorescence gives a signal linearly related to the amount of labeled protein, while silver stain 

does not stain all proteins with the same intensity. Furthermore, endogenously biotinylated 

proteins were purified, but not fluorescently labeled. The most interesting differences were 

probably due to the co-purifications of proteins which interact with the labeled proteins. For 

that, important control experiments without photoprobe and a background correction for 

endogenously biotinylated proteins have to be performed. Furthermore, more fractions or 

larger volumes of the eluate should be collected, since most likely not all proteins have already 

come off the column in lane 8 (Figure 4). The identification of the eluted proteins might be part 

of future work. 

 

Conclusions 

Two new reporter tags were synthesized successfully. Biotin-N3 1 was synthesized because the 

biotin moiety is widely used in the literature to purify proteins labeled with chemical probes.[2, 

4, 18, 19, 21, 25, 26] The reporter peptide tag 6xhistidine-N3 6 was synthesized to facilitate the 

purification of labeled proteins. These 6xhistidine-tag containing adducts can be mildly eluted 

from the column by competition with imidazole, while biotin binds very tightly to streptavidin. 

The disruption of the latter interaction therefore needs strong denaturing conditions. 

Furthermore, the ionization of 6xhistidine in the mass spectrometer is much better than that of 

the hydrophobic biotin moiety. Although the advantages of a 6xhistidine-tag over a biotin 

moiety were promising, the purification resulted in the elution of mainly false-positives, since 

the same proteins were also eluted without addition of a photoprobe to the sample. Most 

likely these proteins were histidine-rich proteins. Labeled proteins were present in the 

background, and high resolution platforms such as LC-MS techniques will be needed to detect 

any labeled proteins. Still, more than 90% of the proteome was washed away during this 
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purification, which should already greatly improve the detection levels over unpurified, crude 

mixtures. Similarily, denaturing the streptavidin beads just resulted in streptavidin, without 

observing any labeled protein. Repeating the same experiment on a larger scale (3 mg 

proteome), together with changing the streptavidin to mono-avidin beads, resulted in the 

specific elution of biotinylated, probably labeled, proteins. Before identification of these 

proteins can be carried out, controls without photoprobe and controls on endogenously 

biotinylated proteins will have to be included. In the literature, often labeled proteins are 

purified with streptavidin beads and injected into LC-MS immediately, without clear control 

experiments.[4] There is a lack of data showing non-specific binding of proteins to streptavidin 

beads. In this chapter, the limitations of two different purification methods have been shown, 

which is of importance for researchers working on the enrichment of labeled proteins. The 

encountered difficulties in the enrichment of labeled proteins were also due to the low labeling 

efficiency of the sugar-probes that were used. With an efficiency of only a few percent, clear 

fluorescent pictures can be obtained, but for purification this percentage is too low: differences 

between enriched samples with and without sugar-probe could hardly be observed. In my 

hands, mono-avidin beads seemed to work better than nickel, cobalt or streptavidin-agarose 

beads. Those beads combine the advantages of highly specific, strong biotin-avidin interactions 

with the mild, competitive elution of IMAC columns.         
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Experimental 
 
General remarks 
Chemicals and resins were obtained from commercial sources and were used without further 
purification. Analytical thin layer chromatography (TLC) was performed on Merck pre-coated 
silica gel 60 F254 (0.25 mm) plates. Spots were visualized with UV light, H2SO4, or ninhydrine. 
Azides were visualized by subsequent treatment of the TLC plate with 1% Ph3P in hexane/ 
EtOAc (1:1, v/v) and ninhydrine. A clear purple color appears, while primary amines color red. 
Column chromatography was carried out using Merck Kieselgel 60 (40–63 mm). 1H NMR and 
13C NMR were obtained on a Varian 300 MHz spectrometer. Chemical shifts are given in ppm 
with respect to internal TMS for 1H NMR. Mass analysis was carried out using either a 
Shimadzu LCMS QP-8000 single quadrupole bench top mass spectrometer (m/z range <2000), 
coupled with a QP-8000 data system or a Finnigan LCQ DECA XP ion trap mass spectrometer 
(m/z range <2000). Preparative HPLC runs were performed on a Applied Biosystems 
workstation using a preparative reversed phase column (Alltech Adsorbosphere C8, 300 Å, 10 
µm, 250 x 22 mm) at a flow rate of 12 ml/min. Elution was effected using an appropriate 
gradient from 0.1% TFA in CH3CN: H2O (5/95, v/v) to 0.1% TFA in CH3CN: H2O (95/5, v/v). 
Analytical HPLC was performed on a Shimadzu Class-VP automated HPLC using an analytical 
reversed column (Alltech Adsorbosphere C8, 90Å, 10 μm, 250 x 4.6 mm) and a UV detector  
operating at 220 nm and 254 nm, using a flow rate of 1 ml/min.  
 
11-azido-3,6,9-trioxoundecyl-N-biotinyl-1-amide Biotin (113mg, 0.46mmol) was dissolved in 5 

ml dry DMF. BOP (362mg, 0.82mmol) and 
DiPEA (271 µl, 1.6mmol) were added and 
the mixture was stirred for 16 hours at 
room temperature. The mixture was 
concentrated in vacuo and 1 was purified 
with silica gel column chromatography 

with 5% MeOH/CH2Cl2 as the eluent. After evaporation of the solvent a white solid was 
obtained. Yield: 64%. Rf = 0.28 (CH2Cl2: MeOH, 9:1, v/v); 1H NMR (300 MHz, D2O): δ = 1.18- 1.64 
(m, 8 H, CH(CH2)3, CH2N3), 2.13 (t, 2 H, J = 7 Hz, CH2C=O), 2.61- 3.64 (m, 17 H, CH2O, CHS, CH2S), 
4.25- 4.48 (m, 2 H, 2x CHNH), 7.41- 7.55 (m, 2 H, 2x NHCH), 7.68 (t, 1 H, J = 9.6 Hz, CH2NHC=O); 
ESI-MS: m/z = 444.90 [M+H+]. 
 
