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1. INTRODUCTION 

1.1. Carbohydrates – are they more than just sweet? 

Carbohydrates are one of the four major classes which make life possible – lipids, 

nucleic acids, proteins and carbohydrates. Spuriously they were treated as “second-

class citizens” for a long time. Their functions were mainly reduced to generate energy 

e.g. in form of glucose or glycogen and to serve as a structural component of cells in 

form of cellulose or chitin. 

In the end of the 1960 this perception changed after carbohydrates were found on cell 

surfaces. Covalently attached to lipids or proteins they strongly contribute to the 

character of the cell surface (1). 

  

Figure 1: Cell membrane of an eukaryotic cell with carbohydrates attached to the membrane proteins 
(glycoproteins) or sometimes to the phospholipids (glycolipids). These attached carbohydrates form a 
cell coat outside the cell membrane – the glycocalyx. [Picture adapted from (2)] 

This cell surface coat of glycolipids and glycoproteins is named glycocalyx. The 

glycocalyx is different for every cell and can have a lot of different carbohydrate 

structures. 

For carbohydrates there is generally a much higher variety than f. e. for nucleotides 

due to their higher number of possible elongation points and different possibilities of 

linkage. Whereas the other code systems (nucleotides and proteins) have just two 

points of elongation (5´and 3´ for DNA/RNA, and N- and C-terminus for proteins) and 
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one type of linkage, each monosaccharide can generate an α- or a β-linkage to any 

one of several positions on another monosaccharide in a chain (Figure 2). 

 

Figure 2: Illustration of the three coding systems and their corresponding elongation points (marked by 
arrows). Nucleotides (left) and amino acids (center) form linear polymers, whereas monosaccharide 
(right) can be elongated through four hydroxyl groups at C2, C3, and C6 plus the two anomeric hydroxyl 
positions (α and β). 

In addition, further modifications can occur by covalent attachment of sulfate, 

phosphate, acetyl or methyl groups to the hydroxyl groups of the carbohydrate.  

The glycocalix gives plenty of information about the cell – about its origin, function, if it 

is healthy or diseased state. When a cell approaches a glycosylated cell it is first 

unrevealing details of the carbohydrate recognition therefore the glycocalyx also helps 

our immune system to find diseased cells.  Diseased cells e.g. cancer cells change not 

only their function, they also change their look, their structure of the glycocalyx. 

Normally such cells are recognized by the immune system and destroyed ((3), (4)). If 

such a cell is not recognized by the immune system this might lead to tumor formation. 
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1.2. The decoding systems of the sugar code: Lectins and 

carbohydrate metabolizing enzymes: Discovery, structural 

classification and their role in diseases 

For the recognition and decoding of complex glycan structures found in 

glycoconjugates as well as on cells, a code-reader is needed to differentiate between 

different carbohydrate epitopes. This outstanding ability to read the information in 

carbohydrates is present in special proteins which are called Lectins. Lectins are 

carbohydrate-binding proteins which are highly specific for their sugar analogue (5). 

Interestingly even if hundreds of monosaccharides can be found in nature, the large 

majority of lectins recognize just a few, primarily mannose, glucose, galactose, N-

acetylglucosamine, N-acetylgalactosamine, fucose and N-acetylneuroaminic acid.  

Furthermore, lectins bind specifically a large number of the numerous oligosaccharides 

composed of these monosaccharides. A striking feature of the above 

monosaccharides is that they are all typical constituents of animal glycoconjugates and 

are present on surfaces of cells, including erythrocytes (6). 

Their occurrence on erythrocytes also led to the first observation of the interplay 

between lectins and carbohydrates which was already in the second half of 19th century 

(7). S.Weir Mitchell revealed during his studies of snake venom in 1860 the 

agglutination of pigeon’s blood by rattle snake venom (8). However at that time they 

were categorizing them as antibody-like substances – the term lectin was first 

introduced by W.C. Boyd in 1954 (9). A few years later in 1887-1888 H. Stillmark 

reported first time about the activity of a plant lectin (10). He found out that the extract 

from castor beans agglutinates the erythrocytes of different animals’ blood and 

postulated that the substance responsible for the agglutination is connected to the 

toxicity. Today we know he was not completely right because the toxicity came from 

the ricin dimer whereas the agglutination was caused by the similar lectin “Ricinus 

communis” which naturally occurs as a tetramer. Afterwards abrin, another 

hemagglutinin was found in the jequirity bean by H. Hellin. As ricin and abrin became 

commercially available Paul Ehrlich came to the idea to employ them as antigens for 

immunological studies and was able to establish several of the fundamental principles 

in immunology in the 1890s (11). It took several more years until the first pure 

hemagglutinin, concanavalin A, was isolated by James B. Sumner in 1919 and two 

decades more until Sumner and Howell (1936) reported that concanavalin A 
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agglutinates cells like erythrocytes and yeast as well as glycogen from solution. They 

also showed that sucrose could inhibit the hemagglutination by concanavalin A and 

therefore demonstrated first time the sugar specificity of lectins (12). 

Although Karl Landsteiner discovered the three blood groups A B 0 already in 1900 

(13) it took four decades until the specificity of hemagglutinins for this human blood 

groups was revealed independently by  Boyd and Renkonen in the 1940s.  

They recognized that crude extracts of lima bean, Phaseolus limensis, and the tufted 

vetch, Vicia cracca, agglutinated blood type A erythrocytes but not blood type B or - 0 

cells, whereas an extract of asparagus pea, Lotus tetragonolobus, agglutinated 

specifically blood type 0 erythrocytes.  These investigations led to the discovery of 

other applications, include blood typing and fractionation of lymphocytes. In 1952 

Morgan and Watkins described three types of erythrocytes, distinguished by the lectin 

that produced their agglutination and carbohydrate which inhibits the agglutination 

reaction. Agglutination of type A red cells by lima bean lectin was inhibited by α-linked 

N-acetyl-D-galactosamine, whereas agglutination of type 0 red cells was caused by 

the lectin of lotus tetragonolobus and inhibited by α-linked L-fucose.  This led to their 

conclusion that α-N-acetyl-D-galactosamine, α-L-fucose are the carbohydrate 

determinants conferring A and 0 blood group specificity ((14) (15)).  

 

Figure 3: Chemical structures of the blood group antigens 

Due to the ability of those hemagglutinins to selectively distinguish between the 

different types of red blood cells Boyd and Shapleigh proposed the name lectins, from 

Latin legere, which means to pick or to choose, in 1954 (16). This term was amplified 

by Sharon and Lis in 1973 to comprise all sugar-specific agglutinins of non-immune 

origin which are neither capable of modifying a carbohydrate, nor transporting them 

through membranes. 

From the late 1960s the attention in lectins was growing steadily. There were several 

reasons for the increasing interest in lectins. First came the demonstration that they 
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are invaluable tools for the isolation, detection and characterization of glycoconjugates, 

primarily glycoproteins, for histochemistry of cells and tissues and for the examination 

of changes that occur on cell surfaces during physiological and pathological processes 

(11). Also two technical improvements promoted lectin studies. In 1965 Goldstein and 

Agrawal introduced affinity chromatography for isolation of lectins – this increased the 

number of isolated lectins from 1 to more than 550 in 2011 ((11), (17)). Finally also 

lectins from other sources such as microorganisms or animals were discovered. In 

1974 the first mammalian lectin, galactose specific hepatic asialoglycoprotein receptor, 

was found by Ashwell and Morell (18). About the same time two other animal lectins, 

the first members of soluble β-galactose-specific lectins where isolated by Teichberg 

and Reshef. They discovered the lactose-specific “electrolectin” isolated from the 

electric organ tissue of the electric eel ((18), (19)) as well as another lactose-sensitive 

lectin from muscle of chicken embryos. Due to their sensitivity to lactose and other β-

galactosides and their structural homology they were grouped into a family named 

galectins. At the latest the skeptics were convinced when around 1990 the selectins, a 

class of C-type animal lectins were discovered and their crucial role in migration to 

specific lymphoid organs and inflammation sites was shown (20). Since then a large 

number of lectins, especially also mammalian lectins could be discovered. A selection 

of some lectin families and possible ligands are shown in Figure 4. Recognition by 

Lectins in animal tissues was a significant discovery in glycobiology in the 20th century. 
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Figure 4: Lectins in the immune system and some relevant carbohydrate ligands. Immune cells express 
lectin receptors such as S-type lectins (galectins), C-type lectins (e.g. collectins, selectins, lymphocyte 
lectins), or I-type lectins (siglecs). These lectins recognize glycan structures present on either pathogens 
or host cells. Exemplary glycan structures recognized by galectins, C-type lectins, and siglecs are 
shown; yellow dot: galactose; blue square: N-acetlyglucoseamine; red triangle: fucose; purple diamond: 
sialic acid. CRD = Carbohydrate-recognition domain; S-CRD = S-type lectin CRD; C-CRD = C-type 
lectin CRD; I-CRD = I-type lectin CRD; TM = Transmembrane region (21). 

Lectins can be located almost everywhere, in many cellular layers of a large number 

of organisms. Also their functions are extremely divers, as well as their structure. They 

vary in size, amino acid composition, metal requirement, domain organization, subunit 

number, and assembly, as well as their three dimensional structure and in their 

constitution of the combining sites.  

Despite all these variations lectins can be grouped into classes and families. The first 

classifications were done 1957 by Mäkelä and came from the field of plant lectins. He 

grouped lectins into four different classes based on their configuration on the pyranose 

sugar ring at carbons 3 and 4 (Figure 5) of the glycan to which the lectins inhibited their 

agglutination best (22). 

Lectins that bound to L-Fuc were grouped in group ӏ, D-Gal and D-GalNAc-binding 

lectins were placed in group ӏӏ, lectins which bound to D-Man and D-Gluc were 
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classified in group ӏӏӏ and group IV lectins bound to D-idose, D-gulose, L-Glc, and L-

xylose ((23), (24)). 

 

 

Figure 5: Classification of lectins according to Mäkelä: Lectins display distinct binding preferences for 
alternate orientations of the hydroxyl groups appended to carbons 3 and 4. Group I: lectins that bound 
L-Fuc; Group II: Lectins bound D-Gal and D-GalNAc; Group III: lectins bound to D-Man and D-Gluc and 
Group IV: lectins bound to D-idose, D-gulose, L-Glc, and L-xylose. (25) 

Only with the beginning of molecular cloning a more consistent classification appeared 

based on amino acid and sequence homology. The first such classification was 

proposed by Kurt Drickamer using some highly conserved amino acid sequence motifs 

in the CRDs of two groups of lectins. One group required calcium for recognition and 

the members were therefore called C-type lectins; the other group required free thiols 

for stability and the members were termed S-type lectins (later renamed to galectins, 

as not all of them were thiol-dependent). Meanwhile, the two lectins that recognized 

Man-6-P were sequenced and found to be homologous but distinct from all the others, 

justifying their designation as P-type lectins. Although some classes of lectins, such as 

the P-type and galectins, appear to recognize a single class of sugars (Man-6-P and 

β-galactosides, respectively), others like the C-type lectins recognize a variety of 

molecules that share only a lectin protein module in common.  

These and other general classifications are based primarily on sequence homologies 

and probable evolutionary relations and covering the majority of known animal lectins. 

However, many others do not show any obvious sequence homologies or evolutionary 

relationships. At present, there is no single universally accepted classification of 

lectins. Currently known lectins can be summarized into two categories - category I, 

which are characterized by sequence homologies or evolutionary relationships and 

Category II which are lectin-like proteins without established evolutionary classification. 
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One of those category I lectins are galectins. They are an important family of lectins 

specifically binding to β-galactose. Galectins are ubiquitous in vertebrates, 

invertebrates and fungi (26). What also assigns them to this family is their sequence 

and structural homology. They have at least one characteristic carbohydrate 

recognition domain (CRD) and share a consensus sequence of around 130 amino 

acids with eight highly conserved residues in their carbohydrate recognition domain 

(CRD) (Figure 6).  

 

 
Figure 6: Galectins sequence alignment of Galectin 1-10. For polypeptides containing two CRDs, the N- 
and C-terminal domains are denoted a and b. Conserved residues are highlighted in blue. 

Generally galectins are soluble, non-glycosylated and metal-independent in their 

activity, although a few recently discovered exceptions have transmembrane domains 

((27), (28)). They have an antiparallel sandwich-β-sheet pattern, no signal sequences, 

and their N-terminal amino acids are in most cases acetylated (29). Based on subunit 

structure galectins have been classified into prototype, tandem-repeat type or chimera-

type. Prototype galectins contain one CRD per subunit and are non- covalently linked 

homodimers (Figure 7 a). Chimera galectins (Figure 7 b) have a C-terminal CRD and 

an N-terminal domain rich in proline and glycine. In tandem-repeat-type galectins 

(Figure 7 c) two non-identical CRDs are joined by a functional linker peptide. Recently, 

a novel tandem repeat galectin with four CRDs had been described (30).  
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Figure 7: Three architectural types of the galectin family. This classification is simply based on protein 
architectural feature and not based on similarities in protein primary sequence, saccharide specificity or 
evolutionary kinship. However this classification defines binding features of each type.  

Galectins can also be independently classified into 16 subfamily members based on 

similarities of amino acid sequence only. They have been numbered following the order 

of their discovery. Galectins-1, -2, -5, -7, -10, -11, -13, -14, 15 and -16 are proto-type. 

Galectin-3 is the only chimera-type. Galectins-4, -6, -8, -9, and -12 are tandem repeat-

type ((31), (32), (33)) 

The binding features of a galectin depend on which type it belongs to. The proto-type 

dimer can function as a homobifunctional cross-linker, chimera-type can crosslink two 

distinct biomolecules, for example a sugar- and a non-sugar-ligand and tandem-

repeat-type galectins can function as heterobifunctional crosslinkers. As galectins can 

bind either bivalently or multivalently, they can e.g. crosslink cell-surface 

glycoconjugates, which can trigger a cascade of transmembrane signaling events. 

Some bivalent or multivalent binding features of the different galectin-types are 

illustrated in Figure 8 .   

 

 

         a                                   b                                        c                                         
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Figure 8: Illustration of bivalent or multivalent carbohydrate-binding activities of different galectin-types: 
some one-CRD galectins exist as dimers; two-CRD galectins have two carbohydrate-binding sites; and 
galectin-3 forms oligomers when it binds to multivalent carbohydrates. For simplicity, saccharides 
recognized by galectins are shown here as disaccharides, but they are likely to be oligosaccharides. In 
addition, the different colors of the saccharides shown here reflect the fact that different galectins bind 
to different sets of oligosaccharides. (34) 

The research in the field of the galectins increased in the last years extensively. In the 

last decade the publications on galectins have more than tripled. This continuous 

increase shows the importance of this field and is mainly due to findings in biology and 

disease. Therefore galectins are an important class of molecules for multiple 

physiological and pathological processes and potential targets for therapy. 

Galectins are found in tissues of organisms ranging from lower invertebrates to 

mammals, and participate in many essential life processes. Their localization is not 

restricted to cytoplasm, they are also found in nuclei, on cell surfaces and in the 

extracellular space. There has been an substantial growing in interest in information 

on these fascinating proteins in healthy and pathological states, particularly cellular 

adhesion, growth regulation, differentiation, fertilization processes as well as in the 

recognition of viruses and bacteria to their host organisms, inflammation, fibrosis and 

cancer ((35), (36), (37), (38), (6)) 

Especially their role in the formation of cancer and their influence on the immune 

system are the main issues for the high interest in this field. Current research indicates 
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that galectins contribute to neoplastic transformation, tumor cell survival, angiogenesis 

and tumor metastasis. They can modulate the immune and inflammatory responses 

and might have a key role helping tumors to escape immune surveillance (34). 

Galectins are expressed by many different immune and inflammatory cells and 

regulate the functions of these cells (Figure 9) (39). Therefore, it is conceivable that 

they can affect the immune and inflammatory responses executed by the host against 

tumors. In addition, galectins are released by tumors and, like cytokines and 

chemokines, can modulate a variety of inflammatory responses (Figure 9) ((39), (40), 

(41), (42), (43)). Some galectins are amplifiers of the inflammatory response, whereas 

others activate homeostatic signals to shut off immune effector functions (44).  

 

 

 

 

 

Figure 9: Illustration of Galectins with tumor-associated immune and inflammatory responses. Galectins 
(shown here as Gal-1–Gal-9) are expressed by a number of different immune cells and inflammatory 
cells and regulate the functions of these cells, thereby affecting the immune and inflammatory responses 
developed by the host against tumors. In addition, galectins released by the tumors can modulate 
various inflammatory responses. As shown in this diagram, galectins can behave as pro-inflammatory 
or anti-inflammatory mediators by modulating the physiology and responses of immune cells, including 
macrophages, T and B cells, neutrophils, eosinophils and mast cells. There is increasing evidence that 
some tumor-associated inflammatory responses have a positive impact on tumor progression and 
survival, whereas others can inhibit tumor growth and kill cancer cells. By positively or negatively 
(indicated by upwards and downwards arrows) affecting the inflammatory response surrounding the 
tumors, galectins indirectly influence tumor progression and metastasis. ECM, extracellular matrix; IL2, 
interleukin 2; IL5, interleukin 5; IFN , interferon ; NADPH, nicotinamide adenine dinucleotide 
phosphate, reduced form; TCR, T-cell receptor (34) 
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Concerning all these processes the understanding what roles galectins play in cancer 

could lead to novel clinical applications, for diagnoses, prediction of prognoses and 

development of new treatments. In fact, some galectins function as diagnostic markers 

of specific cancers. In addition, altered expression of galectins correlates with the 

progression of certain tumors, and the expression levels of some galectins seem to 

have a prognostic value ((45), (46), (47)). Galectins have also emerged as promising 

molecular targets for cancer therapy, and galectin inhibitors have the potential to be 

used as anti-tumor and anti-metastatic therapeutics. The C-terminal domain fragment 

of galectin-3 significantly suppresses tumor growth and inhibits metastasis in a mouse 

model of human breast cancer (48). In addition, peptides specific to the galectin-3 CRD 

significantly inhibit the adhesion of a human breast carcinoma cell line to endothelial 

cells in vitro (49). 

Therefore Lectins are of high interest from the perspective of vaccine and anti-

adhesion therapies (50)  

Goal of lectin research will be a deeper understanding of the interactions lectins 

undergo with other proteins as well as with carbohydrates. With more information about 

the recognition structures it should be feasible to develop customized therapeutic 

agents like selective small inhibitors or therapeutic peptide pharmaceuticals.   

 

Besides lectins and galectins there are also other carbohydrate-binding proteins 

playing key roles in diseases. One group of such diseases are the so called lysosomal 

storage diseases (LSDs) which are a group of mostly inherited metabolic disorders 

caused by the mal-function of lysosomal enzymes. 

Lysosomal storage diseases are generally classified by the substrate which is 

accumulated in the organs. They include sphingolipidoses, oligosaccharidoses, 

mucolipidoses, mucopolysaccharidoses and some others. The largest group of LSDs, 

represented by about 30 diseases, results from defects of carbohydrate degradation 

by lysosomal hydrolases. LSDs occur due to genetic or biochemical mutations which 

result in misfolding, inactivation or lack of activation of the lysosomal enzymes. As a 

consequence, the corresponding substrates are not metabolized and thus accumulate 

in lysosomes, leading to severe pathophysiological effects.  

Many efforts were made for the development of treatments for the approximately fifty 

currently known LSDs, but to date there is no universally applicable treatment. For 

treatment of some LSDs enzyme replacement therapy (ERT) is amenable. Also bone 
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marrow transplantation, substrate reduction therapy and chaperone therapy are 

currently being evaluated for some of these diseases. These are all very expensive 

lifelong therapies and even not applicable to all LSDs. Gene therapy may offer a cure 

in the future ((51), (52)). 

Another important part in LSD-research is the early and reliable diagnosis of the 

diseases. Diagnosis of a LSD is usually the result of a physician recognizing a pattern 

of the various presenting symptoms; a definitive diagnosis may take many years during 

which other possible conditions are assessed and excluded. The highly variable clinical 

presentation and the rareness of each individual disorder frequently contribute to 

missed or delayed diagnosis. Therefore research and development of fast and cheap 

diagnostic systems for LSDs is of high interest. Till now there are only for few disease 

types’ specific diagnostics available (53) and specific biomarkers are lacking in most 

rare diseases (54). 

Consequently in both cases of target-enzymes for LSDs and of lectins there is a high 

interest in determination of structure and function of such proteins, also in regard to 

use knowledge derived from this research can contribute to new inventions in diagnosis 

and treatment of many diseases.  

 

 

1.3. Carbohydrate-Protein-Interactions- The mechanism of 

specific recognition of protein structures by carbohydrates  

Carbohydrate-protein interactions belong to a fundamental type of biological 

interactions; they play key roles in physiological and pathophysiological processes in 

all organisms, such as cell differentiation, fertilization, pathogen infection, cellular 

recognition, and intracellular regulation. The molecular characterisation of protein-

carbohydrate interactions is of high importance for understanding the mechanisms by 

which lectins, carbohydrate- metabolizing enzymes and anti-carbohydrate antibodies 

exert their functions. 