11-tosyl-3,6,9-trioxoundecanol Tetraethylenglycol (5 ml, 29 mmol) was dissolved in CH2Cl2 (50 

ml). Para-toluenesulfonyl-chloride (Tosyl-Cl) (5.51 g, 29 
mmol) was added and then triethylamine (6.0 ml, 43, 5 

mmol). The resulting solution was stirred for 16 h. Subsequently, the solution was washed with 
1 N KHSO4 (2x), saturated NaHCO3 (1x), brine (1x) and dried with Na2SO4. The organic solvent 
was evaporated and the residue purified by column chromatography using 5% MeOH/ CH2Cl2 
(v/v) as eluent to give the tosylate 2 (4.24 g, 12.1 mmol) as colorless oil in a yield of 42%.  Rf = 
0.47 (MeOH: CH2Cl2, 5: 95, v/v); 1H NMR (300 MHz, CDCl3): δ = 2.40 (s, 3 H, CH3), 2.6 (bs, 1 H, 
OH), 3.51- 3.68 (m, 14 H, OCH2), 4.10- 4.13 (m, 2 H, CH2OSO2), 7.30, 7.75 (2x d, 4 H, J = 7.5 Hz, 
CHar); 

13C NMR (75 MHz, CDCl3): δ = 21.7 (CH3), 61.7, 68.7, 69.4, 70.4, 70.5, 70.8, 72.5 (8x OCH2), 
128.0, 129.9 (4x CHar), 133.0 (CarCH3), 144.9 (CarSO2) 
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11-azido-3,6,9-trioxondecanol To a stirring solution of tosylate 2 in DMF (30 ml), sodium azide 
(1.55 g, 23.8 mmol) was added, and the mixture was 
stirred for 16h. The reaction mixture was concentrated in 

vacuo and dissolved in brine (150 ml). The product was extracted with EtOAc (5x 150 ml), and 
the combined organic layers were dried with Na2SO4, filtered and the solvent evaporated. The 
product was obtained as yellow oil in 87% yield (2.28 g, 10.4 mmol). Rf = 0.18 (MeOH: CH2Cl2, 5: 
95, v/v); 1H NMR (300 MHz, CDCl3): δ = 2.6 (bs, 1 H, OH), 3.37 (~s, 2 H, CH2N3), 3.58- 3.71 (m, 14 
H, OCH2); 13C NMR (75 MHz, CDCl3): δ = 50.9, 61.9, 70.2, 70.6, 70.9, 72.7    
 
14-azido-3,6,9,12-tetraoxo-t-butyltetradecanoate Compound 3 (420 mg, 1.9 mmol) was 

dissolved in dry DMF (3 ml) and the solution 
cooled on an icebath. Sodium hydride (91 mg, 
2.28 mmol, 60 % dispersion in mineral oil) was 
added and the mixture was stirred for 30 min at 

0°C. TBAI (70 mg, 0.19 mmol) was added, followed by dropwise addition of a solution of t-butyl 
bromo acetate (0.39 ml, 2.9 mmol, diluted in dry DMF (2 ml)). The mixture was stirred for 3 h 
and suspended in EtOAc. The EtOAc-layer was washed with H2O (1x) and with brine (1x). The 
organic layer was dried with Na2SO4, filtered and concentrated in vacuo. The product was 
purified by silica column chromatography (0 -> 2% MeOH in CH2Cl2, v/v) and obtained in 32% 
yield (203 mg, 0.61 mmol). Rf = 0.60 (MeOH: CH2Cl2, 5: 95, v/v); 1H NMR (300 MHz, CDCl3): δ = 
1.48 (s, 9 H, 3x CH3), 3.39 (t, J = 5.0 Hz, CH2N3), 3.67- 3.72 (s, 14 H, OCH2), 4.02 (s, 2H, 
CH2C(=O)); 13C NMR (75 MHz, CDCl3): δ = 27.9 (3x CH3), 50.5 (CH2N3), 53.5 (C(CH3)3), 63.4, 68.5, 
69.9, 70.5, 81.3 (CH2C(=O)), 169.5 (C=O)   
  
 
14-azido-3,6,9,12-tetraoxo-tetradecanoic acid   The ester 4 (112 mg, 0.34 mmol) was dissolved 

in CH2Cl2 (9 ml) and cooled to 0°C. A few droplets 
of H2O and 1 ml TFA were added. After 10 min, TLC 
analysis showed complete conversion. The 

reaction mixture was coevaporated with toluene (3 x), which gave carboxylic acid 5 in 
quantitative yield (121 mg). Rf = 0.23 (MeOH: CH2Cl2, 5: 95, v/v). The obtained oil was used 
without purification in the synthesis of peptide 6. 
 
 
N-(14-azido-3,6,9,12-tetraoxotetradecyl-1-amide)-His-His-His-His-His-His-amide 
 

 
 
Peptide 6 was assembled manually on ArgoGel®-Rink-NH-Fmoc Resin (1.01 g, 0.26 mmol) in a 
reaction vessel through which nitrogen was bubbling for mixing. Six identical 
deprotection/coupling cycles were carried out: (I) Fmoc deprotection with 20% piperidine in 
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NMP (2 times 5 ml, each 8 min); (II) washing with NMP (3 times 5 ml, each 2 min); (III) washing 
with CH2Cl2 (3 times 5 ml, each 2 min); (IV) coupling for 1h of the Fmoc histidine by addition of 
a freshly prepared mixture of the amino acid (1 mmol), BOP (442 mg, 1 mmol), and DiPEA (0.33 
ml, 2 mmol) in NMP (5 ml); (V) repeating steps (II) and (III). The cycles were monitored by the 
Kaiser test.[36]  After removal of the final Fmoc group with 20% piperidine in NMP, the 
tetraethylenglycolspacer 5 (94 mg, 1.3 eq., 0.34 mmol) was coupled using BOP (221 mg, 0.5 
mmol) and DiPEA (0.18 ml, 1 mmol) in NMP (5 ml) for 16h. Cleavage from the resin and side-
chain deprotection was performed using a mixture of trifluoroacetic acid (TFA), 
triisopropylsilane (TIS) and H2O (38:1:1 (v/v)). After shaking the mixture for 3h, the peptide was 
precipitated by ice-cold methyl tert-butyl ether (MTBE)/hexane (1:1 v/v). The precipitate was 
washed 2 times with 10 ml icecold MTBE/hexane followed by lyophilization. Purification with 
preparative HPLC and lyophilisation gave the peptide in 10 % overall yield (29 mg) as yellowish 
oil. Expected mass: 1098.5; Observed: [M+Na]+ m/z = 1121.77  
 

Mass spectrometry experiments 
All buffers and samples were prepared with MilliQ water, unless stated otherwise. Lyophilized 
galectin-3 was dissolved in 50 mM NH4OAc buffer as 1 mg/ml stock solution. The following 
samples were prepared, containing 27 µl galectin-3, 0 or 20 µl of 7 (50 µM stock in 10% DMSO), 
in NH4OAc-buffer till a volume of 86 µl. Samples were irradiated at 366 nm for 30 min, and 2 µl 
CuSO4 (50 mM stock), 2 µl TCEP (50 mM stock), 10 µl of 6 (100 µM stock) or 14 µl NH4OAc 
buffer was added. All the samples were incubated for 16 h at 4°C. To two of the four samples 
was added 6.3 µl DTT (130 mM in NH4OAc-buffer), and these samples were incubated for 30 
min. Then, 12.5 µl iodoacetamide (200 mM in NH4OAc) was added and the samples were 
incubated for 45 min in the dark. Finally, 27 µl trypsin solution was added (10 ng/µl trypsin) 
and the samples were incubated for 16h at 37°C. All samples were purified from excess 
reagents with ZipTip C18-reversed phase column pipette tips according to the instructions of 
the manufacturer.[39] The proteins were eluted with 1 mg/ml 4-hydroxy-3,5-dimethoxycinnamic 
acid in 50% CH3CN, the digested proteins with 5 mg/mL α-cyano-4-hydroxycinnamic acid in 
50% CH3CN and 0.1% TFA, and spotted on the MALDI plate. Matrix-assisted laser 
desorption/ionization time of flight (MALDI-TOF) MS peptide mass fingerprints were acquired 
on a 4700 proteomics analyzer MALDI-TOF/TOF mass spectrometer (AB 4700 proteomics 
analyzer, Applied Biosystems). This instrument is equipped with a 200 Hz Nd/YAG laser 
operating at 355 nm. Experiments were done in a reflectron positive ion mode using delayed 
extraction. Typically, 2000 shots per spectrum were acquired in the MS mode. Internal 
calibration was done using trypsin autodigest peaks. 
 
General protocol for purification of 6xhistidine-tagged proteins 
A sample of galectin-3 (9 µl, 0.2 mg/ml stock solution in 50 mM HEPES-buffer, 150 mM NaCl, 
pH 7.2), photoprobe (30 µl, 50 µM stock in 10% DMSO), E. coli cell lysate (90 µl, for preparation 
see Chapter 3) and HEPES-buffer to a volume of 150 µl, was irradiated at 366nm for 30 min. 
CuSO4 (6 µl, 50 mM stock), TCEP (6 µl, 50 mM stock), 6 (22.5 µl, 100 µM stock) and HEPES 
buffer (115 µl) were added. The sample was incubated for 16 h at 4°C. NaCl was added (28 µl 
31.9 mg/ml) to a final 300 mM NaCl concentration. 10 µl of the sample was kept as a reference 
(supernatant). 50 µl TALON® beads (Clontech) slurry was washed three times with 50 mM 
HEPES buffer 300 mM NaCl pH 7.4, and added to the sample. The sample was incubated with 
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the beads for 1 h at 4°C. The beads were washed in a spin column (SigmaPrepTM, SC1000, 
Sigma) three times with 50 mM HEPES buffer, 300 mM NaCl, 5 mM imidazole, pH 7.4. Proteins 
were eluted in three times 50 µl 50 mM HEPES buffer, 300 mM NaCl, 150 mM imidazole, pH 
7.4. Sample buffer (50 µl) was added to the beads to resolve them on SDS-PAGE. All samples 
were denatured by the addition of sample buffer (21 µl sample + 7 µl sample buffer), incubated 
for 5 min at 95°C, and loaded onto 12 % SDS-PAGE gel. To visualize the proteins, the gel was 
silver stained.  
 
Purification of (labeled) biotinylated proteins from E. coli lysate using streptavidin-agarose 
beads The sample was prepared identical to the sample described above for the purification of 
6xhistidine-tagged proteins. Only the reporter tag was replaced by 1 (22.5 µl, 100 µM stock). 
50 µl streptavidin-agarose slurry (Sigma, no. 85881) was washed three times with 50mM 
HEPES, 300 mM NaCl, 1% SDS, pH 7.4. 10 µl of the sample was kept as reference (supernatant), 
and the beads were added to the sample. The sample was incubated with the beads for 1 h at 
4°C.  The beads were washed in a spin column (SigmaPrepTM, SC1000, Sigma) three times with 
50 mM HEPES, 300 mM NaCl, 1% SDS, pH 7.4. The streptavidin beads were denatured by the 
addition of sample buffer as described above. All samples were resolved by SDS-PAGE and 
visualized as described above.  
 
Large scale purification of (labeled) biotinylated proteins from E. coli lysate using mono-
avidin beads The following components were added together: 2 ml E. coli lysate (1.5 mg/ml, 
for preparation see Chapter 3), 100 µl galectin-3 (0.2 mg/ml), 100 µl photoprobe 7 (50 µM 
stock in 10% DMSO) and 300 µl 50 mM HEPES, 150 mM NaCl, pH 7.4. This sample was 
irradiated at 366 nm for 30 min, after which were added: 60 µl CuSO4 (50 mM stock), 60 µl 
TCEP (50 mM stock), biotin-N3 1 (250 µl, 100 µM stock) and HEPES buffer (130 µl). The sample 
was incubated for 16h at 4°C. Slurry (300 µl) of mono-avidin beads (Promega) was washed, 
blocked, regenerated and refolded according to instructions of the manufacturer. 1 ml of the 3 
ml sample was incubated with the beads for 2h at 4°C. The beads were washed in a spin 
column (SigmaPrepTM, SC1000, Sigma) with HEPES-buffer until no proteins eluted from the 
column anymore, as was determined spectrophotometrically (A280nm). Proteins were eluted in 
three fractions of 300 µl each with 50 mM HEPES, 150 mM NaCl, 5 mM biotin, pH 7.4. All 
fractions were resolved on 12% SDS-PAGE, and the gel was subsequently silver stained to 
visualize the proteins.   
  