Structural information on carbohydrate-protein interactions has been mainly obtained 

by NMR or X-ray crystallography. Lectins as well as carbohydrate-binding enzymes 

bind glycans primarily by hydrogen bonds, sometimes mediated by water, hydrophobic 

- and Van der Waal´s interactions. In rare cases electrostatic interactions and 
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coordination with metal ions play a role. Mostly side chains of protein amino acids, as 

well as the main chain groups, participate in the ligand binding. On carbohydrate side, 

hydroxyl groups can act as both acceptors and donors of hydrogen bonds, often 

mediated by water molecules. In particular, the affinity of lectins for neutral hexoses, 

such as mannose, glucose or galactose is invariably correlated with the O-4 hydroxyl 

group, as differences in the spatial orientation of C4, axial in galactose and equatorial 

in glucose and mannose, cause significant changes in recognition (see Figure 10) 

((55), (50)). 

 

 
Figure 10:  Epimer selection by three types of lectins. Arrows indicate H bonding and point from donor 
to acceptor. (a) Galactose binding by human galectin-1 engages the axial 4-hydroxyl group in three 
cooperative donor/acceptor H bonds along with the 6-hydroxyl group and the B-face of this 
hexopyranose, here in C–H/π-interaction with the central Trp residue of the lectin site; (b) by contrast, 
the equatorial position of the 4-hydroxyl group in mannose is reliably sensed by topologically fixed 
bidentate H bonding and a second H bond, shown here for the glucose/mannose-specific leguminous 
lectin concanavalin A, which shares β-sandwich folding with galectins; (c) mannose-binding C-type 
serum lectin involves a strategically presented Ca2+ ion (sphere) to probe for the presence of the 
equatorial 4-hydroxyl group, along with two H bonds. (56) 

Hydrogen bonds are formed between hydroxyl groups of the carbohydrate and amine 

groups or hydroxyl of the lectin.  There is often formed a bidentate hydrogen bond 

between two adjacent carbohydrate hydroxyls and the two oxygens of aspartic or 

glutamic acid residues (55). 

Although carbohydrates have a highly polar nature, the steric disposition of hydroxyl 

groups leads to hydrophobic CH/π-interactions between the apolar part of the 

carbohydrate and the aromatic part of hydrophobic amino acids, such as tryptophan, 

phenylalanine or tyrosine (57). These hydrophobic interactions generally contribute to 

a significant extent to the stabilization of sugar-lectin interactions and play an important 

role in the specificity since it requires strict steric complementarity ((58), (59)). 
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With all interactions involved in carbohydrate-lectin binding, it still results in a relatively 

weak binding to monosaccharides, with dissociation constants usually in the millimolar 

range. Higher affinities for di- and trisaccharides, with dissociation constants in the 

micromolar range, are possible through secondary binding sites that fit extra 

monosaccharides. Another point is that carbohydrate-lectin interactions improve their 

binding affinity through multivalence. Due to this so called “glycoside cluster effect” [58] 

lectins increased their binding affinity relative to that of the monomeric ligand and 

become therefore biologically relevant. 

Besides lectins, there are also other proteins binding carbohydrates in a similar way. 

An example for such proteins could be the lysosomal enzyme α-galactosidase (α-

GAL). Human α-GAL binds α-galactose by making specific contacts to each functional 

group on the monosaccharide. As for Lectins there are several amino acids involved 

in the binding – they interact with the carbohydrate by hydrogen bond as well as by 

Van der Waal’s interactions. The active site of α-GAL for α-galactose is illustrated in 

Figure 11 (60). Of the 15 side-chains forming the active site of the enzymes, 12 are 

identical in all known structures of the α-GAL family and the varying amino acids create 

substrate specificity, defining a binding site for either a hydroxyl or an N-acetyl 

substituent attached to the position 2 of the galactose ring.  

 

 

Figure 11: The primary interactions between α-GAL and α-galactose are shown. The ligand is shown in 
bold and protein side-chains are labeled. Hydrogen bonds and polar interactions are shown in red and 
van der Waals interactions in blue. D170 and D231 act as the catalytic nucleophile and acid/base, 
respectively (60). 
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1.4. Analytical Methods for characterization of protein-

carbohydrate interaction structures  

A variety of analytical techniques have been developed for the structural 

characterization of peptides and proteins and for the study of their non-covalent 

interactions with carbohydrates.  

 

When characterizing protein-ligand interactions a first essential step is the analysis of 

the proteins primary structure which can be determined by Edman sequencing, 

proteolytic peptide mapping and mass spectrometry (61). Besides correct amino acid 

sequence assignment, also the identification of posttranslational modifications 

provides significant information for the study of protein-ligand interaction structures. 

Characterization of proteins secondary and tertiary structure can offer important 

information for protein-ligand structure analysis and can be achieved by different 

techniques such as circular dichroism (CD) spectroscopy ((62), (63)) infrared (IR) 

spectroscopy (64), chemical-crosslinking combined with mass spectrometry ((65), 

(66)), hydrogen-deuterium exchange-mass spectrometry (HDX-MS), nuclear magnetic 

resonance (NMR) and X-ray crystallography.  

For structural analysis of protein-ligand complexes several techniques can be applied 

with different requirements in sample purity and - amount, with different sensitivity, 

specificity and speed of analysis ((67), (68)). These approaches can be divided in: (i) 

structural methods, e.g. NMR ((69), (70)),  X-ray crystallography ((71), (72)), (ii) 

biophysical methods, e.g. isothermal titration calorimetry (ITC) (85), surface plasmon 

resonance (SPR) ((73), (74), (75)), surface acoustic waves (SAW) , (iii) biochemical 

methods, e.g. enzyme-linked immunosorbent assay (ELISA), enzyme-linked lectin 

assay (ELLA) (76), inhibition of hemagglutination (HIA) (77).  

Three dimensional structures of a number of carbohydrate-binding proteins, some in 

complex with carbohydrates, were resolved by NMR or X-ray crystallography. Because 

the high molecular weight of most lectins (> 30 kDa) impedes NMR analysis mostly X-

ray crystallography is used. X- ray crystallography can provide atomic coordinates of 

an entire molecular assembly in the solid crystalline state (78). Crystal complexes with 

carbohydrates have been ascertained for some plant and animal lectins, bacterial 

toxins, and enzymes binding carbohydrates ((29), (79)). 
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For detailed information about interacting residues of the lectin with the carbohydrate 

a resolution of at least 2-2.5 Å is needed in x-ray crystallography which is not easy to 

obtain (80). Besides that PTMs and flexible loops need to be removed this can alter 

the physiological properties of the protein. Also the crystallization process is a critical 

step requiring large amounts of samples and optimization of many different 

parameters, such as pH, temperature, protein concentration, protein-ligand ratio etc.  

The production of good quality crystals suitable for structure and interaction analysis 

of protein-glycan complexes can be a tedious and time consuming process and during 

the crystallization process the protein-carbohydrate complex changes from soluble 

phase to solid phase which could induce the formation of higher-order structures ((78), 

(81)). Besides that large carbohydrates are often difficult to crystallize. Alternatively the 

crystal structure of the protein can be obtained in the absence of the ligand and a 

potential binding site may be predicted using modeling software and comparison with 

available structures of homologous proteins ((82), (41)). 

However, X-ray crystallography as well as NMR is mainly limited by the requirement of 

a substantial amount of highly pure sample, lectin as well as carbohydrate. 

 
Historically, affinities of carbohydrates to proteins were evaluated by hemagglutinin 

inhibition assay (HIA), but as the method shows low reproducibility, it is mainly used to 

compare affinities of different soluble ligands, but not for determination of actual 

binding affinities (83). 

More commonly used is ELLA which relies on competitive binding of soluble and 

immobilized carbohydrate to a horseradish peroxidase-conjugated lectin. ELLA avoids 

some disadvantages of HIA like aggregation, but similar to ELISA it has other 

disadvantages such as unspecific binding to the microtiter plate, reduced 

reproducibility due to glycoprotein heterogeneity and the need of lectin-enzyme 

conjugates (84).  

 

Thermodynamic parameters of carbohydrate-protein interactions are usually obtained 

by methods like ITC, SPR or SAW. SPR and SAW also provide kinetic data.  

ITC uses the change in free energy resulting from lectin-glycan binding (85). ITC 

provides information on binding constant, enthalpy and stoichiometry of binding, but is 

limited by the high amount of sample (> 10 mg) needed and therefore resulting 

solubility problems when low-affinity interactions are studied (85).  
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The surface- based analytical techniques SPR and SAW avoid some of the limitations 

associated with ITC. Both methods have significantly lower sample requirements and 

can be used to determine kinetic parameters (86). Both techniques use biosensors 

with covalently attached ligand such as a glycoconjugate. A molecule is immobilized 

on a surface and the interaction partner is introduced into a flow cell and passed 

through as a free molecule. The response is recorded as a function of time and the 

shape of the signal is independent of the biosensor type (Figure 12) although the 

detection is based on different physical principals – SPR uses an optical effect whereas 

SAW uses an acoustic effect. In SPR a change in the refraction index of the chip 

surface is detected which is proportional to the mass change. The SAW method is 

based on the piezoelectric effect of a quartz chip where the electronic signals are 

converted into mechanical acoustic waves, so called Love waves (87). The wave 

changes both in phase and amplitude in response to the binding of the analyte.  

Because SAW uses a signal based on the disturbance of an acoustic wave it is 

independent of the optical properties of the solution and therefore e.g. less sensitive 

to DMSO mismatches compared to SPR (88). 

 

 

Figure 12: Typical sensorgram different biosensors. The injection of analyte is associated with a signal 
increase due to the formation of the intermolecular complex (association curve, in blue). At the end of 
the injection the biosensor signal decreases as the complex dissociates - the analyte is replaced by a 
buffer (dissociation curve, in red).  

The major limitation of all these biomolecular interaction analyses is their lack to 

provide information on the chemical structure of the interacting biomolecules.  
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1.4.1. Mass spectrometric methods for characterization of 

protein-ligand interaction structures 

Mass spectrometry (MS) has evolved as a technique suitable for the characterization 

of peptides and proteins beyond their sequences. MS is becoming increasingly 

important due to its speed, sensitivity, specificity and low sample consumption. 

The popularity of mass spectrometry as a tool in biological and biomedical sciences 

has rapidly increased over the last two decades. In 2002, the Nobel Prize for Chemistry 

was awarded to John Fenn and Koichi Tanaka for the development of soft ionization 

techniques, electrospray ionization (ESI) and matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry (MS) (89), (90). Both methods 

facilitate the ionization of biomolecules, such as peptides, proteins and other 

biochemical compounds, without their destruction and thus opened a way to analyze 

these macromolecules based on their masses ((91), (92)). Mass spectrometry can not 

only provide molecular weight determination, it can also deliver structural information 

of different biomolecules. Besides determination of partial or complete amino acid 

sequences, also information on type, structure and location of PTMs can be provided 

by MS. Protein folding (93) and protein-protein or protein-ligand interactions can also 

be studied by mass spectrometry.  

 
In MALDI-MS ((94), (89), (95)) a protein or peptide in solution is co-crystallized with a 

light absorbing compound (matrix) dissolved on a stainless steel target. (96), (97), (98). 

In the MALDI process, the sample spot is irradiated by a laser, then the matrix absorbs 

light at the wavelength of the laser, which results in the desorption and ionization of 

matrix and analyte. In most MALDI analyses, the mass of the analyte is determined by 

time-of-flight (TOF) or ion cyclotron resonance (ICR) analyzers. 

In ESI-MS, the analyte is introduced into the instrument as a liquid stream through an 

electrically charged needle. The transfer of charges from the needle onto the analyte 

results in a charge repulsion, thereby creating a fine spray. On the path into the 

instrument, the solvent containing the analyte evaporates, which leaves a desolvated 

molecule with a high charge density. For ESI, analysis can be performed on various 

types of analyzers, including (but not limited) quadrupole time-of-flight (QTOF), triple 

quadrupole, ion trap, or ion cyclotron resonance (ICR). As ESI-MS occurs from the 

analyte in solution, the hyphenation with a liquid chromatography (LC) system allows 
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the chromatographic separation of the components of a complex mixture before the 

introduction into the mass spectrometer (99). 

Advances in technology have turned mass spectrometry into a state-of-the-art method 

to characterize peptides and proteins. MS allows the detection of biomolecules of 

increasing molecular weight (up to several hundred kDa) with increasing sensitivity 

(sub-femtomole concentrations for peptides) as well as mono-isotopic resolution and 

high mass accuracy. Tandem-MS (MS/MS) capabilities allow the analysis of peptide 

and protein fragments, and thus, allow the determination of the amino acid sequence 

of peptides, the characterization of post-translational modifications (PTMs) and the 

identification of the residues containing PTMs. 

Applications of mass spectrometric techniques go beyond the analysis of primary 

sequences to include analysis of non-covalent complexes both by MALDI- ((100), 

(101)) and ESI-MS ((102), (103), (104), (105)). Electrospray ionization MS (ESI-MS), 

has e.g. been used by protein chemists to study noncovalent protein interactions, 

because the mild ionization process allows detection of intact, weakly bound, 

complexes without causing molecular fragmentation ((106), (107), (106), (108)).   

Although ESI-MS does not provide high-resolution structural data in the same sense 

as NMR or X-ray crystallography, it nevertheless allows obtaining stoichiometric 

information of the complex from less material and in a shorter time. 

In addition, MS analyses of peptides and proteins in conjunction with molecular 

modeling have turned into an established method for structure elucidation. 

 
Combinations of mass spectrometry with chemical modification of proteins is gaining 

ground for the study of intra- and inter-molecular interactions. 

Studying protein interactions or obtaining structural information for proteins by 

structure -based chemical modification is depending on the differential reactivity of 

solvent exposed amino acid residues. They show differences in their reactivity due to 

their accessibility and involvement in a protein interaction or conformational change. A 

variety of methodologies have been used for study of protein interactions including 

hydrogen/deuterium exchange (HDX) (109), amino acid specific covalent label ((105), 

(110), (111)) and tandem mass tag (TMT) approach (112). 

The usage of deuterium as modifying reagent in hydrogen exchange experiments 

combined with mass spectrometry (HDX-MS) is a widely used technique for analyzing 

protein structure and their dynamics. 



 

Introduction  21 

In HDX experiments the protein is incubated in deuterated solvent whereby hydrogens 

from the peptide or protein are replaced by deuterium atoms. These large number of 

hydrogens present in proteins can be basically divided into three kinds of hydrogens 

regarding their exchange rate: i) hydrogens covalently bond to carbon which do not 

exchange, ii) hydrogens in the amino acid side chains exchanging very fast (not 

detectable), and iii) polypeptide backbone amide hydrogens which undergo exchange 

within measureable time ranges (109) (except for proline). In a folded protein, 

backbone amide HDX rates are highly variable as the exchange reflects the unique 

local environment of each amino acid in the 3-dimensional structure. Therefore HDX 

is subject to a conformational sensitive manner  (110). The exchange times of chain 

amide hydrogens in protein structures can range from seconds to days, hence the 

exchange can be followed in real-time (113). The polypeptide backbone amides are 

involved in protein conformations (111) and accordingly hydrogens are buried due to 

binding to other proteins or formation of a hydrophobic core. Thus the protein tertiary 

and quaternary structure as well as dynamics of proteins and the rate of this dynamics 

can be studied ((114), (115)). When e.g. an antigen polypeptide is shielded by binding 

of an antibody the HD exchange rate will be lower compared to analysis of the free 

antigen. Also stoichiometry of the protein complex may be determined by variation of 

exchange time and ligand-protein ratio (116). 

To keep the proteins in native conformation HDX experiments are usually performed 

at physiological pH. Once the protein or peptide is labeled with deuterium the molecular 

mass increases, recognized as + 1 Da adducts for one incorporated hydrogen by MS 

(global exchange analysis), and spatial labeling pattern can be probed by LC-MS/MS 

following proteolytic digestion (local exchange analysis) ((109), (117)).  

The dependency of HD exchange on temperature and pH can be used to quench the 

reaction. To preserve the deuterium label at a certain time point the pH and 

temperature is rapidly decreased as the lowest exchange rate is achieved at 0°C and 

pH ~2.5. Therefore proteolysis, chromatography and MS analysis must be carried out 

at low pH and temperature and as quickly as possible to minimize back-exchange of 

the deuterium label. But the non-permanent labeling, the rapid back exchange and 

elaborative experimental conditions turn out to be crucial issues.  

Protein-ligand interaction can be also studied by permanent covalent labeling 

strategies including acetylation of Lys (118), isotope-coded covalent tagging (iTRAQ), 

cyclization of the guanidine group of arginine (119) or labeling with 
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diethylpyrocarbonate (DEPC) which does react with specific side chains of Ser, Thr, 

His and Tyr (105). However, in all of the strategies monitoring the labeling reactions 

over time gives information about the kinetics of these reactions and protein structure.  

Another frequently used technique is intra- and intermolecular chemical crosslinking 

coupled to mass spectrometry ((120), (121), (122)) which is a similar method to 

covalent labeling. Thereby the covalent bound linker impose a distance constraints 

between two amino acid side chains, and can therefore draw direct conclusion about 

three-dimensional protein structure of a single protein or protein complex. As the 

crosslinking reactions are performed in solution native structures in proteins and 

complexes are conserved. Intermolecular bonds can give information on interaction 

structures in protein complexes while bonds within the polypeptide chain provide 

information of the three dimensional structure of the protein as well as on 

conformational changes resulting from ligand binding (123). 

After the linkage reaction the position of the linkers are identified by “top-down” or 

bottom-up” mass spectrometry (124). The newly introduced bond and thus possible 

fragmentation sites can appear as rather drawback and significantly complicate the 

identification of cross-linked sites with peptide mass mapping or tandem MS ((124), 

(121)).  

A different approach to study protein interactions in liquids combines label-free 

bioaffinity detection with mass spectrometry. The combination of bioaffinity and mass 

spectrometry enables the identification of biomolecular recognition structures such as 

protein epitopes or PTM sites in a protein ((125), (126), (127) ). 

The use of bioaffinity for purification or enrichment of proteins through liquid 

chromatography has been used since the 1960s ((128), (17), (11)) whereby an affinity 

ligand is immobilized to a matrix and captures affine biomolecules out from a complex 

mixture. Derived from this direct methods of chemical structure identification of antigen 

determinants using mass spectrometric methods have been developed since the early 

1990’s by combining isolation of antibody-bound peptides using immuno-affinity 

techniques followed by the precise identification of epitope peptides by mass 

spectrometry ((129), (130), (131), (132), (133), (134)). 

 

A technique, which combines limited proteolysis and MS, is based on the principle that 

formation of e.g. an antigen-antibody complex shields some amino acids, particularly 
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those in regions involved in interaction, from protease attack and thus decreases the 

extent of proteolytic cleavage of the antigen. Two methods, epitope excision and – 

extraction ((65), (116)) were developed in our laboratory for the identification of protein-

protein recognition sites (Figure 13) 

 

The epitope excision approach (131) involves (i) antibody immobilization, (ii) affinity 

binding of the antigen followed by limited proteolytic digestion of the immune complex, 

(iii) removal of the non- binding fragments (iv) elution of the affinity bound fragments, 

and (v) mass spectrometric analysis of the affinity-bound peptides (Figure 13 a). As 

antibody binding protects the epitope from the digestion, it can be subsequently eluted 

in essentially unaltered form and analyzed by MS. Both linear (135) and discontinuous 

((136), (137), (138)) epitopes have been successfully characterized by means of this 

epitope excision approach.  

 

In a variation of this approach, called epitope extraction, the antigen is first subjected 

to enzymatic digestion, and then the digested fragments are captured by binding to the 

antibody (Figure 13 b) (139). As recognition of the antibody paratope to antigen epitope 

is highly specific only interacting peptides are retained on the column. 

After affinity binding and complex formation, the unbound peptides were removed by 

washing and epitope peptides were eluted and identified by mass spectrometry. 

Moreover both approaches have been carried out successfully in solution ((140), (141), 

(142) (124)). 

However, these approaches based on limited proteolysis coupled with mass 

spectrometry are highly dependent on the availability of protease-specific cleavage 

sites within the antigen. 
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Figure 13: The principle of mass spectrometric epitope identification by epitope excision and –extraction 
procedure shown for an antibody-antigen system (a) For epitope excision the antigen is bound to the 
immobilized antibody and digested with protease. Unbound peptides are washed off and the affinity 
bound peptides are dissociated from the antibody. All Fractions are analyzed with mass spectrometry 
(b) in epitope extraction, the antigen is first digested in solution and the proteolytic fragments are allowed 
to bind to the antibody. After washing off unbound fragments epitope peptides were eluted. All fractions 
are analyzed by mass spectrometry and compared. 

As S.Weir Mitchell recognized before the agglutinating and precipitating activities of 

lectins are similar to those of antibodies (8). Many methods used today in lectin 

research are based on immunochemical techniques. 

These findings inspired the main goal of this thesis, the development of similar 

techniques for characterization of carbohydrate-protein interactions (143) as used for 

epitope identification. 

Recently, a number of MS-based approaches have been proposed as tools to map the 

interacting domains of sugar-lectin complexes. Though not providing the level of 

structural detail of NMR and X-ray crystallography, these MS-based approaches, 

originally developed for antigen-antibody interactions, have the advantages of high 

sensitivity, rapid analysis time and low sample consumption.  
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In contrast to antigen-antibody, in carbohydrate-protein interactions only one 

interacting partner, the lectin, can be proteolytically digested, so in this case the 

carbohydrate moiety (epitope) is immobilized on beads and lectin is passed through in 

solution. Chromatographic techniques based on carbohydrate-protein interactions are 

widely used for isolation and purification of lectins on carbohydrate affinity column or 

glycoproteins on columns with immobilized lectins. Therefore experimental conditions 

for ligand immobilization, protein binding- and elution of these procedures can be used 

as starting point for the development of new methods for identification and 

characterization of carbohydrate recognition sites in carbohydrate-binding proteins.  

As previously described the combination of proteolytic digestion of affinity bound 

proteins with mass spectrometry was shown to be an efficient tool for identification of 

epitope and paratope structures. 

For identifying carbohydrate recognition structures in lectins as well as other 

carbohydrate-binding proteins a first approach, termed CREDEX (Carbohydrate 

Recognition Domain Excision/Extraction)-MS ((143), (144)) was developed and 

applied within current work. As in antibody - antigen excision and extraction-MS 

methodology the approach consists of two methods, carbohydrate recognition domain 

excision and – extraction. 

The CREDEX excision method consists of (i) carbohydrate immobilization, (ii) affinity 

binding of the carbohydrate binding followed by limited proteolytic digestion of the 

complex, (iii) removal of the non- binding fragments (iv) elution of the affinity bound 

fragments, and (v) mass spectrometric analysis of the affinity-bound peptides.  

Compared to antibody-antigen excision mainly two differences need to be considered. 

An advantage of CREDEX-MS is given by the stability of carbohydrate against 

proteolysis. Therefore digestions conditions and times can be adjusted without 

negative effects on the ligand. However a drawback in protein-carbohydrate 

recognition is there weak interaction strength lying just in low millimolar range for 

lectins to mono- or disaccharides. Therefore washing conditions for removal of non-

interacting fragments need to carefully chosen and rigorously tested. 

In the second method, CREDEX-MS extraction, the protein is first subjected to 

enzymatic digestion, and then the digested fragments are captured by binding to the 

immobilized carbohydrate. After affinity binding and complex formation, the unbound 
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peptides were removed by washing and carbohydrate binding peptides were eluted 

and identified by mass spectrometry  

These methods show broad applicability for many kinds of proteins and different kind 

of ligands ranging from small to complex carbohydrates or even glycoproteins or – 

lipids could be used.  

 

The applicability of this CREDEX-MS method was first demonstrated by the 

determination of the carbohydrate recognition domain (CRD) of galectin-1 and 

galectin-3, two β-galactose specific lectins that play key roles during cancer metastasis 

(143) and further extended and refined in the past years for other galectins as well as 

for other carbohydrate binding proteins. 

 

Other applications address label-free biomolecular interactions in liquids are surface 

plasmon resonance (SPR) technique ((145), (86), (146)), surface acoustic wave (SAW) 

technique ((146), (147), (148)) and ion mobility mass spectrometry (IM-MS) ((149), 

(150)). Performance features one step further, online-combination of bioaffinity-liquid 

chromatography-mass spectrometry approaches i.e. SAW-ESI-MS enables the direct 

detection, structural identification on peptide and residue level, determination of kinetic 

constants and quantification of protein-ligand complex (151), and are versatile 

applicable.  

Summarized, the variety and complexity of the mentioned instrumentations and their 

applications provide reliable and validate data to explore the relationship between 

structure and molecular interactions. 
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1.5. Scientific goals of the dissertation 

Carbohydrate-protein interactions play important roles in living organisms but are still 

not as well studied as for instance antibody-antigen interactions even they are not less 

important. Carbohydrates in or on cells function as a recognition element for proteins 

such as enzymes and lectins and play key roles in physiological and pathological 

processes, like signal-transduction, host-pathogen recognition, blood-clotting and -

typing, inflammation processes and cancer. 

Studies in this PhD project are anticipated to increase the knowledge about the type 

and range of affinity between carbohydrates and proteins. Novel approaches for the 

study of protein-carbohydrate interactions were explored which should lead to new 

insights in properties of proteins not well characterized until now. Furthermore, the 

knowledge of new carbohydrate recognizing sequences of clinically relevant lectins 

and carbohydrate metabolizing enzymes of lysosomal storage diseases (LSDs), and 

their binding properties can lead to design of specific carbohydrate-binding peptides 

as new tools to elicit biomedical effects, for example in growth control or to inhibit 

harmful binding. Moreover, in the treatment of LSDs newly identified carbohydrate 

recognizing peptides may mimic the mutated enzymes, and therefore can be a basis 

for new drugs and diagnostics. 

Due to the low sample amounts required for analysis, relatively high speed and 

molecular specificity of measurement, mass spectrometry can be used in combination 

with analytical-scale separation methods of the protein of interest and is therefore a 

viable molecular tool for studies in biological and medical sciences. 

 

The major objectives for this thesis are summarized as follows:  

1. Identification of carbohydrate recognizing peptides of rat-galectin-5 and human-

galectin-9 as well as for α -galactosidase A, a lysosomal enzyme with different 

carbohydrates using CREDEX-MS. 

The major goals of this study were (i) the immobilization of different 

carbohydrate ligands on diverse affinity matrixes and the determination of the 

optimal matrix for experiments not causing false positive results due to 

unspecific binding (ii) determination of viable affinity systems and blank controls 

for all proteins and ligands including an efficient buffer- systems for binding of 

naturally folded proteins and their elution from the column (iii) verification of 
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binding specificity (iv) optimization of proteolytic digestion system due to high 

proteolytic stability of lectins and enzymes (v) performance of CREDEX-MS 

experiments of various proteins with different carbohydrate ligands to identify 

major carbohydrate-recognizing peptides. 

 

2. Fmoc-SPPS-Synthesis and RP-HPLC purification of carbohydrate recognizing 

peptides and affinity-MS characterization of these peptides to corresponding 

carbohydrates. 

Verification of binding properties and specificities of carbohydrate binding 

peptides. 

 

3. Determination of Peptide-Ligand complexes by ESI-FTICR-MS for 

characterization of peptide-carbohydrate complexes 

Parts of these studies were (i) determination of optimal incubation conditions for 

formation of peptide-carbohydrate complexes (ii) determination of soft 

parameters for ionization and desolvation of the non-covalent complexes.  

 

4. In solution interaction studies for determination of carbohydrate binding 

sequences and carbohydrate binding amino acids by HD-exchange –MS of 

galectin-5 and lactose-binding galectin-5 peptides. 

Parts of these studies were (i) optimization of online digestion conditions to 

ensure fast sufficient digestion (ii) determination of buffer gradient for fast but 

effective chromatographic separation of peptides to prevent back exchange of 

deuterium to hydrogen.  

 

5. Quantification of affinity between the galectins, the carbohydrate binding 

peptides and lactose. Determination of KD values with SAW-biosensor 

Major goals of this part where (i) investigation of a viable immobilization system 

for carbohydrate as well as for proteins and determination of effective binding- 

and elution conditions (ii) chemical synthesis of stable linker system between 

carbohydrate and biosensor surface (iii) specification of affinity of proteins and 

peptides to lactose by determination of kinetic constants for proteins with 

lactose - measurement of different concentrations of the proteins interacting 

with immobilized carbohydrate. 
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2. RESULTS AND DISCUSSION 

2.1. Identification of Carbohydrate recognizing epitopes in sugar 

binding Proteins by proteolytic excision and extraction mass 

spectrometry 

To identify the carbohydrate-binding sequences in galectins as well as in a galactose-

metabolizing α-galactosidase enzyme, both CREDEX excision and extraction (152) 

approach have been employed in this thesis. The principle of CREDEX-MS is shown 

in Figure 14. The experiments are performed on self-made affinity columns with 

immobilized carbohydrates ranging from mono- to di- or oligosaccharides. 

 

In the first step of the CREDEX excision approach (Figure 14 a), a solution containing 

the intact lectin or enzyme is exposed to the immobilized carbohydrate. The protein-

carbohydrate complex is allowed to form. Thereby the native conformation of the 

protein can be kept by running the experiment in physiological conditions.  

Next the affinity matrix is washed to ensure complete removal of excess protein and 

impurities. In the second step a specific proteolytic enzyme is applied and allowed to 

cleave the amino acid residues that are not shielded by the interaction to the 

carbohydrate.  The choice of the protease depends on the sequence of the protein and 

the length of the cleavage products. The proteolysis step may be prolonged for as long 

as required, since carbohydrates are inherently stable to the action of proteases. The 

proteolytic fragments released in this supernatant fraction are collected for subsequent 

analysis by mass spectrometry. In the third step the matrix is washed extensively in 

order to ensure complete removal of contaminant peptides. The last volume of the 

washing buffer referred to as washing fraction is collected to be analyzed by MS. 
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Figure 14: Analytical scheme of CREDEX-MS a) CREDEX-MS(Excision) : (up to down) Lectin is binding 
in the column to the immobilized carbohydrate; lectin is degraded on column by an enzyme; nonbinding 
fragments were washed away; carbohydrate-binding-fragments were eluted; b) CREDEX-
MS(Extraction) : (up to down) Lectin is degraded in solution by an enzyme; digestion mixture is applied 
to the immobilized carbohydrate for binding; nonbinding fragments were washed away; carbohydrate-
binding-fragments were eluted.  

The amount of buffer appropriate for a complete removal of contaminant fragments is 

determined in a preliminary experiment. The peptides remaining bound to the 

carbohydrate are eluted under acidic conditions (elution fraction) or competitive elution 

with a carbohydrate solution. For mass spectrometric analysis of the carbohydrate-

recognizing peptides, the competitive elution with a carbohydrate solution is unsuitable 

as the carbohydrates have to be removed before measurement. Therefore the elution 

of the affinity-bound peptides from the carbohydrate using a mixture of volatile organic 

solvents such as a solution of 60% acetonitrile / 0.1% trifluoroacetic acid and 

alternatively with or without 1µg/µL DTT is more likely and was the solvent of choice in 

this work due to the compatibility with the mass spectrometric methods for peptide 

identification. 

To further use the column, the affinity matrix is regenerated by washing with the elution 

solution and with neutral buffer. 
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In contrast to CREDEX excision, in CREDEX extraction (Figure 14 b) the protein is 

proteolytically digested in solution and the peptide fragments resulting are applied to 

the column and allowed to bind to the carbohydrates. The supernatant fraction 

containing non-bound peptides is collected. Usually the supernatant of the CREDEX 

extraction contains non-carbohydrate binding fragments but also carbohydrate binding 

fragments if present in excess compared to the binding capacity of the carbohydrate. 

Prior to elution, the column is washed and the last washing fraction is collected and 

analyzed by mass spectrometry in order to test whether the column is free from 

contaminant peptides. The peptides that are affinity-bound to the carbohydrate are 

dissociated and the affinity media regenerated for further use. The solvents used are 

the same as for CREDEX excision approach. 

 

A large variety of matrices can be used for the immobilization of carbohydrates and 

many of them are commercially available either in unmodified form, activated or with 

pre-immobilized carbohydrates. Matrices used may include dextran (Sephadex) ((153), 

(154), (155)), silica carriers (Synsorb) ((156), (157)), agarose derivatives (Seralose, 

Sepharose) ((158), (159), (160), (161), (162), (163)), iron oxide (magnetic beads) 

((164), (165)) and polymer-based matrices like polyacrylamide ((166), (167)), poly-2-

hydroxy-ethyl methacrylate (Spheron) ((168), (169)) or ethylene glycol/methacrylate 

copolymers (Toyopearl) (170). 

 

The matrix used for CREDEX excision and extraction should be chemically and 

physically inert and provided with a spacer arm in order to overcome any steric 

hindrance between ligand and target molecule. The carbohydrate may be a mono-, di- 

or oligosaccharide (branched or linear) immobilized directly on the support material via 

a functional group.  

For immobilization of the carbohydrates used for galectin research divinylsulfone-

activated sepharose 4B (contains 4% agarose w/v) turned out to be preferred one, 

because it appears to maintain the glycan unit next to the divinylsulfone group mainly 

in its naturally occurring closed-ring form (without excluding partial equilibrium with the 

open one), while non-anomeric sugar hydroxyl groups are randomly linked to the 

divinylsulfone-activated surface (immobilization of a carbohydrate is illustrated in 

Figure 15) (155).  
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Figure 15: Divinylsulfone activation of the sepharose matrix and immobilization of the carbohydrate (171) 

As Agarose is a galactose-anhydrogalactose copolymer (172) (systematic name: β-D-

galactopyranosyl- (1→4)-3, 6-anhydro-α-L-galactopyranose) and therefore based on 

polysaccharides itself it might be possible carbohydrate-binding proteins can bind to 

those matrices. Because of this affinity experiments on such matrices may lead to the 

isolation of proteins and peptides specific for the matrix in addition to those specific for 

the immobilized ligand. In order to eliminate false-positive responses it is necessary to 

carry out rigorous control experiments. These controls may be performed using the 

underivatized matrix (with blocked active groups) or with an immobilized carbohydrate 

for which the target proteins or peptides have no affinity and to which they would 

theoretically not bind.  

 

In case of binding of proteins/peptides to the sepharose other matrices can be 

employed for ligand immobilization.  

In this thesis Toyopearl (hydroxylated methacrylic polymer) resin was employed for the 

immobilization of lactose and modified DGJ (1-Deoxy-Galactonojirimycin) for the study 

of α-galactosidases (Figure 16). 
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Figure 16: Immobilization of N-5-Carboxypentyl-1-deoxygalactonojirimycin (Carboxypentyl-DGJ) on 
Toyopearl-AF-Amino matrix 

 

2.1.1. Characterization of protein-carbohydrate interactions by 

affinity SDS-PAGE gel electrophoresis 

SDS-PAGE is a good analytical tool, allowing a precise determination of the presence 

of proteins in solutions. SDS-PAGE is very sensitive, so even nanograms of protein 

can be detected. 

For the determination of carbohydrate binding sites of protein the CREDEX method 

was developed, as described in chapters 1.4.1, 2.1 and 3.2.3.  The CREDEX method 

is based on the affinity of the lectin to the corresponding carbohydrate and the further 

analysis with mass spectrometry. For this reason it was necessary for the 

determination of the binding site of the galectins and α-galactosidase A to verify the 

successful immobilization of the carbohydrate on the column as well as the binding of 

the protein to the immobilized ligand and that there is no or very weak binding to the 

matrix itself. 

As galectins, as well as α-galactosidase A bind galactose it was found to be useful to 

first ensure their binding to immobilized lactose, which consists of galactose and 

glucose. Later on also their binding for blood group tri-saccharide A and tetra-

saccharide A were tested for the galectins and DGJ, an α-galactosidase A inhibitor, 

was proved to bind α-galactosidase A.  

For control of the affinity-experiments some fractions, e.g. supernatant, one or two 

wash fractions and the elution fraction were analyzed by one-dimensional sodium 

dodecylsulfate polyacrylamide gel electrophoresis (1D-SDS-PAGE).  As mentioned 

earlier these experiments were carried out for verification of the successful preparation 

carbodiimide 
pH=4-6 

25 °C 
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of the affinity columns, to prove the affinity of the protein to the immobilized 

carbohydrate and to ensure and find the best binding and elution conditions.  

The affinity- gel electrophoresis experiments were carried out as illustrated in Figure 

17. The preparation of the gel and the procedure of gel electrophoresis are described 

in the experimental section (chapter 3.7.1). The protein bands were visualized by 

staining the gel after the electrophoresis with coomassie brilliant blue (chapter 

3.7.1.1.). For determination of the molecular weight (MW) of the protein a commercially 

available mixture of known proteins, a so called "molecular-weight marker" or "protein 

ladder" (marker), was added in the first lane of the gel as a reference. The marker is 

chosen according to estimated MW range of the sample and the density and 

composition of the gel. The second lane was loaded with stock solution (stock) 

containing 1-5 μg of the protein investigated in the affinity experiment as reference. In 

the lane labeled SN the supernatant fraction, the solution removed from the column 

directly after incubation of the protein with the immobilized sugar, is loaded. A weak or 

no protein band in the supernatant indicates strong binding of the protein to the ligand 

and therefore the concentration of free protein is very low or the protein is completely 

absent in solution. In reverse that means if there is an intense protein band in the 

supernatant lane, a high content of free protein was present in solution which didn’t 

bind to the immobilized ligand. This lack of binding could be due to different reasons, 

either there is protein-ligand mismatch, like on a blank control column were a ligand is 

immobilized to which the protein cannot bind or when the ligand immobilization did not 

proceed with the expected yield or the affinity matrix material was damaged. Another 

reason could be if experimental buffer conditions like pH, ionic strength or metal 

supplement are not optimal. These conditions have a strong influence on protein 

folding, charging of amino acid side chains and intermolecular bonds that are formed 

between protein and sugar. 

The first washing fraction is added in the lane labeled W1. Then the column is washed 

with several column volumes and the last washing fraction (Wx) was loaded, to prove 

the removal of all unbound protein or to check if further washing might be necessary. 

The comparison of different washing fractions could also give a hint on the stability of 

the complex under the conditions used for washing.  

To the lane labeled with El, the elution fraction was added. An elution band with no or 

low intensity can indicate the lack of interaction between carbohydrate and ligand, as 

e.g. favored for the blank control affinity experiments where the ligand is washed off 
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the column or it can be due to insufficient elution. A strong elution band in conjunction 

with weak supernatant and washing signals indicates a high protein/peptide-ligand 

affinity as well as a working binding and elution system. 

 

 

Figure 17 : Analytical concept of affinity- gel electrophoresis experiments. Lanes from left to right: MW-
Marker, Stock-solution, SN: supernatant, W1: first wash, Wx: last wash, El: elution.  

For validation of the proteins identity, the proteins in the gel bands where identified 

using in-gel digestion followed by (LC-) MS analysis and evaluation of MS results 

through database search. The precise identification through peptide mapping by MS 

and if necessary by N-terminal Edman sequencing is described in chapter 3.5. 

 

As previously mentioned (chapter 2.1) for every protein-carbohydrate affinity- 

experiment a control experiment with blocked matrix or with a non-binding ligand 

immobilized had to be carried out. The 1D-SDS PAGE affinity experiments of the 

controls/blanks were performed under the same binding- and elution conditions as 
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used for the other affinity experiments. For optimization of the experimental conditions 

several runs had to be performed in some cases to find conditions under which the 

protein bound strongly to the carbohydrate and weakly or not at all to the matrix. Due 

to unsuitable experimental conditions it might be also possible that the proteins 

undergo (de-)oligomerization, proteolysis or autolysis, may form or lose disulfide 

bridges or other changes in structure and conformation may occur that affect their 

migration through the gel. The reference band (from stock solution) can deliver 

valuable information on such molecular changes and indicate the necessity of further 

optimization steps. 

 

The first galectin studied was the prototype galectin-5 from rat. Rat galectin-5 (rGal-5) 

has a MW (molecular weight) of ~ 16 kDa. Several experiments were performed under 

various conditions – ionic strength and pH as well as the buffer system were changed 

until the optimal binding buffer was found and also different elution systems were tried. 

For the affinity experiments the carbohydrates, lactose with which galectin-5 should 

interact, maltose and sucrose as controls on which galectin-5 should not bind, were 

immobilized via divinylsulfone activation on sepharose 4B as described in the 

experimental section (3.2.1.1, Figure 15).  