Fluorescent labeling of E. coli lysate spiked with galectin-3 
The protocol that was followed was described in Chapter 3. Probe 7 was used in a 
concentration of 1 µM, and the sample was spiked with 1.2 µl of a 0.2 mg/ml stock solution of 
purified galectin-3. 
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Insights in the design of the chemical probe 

This thesis starts with an introduction in chemical probes (Chapter 1). These specially designed 

molecules are meant to profile or identify classes of proteins, or protein families within a 

certain proteome of interest. Chemical probes posses advantages over antibodies, such as their 

small size and the possibility to modify their structure by organic synthesis. In this way, 

fluorescent or biotinylated compounds can be made, or probes can be modified to bind protein 

subclasses, or a specific target protein. With a fluorescent probe, highly sensitive detection of 

even low abundant proteins is possible. Biotinylation of a probe allows purification and 

identification of the labeled proteins. The group of Benjamin F. Cravatt[1-5] have developed 

several probes for many different classes of enzymes, like proteases (serine, cysteine, metallo), 

kinases, phosphatases, glycosidases and oxidoreductases.  

In this thesis, two different types of proteins were studied, namely the glucosidases and 

galectin-3. Both proteins bind to specific carbohydrates; however the first enzyme family is 

able to hydrolyze glycosidic bonds, whereas galectin-3 binds galactose-based compounds. For 

both types of proteins the same concept was used in the design of the chemical probe:  the 

probes consisted of a sugar, a photolabel and an alkyne moiety. The sugar should specifically 

bind the proteins of interest, the photolabel creates a covalent bond between the protein and 

the probe upon UV irradiation, and the alkyne was used to either click on a fluorescein for 

protein detection, or a purification tag for identification of the labeled proteins.  

In Chapter 2, knowledge was gained about the possibilities and limitations of a chemical probe 

based method; to visualize the proteins of interest, the limitations in protein identification, and 

important considerations that have to be taken into account in the design of a chemical probe. 

One of them is the affinity for its target protein: the higher the affinity, the larger the efficiency 

in labeling the target protein. Moreover, the reactivity of the photolabel and its distance to the 

protein proved to be important. Two different photolabels have been synthesized: 

benzophenone and acetophenone. Both are aryl ketones and form similar radical 

intermediates reversibly upon irradiation, which can be followed by an irreversible reaction 

with nearby C-H bonds. However, benzophenone is more easily excited to a triplet biradical 

state, and is more rigid and more hydrophobic than acetophenone. The results from Chapter 2 

and Chapter 5 together showed that difference in reactivity between these labels is not an 
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issue when the photolabel is well positioned, nearby the protein, when the ligand is bound. 

When the photolabel is too far away from its target, the more reactive benzophenone is 

necessary to label the target protein. Benzophenone is large, rigid and hydrophobic, but if 

positioned correctly, high specificities and labeling efficiencies can be obtained (Chapter 5). In 

Chapter 5 it also became clear that the more flexible acetophenone gave high labeling 

efficiencies, but a low specificity in labeling the target protein in the presence of a cell lysate.  

The photolabel functionalized with an alkyne, but without the carbohydrate ligand, should 

always be used in a control experiment, since the photolabel itself might also capture certain 

proteins. A chemical probe that consisted of glucose, a benzophenone photolabel and an 

alkyne resulted in a profile which consisted mainly of benzophenone-binding proteins instead 

of glucose-binding proteins, while the probe was meant to label glucosidases. Increasing the 

affinity of the sugar for this target protein greatly improved the ability to label glucosidases 

selectively: lysosomal glucocerebrosidase could be labeled specifically in the presence of a 

human cell lysate. The affinity was increased by making use of deoxynojirimycin instead of 

glucose, which is a transition state inhibitor of glucosidases. Alkylation of this sugar with a 

hydrophobic moiety was known to increase the affinity even more,[6] which made the addition 

of a hydrophobic benzophenone to this iminosugar advantageous.   

Multivalency 

The principle of multivalency was used in Chapter 3. This concept is widely used in the 

literature,[7] especially in studying carbohydrate-protein interactions, since they are usually 

weak. By making a sugar molecule multivalent, either the binding of the second ligand to the 

target protein is enhanced (chelation effect), or statistical rebinding takes place. The second 

mechanism is explained by a slower off-rate of the multivalent ligand compared to a 

monovalent ligand, due to the close proximity of the second ligand that can take the place of 

the first one after this one releases.[7] The ability of a divalent lactose probe in labeling galectin-

3 was demonstrated, and compared with a monovalent lactose probe[8]. The affinity of the 

divalent probe was higher, and the detection limit in labeling galectin-3 was greatly improved. 

Both probes competed with lactose in the binding pocket of galectin-3, which indicated specific 

labeling. However, about 30% of the total amount of labeled galectin-3 was labeled non-

specifically, since this “background labeling” did not compete with concentrations of lactose up 
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to 160 mM. We aimed to improve the specificity of binding galectin-3 in the presence of a cell 

lysate with the synthesis of a second generation divalent probe (compound 4, Figure 1). 

Instead of lactose, the probe contained LacNAc as ligand to target galectin-3. LacNAc is the 

natural substrate of galectin-3, and has a circa 7 times higher affinity than lactose.[9] Moreover, 

the benzophenone photolabel was replaced by acetophenone, which is a less reactive and less 

hydrophobic photolabel. Tiemen van Mourik BSc. aimed to synthesize this new probe, however 

this was not successful. The problem was mainly the synthesis of lactosamine. It was tried to 

synthesize lactosamine enzymatically, from cheap, commercially available lactulose following a 

one-pot procedure,[10] or from two monosaccharide building blocks.[11] The one-pot procedure 

gave the highest overall yield. The problem with this method was the removal of the benzyl-

protecting group from the amine of lactosamine on a large scale. Probably when this 

deprotection step is optimized, a highly versatile route towards lactosamine is developed, 

which is a useful building block in the synthesis of new galectin inhibitors. Other multivalent 

chemical probes were prepared together with Hilbert M. Branderhorst, as a method to 

visualize multivalent carbohydrate-protein interactions (Figure 1). Divalent 1, tetravalent 2 and 

octavalent 3 dendrimers were synthesized; each molecule contained one benzophenone 

photolabel. We were able to detect the mannose-specific lectin Concanavalin A (ConA), also in 

the presence of an E. coli cell lysate. Especially the tetravalent probe seemed to be quite 

specific in labeling ConA. With the same probes, it was also tried to label Galanthus nivalis 