After optimization binding and washing was done with 25 mM NH4HCO3, 10 mM NaCl 

buffer. The experiment was performed as previously described and SN, W1 and last 

wash (Wx) were collected from the columns. Elution was performed with a mixture of 

60 % ACN and 0.1 % TFA in water. Also well-known competitive elution with a solution 

of 0.3 M lactose in PBS was performed in earlier studies, but dismissed because of its 

incompatibility with MS. All fractions were lyophilized, resuspended in sample buffer 

and loaded onto the gel. The gels of lactosyl-DVS-sepahrose and sucrosyl-DVS-

sepahrose, as control are shown in Figure 18. 
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(a) Lactosyl-DVS-sepharose                                (b)  Sucrosyl-DVS-sepharose     

 

Figure 18: Coomassie stained 1-D SDS-PAGE gels of the affinity experiments of rGal-5 on a) lactosyl-
DVS-sepharose and b) sucrosyl-DVS-sepharose 

The 1-D SDS-PAGE gels of all fractions show a band at nearly 16 kDa which are on 

the same level like the band from the stock solution. It could be assumed that the band 

around 16 kDa belongs to rGal-5. For verification the bands were subjected to in gel 

digestion and measured by LC-MS/MS. The MS/MS data was searched through data 

base – Mascot results of one experiment are shown in     

Figure 19. The MS/MS results verified that the bands at 16 kDa belong to rGal-5. In 

the gel derived from affinity experiments on lactosyl-DVS-sepharose (Figure 18 (a)) a 

light band at 16 kDa in the supernatant and first wash fraction can be seen. In the last 

wash (Wx) fraction a clean wash and therefore no band could be detected. The elution 

fraction band shows the highest intensity despite the band of stock solution. As the 

elution fraction band shows a high intensity and supernatant and wash fractions show 

a low intensity it can be comprised that the immobilization of the lactose was 

successful, the experimental conditions for binding, washing and elution are working 

and that the rGal-5 is binding to the immobilized lactose. For verification that rGal-5 is 

binding to the immobilized carbohydrate and not to the matrix control experiments on 

sucrosyl-DVS-sepharose and maltosyl-DVS-sepharose were performed. As maltose is 

a disaccharide composed of two glucose units and sucrose is a combination of the 

monosaccharides glucose and fructose rGal-5 is not supposed to bind. The gel derived 

from the control with sucrosyl-DVS-sepharose control affinity-experiment is shown in 

Figure 18 (b). As can be seen in 1-D SDS-PAGE gel of sucrosyl-DVS-Sepharose a 

strong band of 16 kDa belonging to rGal-5 is shown in the SN  alight band  after first 

washing (W1) with binding buffer, but after several washes (Wx) no band could be 

detected anymore. Also elution as done for lactosyl-DVS-Sepharose shows no band 
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in the gel of the control experiment, which verifies that there is no or very slight binding 

to the sepharose-matrix. For rGal-5 also affinity experiments on maltosyl-DVS-

sepharose was tested which showed the same results as for sucrosyl-DVS-sepharose. 

 

   

 

1 MSSFSTQTPY PNLAVPFFTS IPNGLYPSKS IVISGVVLSD AKRFQINLRC 

51 GGDIAFHLNP RFDENAVVRN TQINNSWGPE ERSLPGSMPF SRGQRFSVWI 

101 LCEGHCFKVA VDGQHICEYS HRLMNLPDIN TLEVAGDIQL THVET 

Protein sequence coverage: 48%: Matched peptides shown in bold red.    

Figure 19: Mascot results of a MS/MS database search of rat galectin-5 in-gel digest with trypsin. On 
the left up: score, total mass of identified protein and identified peptides were shown; on the right up: 
Protein score distribution is shown. Score distribution for family members in the first 50 proteins. Down: 
Amino acid sequence of rat galectin-5 from database in one letter code with identified peptides marked 
in red. 

The second protein studied was human galectin-9 (hGal-9). The affinity experiment of 

galectin-9 was performed as described above. The only variation made after 

optimization is the use of 25 mM PBS buffer (25 mM Na2HPO4, 25 mM NaCl, pH = 7.5) 

for binding of the protein to the immobilized ligand and washing of the column. The 

results for the affinity-experiments on lactosyl-DVS-sepharose and sucrosyl-DVS-

sepharose are shown in Figure 20. In the supernatant and first washing fraction derived 

from affinity experiments on lactosyl-DVS-sepharose only slight signals were obtained. 

In the band of the last wash no band could be detected. The elution band showed a 

strong signal and therefore strong binding of the protein-carbohydrate complex as well 

as working experimental conditions and verified successful preparation of the column. 

In contrast in the control experiment on sucrosyl-DVS-sepharose a strong band in the 

supernatant was observed, a light band in the first wash and no band in last wash and 

the elution fraction was detected. Therefore it could be concluded that there is no 

binding to the matrix material. Protein bands around 35 kDa and 15 kDa were 
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observed. These proteins bands were studied with in gel-digestion and LC/MS as well 

as by Edman sequencing.  

 

(a) Lactosyl-DVS-sepharose                                           (b)  Sucrosyl-DVS-sepharose     

 

Figure 20: 1-D SDS-PAGE coomassie stained gel of the affinity experiments of hGal-9 on a) lactosyl-
DVS-sepahrose and b) sucrosyl-DVS-sepharose 

The band at 35 kDa could be assigned to full-length hGal-9 (~36 kDa) whereas the 

band at around 15 kDa corresponded to the N-terminal domain of hGal-9 (hGal-9N) 

formed by autoproteolysis (sequence of full-length galectin-9 with highlighted domains 

is shown in Figure 21). MS-results are shown in chapter 2.1.2 and Edman sequencing 

results are summarized in the Appendix (chapter 7.5). The light bands in higher mass 

range could not be assigned, as Edman sequencing and LC-MS didn’t provide any 

results due to the low concentration of these proteins in the gel. Due to their similar 

behavior to the bands assigned as full-length galectin-9 it is very likely that they belong 

to oligomers of galectin-9 which could not be disrupted by SDS. 
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1 MAFSGSQAPY LSPAVPFSGT IQGGLQDGLQ ITVNGTVLSS SGTRFAVNFQ 

51 TGFSGNDIAF HFNPRFEDGG YVVCNTRQNG SWGPEERKTH MPFQKGMPFD 

101 LCFLVQSSDF KVMVNGILFV QYFHRVPFHR VDTISVNGSV QLSYISFQPP 

151 GVWPANPAPI TQAVIHTVQS APGQMFSTPA IPPMMYPHPA YPMPFITTIL 

201 GGLYPSKSIL LSGTVLPSAQ RFHINLCSGN HIAFHLNPRF DENAVVRNTQ 

251 IDNSWGSEER SLPRKMPFVR GQSFSVWILC EAHCLKVAVD GQHLFEYYHR 

301 LRNLPTINRL EVGGDIQLTH VQT   

Figure 21:  amino acid sequence of hGal-9 with its N-terminal domain hGal-9N colored in blue, the C-
terminal domain hGal-9C highlighted in red and the linker between the two domains is shown in black. 

To extend the use of CREDEX-MS and Affinity-MS for characterization of other 

interesting carbohydrate binding proteins beside lectins, the carbohydrate 

metabolizing enzyme α-galactosidase A (AGAL) was studied. First test studies were 

done with commercially available α-galactosidase 27 A expressed in Cellvibrio mixtus. 

Affinity experiments were performed with different ligands; galactose as well as a 

structural analogue deoxygalactonojirimycin (DGJ) and several ligands tested as 

references where the enzyme should not bind to. 

Affinity experiments were performed on DGJ-EAH-sepharose, and control experiments 

were done with blocked EAH-sepharose, with sucrosyl-DVS-sepharose and fructosyl-

DVS–sepharose. Results of DGJ-EAH and fructosyl-DVS -sepharose are shown in 

Figure 22. The supernatant and first washing fraction of the DGJ-EAH-sepharose 

showed very light bands at ~40 kDa. The last wash showed a clean line and in the 

elution a strong band was detected. In the control experiment in all fractions a band at 

40 kDa corresponding to AGAL 27 A was observed. The other control experiments with 

blocked EAH-sepharose and with sucrosyl-DVS-sepharose showed the same result. 

Therefore it was assumed that there is some interaction with the matrix which could 

not be suppressed by changing the experimental conditions.  
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(a) Fructosyl-DVS-sepharose                        (b)  DGJ-EAH-sepharose     

 

Figure 22 : 1-D SDS-PAGE gels stained with coomassie of the affinity experiments of AGAL 27 A on a) 
fructosyl-DVS-sepahrose and b) DGJ-EAH-sepharose  

Hence the change of experimental conditions could not prevent the binding to the 

matrix material another matrix was used. For the further affinity experiments the DGJ 

was immobilzed on Toyopearl AF-Amino-650 matrix as described in the experimental 

part (chapter 3.2.1.2) and for control experiments blocked Toyopearl AF-Amino-650 

matrix was used. The affinity experiments were performed as described for hGal-9. 

When examining the 1-D SDS-PAGE gel there are very light protein bands detectable 

in the supernatant and first wash fraction derived from the DGJ-Toyopearl affinity 

experiment. The last washing fraction showed no signal. For the elution a mixture of 

60% ACN/0.1% TFA was used and in the gel a strong protein band at ~ 40 kDa was 

observed. In contrast the supernatant of the control column showed a very strong band 

whereas in the washing and elution fraction almost no signal could be detected. It could 

be postulated that the column preparation was successful and there is no or very weak 

binding to the matrixitself, but a strong binding of the AGAL 27A to the immobilzed 

DGJ. 
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(a) DGJ-Toyopearl matrix                                    (b)  Blocked-Toyopearl matrix   

     
Figure 23: 1-D SDS-PAGE gels stained with Coomassie of the affinity experiments of AGAL 27 A on      
a) DGJ-Toyopearl column and b) Blocked Toyopearl column.  

The same experimental setup described above for AGAL 27A was used for the 

recombinant human α-galactosidase A (AGAL A). AGAL A was employed in the form 

of agalsidase alfa (Replagal®, Shire Human Genetic Therapies) a recombinant 

enzyme used for the treatment of Fabry disease, a lysosomal storage disease. 

 

The SDS-gel received after the affinity experiment of human AGAL A on DGJ-

Toyopearl column is shown in Figure 24 (a). In the lane where the stock solution was 

loaded an intensive band between 40-50 kDa can be seen, corresponding to the 

human AGAL A monomer. The supernatant lane did not show any protein band, 

indicating that all enzymes introduced on the column bound to the immobilized DGJ. 

The lane of the washing fraction was clean, indicating that the washing procedure was 

effective. The elution performed with the same ACN-based solvent described above 

led to the recovery of the affinity-bound enzyme, as shown by the strong protein band 

in the last lane of the gel. Evidently the human AGAL A bound strongly to the 

immobilized DGJ, the matrix preparation was successful and experimental conditions 

are effective. 
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(a) DGJ-Toyopearl matrix                                     (b)  Blocked-Toyopearl matrix   

 

Figure 24: Coomassie stained 1-D SDS-PAGE gels of the affinity experiments of  human AGAL A on   
a) DGJ-Toyopearl column and b) Blocked Toyopearl matrix. 

The control experiment was performed on blocked AF-Amino-650 Toyopearl-resin. 

The same experimental conditions as described for the affinity experiments on DGJ-

Toyopearl resin were used. The resulting 1-D SDS-PAGE gel is shown in Figure 24 (b) 

proving that there is no or very light binding of the AGAL A to the Toyopearl matrix 

itself. In the lane of the SN a strong band between 40-50 kDa (corresponding to AGAL 

A) is visible. In the first and last wash a broad band of decreasing intensity can be seen 

~40-50 kDa and in the lane of the El fraction almost no band can be detected anymore. 

It can be comprised that the AGAL A had a very light interaction with the matrix and 

was washed off therefore decreasing amounts could be detected from step to step. 

 

 

2.1.2. Structural Characterization of galectins and α-

galactosidase A by proteolytic peptide-mapping and Edman 

sequencing 

The determination of carbohydrate binding sequences in galectins and in α-

galactosidase A through CREDEX-MS requires the verification of the sequence of the 

proteins used. Therefore the primary structures were characterized by mass 

spectrometric peptide mapping analysis and if necessary by Edman sequencing. The 

digestion yields were monitored by 1-D SDS-PAGE to verify complete proteolysis and 

establish optimal degradation conditions. 
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For rGal-5 N-terminal Edman sequencing revealed the absence of the N-terminal 

methionine as well as the exchange of the acetylserine on the second position by 

alanine. The Edman sequencing results of the first five N-terminal amino acids as well 

as the predicted and ascertained sequence are shown in Figure 25.  

 

 (a) 

 

  

 

        

(b)   Predicted sequence    

MSSFSTQTPYPNLAVPFFTSIPNGLYPSKSIVISGVVLSDAKRFQINLRCGGDIAFHLNPRFDENAVVRNTQI

NNSWGPEERSLPGSMPFSRGQRFSVWILCEGHCFKVAVDGQHICEYSHRLMNLPDINTLEVAGDIQLTHV

ET 

 By Edman ascertained sequence 

ASFSTQTPYPNLAVPFFTSIPNGLYPSKSIVISGVVLSDAKRFQINLRCGGDIAFHLNPRFDENAVVRNTQIN

NSWGPEERSLPGSMPFSRGQRFSVWILCEGHCFKVAVDGQHICEYSHRLMNLPDINTLEVAGDIQLTHVE 

Figure 25: Edman Sequencing results of the first five N-terminal amino acids of rGal-5. (a) Edman 
chromatograms of the standard and of the aa 1-5 of rGal-5 and (b) the predicted and by Edman 
sequencing determined Sequence of rGal-5 

Edman amino acid standard 

 

First amino acid: A 

Second amino acid: S Third amino acid: F 

Fourth amino acid: S Fifth amino acid: T 
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Since rGal-5 is vulnerable to inactivation through structural changes caused by 

formation of disulfide bridges, all experiments were performed using the 

iodoacetamide-alkylated protein. RGal-5 was digested in solution with trypsin and the 

resulting peptide mixture was analyzed by LC-MS (Table 1) and MALDI-TOF-MS 

(Figure 26) 

 

 

1 ASFSTQTPYP NLAVPFFTSI PNGLYPSKSI VISGVVLSDA KRFQINLRCG 

51 GDIAFHLNPR FDENAVVRNT QINNSWGPEE RSLPGSMPFS RGQRFSVWIL 

101 CEGHCFKVAV DGQHICEYSH RLMNLPDINT LEVAGDIQLT HVET 

Figure 26: Top: MALDI spectra of trypsin digest of rGal-5 (counting from real sequence – identified by 
Edman sequencing); down: by edman determined rGal-5 sequence: Peptides found by MALDI-MS 
marked in red; misscleaved peptides marked with * 

MALDI-TOF MS provided almost full sequence coverage just the very small tryptic 

fragments of 1-3 amino acids could not be detected. All expected tryptic peptide 

fragments were identified by LC/MS/MS either manually or by database search with 

mascot and are summarized in Table 1. 
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Table 1: Rat galectin-5 peptides identified by LC-MS, with their charge, calculated and experimental 
mass. 

LC-MS results of tryptic digestion of rGal-5  

No start end Peptide sequence Charge [M+H]+calc [M+H]+exp 

1 1 28 
ASFSTQTPYPNLAVPFFTSI

PNGLYPSK 
[P+2H+]2+ 3044.54 3044.36 

2 29 41 SIVISGVVLSDAK [P+2H+]2+ 1287.75 1287.74 

3 42 42 R [P+H+]1+ 175.12 175.08 

4 43 48 FQINLR 
[P+H+]1+ 

[P+2H+]2+ 
790.46 790.40 

5 49 60 C(CAM)GGDIAFHLNPR 
[P+H+]1+ 

[P+2H+]2+ 
1344.65 1344.22 

6 61 68 FDENAVVR [P+2H+]2+ 949.47 949.58 

7 69 81 NTQINNSWGPEER 
[P+2H+]2+ 

[P+3H+]3+ 
1544.70 1544.66 

8 82 91 SLPGSMPFSR [P+2H+]2+ 1078.40 1078.54 

9 92 94 GQR [P+2H+]2+ 360.20 360.30 

10 95 107 FSVWILCEGHCFK [P+2H+]2+ 1568.91 1568.73 

11 108 121 VAVDGQHICEYSHR [P+H+]+ 1613.75 1613.82 

12 122 144 
LMNLPDINTLEVAGDIQLTH

VET 
[P+2H+]2+ 2536.18 2536.29 

P=Peptide 
 
 

Human Gal-9 was analyzed both in its full version as well as the C- and N-terminal 

domains of hGal-9. The C-terminal domain of galectin-9 (Gal-9C) has a high homology 

to rGal-5. All domains of human galectin-9 as well as the full version were alkylated 

with iodoacetamide for stabilization and to prevent deactivation. The MALDI-MS results 

of the Gal-9C after in solution tryptic digestion are shown in Figure 27. Almost all 

expected peptides could be identified despite the very small ones of 1-4 amino acids. 

Some adducts with sodium and potassium ions were also present since the samples 

were not desalted before the measurement. 
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1 PMPFITTILG GLYPSKSILL SGTVLPSAQR FHINLCSGNH IAFHLNPRFD 

51 ENAVVRNTQI DNSWGSEERS LPRKMPFVRG QSFSVWILCE AHCLKVAVDG 

101 QHLFEYYHRL RNLPTINRLE VGGDIQLTHV QT  

Figure 27: Top: MALDI-MS results of trypsin digest of human Gal-9C; down: human Gal-9 C sequence 
with the peptides found by MALDI-MS marked in red. 

In first peptide mapping experiments of the Galectin-9 N Domain (Gal-9N) no fragment 

mass could be found fitting the mass of the N-terminal peptide expected from the given 

amino acid (aa) sequence. To prove the correctness of the aa sequence Gal9-N was 

subjected to N-terminal Edman sequencing. The Edman sequencing revealed the first 

amino acid to be alanine therefore the given sequence could not be correct as starting 

with methionine. Taking into account the following revealed aa in the sequence the 

methionine turned out to be missing (see chapter 7.5 Supporting figures). The galectin-

9 N domain was digested in solution using 0.05% ProteaseMaxTM, a surfactant from 

Promega, due to difficulties with solubility, digestion time and yield. The MALDI-MS 

results obtained from trypsin digestion are shown in Figure 28. Nearly the whole 

sequence could be identified, only the single lysine 87 could not be detected by MALDI-

MS. 
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1 AFSGSQAPYL SPAVPFSGTI QGGLQDGLQI TVNGTVLSSS GTRFAVNFQT 

51 GFSGNDIAFH FNPRFEDGGY VVCNTRQNGS WGPEERKTHM PFQKGMPFDL 

101 CFLVQSSDFK VMVNGILFVQ YFHRVPFHRV DTISVNGSVQ  

 
Figure 28: Top: MALDI-MS results of trypsin digest of human galectin-9 N-domain; down: human 
galectin-9 N sequence: Peptides found by MALDI-MS marked in red; *pyroglutamic acid formed from 
glutamine at n-terminus. 

As for Gal-9N the full length human galectin-9, Edman N-terminal sequence 

determination showed the first amino acid in the sequence to be alanine, followed by 

the expected N-terminal sequence (see chapter 7.5 Supporting figures). Like the N-

domain, the full- human galectin-9 was also difficult to digest therefore digestion was 

carried out in 20 mM phosphate saline buffer containing 0.05% ProteaseMaxTM. MALDI 

results are shown in Figure 29. 
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1 AFSGSQAPYL SPAVPFSGTI QGGLQDGLQI TVNGTVLSSS GTRFAVNFQT 

51 GFSGNDIAFH FNPRFEDGGY VVCNTRQNGS WGPEERKTHM PFQKGMPFDL 

101 CFLVQSSDFK VMVNGILFVQ YFHRVPFHRV DTISVNGSVQ LSYISFQPPG 

151 VWPANPAPIT QTVIHTVQSA PGQMFSTPAI PPMMYPHPAY PMPFITTILG 

201 GLYPSKSILL SGTVLPSAQR FHINLCSGNH IAFHLNPRFD ENAVVRNTQI 

251 DNSWGSEERS LPRKMPFVRG QSFSVWILCE AHCLKVAVDG QHLFEYYHRL 

301 RNLPTINRLE VGGDIQLTHV QT   

Figure 29: Top: MALDI-MS results of trypsin digest of hGal-9; down: human hGal-9 sequence: Peptides 
found by MALDI-MS marked in red 

The MALDI results show an excellent sequence coverage for the N- and C-terminal 

domain of human galectin-9, just short peptide sequences of 1-4 amino acids could 

not be identified. Due to unspecific autoproteolysis of galectin- 9 in the linker region 

the peptides within this region could not be clearly characterized. Few peaks could not 

be assigned, but are highly probable to correspond to peptides in the linker region.  

 

Peptide mapping and N-terminal Edman sequencing was also applied to Replagal®, a 

recombinant expressed human α-galactosidase A. N-terminal Edman sequencing 

revealed the missing N-terminal signal sequence comprising the first 31 amino acids. 
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For comparison with literature data numbering was kept as for the full intact protein. 

The MS-results are shown in Figure 30. AGal A has three N-linked glycosylation sites 

((173), (174)). The peptides which contain the glycosylated asparagines N139, N192 

and N215 and very few other sequence parts could not be identified, but for the most 

part the peptide sequence corresponding peaks could be found. The MALDI-MS 

results are shown in Figure 30. 

 

 

1 MQLRNPELHL GCALALRFLA LVSWDIPGAR ALDNGLARTP TMGWLHWERF 

51 MCNLDCQEEP DSCISEKLFM EMAELMVSEG WKDAGYEYLC IDDCWMAPQR 

101 DSEGRLQADP QRFPHGIRQL ANYVHSKGLK LGIYADVGNK TCAGFPGSFG 

151 YYDIDAQTFA DWGVDLLKFD GCYCDSLENL ADGYKHMSLA LNRTGRSIVY 

201 SCEWPLYMWP FQKPNYTEIR QYCNHWRNFA DIDDSWKSIK SILDWTSFNQ 

251 ERIVDVAGPG GWNDPDMLVI GNFGLSWNQQ VTQMALWAIM AAPLFMSNDL 

301 RHISPQAKAL LQDKDVIAIN QDPLGKQGYQ LRQGDNFEVW ERPLSGLAWA 

351 VAMINRQEIG GPRSYTIAVA SLGKGVACNP ACFITQLLPV KRKLGFYEWT 

401 SRLRSHINPT GTVLLQLENT MQMSLKDLL 

Figure 30: Top: MALDI-MS results of trypsin digest of human AGAL A; down: human AGAL A sequence: 
Peptides found by MALDI-MS marked in red; amino acids 1-31: signal-sequence missing in the 
functional protein are illustrated in grey; the blue marked N-atoms show the position of the glycosylation-
sites 
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2.1.3. Identification of carbohydrate recognition sequences in rat-

galectin-5 

Rat galectin-5 is an insufficiently studied galectin found in the erythrocytes of rat.    

RGal-5 is a prototype galectin which occurs in monomeric state. Despite that the 

informations available are limited to the sequence, its source and its main function, for 

erythroblast maturation ((175), (176)). There are no crystal structures or NMR studies 

available. Because of the lack of information known for galectin-5 and its similarity to 

the C-terminal of galectin-9, an important galectin, e.g. playing a role in cancer, 

studying galectin-5 is of high interest. 

 

As the two major preconditions for the determination of the carbohydrate binding 

sequences are given - the binding of the protein to the immobilized carbohydrate and 

a working digestion procedure were successful (see chapter 2.1.1 and 2.1.2) – the 

CREDEX experiments could be performed. The carbohydrate recognizing sequences 

of rat-galectin-5 were determined for three different carbohydrates, the disaccharide 

lactose, the blood group A trisaccharide and the blood group A tetrasaccharide                        

(Structures are shown in Figure 31)  to examine a possible extended binding side. 

 

 

Figure 31: Chemical structures of the oligosaccharide ligands employed in this study: (a) Lactose (β-D-
Gal-(1-4)]-β-D-Gluc) (b)blood group A trisaccharide (α-L-Fuc-(1-2)-[α-D-GalNAc-(1-3)]-β-D-Gal),           
(c) blood group A tetrasaccharide type 2 (α-D-GalNAc-(1-3)-[α-L-Fuc-(1-2)]-β-D-Gal-(1-4)-β-D-GlcNAc). 
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The carbohydrates were immobilized on divinylsulfone activated sepharose as 

described in chapter 2.1.1 and 3.2.1.1. The CREDEX excision and extraction 

experiments were performed as described in chapter 2.1 in Figure 14 and in the 

experimental part (chapter 3.2.3.1 and 3.2.3.2). 

 

The first identification of a carbohydrate binding site was performed for lactose with 

partially alkylated rGal-5. In the proteolytic excision experiment MALDI-MS analysis of 

the supernatant after trypsin digestion provided 80% sequence coverage (Figure 32). 

The last washing fractions after digestion did not reveal any peptide ion signals (Figure 

33). In the elution fraction, two CRD peptides, rGal-5[49-60] and rGal-5[69-81] were 

identified (Figure 34). The higher signal intensity of rGal-5[69-81] does not necessarily 

reflect a higher abundance or higher affinity to lactose. Since the last washing fraction 

was clean, as shown by the corresponding mass spectrum (Figure 33), the presence 

of the two rGal-5 peptides in the elution fraction can only be explained by their specific 

binding to lactose. 

 

 

1 ASFSTQTPYP NLAVPFFTSI PNGLYPSKSI VISGVVLSDA KRFQINLRCG 

51 GDIAFHLNPR FDENAVVRNT QINNSWGPEE RSLPGSMPFS RGQRFSVWIL 

101 CEGHCFKVAV DGQHICEYSH RLMNLPDINT LEVAGDIQLT HVET 

Figure 32: Top: MALDI-MS results of SN fraction from CREDEX-MS (excision) experiment of trypsin-
digested rGal-5 with lactose; down: rGal- 5 sequence: Peptides found by MALDI-MS of the SN marked 
in red. 
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Figure 33: MALDI-MS results of (clean) last wash fraction from rGal-5 CREDEX-MS (excision) affinity 
experiments with lactose. 

 

1 ASFSTQTPYP NLAVPFFTSI PNGLYPSKSI VISGVVLSDA KRFQINLRCG 

51 GDIAFHLNPR FDENAVVRNT QINNSWGPEE RSLPGSMPFS RGQRFSVWIL 

101 CEGHCFKVAV DGQHICEYSH RLMNLPDINT LEVAGDIQLT HVET 

Figure 34: Top: MALDI-MS spectra of the elution fraction from CREDEX-MS (excision) experiment of 
trypsin-digested rGal-5 with lactose; down: by Edman determined rGal-5 sequence: Peptides found by 
MALDI-MS of El experiment marked in red 

To obtain more information on the lactose binding site in rGal-5, a proteolytic extraction 

experiment was also performed. For this purpose rGal-5 was first digested in solution 

using trypsin. Afterwards the solution was added onto a lactosyl-DVS-sepharose 

column. The solution was incubated on the column, then the column was drained and 

the supernatant fraction was collected and analyzed by MALDI-MS (Figure 35). 

Afterwards the column was washed until no remaining peptide signals were observed 

in the mass spectrum of the last 400 μL washing fraction (Figure 36). Finally, the 
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remaining affinity-bound peptides were eluted and analyzed by MALDI-MS (Figure 37). 

The same two peptides, rGal-5[49-60] and rGal-5 [69-81], as previously found in the 

proteolytic excision approach were also identified in the elution fraction from the 

extraction experiment. 

 

 

1 ASFSTQTPYP NLAVPFFTSI PNGLYPSKSI VISGVVLSDA KRFQINLRCG 

51 GDIAFHLNPR FDENAVVRNT QINNSWGPEE RSLPGSMPFS RGQRFSVWIL 

101 CEGHCFKVAV DGQHICEYSH RLMNLPDINT LEVAGDIQLT HVET 

Figure 35: Top: MALDI-MS results of SN fraction from CREDEX-MS (extraction) experiment of trypsin-
digested rGal-5 with lactose; down: rGal- 5 sequence: Peptides found by MALDI-MS of the SN marked 
in red. 

Figure 36: MALDI-MS results of (clean) last wash fraction from rGal-5 CREDEX-MS (extraction) affinity 
experiments with lactose. 
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1 ASFSTQTPYP NLAVPFFTSI PNGLYPSKSI VISGVVLSDA KRFQINLRCG 

51 GDIAFHLNPR FDENAVVRNT QINNSWGPEE RSLPGSMPFS RGQRFSVWIL 

101 CEGHCFKVAV DGQHICEYSH RLMNLPDINT LEVAGDIQLT HVET 

Figure 37: Top: MALDI-MS spectra of the elution fraction from CREDEX-MS (extraction) experiment of 
trypsin-digested rGal-5 with lactose; down: by Edman determined rGal-5 sequence: Peptides found by 
MALDI-MS of El experiment marked in red. 

In both CREDEX-MS approaches, identical lactose-binding peptides, rGal-5[49-60] 

and rGal-5 [69-81] were identified. This data is highly interesting as no crystal structure 

or model is presently available in the literature. Due to the lack of data in the literature 

a model was generated with Phyre2 (177) (Figure 38). As mentioned in the introduction 

(chapter 1.2), galectins share a consensus sequence of about 130 amino acids in 

which eight amino acids are highly conserved. These residues are predicted to play an 

important role for ligand binding and where also verified to be binding amino acids in 

X-ray crystal structures and NMR studies of other galectins (178). The two identified 

peptides harbor all expected key amino acids in contact with the ligand.  

For binding of lactose, the C-4 hydroxyl group of galactose part plays a central role in 

binding, likely accepting hydrogen bonds from the highly conserved residues His-56 

and Arg-60, while donating a hydrogen bond to Asn-58. These three amino acids are 

all present in peptide 1 rGal-5[49-60] (CGGDIAFHLNPR). The galactose C-6 hydroxyl 

group also displays this cooperative hydrogen bonding pattern, interacting with Glu-79 
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and Asn-74. The planar C-3, C-4, C-5, and C-6 carbon atoms of the galactose moiety 

participate in C-H/π interactions with the aromatic side chain of Trp-76 in a fashion 

similar to that seen in a number of other galactose - and lactose -binding lectins (178) 

and are important for specificity to galactose. Glu-79 and Arg-81 interact with glucose. 

The predicted interacting amino acids Asn-74, Trp-76, Glu-79, Arg-81 are all found in 

peptide 2 rGal-5[69-81] (NTQINNSWGPEER). The results are illustrated in the rGal-5 

model shown in Figure 38. 

 

(a)                                                                              (b)   

                  

Figure 38: Structure models of rGal-5 generated with Phyre2 (177) with representation of (a) the 
determined carbohydrate-binding peptides found in CREDEX-MS excision and extraction experiments 
with lactose shown in red and (b) the aa predicted to contribute to the carbohydrate binding with lactose 
represented in red. 

For the identification of an extended binding site of rat Galectin-5 to more complex 

carbohydrates CREDEX excision approach was employed for the blood group A 

trisaccharide (A- Tri) and blood group A tetrasaccharide type 2 (A- Tetra) (structures 

see Figure 31). Therefore rGal-5 was added to Sepharose columns with immobilized 

A- Tri and A- Tetra. Despite this the experimental setup was kept as used to determine 

the binding site for lactose (CREDEX-MS excision). The analysis of the last washing 

fractions collected after lectin binding and after digestion did not produce any peptide 

ions by mass spectrometry. The elution was performed using 60 % ACN in 0.1 % 

aqueous TFA and the elution fraction was analyzed by MALDI-MS. Analysis of the 

elution fractions of A- Tri (Figure 39) and A- Tetra (Figure 40) revealed clear signals of 
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peptides rGal-5[43-48], rGal-5[49-60], rGal-5[61-68] and rGal-5[69-81]. Additional to 

the two peptides, rGal-5[49-60] and rGal-5 [69-81] comprising the amino acids for 

lactose, especially galactose binding, two other peptides were identified to interact with 

the blood group sugars A- Tri and A- Tetra. 

 

 

1 ASFSTQTPYP NLAVPFFTSI PNGLYPSKSI VISGVVLSDA KRFQINLRCG 

51 GDIAFHLNPR FDENAVVRNT QINNSWGPEE RSLPGSMPFS RGQRFSVWIL 

101 CEGHCFKVAV DGQHICEYSH RLMNLPDINT LEVAGDIQLT HVET 

Figure 39 Top: MALDI-MS spectra of the elution fraction from CREDEX-MS (excision) experiment of 
trypsin-digested rGal-5 with A- Tri; down: by Edman determined rGal-5 sequence: Peptides found by 
MALDI-MS of El experiment marked in red 
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1 ASFSTQTPYP NLAVPFFTSI PNGLYPSKSI VISGVVLSDA KRFQINLRCG 

51 GDIAFHLNPR FDENAVVRNT QINNSWGPEE RSLPGSMPFS RGQRFSVWIL 

101 CEGHCFKVAV DGQHICEYSH RLMNLPDINT LEVAGDIQLT HVET 

Figure 40: MALDI-MS spectra of the elution fraction from CREDEX-MS (excision) experiment of trypsin-
digested rGal-5 with A- Tetra; down: by Edman determined rGal-5 sequence: Peptides found by MALDI-
MS of El experiment marked in red 

As the carbohydrate structures of A- Tri, A- Tetra and lactose differ in several positions, 

the binding of the additional two peptides rGal-5[43-48] and rGal-5[61-68] occurs due 

to the differing carbohydrate parts in A- Tri and A- Tetra compared to lactose. Whereas 

lactose consists of D-Galactose bound D-Glucose, A- Tri and A- Tetra lacking the 

glucose part, but have additional D-N-acetylgalactoseamine (D-GalNAc) and L-Fucose 

bound. A- Tetra differs from A- Tri also by an additional D-N-acetylglucoseamine (D-

GlcNAc) moiety. These results indicate that amino acids from peptides rGal-5[43-48] 

and rGal-5[61-68] are responsible for recognition of α-D-GalNAc and α-L-Fucose units 

of blood group oligosaccharides. Although no X-ray crystal structure is available to 

show the orientation of A- Tri or A- Tetra in complex with rGal5 or other galectins, there 

are at least a few models available for other galectins (179) which help to explain the 

affinity of the peptides to these ligands. The binding can be mainly explained by the 

interaction of the N-acetylgalactoseamine subunit of A- Tri and A- Tetra with an 
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extended binding site comprising the Ile-46 in peptide rGal-5[43-48] of rGal-5. In 

peptide rGal-5[61-68] (FDENAVVR) Glu-63 is predicted to interact with the C-4 

hydroxyl group of fucose moiety of the oligosaccharides, despite this Val-67 

contributes to the binding to galactose by hydrophobic interactions. Also the affinity to 

the peptide rGal-5[49-60] and rGal-5 [69-81] might be enhanced in comparison to 

lactose as Arg-60 can contribute additional to its interaction with Gal-O4 and Gal-O5, 

by hydrophobic interactions with fucose. For A- Tetra affinity to rGal-5[69-81] might be 

also enhanced because of Glu-80 forming hydrogen bonds with C-2 amino group and 

C-3 hydroxyl group of the GlcNAc. The results where illustrated in rGal-5 model shown 

in Figure 41. 

 

(a)                                                                                  (b)   

                                               
Figure 41: Structure-Models of rGal-5 generated with Phyre2 (177) with representation of (a) the 
determined carbohydrate-binding peptides found in CREDEX-MS excision and extraction experiments 
with A- Tri and A- Tetra shown in red (also found for lactose) and yellow (unique peptides binding the 
extended binding site in A- Tri and A-tetra) and (b) the amino acids predicted to contribute to the 
carbohydrate binding with A- Tri and A- Tetra represented in red. 
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2.1.4. Identification of carbohydrate recognition sequences in 

human-galectin-9 

Human Galectin-9 (hGal-9) is a tandem repeat galectin with two distinct carbohydrate 

recognition domains (CRDs). Its C-terminal CRD is highly similar to rGal-5. Galectin-9 

is expressed in a variety of cells and can be therefore found in diverse organs and 

tissues. As variable as its location as various are the biological processes Galectin-9 

is involved in. Human Galectin-9 was first cloned from tumor tissues of Hodgkin’s 

disease which is frequently characterized as eosinophilia. HGal-9 was identified as a 

potent T-cell derived chemoattractant; it plays a role in cancer, especially metastasis 

as well as in apoptosis, cell aggregation and inflammation processes ((180), (181)). 

In particular Gal-9 induces apoptosis of melanoma - and breast cancer cells and 

inhibits lung metastasis. Because of its role in cancer and other diseases hGal-9 and 

its binding properties are highly interesting to study. Although sugar-binding specificity 

of Gal-9 has been elucidated, molecular mechanisms that underlie these functions 

remain to be investigated (182). 

 

Lactose binding sites were identified for the intact alkylated human galectin-9, as well 

as for the two individual CRDs, designated hGal-9N and hGal-9C, both also alkylated 

with iodoacetamide.  

CREDEX excision and extraction approaches were employed for the two separate 

domains as well as for full hGal-9. The numbering of the domains is kept as for the 

intact protein for easy comparison of the results. 

Excision and extraction of Gal-9N Domain was performed as described for rGal-5 

despite of the addition of 0.05% ProteaseMaxTM to improve the digestion and solubility 

of Gal-9N. Both approaches presented the same results. In the elution fractions a 

single peptide, hGal-9[44-64] was determined as shown for CREDEX-MS excision in 

Figure 42. 
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1 AFSGSQAPYL SPAVPFSGTI QGGLQDGLQI TVNGTVLSSS GTRFAVNFQT 

51 GFSGNDIAFH FNPRFEDGGY VVCNTRQNGS WGPEERKTHM PFQKGMPFDL 

101 CFLVQSSDFK VMVNGILFVQ YFHRVPFHRV DTISVNGSVQ  
 

     

Figure 42: Left: MALDI-MS spectra of the elution fraction from CREDEX-MS (excision) experiment of 
trypsin-digested hGal-9N with lactose; down: by Edman determined hGal-9N sequence: Peptide found 
by MALDI-MS of El fraction is marked in red; right: X-ray crystal structure of hGal-9N (PDB entry 2EAK) 
with representation of the lactose-binding peptide found in CREDEX-MS excision and extraction 
experiments shown in red. 

CREDEX excision and extraction approaches of hGal-9C followed the same procedure 

as described for rGal-5. For hGal-9C the elution fractions of the excision - and the 

extraction approach released the same peptide hGal-9[221-238]. In both approaches 

only one peptide was identified to bind to lactose (Figure 43). 

 

 

(44-64)

500 600 700 800 900 1100 1300 1500 1700 1900 2100 2300 2500 2700 2900
m/z (Da)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000

14000

15000

16000

2387.9944FAVNFQTGFSGNDIAFHFNPR64



 

Results and Discussion  62 

 

1 PMPFITTILG GLYPSKSILL SGTVLPSAQR FHINLCSGNH IAFHLNPRFD 

51 ENAVVRNTQI DNSWGSEERS LPRKMPFVRG QSFSVWILCE AHCLKVAVDG 

101 QHLFEYYHRL RNLPTINRLE VGGDIQLTHV QT  

Figure 43: Left: MALDI-MS spectra of the elution fraction from CREDEX-MS (excision) experiment of 
trypsin-digested hGal-9C with lactose; down: peptide sequence of hGal-9C: Peptide found by MALDI-
MS of El fraction is marked in red; right: X-ray crystal structure of hGal-9C (PDB entry 3NV3) with 
representation of the lactose-binding peptide found in CREDEX-MS excision and extraction experiments 
shown in red  

Interestingly, the proteolytic excision and extraction approaches of intact human 

galectin-9 presented 4 peptides in the elution fraction (Figure 44),  the peptides hGal-

9[44-64]  and hGal-9[221-238] identified in the elucidation of the lactose binding site of 

the hGal9 N - and C-Domain and besides them also two more peptides hGal-9[77-86] 

and hGal-9[247-259]. 
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1 AFSGSQAPYL SPAVPFSGTI QGGLQDGLQI TVNGTVLSSS GTRFAVNFQT 

51 GFSGNDIAFH FNPRFEDGGY VVCNTRQNGS WGPEERKTHM PFQKGMPFDL 

101 CFLVQSSDFK VMVNGILFVQ YFHRVPFHRV DTISVNGSVQ LSYISFQPPG 

151 VWPANPAPIT QTVIHTVQSA PGQMFSTPAI PPMMYPHPAY PMPFITTILG 

201 GLYPSKSILL SGTVLPSAQR FHINLCSGNH IAFHLNPRFD ENAVVRNTQI 

251 DNSWGSEERS LPRKMPFVRG QSFSVWILCE AHCLKVAVDG QHLFEYYHRL 

301 RNLPTINRLE VGGDIQLTHV QT   

Figure 44: Top: MALDI-MS spectra of the elution fraction from CREDEX-MS (excision) experiment of 
trypsin-digested hGal-9 with lactose; down: by Edman determined hGal-9 sequence: Peptides found by 
MALDI-MS of El fraction are marked in red; *pyroglutamic acid at n-terminus  

In both CREDEX-MS approaches, for the domains of hGal-9 as well as for full hGal-9 

the same two binding peptides, hGal-9[44-64] and hGal-9[221-238] were identified. In 

contrast to full h-Gal-9, there are x-ray crystal structures available for the N- and C-

Domains ((183), (184)). The x-ray structure of the Gal-9N Domain binding lactose 

emphasizes the hGal-9[44-64] as a lactose binding peptide (184). His-60 is interacting 

with O-4 and O-5 of galactose by hydrogen-bonding. Arg-64 is donating a hydrogen 

bond to the hydroxyl group at C-4 of the galactose part while Asn-62 is accepting a 

hydrogen bond from C-4 hydroxyl group. The second peptide found in elution fractions 

of hGal-9 and hGal-9C, hGal-9[221-238] is showing a similar pattern as the peptide 

found the elution of the N-Domain. As for the hGal-9N, some amino acids from 
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hGal9[221-238] are verified by crystal structure to interact with the galactose moiety of 

lactose (183). Galactose forms hydrogen bonds with His-234, Asn-236 and Arg-238. 