(snowdrop) lectin. However, clear labeling was not observed, likely due to the low molecular 

weight of the subunits (13 kDa); Fluorescein-N3 reporter drowns out these relatively small 

proteins, which was (in general) one of the limitations of visualizing fluorescently labeled 

proteins on SDS-PAGE. An Alexa488-N3 reporter as developed in Chapter 5 improved the 

detection limit, however still not enough to detect labeled Galanthus Nivalis lectin clearly.   
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Figure 1 – Multivalent carbohydrate-based chemical probes. Divalent 1, tetravalent 2 and 
octavalent 3 mannose-based probes have been synthesized and evaluated on two mannose-
specific lectins. The divalent LacNAc-based probe 4 was aimed to synthesize, but not 
completed succesfully.  
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Galectin-3 

In Chapter 4, peptidic probes were synthesized. They were evaluated on their ability to label 

galectin-3, also in the presence of a cell lysate. The peptide sequence was based on a 

publication,[12] reporting on peptides having a nanomolar affinity towards galectin-3. Our 

probes were able to label galectin-3, however relatively high concentrations were necessary. 

Since these high concentrations were not in correspondence with the high nanomolar affinities 

reported in the literature, we aimed to measure a binding constant towards galectin-3. ELISA, 

fluorescence polarization and ITC experiments were performed, but none of them showed any 

binding of the peptide towards galectin-3. However, in vitro cell binding properties of the 111In-

DOTA-labeled peptide, determined in metastatic human breast and also prostate carcinoma 

cells, showed to be dependent upon galectin-3 expression. Moreover, SPECT/CT imaging 

studies revealed good tumor uptake in tumor-bearing mice of the 111In-DOTA-labeled peptide 2 

h postinjection, while, with the exception of the kidneys, the uptake in normal organs was 

low.[13, 14] The fact that the probes do label the protein, together with these striking in vivo data 

recently published, suggests that there is another binding mechanism, or that there are other 

cofactors important for binding, which are present in cell lysates. Another possibility is that the 

peptide binds the dimer interface of galectin-3, however this is hard to prove. This hypothesis 

was suggested in a thesis previously,[15] and it has been tried in this project to visualize galectin-

3 dimer on native PAGE. Although the band was only visible near the detection limit, it seemed 

that its intensity decreased with an increasing concentration of the peptide. Overall, we had to 

conclude that these peptidic probes do label galectin-3, but their binding mechanism is not yet 

clear. 

 

In Chapter 5, chemical probes to label galectin-3 were based on thiodigalactoside. This 

disaccharide is stable and has a high affinity towards galectin-3, especially when aromatic 

substituents are present at their 3’-positions.[16] Three different linkages between the sugar 

and the aromatic substituent were compared: ester, amide and triazole linkages. For the amide 

and triazole linkages, the 3-OH had to be replaced by an azide-functionality. Therefore, a new 

3-azido-3-deoxy-thiodigalactoside building block was developed. Also two different 

photolabels were compared: benzophenone and acetophenone. From this study, we could 

conclude that acetophenone coupled via an amide linkage to thiodigalactoside had the highest 
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affinity and labeling efficiency. The flexible CH2CH2-linker in acetophenone most likely caused 

the high labeling efficiency. The best specificity in labeling galectin-3 in the presence of a 

human cancer cell lysate was given by a more rigid probe, which consisted of a triazole linkage 

and benzophenone as the photolabel. Non-specific binding was negligible as concluded from 

SDS-PAGE, although the fluorescent signal decreased with an increase of cell lysate. The 

specificity could even be compared with that of a monoclonal antibody directed against 

galectin-3 on a Western blot. On blot, the amount of galectin-3 seemed to increase with an 

increasing amount of cell lysate, which is in correspondence with the fact that HeLa cells do 

express galectin-3 themselves. This led us to conclude that our probe seems to label galectin-3 

quite specifically; however the method cannot be used for quantification of galectin-3 in the 

presence of other proteins. For quantification, the use of antibodies is still the best method. 

The advantage of small molecules is that they are able to cross cell membranes, which can be 

useful in fluorescence microscopy experiments. Moreover, antibodies exhibit cross-reactivity 

between the different galectins; they are not very specific in labeling only one member of the 

family. In this field, the development of new galectin-3 inhibitors can be highly useful. The new 

3-azido-3-deoxy-thiodigalactoside building block provides easy access to different galectin 

inhibitors. The triazole linkage proved to be beneficial for its specificity. Furthermore, the 

website www.functionalglycomics.org from the Consortium for Functional Glycomics (CFG) 

gives highly useful information about carbohydrate binding specificities of different galectin-3 

members. This large carbohydrate-protein interactions database will give researchers 

inspiration in the development of more selective inhibitors.  

Enrichment and identification of labeled proteins 

Finally, Chapter 6 describes the efforts that have been made in the purification of labeled 

proteins from a protein mixture. Two different reporter tags were synthesized and compared 

on their capability to enrich the labeled proteins. The 6xhistidine-tag purified a few percent of 

the total amount of proteins. However, the protein profile proved to be more dependent on 

the pH of the system than on the sugar-probe that was used. Therefore, it was concluded that 

mainly false positive, probably histidine-rich proteins, were purified. Nevertheless, most of the 

unlabeled proteins were washed away, which resulted in an enriched sample of labeled and 

histidine-rich proteins. As a pre-purification method in an LC-MS platform, it can probably 
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highly improve the confidence in protein identification. A biotin-azide reporter was also 

synthesized. A disadvantage of this compound is its difficult ionization in mass spectrometry. 

The purification however seemed to be more selective than of the 6xhistidine-tagged proteins. 

With streptavidin beads, the proteins had to be denatured to liberate biotinylated proteins, 

which resulted in a mixture of labeled and non-specifically bound proteins. Using mono-avidin 

beads, biotinylated proteins could be eluted competitively with 5 mM biotin. With this method, 

3.5% of all the proteins were present in the elution fraction, which suggested selective elution 

of biotinylated proteins. Still, a control experiment on endogenously biotinylated proteins has 

to be performed. So far, this enrichment method seems to be useful in future protein 

identification experiments. Overall, for both affinity tags, control experiments on false positives 

are crucial. Histidine-rich proteins, endogenously biotinylated proteins, or proteins that bind 

the beads non-specifically, should be distinguished from the chemical probe labeled proteins. 