Additional to that the Arg-238 also forms direct hydrogen bond with the O-3 of the 

glucose part. In contrast to the elution spectra received from the separate domains, in 

the elution fraction of full human galectin-9 two more peptides were observed:         

hGal-9[77-86] and hGal-9[247-259]. Comparing these peptides with informations 

received from the crystal structures of the N- and C- domain, some amino acids within 

these peptides where identified to bind lactose. For unknown reasons they could not 

be identified as lactose binding peptides for the N- and C-Domain of hGal-9 received 

in CREDEX-MS experiments. Maybe three dimensional structure of the domains differ 

from the whole hGal-9 changing accessibility of the binding sites. In X-ray crystal 

structures some amino acids within the peptides hGal-9[77-86] and hGal-9[247-259] 

were confirmed to bind lactose. Trp-81 as well as Trp-254 participates in stacking 

interactions with the galactose ring, Glu-84, Arg-86, Asn-247, Glu-257 forming 

hydrogen bonds with the O-6 of galactose. Additional Glu-84 and Glu-257 forming 

hydrogen bonds to the O-3 of the glucose moiety. These hydrogen bonds by Arg and 

Glu residues are strictly conserved in galectin structures ((183), (185)).  

 

 
Figure 45: Left: Structure-Model of hGal-9 generated with Phyre2 (177) with representation of the 
determined carbohydrate-binding peptides found in CREDEX-MS excision and extraction experiments 
with lactose shown in red and right: representation of the interactions of the amino acids to the bound 
carbohydrate. 

To elucidate the extended binding site of human galectin-9 CREDEX excision was 

performed with immobilized blood group A trisaccharide and the blood group A 

tetrasaccharide type 2. Besides the addition of 0.05% ProteaseMaxTM the experimental 
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setup was kept as used to determine the extended binding site of rGal-5. The elution 

fractions of A- Tri (Figure 46) and A- Tetra (Figure 47) revealed clear signals of 

peptides. Additional to the four peptides, hGal-9[44-64], hGal-9 [77-86], hGal-9[221-

238] and hGal-9 [247-259], comprising the amino acids for lactose binding, especially 

galactose binding, two other peptides were identified to interact with A- Tri and A- 

Tetra, hGal-9[65-76] and hGal-9[239-246]. 

 

 

1 AFSGSQAPYL SPAVPFSGTI QGGLQDGLQI TVNGTVLSSS GTRFAVNFQT 

51 GFSGNDIAFH FNPRFEDGGY VVCNTRQNGS WGPEERKTHM PFQKGMPFDL 

101 CFLVQSSDFK VMVNGILFVQ YFHRVPFHRV DTISVNGSVQ LSYISFQPPG 

151 VWPANPAPIT QTVIHTVQSA PGQMFSTPAI PPMMYPHPAY PMPFITTILG 

201 GLYPSKSILL SGTVLPSAQR FHINLCSGNH IAFHLNPRFD ENAVVRNTQI 

251 DNSWGSEERS LPRKMPFVRG QSFSVWILCE AHCLKVAVDG QHLFEYYHRL 

301 RNLPTINRLE VGGDIQLTHV QT   

Figure 46: Top: MALDI-MS spectra of the elution fraction from CREDEX-MS (excision) experiment of 
trypsin-digested hGal-9 with A- Tri; down: by Edman determined hGal-9 sequence: Peptides found by 
MALDI-MS of El fraction are marked in red; *pyroglutamic acid at n-terminus  
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1 AFSGSQAPYL SPAVPFSGTI QGGLQDGLQI TVNGTVLSSS GTRFAVNFQT 

51 GFSGNDIAFH FNPRFEDGGY VVCNTRQNGS WGPEERKTHM PFQKGMPFDL 

101 CFLVQSSDFK VMVNGILFVQ YFHRVPFHRV DTISVNGSVQ LSYISFQPPG 

151 VWPANPAPIT QTVIHTVQSA PGQMFSTPAI PPMMYPHPAY PMPFITTILG 

201 GLYPSKSILL SGTVLPSAQR FHINLCSGNH IAFHLNPRFD ENAVVRNTQI 

251 DNSWGSEERS LPRKMPFVRG QSFSVWILCE AHCLKVAVDG QHLFEYYHRL 

301 RNLPTINRLE VGGDIQLTHV QT   

Figure 47: Top: MALDI-MS spectra of the elution fraction from CREDEX-MS (excision) experiment of 
trypsin-digested hGal-9 with A- Tetra; down: by Edman determined hGal-9 sequence: Peptides found 
by MALDI-MS of El fraction are marked in red; *pyroglutamic acid at n-terminus  

The composition of the oligo-saccharides A- Tri and A- Tetra differ in some parts from 

lactose. As previously described the interaction of carbohydrate binding peptides with 

lactose consists of interaction with galactose and glucose, whereas in A- Tri and A- 

Tetra interaction with the galactose-, N-acetylgalactoseamine-, fucose- and N-

acetylglucoseamine moiety are suitable. As peptides hGal-9[65-76] and hGal-9[239-

246] occur in the elution fractions of A- Tri as well as in A- Tetra the interaction with 

the GlcNAc moiety which is only present in A- Tetra is not decisive for specificity. Due 

to the unavailability of crystal structures for hGal-9 or its domains with blood group 

carbohydrates the interactions of peptides hGal-9[65-76] and hGal-9[239-246] could 
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be assumed by comparison of crystal structures and models ((179), (183)) of 

carbohydrate-galectin complexes of other galectins and with the help of conclusions 

already made for rGal-5.  

 

For the binding of Galectin-9 with the blood group carbohydrates A- Tri and A- Tetra 

some amino acids, besides the amino acids interacting with the galactose and glucose 

part present in lactose, can be predicted.  

The six peptides found to bind A- Tri- and A- Tetra blood group saccharide comprise 

several additional binding amino acids ((183), (186)). The hGal-9[44-64], hGal-9 [77-

86], hGal-9[221-238] and hGal-9 [247-259], comprising the amino acids for lactose 

binding, especially galactose binding, two other peptides were identified to interact with 

A- Tri and A- Tetra, hGal-9[65-76] and hGal-9[239-246]. 

The binding of the peptides can be most likely explained by hydrogen-bonding of the 

Glu-66 and Glu-241 with the hydroxyl group of Fuc-C4. Besides that the Val-245 can 

contribute by hydrophobic stacking with galactose moiety to the binding of A- Tri- and 

A- Tetra saccharides. Additional to the interactions with peptide hGal-9[65-76] and 

hGal-9[239-246] there might be also a stronger binding to the lactose-binding peptides 

because the Arg-64 and the Arg-238 have high potentials to bind to Fuc-C6. Also the 

Arg-64, the Glu-85 of the hGal9-C Domain and Arg-238 and Glu-258 can interact by 

hydrogen bonding with the O-3 of the GlcNAc moiety of A- Tetra saccharide therefore 

the binding of the domains to the A- Tetra saccharide should be stronger. Based on 

similar interactions in Hamster Galectin-3 (179) and based on results obtained in study 

of rGal-5 the Ile-223 has a high potential to contribute to the extended binding site by 

hydrophobic packing with C-3 of GalNAc. 
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(a)                                                                (b) 

 

Figure 48: Structure-Models of hGal-9 generated with Phyre2 (177) with representation of (a) the 
determined carbohydrate-binding peptides found in CREDEX-MS excision and extraction experiments 
with A- Tri and A- Tetra shown in red (also found for lactose) and yellow (unique peptides binding the 
extended binding site in A- Tri and A-tetra) and (b) the aa predicted to contribute to the carbohydrate 
binding with A- Tri and A- Tetra represented in red. 

 

2.1.5. Elucidation of carbohydrate binding motifs in galectins  

Several lactose binding peptides of different galectin CRDs (rGal-5, hGal-9, hGal-9N 

and hGal-9C) were identified by CREDEX-MS as described before. In preceding 

chapters these results were also compared to available structural data from x-ray 

crystallography or to molecular modeling data for each galectin. As already mentioned 

in the discussion of CREDEX-MS of rGal-5 (chapter 2.1.3) some assumptions why 

these identified peptides bind galactose/lactose can be made based on comparison of 

x-ray crystallography data from other galectins. The amino acid sequences of the 

identified peptides show high homology regarding several specific amino acids as 

illustrated in Figure 50.  One of the two conserved galactose-binding-motifs HxNxR or 

WGxExR/K was present in each identified peptide.  

 

 HxNxR WGxExR/K 

rGal-5 49CGGDIAFHLNPR60 69NTQINNSWGPEER81 

hGal-9N 44FAVNFQTGFSGDIAFHFNPR64  

hGal-9C 221FHINLCSGNHIAFHLNPR238  

hGal-9  
44FAVNFQTGFSGDIAFHFNPR64 

221FHINLCSGNHIAFHLNPR238 

77QNGSWGPEER86 
247NTQIDNSWGSEER259 

Figure 49: Sequence alignment of the lactose-binding peptides from rGal-5, hGal-9C, hGal-9N and 
hGal-9 identified by proteolytic-excision and -extraction mass spectrometry. The identified peptides 
contain either the HxNxR or WGxExR/K lactose-binding motif. 
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Therefore it can be assumed that the conserved galectin-binding motifs HxNxR and 

WGxExR/K enclose the essential amino acids needed for the recognition of lactose. 

These finding was previously confirmed by x-ray crystallography of some galectins in 

complex with lactose as well as by site-directed mutagenesis studies ((187), (188), 

(179)). 

As seen in the crystal-structure of the lactose-Gal-9N complex the histidine and 

asparagine in the HxNxR motif form hydrogen bonds with the hydroxyl group at the 

galactose C-2. The Arginine guanidine group interacts by hydrogen bonding with the 

galactose O-4 and O-5 as well as with O-3 of the glucose moiety of lactose.  This 

HxNxR motif is present in the following identified peptides rGal-5[49-60], hGal-9N[44-

64], hGal-9C[221-238], hGal-9[44-64], hGal-9[221-238]. 

The tryptophane in the WGxExR/K motif interacts with the C-3, C-4 and C5 of the ß 

side of the galactose ring via CH/π interaction and therefore differentiates between 

glucose and galactose. Thus this tryptophane is highly important for the orientation and 

the recognition of the carbohydrate. Besides that the glutamic acid and arginine also 

nearby participate via hydrogen bonding with the glucose and galactose part to the 

binding to lactose. The WGxExR/K motif was elucidated in the following identified 

peptides rGal-5[69-81], hGal-9[77-86] and hGal-9[247-259]. 

 

  

2.1.6. Identification of carbohydrate recognition sequences in α-

Galactosidase A 

For further investigation of the potential of CREDEX-MS and its extension to study 

other carbohydrate binding proteins besides lectins the binding site of human α-

galactosidase A for DGJ, a structural analog of galactose was studied. 

Alpha-galactosidase A (AGAL A) hydrolyses the terminal D-α-galactosyl moiety from 

glycosphingolipids, predominantly globotriaosylceramide (Gb3). Enzyme deficiency 

leads to incomplete or blocked breakdown of Gb3 and its progressive accumulation 

within lysosomes, with detrimental effects on normal organ function. This enzymatic 

malfunction leads to Fabry disease (Fabry's disease, Anderson-Fabry disease) (189), 

belonging to the family of so called lysosomal storage diseases (LSDs). 
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Due to inherited mutations in the AGAL A gene that encodes alpha-galactosidase the 

proper folding, stability, catalytic efficiency and lysosomal trafficking of the enzyme 

may be affected (190). 

AGAL A is a homodimer of two approximately 50 kDa subunits, with each subunit 

containing 398 amino acid residues. The enzyme itself is glycosylated, the monomer 

having three N-linked glycosylation sites ((173), (191)). The glycosylation is essential 

for enzyme trafficking to the lysosome (192). 

 

Many efforts were made for the development of treatments for the approximately fifty 

currently known LSDs, but to date there is no universally applicable treatment. For 

treatment of some LSDs enzyme replacement therapy (ERT) is amenable. Also bone 

marrow transplantation, substrate reduction therapy and chaperone therapy are 

currently being evaluated for some of these diseases. Gene therapy may offer a cure 

in the future ((51), (52)). The treatment of Fabry disease is currently carried out through 

enzyme replacement therapy (ERT) ((193), (194), (195)) which employs injections of 

purified recombinant hαGAL in order to increase enzyme levels and reduce the 

amounts of stored substrate (196).  

Two drugs have been approved in the EU for the treatment of Fabry disease: 

agalsidase alfa (Replagal®, Shire Human Genetic Therapies) and agalsidase beta 

(Fabrazyme®, Genzyme-Sanofi). The difference between the two products is the 

glycan structure as a result of the expression systems (197). 

Agalsidase alfa, the enzyme employed in this work, is synthesized in a line of human 

fibroblasts and carries the normal human glycosylation profile.  

An emerging new treatment strategy, pharmacological chaperone therapy (PCT), 

employs small molecules which can increase the residual activity or lysosomal 

trafficking of the enzyme by stabilizing misfolded, mutant isoforms ((198), (199), (200), 

(201). PCT is a promising approach that could be used alone or in combination with 

ERT to correct the enzyme deficiency. 

One such molecule is 1-deoxygalactonojirimycin (DGJ), a galactose structural 

analogue, currently being validated in clinical trials. DGJ is an active-site-specific 

chaperone, binding in the same location as galactose ((190), (202), (203), (204)). 

For investigation of the carbohydrate binding sites of DGJ in recombinant α-

galactosidase A CREDEX-MS extraction approach was employed.  
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Due to the high stability of hαGAL against digestion, the CREDEX-MS excision 

approach was not suitable. N-terminal sequence analysis of AGAL A was performed 

by A. Moise and showed the lack of the signal sequence, with the first amino acid being 

Leu-32. The sequence numbering in the following results was kept the same as in the 

intact protein for easy comparison with available data in the literature. 

For CREDEX-extraction-MS DGJ was immobilized, in the form of N-5-Carboxypentyl 

1-deoxygalactonojirimycin, on Toyopearl HW-65-NH2 resin (chapter 3.4.1). Afterwards 

hαGAL was digested with trypsin in two steps to ensure complete digestion (chapter 

3.2.1.2). The peptide mixture was incubated on the immobilized DGJ overnight and 

supernatant was collected and provided 73% sequence coverage (Figure 50).  

 

1 ---------- ---------- ---------- -LDNGLARTP TMGWLHWERF 

51 MCNLDCQEEP DSCISEKLFM EMAELMVSEG WKDAGYEYLC IDDCWMAPQR 

101 DSEGRLQADP QRFPHGIRQL ANYVHSKGLK LGIYADVGNK TCAGFPGSFG 

151 YYDIDAQTFA DWGVDLLKFD GCYCDSLENL ADGYKHMSLA LNRTGRSIVY 

201 SCEWPLYMWP FQKPNYTEIR QYCNHWRNFA DIDDSWKSIK SILDWTSFNQ 

251 ERIVDVAGPG GWNDPDMLVI GNFGLSWNQQ VTQMALWAIM AAPLFMSNDL 

301 RHISPQAKAL LQDKDVIAIN QDPLGKQGYQ LRQGDNFEVW ERPLSGLAWA 

351 VAMINRQEIG GPRSYTIAVA SLGKGVACNP ACFITQLLPV KRKLGFYEWT 

401 SRLRSHINPT GTVLLQLENT MQMSLKDLL 

Figure 50: Top: MALDI-MS spectra of the supernatant fraction from CREDEX-MS (extraction) 
experiment of trypsin-digested AGAL A with immobilized DGJ; down: by Edman determined AGAL A 
sequence: Peptide found by MALDI-MS of SN fraction are marked in red; Glycosylation sites are marked 
in blue; the peptide marked with “??” could not be identified and most likely corresponds either to a 
glycosylated peptide or comes from a contaminant 
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The last washing fractions after digestion did not reveal any peptide ion signals. 

The mass spectrum of the elution fraction (Figure 51) shows the presence of three 

peptides GAL[39-49], GAL[83-100] and GAL[141-168], in agreement with the results 

obtained for galactose by X-ray crystallography. DGJ is a structural analogue of 

galactose and therefore binds to the original substrate binding site (205).  

 

 

1 ---------- ---------- ---------- -LDNGLARTP TMGWLHWERF 

51 MCNLDCQEEP DSCISEKLFM EMAELMVSEG WKDAGYEYLC IDDCWMAPQR 

101 DSEGRLQADP QRFPHGIRQL ANYVHSKGLK LGIYADVGNK TCAGFPGSFG 

151 YYDIDAQTFA DWGVDLLKFD GCYCDSLENL ADGYKHMSLA LNRTGRSIVY 

201 SCEWPLYMWP FQKPNYTEIR QYCNHWRNFA DIDDSWKSIK SILDWTSFNQ 

251 ERIVDVAGPG GWNDPDMLVI GNFGLSWNQQ VTQMALWAIM AAPLFMSNDL 

301 RHISPQAKAL LQDKDVIAIN QDPLGKQGYQ LRQGDNFEVW ERPLSGLAWA 

351 VAMINRQEIG GPRSYTIAVA SLGKGVACNP ACFITQLLPV KRKLGFYEWT 

401 SRLRSHINPT GTVLLQLENT MQMSLKDLL 

    

Figure 51: Top: MALDI-MS spectra of the elution fraction from CREDEX-MS (extraction) experiment of 
trypsin-digested AGAL A with immobilized DGJ; down: by Edman determined AGAL A sequence: 
Peptide found by MALDI-MS of El fraction are marked in red 
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Several hydrogen bonds established with galactose are formed when DGJ is bound. 

Asp-92 and Asp-93 from peptide AGAL[83-100] were shown to interact with O-5 and 

O-6 of the DGJ molecule (205). The Cys-142 participates in peptide AGAL[141-168] 

contributed to DGJ - binding by Van der Waals interactions whereas Lys-168 in peptide 

interacts with the O-3 and O-4 in DGJ (205). The interactions of these amino acids with 

DGJ were also proven by in silico modelling as shown in Figure 52.  The peptide 

AGAL[39-49] contains Trp-47 which stacks against C4, C5 and C6 of the galactose 

ring structure therefore it can be concluded that it also does so in binding to DGJ.  

 

 

Figure 52: in silico model of DGJ-AGal A–complex showing amino acids interacting with the 
carbohydrate:  W47, D92, D93, Y134, C142, K168, D170, R227 and D231 participate in DGJ binding 
(adapted from (205) 

For galactose it was elucidated that this tryptophan is important for substrate selection 

and besides that could also have a stabilizing function on the surface of the binding 

pocket near to D-92 and D-93 (173). Interestingly structural similarity between the 

tryptophane from the galactose binding site with the WGxExR/K motif of galectins and 

the galactose/DGJ binding site can be seen manifesting the importance of this 

tryptophane for galactose binding. A comparison of the identified DGJ binding site 

found by in silico modelling vs. the DGJ binding peptides elucidated by CEDEX-MS 

(extraction) are shown in Figure 53. As can be seen not all interacting amino acids 

which might participate according to the model (Figure 52) could be identified by 

CREDEX (extraction) MS. Most likely the peptides were too small and/or the 

interactions were too weak and the peptides were therefore washed off before elution 

of the stronger binding peptides was performed (205). 
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Figure 53: X-ray crystal structure of AGAL A (pdb entry 1R47).with representation of (a) the determined 
carbohydrate-binding peptides found in CREDEX-MS excision and extraction experiments with A- Tri 
DGJ shown in red and (b) the aa predicted to contribute to the carbohydrate binding with DGJ 
represented in red. W47, D92, D93, Y134, C142, K168, D170, R227 and D231 participate in DGJ-
binding 

 

2.2. Interaction studies of synthetic galectin peptides and 

galectins with lactose 

2.2.1. Characterization of synthetic carbohydrate binding 

peptides by affinity-mass spectrometry 

 

To verify the specificity of carbohydrate binding peptides identified by CREDEX-MS, a 

number of determined peptides where synthesized by SPPS and affinity experiments 

were carried out. The peptides were purified by preparative RP-HPLC and the 

sequence was controlled by ESI-Tandem-MS 

Peptides rGal-5[49-60] (peptide 1) and rGal-5[69-81] (peptide 2) identified in CREDEX-

MS excision and extraction experiments were synthesized. The rGal-5[49-60] was 

synthesized in three different forms to elucidate if the alkylation present in the peptide 

identified by CREDEX-MS experiments has an impact on binding. Therefore a 

truncated version rGal-5[50-60] (peptide 1a) missing the cysteine, an 

carboxymethylated form rGal-5[49-60]alk (peptide 1b) and the non-modified rGal-5[49-

60] (peptide 1)  were synthesized and studied. 

The peptides hGal-9[44-64] (peptide 3) and hGal-9[221-238] (peptide 4), as well as the 

carboxymethylated hGal-9[221-238]alk (peptide 4a) were also synthesized and 
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checked for affinity to lactose, sucrose and maltose. All peptides were synthesized 

amidated at the c-terminus. The synthesized peptides and their corresponding masses 

are summarized in Table 2. 

 

Table 2: Synthetic rGal-5 and hGal-9 peptides selected for affinity studies with their sequence and 
theoretical/calculated mass 

No Peptide Sequence [M+H+]+calc 

1 rGal-5[49-60] 49CGGDIAFHLNPR60 1297.64 

1a rGal-5[50-60] 50GGDIAFHLNPR60 1194.63 

1b rGal-5[49-60]alk 49C(CAM)GGDIAFHLNPR60 1354.66 

2 rGal-5[69-81] 69NTQINNSWGPEER81 1542.72 

3 hGal-9[44-64] 44FAVNFQTGFSGNDIAFHFNPR64 2385.13 

4 hGal-9[221-238] 221FHINLCSGNHIAFHLNPR238 2088.06 

4a hGal-9[221-238]alk 221FHINLC(CAM)SGNHIAFHLNPR238 2145.08 

 

 

Affinity experiments of the peptides were carried out on Divinylsulfone activated 

sepharose immobilized carbohydrate (i) lactose, (ii) maltose, (iii), sucrose and on (iv) 

the unmodified matrix. The micro columns containing the unmodified sepharose were 

employed to check for unspecific binding of the peptides to the affinity resin. The 

sucrose – and the maltose control were used to prove the specificity of the peptides 

for β-galactose. Sucrose and maltose do not contain β-galactose, which is essential 

for binding to galectins. 

 

The peptides were solved in binding buffer and incubated on the column for 3 h. After 

incubation columns were washed with binding buffer and peptides were eluted with a 

mixture of ACN: 0.1% TFA, 2:1 and all recovered fractions were lyophilized and 

analyzed by MALDI-MS. 



 

Results and Discussion  76 

The purification and characterization of the peptides is illustrated in Figure 54 for rGal-

5[50-60] (peptide 1a). The elution fractions of the rat Galectin-5 peptides 1, 1a and 1b 

and 2 for the lactose binding experiment are shown in Figure 55.  

 

       

 

Figure 54: Purification and characterization of  rGal-5[50-60] a) UV chromatogram of preparative HPLC 
run for purification of rGal-5[50-60], the lines indicate the fractions collected; b) UV chromatogram of an 
analytical HPLC run of the purified rGal-5[50-60] show a clean single peak; c) ESI-Tandem-MS spectrum 
of rGal-5[50-60] for verification of the peptide sequence 
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Figure 55: MALDI-TOF mass spectra of the elution fractions from the affinity experiments of rGal-5 
peptides with lactose. a) Elution fraction of peptide 1, rGal-5[49-60]; b) Elution fraction of peptide 1a, 
rGal-5[49-60]alk; c) Elution fraction of peptide 1b, rGal-5[50-60]; d) Elution fraction of peptide 2, rGal-
5[69-81]; All four peptides exhibited affinity for lactose, thus confirming the results of proteolytic excision 
and extraction 

The MALDI-spectra obtained from the elution fractions of human Galectin-9 peptides 

3, 4 and 4a for lactose-affinity study are shown in Figure 56. The supernatant fractions 

in every performed affinity experiment, for lactose, maltose, sucrose or the blank 

sepharose, of all studied peptides showed signal of the excess peptide. Therefore it 

can be assumed that not all of the peptide bound the column. The last washing 

fractions in all experiments did not show any signals and therefore revealed that all 

excess peptide was washed off. The elution fractions for the control experiments with 

maltose, sucrose and the unmodified sepharose did not show any signals. As the 

elution fractions from lactose affinity experiments of the synthesized peptides (Figure 

55 and Figure 56) showed clear signals and the control experiment revealed that the 

peptides are not binding to carbohydrate containing no β-galactose it can be assumed 

that the peptides specifically recognize the β-galactose moiety in lactose.  

c) d) 

a) b) 
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Figure 56: MALDI-TOF mass spectra of the elution fractions from the affinity experiments of hGal-9 
peptides with lactose. a) Elution fraction of peptide 3, hGal-9[44-64]; b) Elution fraction of peptide 4, 
hGal-9[221-238]; c) Elution fraction of peptide 4a, hGal-9[221-238]alk; All three peptides exhibited 
affinity for lactose, thus confirming the results of proteolytic excision and extraction 

All synthesized peptides demonstrated high specificity for lactose and no affinity to 

maltose, which differs by one subunit and does not contain β-galactose. In maltose α-

glucose is adopting the position of the β-galactose subunit in lactose. Glucose and 

galactose are C-4 - epimers and for the differentiation between galactose and glucose 

by galectins the orientation of the hydroxyl group on C-4 is of high importance. While 

in galactose the O-4 group is in axial position, in glucose it occupies an equatorial 

position. The axial orientation enables C–H/π interactions between galactose and a 

tryptophan residue. This interaction is not possible with glucose, due to the equatorial 

positioning of the 4-OH group. While binding to galectins the 4-OH galactose group 

also forms hydrogen bonds with the HxNxR motif.  

 

a) b) 

c) 
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2.2.2. Characterization of synthetic carbohydrate binding 

peptides by measurement of peptide-carbohydrate complexes 

by ESI-FTICR-MS 

The affinity of the carbohydrate binding peptides determined with CREDEX-MS was 

proven with affinity- experiments of the peptides on immobilized lactose in chapter 2.2. 

To elucidate further if this binding is really due to the carbohydrate-peptide interaction 

the two rGal-5 peptides rGal-5[50-60] and rGal-5[69-81] were chosen for the 

determination of peptide-lactose complexes by ESI-FTICR-MS. This study is 

particularly in interesting as in comparison with the CREDEX-MS or affinity-MS studies 

the lactose is not immobilized on a matrix and can therefore interact freely with the 

peptide in solution. In addition, that the successful ESI-FTICR-MS measurement can 

also give a hint on the strength of the non-covalent interaction as the complex 

withstands the dissociation within the ionization process. 

During the first ESI-FTICR-MS measurements many carbohydrate signals from 

carbohydrate monomers as well as dimers and oligomers of up to seven lactoses were 

detected. In Figure 57 the ESI-spectrum of Lactose is shown. 

 

 
 
Figure 57: ESI-FTICR-MS spectrum of Lactose: Mono- to sevenmers of lactose were detected including 
some ammonia adducts coming from the buffer solution; concentration was 20 mM lactose solved in 25 
mM NH4OAc / MeOH 9:1 (pH=6) 
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The oligomerization of lactose could be particularly problematic as the complex 

formation of the carbohydrate-peptides complexes could compete with the non-

covalent interactions between the lactose-molecules. Therefore to suppress the 

oligomerization and favor the complex formation the concentration of the carbohydrate 

was kept as low as possible. Thereby the favor for formation of non-specific 

interactions in strongly unbalanced mixtures of proteins with carbohydrates was taken 

into account (206). A mixture of 25 mM NH4OAc / MeOH 9:1, pH=6 turned out to be 

the solvent of choice for this experiment combing a good environment for the complex 

formation as well as sufficient ionization of the solution in ESI-FTICR-MS 

measurements. 

For the experiments 60 mM of the synthetic galectin-5 peptides (rGal-5[50-60] and 

rGal-5[69-81]) and 20 mM lactose solved in 25 mM NH4OAc / MeOH 9:1, pH=6 were 

shaken gently at 30°C for 3 h to let them bind. Then the samples were analysed with 

ESI-FTICR-MS under mild conditions, like low voltage to avoid dissociation of the 

complex.  

The ESI-FTICR-MS spectra of the synthetic rGal-5 peptides are shown in Figure 58 

(rGal-5[50-60]) and Figure 59 (rGal-5[69-81]).  

 

  
Figure 58: ESI-FTICR-MS spectrum of rGal-5[50-60]-Lactose complex.  High signals for the excess 
peptide as well as small signals for the 1:1 complex and for free lactose were detected. Concentrations 
were 60 mM peptide: 20 mM lactose solved in 25 mM NH4OAc / MeOH 9:1 (pH=6) 
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The results of both measurements showed the formation of a stoichiometric 1:1 

complex of the peptides with lactose. The specificity of the binding between 

carbohydrate and peptide was thereby clearly confirmed. 

When comparing the proportions of the free peptide with the complex bound peptide 

for rGal-5[50-60] and rGal-5[69-81] it can be asserted that for rGal-5[69-81] a higher 

ratio is bound in the carbohydrate-complex than for rGal-5[50-60]. It can be assumed 

that rGal-5[69-81] binds particularly stronger to the carbohydrate than rGal-5[50-60]. 

To verify this assumption the affinity of the peptides with lactose was determined by 

SAW on a biosensor as discussed in chapter 2.2.4. 

 

 
Figure 59: ESI-FTICR-MS spectrum of rGal-5[69-81]-Lactose complex.  High signals for the excess 
peptide as well as small signals for the 1:1 complex and for free lactose were detected. Concentrations 
were 60 mM peptide: 20 mM lactose solved in 25 mM NH4OAc / MeOH 9:1 (pH=6) 
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2.2.3. H/D-exchange mass spectrometry of rat galectin-5 and 

carbohydrate recognizing peptides of rat galectin-5  

Hydrogen deuterium exchange can be used for various applications.  Folding and 

unfolding pathways or protein backbone dynamics can be studied. Thermodynamic 

stability studies can be made or the impact of site-directed mutagenesis can be 

examined. It can be used to assist X-ray and NMR structure analysis and protein- 

ligand interactions can be studied.  

In Proteins and peptides a larger number of exchangeable hydrogens are present 

which can be divided into three groups based on their exchange rate: The hydrogens 

which are covalently bound to carbon do not exchange, the hydrogens of the amino 

acid side chains which exchange very fast and are therefore normally not detectable 

and the amide hydrogens of polypeptide backbone which undergo slow exchange and 

can therefore be detected (109). Regarding the backbone amide hydrogen proline is 

an exception containing no exchangeable hydrogens. With HDX the conformational 

flexibility and solvent accessibility can be imaged without inducing changes in the 

protein structure ((207), (208), (117)). Regional and global conformational information 

can be obtained. The global information is mostly obtained from the native protein 

whereas the regional information is determined by proteolytic digestion of the 

deuterium labeled protein and chromatographic separation of the fragments enables 

investigation of the protein regions involved in conformational changes ((109), (209)). 

When the protein or peptide is labeled with deuterium, the molecular mass increases 

by 1 Da per hydrogen exchanged by deuterium and can therefore be monitored by the 

mass shift. 

 

For H/D labeling two methods can be used, the continuous labeling - or the pulsed 

labeling approach ((117), (210)). Pulsed HDX is primarily used to examine the actual 

protein structure and to identify and characterize short-lived folding intermediates 

((117), (209)). In the continuous labeling the native protein is exposed to deuterium as 

a function of time over range of minutes to hours and is therefore used to study 

conformational changes and binding events.  

To elucidate the structure and binding capabilities of rGal-5 further it was subjected to 

local HD exchange studies with and without binding beta-lactose. 
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The impact of beta-galactose binding to rat Galectin-5 was studied by continuous 

labeling experiments illustrated in Figure 60. 

 

  

Figure 60: Schematic representation of the HDX procedure: The protein is incubated in deuterated buffer 
for a defined time range, then the reaction is quenched with acid and cooling the solution to 0 °C. The 
deuterated protein is digested with pepsin and the peptic digest is separated on UPLC and measured 
by mass spectrometry. The shift of isotopic pattern of the peptides to higher m/z range indicates the 
number of exchanged deuteriums.  

Rat galectin-5 was incubated in deuterated PBS buffer, pH 7.5 and shaken at RT for 

defined time points from 30s to 60 min. The exchange reaction was quenched by 

lowering the pH of the sample to pH=2.5 and sample was frozen as the exchange rate 

approximates a minimum under these conditions (211). The quenched deuterated 

protein samples were digested online with pepsin and the peptide fragments were 

directly injected onto the RP-C18 column and separated online by LC and subsequently 

analyzed by MS/MS. The detailed procedure is described in the experimental part 

(chapter 3.8.4). 

 

The assignment of the deuterated to the non-deuterated peptides was accomplished 

based on exact mass measurements of the isotopic distribution as well as the retention 
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time. Therefore a good reproducibility of the digestion procedure and the 

chromatographic separation was of high importance for correct assignment. 

Comparison of UV chromatograms of chromatographic separations of four runs and 

two time points is shown in Figure 61. 

 

 

Figure 61: Check for reproducibility: Comparison 2 runs (down) of undeuterated pepsin digest of rGal-5 
vs 2 runs (up) of deuterated (1min) pepsin digest of rgal-5  

From the about 75 peptides found the most reliable 37 were taken into account for 

calculation of the H/D exchange. Detection and assignment of the peptides was done 

with PLGS global server software (waters), the assignment of the deuterated peptic 

peptides was done using DynamX 2.0 software (waters). 

The monitored peptides are illustrated in the coverage map shown in Figure 62 

covering the complete sequence of rGal-5. 
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Figure 62: Coverage map of rGal-5 peptic digests 

To ensure that the not exchanged hydrogens were blocked because of protein folding 

or binding of the ligand and not backexchanged during chromatographic separation a 

backexchange control experiment was performed using a fully deuterated rGal-5 

instead of normal undeuterated rGal-5. Even the chromatographic separation was 

done at pH 2.5 by adjusting the pH of all solvents and kept at minimum temperature of 

0.3-0.5 °C to minimize back exchange of deuteriums with hydrogens of the solvents. 

The exchange of the peptides was corrected by the results obtained by this experiment 

with following equation 1: 

𝐷 =
𝑚 − 𝑚0%

𝑚100% − 𝑚0%

𝐻 

where m is the measured mass of deuterated protein or peptide; m0% is the measured mass of a “zero-
deuteration” control; m100% is the measured mass of a “full-deuteration” control; and H is the total 
exchangeable amide hydrogens excluding the N-terminal residue and prolines present in the protein or 
peptide. The other steps were like those described above. 

As the binding of the rGal-5[69-81] peptide was elucidated to bind lactose by various 

experiments (chapter 2.1.3, 2.2 and 2.2.4) the peptic peptide rGal-5[66-80] was chosen 

for in deep examination of the deuterium incorporation.  

The progress in H/D exchange with the time of the peptic rGal5 peptide rGal-5[66-80] 

shown in Figure 63 illustrates the incorporation of the deuterium molecules into the 

protein as well as the impact of the biding of beta-lactose and the blocking of some 

amino acids due to this binding. 
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Figure 63: Illustration of the H/D exchange in beta lactose bound (blue) and lactose unbound state. 

Figure 64: Isotopic pattern of the deuterated rGal-5(66-80) peptide unbound state (left) and when        
rGal-5 was incubated with beta-lactose (right). In bound state clearly less hydrogens were exchanged 
with deuterium 
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As can be seen the exchange of the accessible amino acids in this peptide exchange 

very fast as after 30s not much difference can be seen when comparing to measuring 

the  H/D exchange after 1 h. When comparing the bound and unbound peptide a clear 

difference is visible. The beta lactose bound peptides shows a lower percentage of 

deuterium incorporation than the unbound/free peptide which might be because of the 

blockade of some amino acids by the formation of peptide-glycan complex. 

To get a deeper view on the impact of beta lactose binding on the whole protein and 

also to get more structural information of galectin-5 the H/D exchange is illustrated in 

two heatmaps in Figure 65 of the unbound – and the beta-lactose bound form. 

In the heatmap of the unbound/ free form it can be seen that some parts exchange 

much faster than others which might be due to easier accessibility. Interestingly the 

Asp(81), which plays a major role in beta lactose binding exchanged very fast which 

might be due to high exposure into the solvent. 
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Bound to β-lactose 

 

15-25% 25-35% 35-45% 45-55% 55-65% 65-75% 75-85% 

Figure 65: Heatmaps of rGal-5 in beta-lactose bound (down) and – unbound (up) state. When comparing 
different peptides clearly some peptides exchange less hydrogens with deuterium and some region 
exchange slower when lactose is bound. 

When comparing the heatmap of bound and unbound state it can clearly be seen, that 

some region exchange less when adding beta-lactose as a ligand to the solution. This 

0 min

0.5 min

1 min

2 min

5 min

15 min

30 min

60 min

0 min

60 min

0 min

0.5 min

1 min

2 min

5 min

15 min

30 min

60 min

0 min

60 min



 

Results and Discussion  89 

difference in H/D exchange might be due to two different reasons. One reason might 

be due short blocking of easy accessible regions by the changed solvent. The second 

reason is the specific blocking of amino acid by the formation of the protein-ligand 

complex. The accessibility of the amino acids is limited by the formation of hydrogen 

bridges and hydrophobic Van der Waals interactions. 

The exchange of unbound and beta-lactose bound rat-galectin-5 after 30 seconds 

(Figure 66 a) and- b) and 60 min (Figure 66 c) and - d) exposed to deuterated PBS is 

illustrated in a model constructed with Phyre2 (177) and visualized with Molsoft ICM 

browser. 

 

                          

 

                             

15-25% 25-35% 35-45% 45-55% 55-65% 65-75% 75-85% 

Figure 66: The exchange of a) unbound and b) beta-lactose bound rat-galectin-5 after 30 seconds  and 
c) unbound and d) beta-lactose bound rat-galectin-5 after 60 min exposure to deuterated PBS is 
illustrated in a model constructed with Phyre2 (177) and visualized with Molsoft ICM browser. 

a)                                                             b) 

c)                                                                 d) 
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Figure 67: A model (generated with Phyre2 (177)) illustrating the peptides mostly affected by lactose 
binding. Deuterium incorporation of peptides illustrated in red differ by more than 15% between lactose 
unbound- and beta-lactose bound state of rGal-5 a) blocked peptides after 30s incubation: rGal-5[1-37] 
and rGal-5[56-81] b) blocked peptides after 60min incubation: rGal-5[32-37], rGal-5[69-80], rGal-5[98-
100 

When shortly subjecting beta-lactose: rGal-5-complex to deuterated buffer for 30 

seconds especially two regions show a decreased exchange. The N-terminal from 

amino acid 1-37 and the amino acid sequence 56-81. The slower exchange of the N-

terminal region could be a consequence of the changed solvent environment or maybe 

some unspecific interactions were formed which were not observed until now. 

Unfortunately this observation is not consistent with any of the previously received 

results were no interaction could be proven. In contrast the other region 56-81 

comprises the two galactose binding peptides found to bind lactose in CREDEX-MS, 

binding experiments with synthetic peptides and SAW-Biosensor experiments. As 

previously approximated from known galactose- carbohydrate complex studies His-56, 

Asn-58 and Arg-60 are likely forming hydrogen bonds with C-4 hydroxyl group of 

galactose. Also Asn-74 and Glu-79 forming hydrogen bonding with the galactose C-6 

hydroxyl group whereas the aromatic side chain of Trp-76 forms C-H/ π interactions 

with the planar C-3, C-4, C-5, and C-6 carbon atoms of the galactose moiety.  

Interestingly when comparing the distinction between unbound and beta-lactose bound 

state after short exposure to deuterium of 30 sec or longer exposure of 60 min some 

a) After 30 s incubation time in 
deuterated PBS buffer 

b) After 60 min incubation time in 
deuterated PBS buffer 

A1 

L37 

H56 
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obvious differences are visible. Obviously the blocking of the N-terminal is not 

permanent as the sequence 1-31 of the bound state came to the same level of 

exchange like the unbound state after 60 min of deuterium exposure. Interestingly the 

sequence 32-37 (ISGVVL) still exchanged less than in unbound state. Also another 

peptide 98-100 (WIL) shows slower exchange in beta-galactose bound than in 

unbound state. The decreased exchange of these two peptides might occur due to a 

change in protein folding. Interestingly after 60 min just the region from 69-80 is 

blocked by the binding of the beta galactose. One reason why the region 56-68 is not 

blocked by the binding as strong as the region 69-80 is that the binding of the region 

to beta galactose is weaker. This assumption is also ensured by the measured KD 

which was lower for peptide rGal-5[69-81] than for rGal-5[49-60]. 

For a deeper understanding of the binding of the blocked amino acids within the 

peptides identified in CREDEX-MS experiments. The Peptides rGal-5[49-60] and rGal-

5[69-81] were synthesized by SPPS (see chapter 2.2) and then subjected to global 

H/D exchange experiments. The procedure of the experiments was kept the same as 

for the protein with the only difference that the online digestion step was skipped and 

the peptide was directly injected onto the column. 

As for the protein, the back exchange of the peptides was determined by injecting the 

fully deuterated peptides onto the column and measuring the difference between the 

expected fully deuterated peptide mass and measured mass occurring from the fully 

deuterated peptides. Then exchange was normalized using equation To ensure that 

the not exchanged hydrogens were blocked because of protein folding or binding of 

the ligand and not backexchanged during chromatographic separation a 

backexchange control experiment was performed using a fully deuterated rGal-5 

instead of normal undeuterated rGal-5. Even the chromatographic separation was 

done at pH 2.5 by adjusting the pH of all solvents and kept at minimum temperature of 

0.3-0.5 °C to minimize back exchange of deuteriums with hydrogens of the solvents. 

The exchange of the peptides was corrected by the results obtained by this experiment 

with following equation 1. 

The mass spectra from rGal-5[49-60] illustrating the progress in H/D exchange in beta-

lactose bound - and unbound rGal-5[49-60] is shown in Figure 68. 
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Figure 68: Isotopic pattern of synthetic rGal-5[49-60] in β-lactose bound and unbound form deuterated 
for different ranges of time  
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As can be seen when comparing the lactose-bound and -unbound rGal-5[49-60] 

peptide shown in Figure 68 the binding of beta-lactose leads to a decrease in 

deuterium exchange. The normalized deuterium uptake of rGal-5[49-60] in complex 

with lactose or in unbound form is illustrated in Figure 69. 