Although the 6xhistidine-tag purification resulted mainly in false positively bound proteins, the 

method still has preference over the biotin-purification because of the following reasons: 

- The purification is faster  

- The beads can be re-used, they are cheaper and therefore suitable to scale up 

- Histidine ionizes well in mass spectrometry, which is in contrast to biotin 

- Because of the ionization, the detection limit of labeled proteins is greatly improved 

Currently, many researchers work on the development of reliable and reproducible enrichment 

methods, to identify the labeled proteins. To our knowledge, a general purification strategy is 

not available. All groups have their own beads, washing, elution steps, and even the control 

experiments are not standardized. The strategy that is followed highly influences the 

confidence of protein identification. At least for chemical probe based methods, the two 

strategies shown in Chapter 6 can serve as steps towards a general enrichment methodology.  
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Nederlandse samenvatting 

Dit proefschrift beschrijft de synthese van verschillende moleculen en de evaluatie van deze 

“chemische probes” op hun target eiwit, al dan niet in de aanwezigheid van een relevant 

cellysaat. Chemische probes zijn bedoeld om een specifiek eiwit van interesse, of een 

eiwitfamilie, te labelen waardoor ze zichtbaar wordt in een cel of cellysaat. Op deze manier kan 

informatie verkregen worden over de hoeveelheid van dit eiwit dat aanwezig is in de cel, of de 

opname en afbraak ervan, maar ook processen als eiwit-eiwit interacties zouden zo kunnen 

worden bestudeerd. Een chemische probe bestaat allereerst uit een ligand waarmee het, 

specifiek, het eiwit van interesse kan binden. Verder zit aan alle probes in dit proefschrift 

beschreven een alkyn; deze functionaliteit is ingebouwd om er in een tweede stap een 

fluorescente eenheid of een soort handvat, voor de zuivering van het gelabelde eiwit, aan te 

koppelen. Naast het ligand en de alkyn is het fotolabel een essentieel onderdeel van de probe. 

Een fotolabel kan onder invloed van UV licht een covalente binding vormen via een nabije C-H 

binding, liefst met het eiwit van interesse. Dit maakt zuivering van het gelabelde eiwit, alsmede 

de visualisatie op denaturerende SDS-PAGE mogelijk (Figuur 1).  

In Hoofdstuk 1 werd een overzicht gegeven van chemische probes in de literatuur, van 

methodes om eiwitten te scheiden en te identificeren, meestal met behulp van 

massaspectrometrie. Ook werden de verschillende fotolabels beschreven, alsmede een kort 

inzicht gegeven in de biologie van de eiwitten waarop in dit proefschrift de focus ligt, namelijk 

de glucosidases en galectine-3. In het in dit proefschrift beschreven onderzoek zijn probes 

gesynthetiseerd met als doel een bepaalde klasse van eiwitten, of een eiwitfamilie, te ‘profilen’ 

in een cellysaat van interesse. Dit is beschreven in hoofdstuk 2 voor de glucosidases, een 

enzymfamilie die een grote rol speelt in de biosynthese en ook het metabolisme van glyco-

eiwitten. Glucosidases konden worden gelabeld, ook in de aanwezigheid van een complex 

eiwitmengsel. Echter niet alleen glucosidases werden gelabeld; het profiel van gelabelde 

eiwitten bleek sterk afhankelijk te zijn van het fotolabel. De invloed van het fotolabel werd 

zichtbaar kleiner wanneer deze werd gebruikt om de affiniteit van de probe voor het target 

eiwit te verhogen. Zo was het fotolabel geen extra hydrofoob onderdeel van het molecuul, 

maar een hydrofoob gedeelte op de juiste plaats in de probe die als zodanig de affiniteit voor 

het eiwit van interesse specifiek verhoogde.  
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Figuur  1 – Algemene methode die wordt gevolgd in het labelen van eiwitten door 
middel van een chemische probe. De probe wordt met het eiwit van interesse, of een 
eiwitmengsel zoals een cellysaat, geincubeerd. Met behulp van UV licht gaat het fotolabel 
een covalente binding met het eiwit aan, waarna een fluorescent molecuul (of een 
handvat voor de zuivering van het eiwit) gekoppeld wordt. Het complex kan dan op SDS-
PAGE geanalyseerd worden. 

 

Samen met een vervanging van glucose voor een als inhibitor resulteerde dit in een specifieke 

binding van een humaan lysosomale glucosidase. In hoofdstuk 3, 4 en 5 zijn niet de 

glucosidases, maar het eiwit humaan galectine-3 het doel geweest. Galectine-3 is zoals de 

naam al impliceert een lectine, ofwel een suiker bindend eiwit, specifiek voor β-galactose. In de 

literatuur wordt het eiwit steeds meer met kanker in verband gebracht, al zijn haar functies 

nog lang niet opgehelderd.  N-Acetyl-lactosamine (Galβ-1,4GlcNAc) is het natuurlijk ligand, 

maar aangezien deze disaccharide lastig te synthetiseren is, zijn we in hoofdstuk 3 begonnen 

met de synthese van een probe gebaseerd op lactose (Galβ-1,4Glc). Deze probe is divalent 

gemaakt om de affiniteit voor galectine te verhogen, en om daarbij de detectiegrens van 

galectine in een cellysaat te verlagen. Fysiologische concentraties konden nu worden 

gedetecteerd. Echter, de probe labelde niet alleen galectine, maar ook andere eiwitten, 

hoogstwaarschijnlijk opnieuw te wijten aan het hydrofobe fotolabel. In hoofdstuk 4 is daarom 

overgegaan naar een hogere affiniteit probe, gebaseerd op een recente publicatie van een 
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nanomolair-affiniteit peptide voor galectine-3. Een fotolabel werd ingebouwd in de sequentie, 

in de plaats van de phenylalanine, of C-terminaal. De twee peptide-probes labelden beide 

galectin-3, maar relatief hoge concentraties (18 µM) waren daarvoor nodig. Toch labelde de 

probe behoorlijk specifiek het target eiwit in de aanwezigheid van een cellysaat, hoewel 

competitie met lactose niet plaats vond. Het peptide bond het eiwit dus niet in de 

suikerbindingsplaats, of zo sterk dat lactose het niet kon verdringen. Er werden bindingsstudies 

uitgevoerd om een  affiniteitsconstante te bepalen van de probes voor galectin-3. Maar zowel 

een ELISA, als fluorescentie polarisatie assay en isothermale titratie calorimetrie konden geen 

binding aantonen. Toch labelen de peptiden galectin-3 wel, en zijn recentelijk twee publicaties 

verschenen waarin deze, nu weliswaar met [111In]-gelabelde peptiden werden gebruikt om 

tumoren selectief te detecteren in vivo. Een hypothese voor het bindingsmechanisme is dat het 

peptide zou binden op het raakvlak van twee aan elkaar bindende galectine monomeren, maar 

dit is tot op heden niet helder aangetoond. In Hoofdstuk 5 werd weer overgestapt naar suiker-

gebaseerde chemische probes om galectine-3 te labelen. Deze probes bonden allen in de laag 

micromolaire range (0.9- 23 µM) aan galectine-3, en competeerden ook met lactose in de 

bindingspocket van het eiwit. De probes waren gebaseerd op thiodigalactoside, een 

disaccharide dat relatief stabiel is voor hydrolyse, en een hogere affiniteit heeft voor galectine-

3 dan zijn natuurlijk ligand. Door de 3-OH te substitueren met aromatische verbindingen, wordt 

de affiniteit nog een 10 tot 1000 maal verder verhoogd. Op deze plaats werd dan ook het 

(aromatische) fotolabel gekoppeld. Een benzofenon-fotolabel werd vergeleken met 

acetofenon, waaruit bleek dat acetofenon, ondanks zijn lagere reactiviteit als fotolabel, een 

hogere efficiëntie van labeling heeft, waarschijnlijk door de meer flexibele CH2CH2-bindingen 

tussen het label en de suiker. De specificiteit voor galectine-3 nam daardoor echter wel af. De 

verbinding tussen het fotolabel en de suiker werd gevarieerd; probes met een ester-, amide- 

en triazole-verbinding werden vergeleken op hun affiniteit en selectiviteit voor galectine-3. Een 

probe met een triazool-verbinding bleek zeer selectief te zijn voor het target eiwit in de 

aanwezigheid van een humaan kanker cellysaat. Deze probe kon zelfs met een antilichaam 

tegen galectin-3 vergeleken worden. De gevoeligheid in detectie van het eiwit is beter met de 

chemische probe methode, echter het antilichaam is nog steeds betrouwbaarder in het 

bepalen van een hoeveelheid galectine-3 wanneer andere eiwitten aanwezig zijn. In Hoofdstuk 

6 tenslotte werd een begin gemaakt met het zuiveren van gelabelde eiwitten uit een cellysaat. 
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Twee verschillende verbindingen werden gemaakt om aan de alkyn van de chemische probe 

vast te “klikken”. De ene bestond uit biotin, waarvoor streptavidine-bolletjes kunnen worden 

gebruikt om de dan gebiotinyleerde eiwitten uit het mengsel te kunnen vissen. De ander 

bestond uit zes opeenvolgende histidines, die samen een hoge affiniteit hebben voor een Co2+-

kolom. Gebonden eiwitten kunnen dan door competitie met imidazool worden geëlueerd. 

Beide methoden bleken hun eigen voor- en nadelen te hebben: streptavidine moest worden 

gedenatureerd om de gebiotinyleerde eiwitten los te doen laten, waardoor ook niet-specifiek 

gebonden eiwit loslaat. De Co2+-6xhistidine binding heeft dit voor op de biotine-streptavidine 

interactie, doordat zij verbroken kan worden door een competerende concentratie van 

imidazole. Dit geeft een specifieke elutie, echter de binding aan een Co2+-kolom is weer minder 

specifiek dan een biotine-streptavidine interactie. Uiteindelijk leken beide voordelen in een 

mono-avidine-biotine interactie gecombineerd te worden. De elutie van de mono-avidine-

bolletjes was competitief en leek specifiek, al zijn meer controle experimenten nodig voor een 

uiteindelijke conclusie. Het werk in dit hoofdstuk beschreven kan bijdragen aan de verdere 

ontwikkeling van een zuiveringsmethode voor gelabelde eiwitten.                  
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open, en ik kon altijd terecht met problemen en vragen. Ik waardeer uw enthousiasme, over 

mooie onderzoeksresultaten, maar ook voor gebeurtenissen om het onderzoek heen, zoals de 

jaarlijkse labuitjes en het kerstdiner.  

Naast Roland en Rob waren er een aantal collega’s zonder wie ik geen syntheses had kunnen 

doen, om te beginnen Dr. Eelco Ruijter. Ik ben blij dat je af en toe gewoon eens naast me kwam 

staan voor mijn zuurkast en me vroeg wat ik aan het doen was. Jij hebt me geleerd hoe de 

theorie in de praktijk te brengen, en ook met ChemDraw werd ik handiger na een beetje uitleg 

van jou! Buiten al die lessen om was je vooral ook een gezellige, vrolijke labgenoot, ondanks al 

onze moeilijke proteomics experimenten. Sterkte en heel veel succes met je huidige werk aan 

de VU in Amsterdam! In het kader van het leren van organische chemie horen ook thuis Lluis 

en Katka: “Thank you for introducing me in the world of organic chemistry!” I’m grateful that 

you showed me the basics such as running a TLC, how to purify compounds on a silica column, 

and how to measure NMR spectra. Above all, we had a nice time. I still remember your farewell 
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verdere carrière!  

Annemieke de Jong, Martin van der Pot en Tiemen van Mourik wil ik bedanken voor jullie inzet 

om een steentje bij te dragen aan mijn onderzoek. Jullie steentjes worden besproken in 

hoofdstuk 2, 4 en 7. Heel veel succes in de toekomst! 

Vele uren heb ik doorgebracht bij de afdeling “Biomedische analyse” in het Wentgebouw. Ook 

daar voelde ik me thuis alsof ik daar aio was. Vele uurtjes heb ik gekletst met Martin, Thierry, 

Rob, Onno, Jeroen, Mirjam en Arjan. Dank voor jullie gezelligheid en adviezen over mijn 

experimenten!  Jeroen, dank voor je hulp als ik weer eens problemen had met de scanner. 

Mirjam en Arjan, dank voor jullie hulp met alle MALDI metingen. Ronald en Kees, dank voor 

alle electron-spray metingen en HRMS-spectra. Monique Slijper wil ik bedanken voor haar 

interesse en ideëen. Het is jammer dat uit de zovele pogingen maar zo weinig geslaagd is. 
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had in mind! Good luck with your research, en I wish you the very best for the future!   

Hans, het zal stil zijn bij MedChem nu jij verhuisd bent van baan. Ik hoop dat de HPLC’s het net 

zo goed blijven doen nu jij er niet meer voor zorgt. Bedankt voor al je hulp, en succes in je 

nieuwe functie! Dirk en John, ook zonder jullie zou MedChem geen MedChem zijn. Dank voor 

jullie adviezen en vooral ook gezellige gesprekken. Paula en Natatia, dank voor alle 

administratie waar jullie me mee hielpen, en voor de vele pakketjes met “suiker” die jullie naar 

Zweden gestuurd hebben. Chris, Alex en Jeroen, ik vond het leuk jullie labgenoot te zijn. Veel 

succes met jullie verdere onderzoek!  

“Magali, thank you for the time that we worked together. It is a pity that the project never led 

to clear results. I really enjoyed working with you, and wish you the very best with your job in 

Switserland!” 

Linda, Nico, Ed en Johan zijn onmisbaar op de vakgroep. Linda, dank voor alle HeLa cellen die je 

voor me gekweekt hebt. Maar vooral ook voor alle gezellige gesprekken! We komen elkaar in 

de buurt vast nog wel eens tegen. Nico, dank voor jouw hulp met de ITC experimenten. De 

resultaten waren nog niet erg eenduidig, maar wel een mooie opstap voor Hilde om mee 

verder te gaan! Ed, bedankt voor de modelling aan de thiodigalactosides. Johan wil ik graag 

danken voor zijn hulp bij het opnemen van alle mooie 2D NMR spectra. Soms waren ze lastig 

op te lossen, maar samen kwamen we er toch altijd wel weer uit.  
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hebben me de mogelijkheid gegeven te kunnen studeren, mij gestimuleerd, geadviseerd, en 

me toch altijd vrij gelaten in mijn keuzes. Dat is niet altijd even makkelijk geweest, maar zie 

hier, het resultaat! Marc, ik ben blij dat ook jij het werk hebt gevonden dat je leuk vindt. Veel 
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leven! Dank voor je vertrouwen, jouw hulp en de ruimte die je me gaf dit onderzoek te 
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List of Abbreviations 
 
Abbreviations of amino acids 
 
Xxx X Amino acid 
 
Arg R L-Arginine 
Asn N L-Asparagine 
Asp D L-Aspartic acid 
Gln Q L-Glutamine 
Glu E L-Glutamic acid 
Gly G Glycine 
His H L-Histidine 
Ile I L-Isoleucine 
Leu L L-Leucine 
Lys K L-Lysine 
Phe F L-Phenylalanine 
Pro P L-Proline 
Ser S L-Serine 
Thr T L-Threonine 
Trp W L-Tryptophan  
 
 
ABPP activity-based protein profiling 
AcOH acetic acid 
AIBN 2,2’-azobisisobutyronitrile 
BCA bicinchoninic acid 
Boc tert-butyloxycarbonyl 
BOP benzotriazol-1-yl-oxytris-dimethylamino-phosphonium hexafluorophosphate 
CAN cerium ammonium nitrate 
CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 
CRD carbohydrate recognition domain 
CSA camphor sulphonic acid 
d doublet 
Da Dalton 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
DCC N,N’-dicyclohexylcarbodiimide 
dd double doublet 
DDQ 2,3-dichloro-5,6-dicyanobenzoquinone 
Dipea N,N’-diisopropylethylamine 
DMAP 4-dimethylaminopyridine 
DMF dimethylformamide 
DMSO dimethylsulfoxide 
DNM deoxynojirimycin 
DOTA 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’,N’’’’-tetraacetic acid 
DTT dithiothreitol 
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EDA ethylenediamine 
EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
EDTA ethylenediaminetetraacetic acid 
ELISA enzyme-linked immunosorbent assay 
ESI-MS electrospray ionization mass spectrometry 
EtOAc ethylacetate 
Fmoc 9-fluorenylmethyl-oxycarbonyl 
h hour 
HBTU 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 
HEPES N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)  
HOBt N-hydroxybenzotriazole 
HPLC high pressure liquid chromatography 
Hz Hertz 
IC50 half maximal inhibitory concentration 
IMAC immobilized metal-ion affinity chromatography 
ITC isothermal titration calorimetry 
J coupling constant 
Kd affinity (dissociation) constant 
Ki inhibitory (dissociation) constant 
KM Michaelis constant 
λmax wavelength of the absorption maximum 
LacNAc N-acetyllactosamine 
m multiplet 
MALDI-TOF matrix assisted laser desorption/ ionization - time of flight 
MBP maltose binding protein 
mCPBA meta-chloroperoxybenzoic acid 
MeOH methanol 
NaOMe sodium methoxide 
NBS N-bromo succinimide 
NHS N-hydroxysuccinimide 
NMP N-methyl pyrrolidone 
NMR nuclear magnetic resonance 
OSu O-succinimidyl 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate-buffered saline 
PDB Protein Data Bank 
PMB para-methoxybenzyl 
PNPG para-nitrophenol β-glucoside 
PPh3 triphenylphosphine 
PVDF polyvinylidene fluoride 
r.t. room temperature 
Rf retardation factor 
SDS sodium dodecyl sulphate 
SPPS solid phase peptide synthesis 
t triplet 
TBAI tert butyl ammonium iodide 
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TCEP tris(2-carboxyethyl)phosphine 
TFA trifluoro acetic acid 
THF tetrahydrofuran 
THF tetrahydrofuran 
TLC thin layer chromatography 
TMSOTf trimethylsilyl trifluoromethanesulfonate 
Tris tris-(hydroxymethyl) aminomethane 
UDP uridine diphosphate 
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