 

                                                                                                                                                           
Figure 69: Comparison of normalized deuterium level of synthetic rGal-5[49-60] peptide in β-lactose 
bound and unbound form 

To develop which amino acids are particularly blocked, the MSe fragment spectrum 

received from CID (collision induced dissociation) after two minutes of deuterium 

incubation was reviewed. It is supposed when an amino acid is blocked by binding of 

the beta-galactose that no exchange of hydrogen to deuterium occurs. The double 

charged mother ion of the rGal-5[49-60] peptide after 2 min of deuterium incubation 

showed an increase of 2 Da which means 4 hydrogen atoms were exchanged by 

deuterium. The mass to charge ratio for the double charged ion increased from rGal-

649.82 Da for the rGal-5[49-60] before deuterium uptake to 651.88 Da after 2min 

incubation in deuterated PBS buffer (Figure 70). Interestingly the corresponding single 

charged ion shows a shift of 5 Da. The mass of the single charged rGal-5[49-60] 

increased from 1298.64 Da to 1303.77 Da.  
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Figure 70: ESI-MS spectra of the synthetic rGal-5[49-60] peptide bound to β-lactose and incubated in 
deuterated buffer for 2 min. 4-5 Hydrogen atoms were exchanged to deuterium. 

For more detailed information where the hydrogen was exchanged to deuterium and 

which amino acids were unaffected the fragment spectrum of the mother ions shown 

in Figure 70 was investigated. As MSe technology fragments all mother ions occurring 

at the same time fragments from single and double charged mother ions are mixed in 

the fragment spectra.  

The CID spectrum is shown in Figure 71 and uncovered at least partially which amino 

acids might be blocked. 
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Figure 71: ESI-Tandem-MS spectrum of the synthetic rGal-5[49-60] peptide bound to β-lactose and 
incubated in deuterated buffer for 2 min showing which hydrogens were accessible for exchange to 
deuterium 

As y1, y2 and y3 ion didn’t show any shift to higher masses due to deuterium exchange 

and also from b9-b12 ion the number of exchanged hydrogens was constant it can be 

assumed the C-terminal amino acids Asn-58 and Arg-60 are blocked by the binding of 

the beta lactose. For Pro-59 no assumption can be made as it does not have any 

exchangeable backbone hydrogens. As from y4 to y5 ion and b7 to b8 ion no change 

in deuterium exchange was detected the His-56 appears to be blocked as well. 

Between the region from y7 to y9 - and b3 to b5 fragment ion also no enhancement in 

the number of exchanged hydrogens can be seen therefore it is assumed that amino 

acids Glu-52, Ile-53 and Ala-54 are blocked by binding of beta-lactose too.  
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Figure 72: Model of the rGal-5[49-60] peptide illustrating the blocked amino acids shown in red when 
the peptide is bound to β-lactose. 

These results indurate the findings achieved from CREDEX-MS and SAW-MS were it 

was concluded that the binding of rGal-5[49-60] peptide to galactose is based on 

hydrogen bonding of His-56, Asn-58 and Arg-60 with the O4 of galactose.  

Also the His-56 might be essential in binding donating a hydrogen bond to the C-4 

hydroxyl group of galactose part. The occurrence of blockage of the Glu-52, Ile-53 and 

Ala-54 could not be declared until now. It might be that they also involved in hydrogen 

bonding with the carbohydrate. 

 

As the affinity of rGal-5[69-81] peptide contributes with a large part to overall affinity of 

rGal-5 as confirmed by KD determination (chapter 2.2.4) it can be assumed the peptide 

includes essential amino acids for the binding of the carbohydrates. Therefore the 

elucidation of the galactose binding amino acids in this peptide might be of high 

importance for the structural characterization of rat-Galectin-5. 

As previously described also peptide rGal-5[69-81] was subjected to global H/D 

exchange and progress of the exchange of hydrogens by deuteriums was monitored.  

The difference between the normalized deuterium uptake of rGal-5[69-81] in beta-

lactose bound and - unbound form is shown in Figure 73. 
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Figure 73: Comparison of normalized deuterium level of synthetic rGal-5[69-81] peptide in β-lactose 
bound and unbound form 

The progress in deuterium exchange of the rGal-5[69-81] with the corresponding mass 

spectra of each time point is summarized in Figure 74. 

Also for rGal-5[69-81] it is clearly visible when comparing mass spectra from the 

lactose bound and unbound rGal-5[69-81] that the binding of beta lactose leads to a 

decrease in deuterium exchange with the only exception that after long incubation the 

exchange comes to approximately the same level. 
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Figure 74: Isotopic pattern of synthetic rGal-5[69-81] in β-lactose bound and unbound form deuterated 
for different ranges of time 
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To develop which amino acids are particularly blocked, the MSe fragment spectrum 

received from CID (collision induced dissociation) after two minutes of deuterium 

incubation was reviewed. The corresponding MS spectrum of the mother ions, before 

fragmentation was induced is shown in Figure 75. The mass of the doubly charged 

mother ion increased from 772.367 Da for the rGal-5[69-81] before incubation in 

deuterated PBS to 775.432 Da after two minutes incubation in deuteration buffer. The 

single charge mother-ion shows the same exchange content of 7 Da by the shift from 

1543.725 Da to 1550.764 Da. 

  

 

Figure 75: ESI-MS spectra of the synthetic rGal-5[69-81] peptide bound to β-lactose and incubated in 
deuterated buffer for 2 min. 4-5 Hydrogen atoms were exchanged to deuterium. 

The fragment spectrum of the deuterated rGal-5[69-81] shown in Figure 76 uncovers 

which amino acids might be influenced by beta-lactose binding. 
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Figure 76: ESI-Tandem-MS spectrum of the synthetic rGal-5[69-81] peptide bound to β-lactose and 
incubated in deuterated buffer for 2 min showing which hydrogens were exchanged to deuterium 

Looking at the progress of deuterium incorporation into the peptide structure no further 

increase in expected peptide mass from b5 to b6, as well as from y7 to y8 ion occurred, 

this means the backbone hydrogen from Asn-74 was not exchanged when binding 

beta-lactose. The number of incorporated deuteriums from b7 to b8 and y5 to y6 stayed 

also constant. These finding suggests the hydrogen of Trp-76 is blocked by the binding 

of ß-lactose. From y1 to y4 - as well as from b9 to b13 fragment ions no enhancement 

in fragments masses could be observed therefore it was assumed that the C-terminal 

amino acids Glu-79, Glu-80 and Arg-81 are covered by binding beta-lactose.  For Pro-

78 no conclusion could be made as no exchangeable hydrogen is present in proline.  
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Figure 77: Model of the rGal-5[69-81] peptide illustrating the by blocked amino acids shown in red when 
the peptide is bound to β-lactose. 

The discoveries made in the H/D-exchange studies of rGal-5[69-81] are mostly 

consistent with findings made in CREDEX-MS (chapter 2.1.3) and SAW (-MS) 

measurements (chapter 2.2.4) where was assumed that galactose C-6 hydroxyl group 

interacting via hydrogen bonding with Glu-79 and Asn-74. The aromatic ring of Trp-76 

participates in C-H/π interactions with planar C-3, C-4, C-5, and C-6 carbon atoms of 

the galactose moiety. Glu-79 and Arg-81 are predicted to form hydrogen bridge 

interactions with glucose. 

 

 

2.2.4. Determination of dissociation constants of synthetic 

galectin peptides and galectins by SAW   

In contrast to the qualitative characterization of the binding ability of galectins and their 

carbohydrate recognizing peptides to sugars by affinity-mass spectrometry and the 

determination of lactose-peptide complexes, the quantitative analysis in form of 

dissociation constants (KD) of the complexes can be achieved by the use of biosensors, 

in this case surface acoustic wave (SAW)- biosensors. The dissociation constant is 

commonly used to describe the affinity between a ligand, in our case the carbohydrate 

and a protein, the lectin. Ligand-protein affinities are influenced by non-covalent 

intermolecular interactions between the two molecules such as hydrogen bonding, 

electrostatic interactions, hydrophobic - and Van der Waals forces.  

The dissociation constant has molar units (M), which correspond to the concentration 

of ligand at which the binding site on a particular protein is half occupied, i.e. the 

concentration of ligand, at which the concentration of protein with ligand bound, equals 

the concentration of protein with no ligand bound. A smaller dissociation constant 

therefore corresponds to a higher the affinity between ligand and protein.  
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The dissociation constant, KD, for a particular ligand-protein interaction can change 

significantly with solution conditions (e.g. temperature, pH and salt concentration). The 

effect of different solution conditions is to effectively modify the strength of any 

intermolecular interactions holding a particular ligand-protein complex together.  

The dissociation constant plays an important role in pharmaceutical research because 

they are aimed at designing drugs that bind to only their target proteins with high affinity 

(typically 0.1-10 nM) or at improving the affinity between a particular drug and its in-

vivo protein target. Therefore the determination of KDs is very important to avoid 

harmful side effects of drugs resulting from interactions with proteins for which they 

were not meant to or designed to interact. 

 

For quantitative determination of lactose-peptide/protein interactions the carbohydrate 

needed to be immobilized on the biosensor chip. Therefore a glycoprobe was 

synthesised by the attachment of lactose to an amidated peptide linker via N-methyl-

aminooxyacetic acid (mAOA) (144) as illustrated in Figure 78 and described in chapter 

3.3.1. The peptide for the lactosyl-glycoprobe was synthesized by standard SPPS 

chemistry and purified by preparative HPLC. 

 

 
 
Figure 78: Schematic representation of synthesis of the lactosyl-glycoprobe. 

Afterwards the lactosyl-glycoprobe was immobilized on an N-hydroxysuccinimide 

(NHS)-activated gold chip as described in the experimental part (chapter 3.9). The 

excess of EDC/NHS-activated groups were blocked with ethanolamine. The 

immobilization and the corresponding sensorgram are shown in Figure 79. 
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Figure 79: a) SAW sensorgram of the chip activation with EDC/NHS, lactosyl-glycoprobe immobilization 
and blocking with ethanolamine; 11.3 pmol lactosyl-glycoprobe were immobilized on the chip, b) 
schematic representation of the immobilization of the glycoprobe on the gold chip 

To study the strength of the lactose with the found carbohydrate binding-peptides and 

the full galectins their KDs were determined by surface acoustic wave measurements.  

For the determination several concentrations of full-length galectin or of synthetic 

peptide were injected over the immobilized glycoprobe. The data was fitted with the 

theoretical 1:1 Langmuir binding model and revealed the observed rate constants kobs.  

The KD can be determined using the following equations: 

𝑘𝑜𝑏𝑠 = 𝑘𝑜𝑓𝑓 + 𝑐 ∗ 𝑘𝑜𝑛 

𝐾𝐷 = 𝑘𝑜𝑓𝑓 ∗ 𝑘𝑜𝑛
     −1 

Were kobs is the observed rate constant, koff is the dissociation rate constant, c is the ligand (here 
peptide/protein) concentration, kon is the association rate constant and KD is the equilibrium dissociation 
constant. 

EDC / NHS Lactosyl-glycoprobe             Ethanolamine

11.3 pmol

a)                                                                   b) 
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The observed rate constants kobs were plotted versus the analyte concentrations and 

linear fitting of the data yielded the kon and koff rate constants. The rate constants were 

used for calculation of the KD as described above. The KD determination with the 

sensorgrams of the association - and dissociation curves for hGal-9 as well as for the 

peptides rGal-5[49-60], rGal-5[69-81], hGal-9[44-64] and hGal-9[221-238] are shown 

in Figure 80 -84. The KD of rGal-5 was determined in previous studies (212). All KD 

values are summarized in Table 3 . 

 

 

Figure 80: KD determination for the complex between synthetic peptide rGal-5[49-60] and lactose. (a) 
Fitted association and dissociation curves of rGal-5[49-60] in a series of concentrations (1-100 µM) with 
the immobilized lactosyl glycoprobe; (b) The plot of kobs values versus peptide concentrations provided 
a KD of 76.0 µM 

 
Figure 81: KD determination for the complex between synthetic peptide rGal-5[69-81] and lactose. (a) 
Fitted association and dissociation curves of rGal-5[69-81] in a series of concentrations (7.5-1000 µM) 
with the immobilized lactosyl glycoprobe; (b) The plot of kobs values versus peptide concentrations 
provided a KD of 42.9 µM 
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The KD values of the lactose complexes with galectin-5- peptides and the full rat 

galectin- 5 where determined as rGal-5[49-60] peptide has the highest KD (76.0 µM), 

so the lowest affinity and the rGal[69-81] peptide has a lower KD (42.9 μM), so a higher 

affinity and as expected the full galectin-5 has a much higher affinity than the peptides 

(3.2 μM), because there are additional less important interactions with other amino 

acids in rGal-5 which are not present in the peptides. As previously mentioned the KD 

value were fitted with the 1:1 model which was also confirmed to be expedient as the 

study of peptide-lactose complexes  by ESI-FTICR (chapter 2.2.2) revealed a 1:1 

binding of the rGal-5 peptides to lactose. The KDs are all in μM range as typical for 

galectins ((213), (214)). 

 

 

Figure 82: KD determination for the complex between synthetic peptide hGal-9(44-64) and lactose. (a) 
Fitted association and dissociation curves of hGal-9(44-64) in a series of concentrations (2-200 µM) with 
the immobilized lactosyl glycoprobe; (b) The plot of kobs values versus peptide concentrations provided 
a KD of 61.3 µM 

 

Figure 83: KD determination for the complex between synthetic peptide hGal-9(221-238) and lactose. 
(a) Fitted association and dissociation curves of hGal-9(221-238) in a series of concentrations (2-200 
µM) with the immobilized lactosyl glycoprobe; (b The plot of kobs values versus peptide concentrations 
provided a KD of 61.3 µM 

kon=1.38055E-4±6.49241E-6 
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KD= 61.3 µM 

R2=0.99 

 

kon=1.46647E-4±1.17444E-5 

koff=0.00568±1.09104E-4 

KD= 38.7 µM 

R2=0.98 



 

Results and Discussion  106 

 

Figure 84: KD determination for the complex between hGal-9 and lactose. (a Fitted association and 
dissociation curves of hGal-9 in a series of concentrations (0.1-2.0 µM) with the immobilized lactosyl 
glycoprobe; (b The plot of kobs values versus peptide concentrations provided a KD of 0.9 µM 

The KD values for the lactose complexes with galectin-9 peptides and the full human 

galectin- 9 where determined ranging from 0.9 µM for the full hGal-9 to 61.3 µM for the 

Gal-9[44-64].  For hGal-9 similar KD values with various polysaccharides except lactose 

were already identified by frontal affinity chromatography (213). The remarkably higher 

KD value of hGal-9 to lactose compared to the KD values of the peptides can be 

explained by the limited size of the peptides representing just sections of the complete 

CRD structures. Apart from that also two other carbohydrate binding peptides were 

identified in hGal-9 by CREDEX-MS contributing (chapter 2.1.4) to the affinity to 

lactose. 

 

Table 3: KDs of galectins and carbohydrate-binding peptides to lactose 

Peptide/Protein Sequence KD [µM] 

rGal-5[49-60] 49CGGDIAFHLNPR60 76.0 

rGal-5[69-81] 69NTQINNSWGPEER81 42.9 

rGal-5 Full-length 3.2  

hGal-9[44-64] 44FAVNFQTGFSGDIAFHFNPR64 61.3 

hGal-9[221-238] 221FHINLCSGNHIAFHLNPR238 38.7 

hGal-9 Full-length 0.9 
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3. EXPERIMENTAL PART 

3.1. Materials and reagents 

Following commercially available reagents were used in this work.  

The reagents and solvents used were of analytical grade, or highest available purity. 

 T-buthylmethylether, diethylether (99%), dimethylformamide (DMF, 99.8%), N-

methylmorpholine (NMM 99.5% p.a.), piperidine (99%), 1,8-diazabocyclo-

[5.4.0]undec-7-ene (DBU), trifluoroacetic acid (TFA,99 % p.a.), triethylsilane, 

triisopropylsilane  (97%), tetramethylethylenediamine (TEMED), 

iodoacetamide, bromophenol Blue : Fluka   

 Different N-α-Fmoc protected amino acids, Benzotriazol-1-yl-N-oxy-tris-

pyrrolidino-phosphonium-hexafluoro-phosphat (PyBOP), NovaBiochem, GL 

Biochem Shanghai Ltd 

 Rink Amide MBHA resin, NovaSyn TGR resin, Novabiochem 

 Boc-methylaminooxyacetic acid-dicyclohexylamine (Boc-N[Me]-Aoa-OH x 

DCHA): NeoMPS   

 Hydrochloric acid (37% p.a.), sodium hydroxide (99%), and acetic acid (100%) 

ethanolamine (99%), Trizma base (2-amino-2-hidroxymethyl-1, 3-propandiol, 

99,9%), sodium dihydrogen phosphate monohydrate (NaH2PO4, 99.5%), 

sodium acetate trihydrate (99,5%), Urea: Merck  

 Ethanol (99.8% p.a.), methanol, disodium hydrogen phophate-2-hydrate 

(Na2HPO4, 99.5%), potassiumhydrogenphosphate (KH2PO4, 

potassiumcarbonate: Riedel-de Haen 

  Acetonitrile (ACN, 100%, p.a.), Formic acid, sodium dodecyl sulfate (SDS), 

trichloroacetic acid (TCA), Acrylamide/bis solution (30% acrylamide), acetic 

acid, sodium chloride, silver nitrate, ethanol, Ammonium sulfate - (NH4)2SO4, 

Rotiphorese gel 30 (37.5:1) :  Carl Roth GmbH 

 Trizma
® 

base (2-Amino-2-(hydroxymethyl)-1,3-propanediol), 2,2,2-

trifluoroethanol (TFE), 1, 4-DL-dithiotreitol (DTT), dimetylsulfoxide (DMSO), 

iodoacetamide, activated CH-Sepharose 4B, lactose monohydrate (99,6%), 

sucrose, diethanolamine (min. 98%), tetramethylethylenediamine (TEMED), 

divinylsulfone. α-cyano-4-hydroxicinnamic acid (HCCA), trichloroacetic acid 

(TCA), Coomassie Brilliant Blue G250, 16-mercaptohecadecanoic acid, N-
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hydroxysuccinimide (NHS),  phosphoric acid 85% (H3PO4), Acetonitrile 

(MeCN), trifluoroacetic acid (TFA): Sigma 

 PageRuler Unstained protein ladder, Immobilized Pepsin Thermo Scientific 

 N-5-Carboxypentyl-1-deoxygalactonojirimycin: Toronto research chemicals 

 Toyopearl HW-65-NH2 Tosoh Bioscience  

 Dichloromethane (DCM):VWR  

 Mass spectrometry calibration substances and matrices: angiotensin II 

(human),  Fluka (m/z 1046,54179), bradikinin, Bachem (m/z 1060,568675), 

substance P (horse), Bachem (m/z 1347,73542), neurotensin, Bachem (m/z 

1672,916952), insulin A ox (bovine pancreas),  Fluka (m/z 2530,92292), insulin 

Mo (bovine pancreas),  Fluka ( m/z 5730,60814), ubiquitin (human), Sigma 

(m/z 8560,623988), α-cyano-4-hydroxycinnamic acid (HCCA), Sigma   

 

In this work following commercially available materials were used. 

 Low binding test tubes: Sigma Aldrich 

 PROTRAN nitrocellulose membrane, Whatman 

 Omix Pipette Tips C18: Varian 

 Millipore Pipette Tips C
18 

: Millipore 

 Immobilized Pepsin cartridge, Porozyme 

 

 

3.1.1. Proteins and enzymes 

The recombinant proteins employed in this work are summarized in Table 4. 

Table 4: Recombinant proteins used in this work 

Type Source 

Recombinant rat-Galectin-5  Prof. Dr. Hans-Joachim Gabius, Faculty of 
Veterinary Medicine, Ludwig-Maximilian-
University, Munich ; Germany 

Recombinant human Galectin-9 Prof. Dr. Hans-Joachim Gabius, Faculty of 
Veterinary Medicine, Ludwig-Maximilian-
University, Munich ; Germany 

Recombinant alpha Galactosidase A,  
Cellvibrio mixtus ATCC 12120 

Prozomix, Northumberland, United Kingdom 

Recombinant alpha Galactosidase A Sino Biological Inc. ,Beijing, China 

Seq. grade modified Trypsin, Porcine Promega, Mannheim, Germany 
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3.2. Affinity methods 

3.2.1. Immobilization of carbohydrates on affinity matrices 

3.2.1.1. Preparation of the DVS-activated-Sepharose column 

for affinity matrix 

Covalent coupling of carbohydrates on Sepharose was carried out using divinylsulfone 

activation. 1 mL drained Sepharose 4B was washed with 5 mL 0.5 M Na2CO3, pH 11 

and then drained. The Sepharose was resuspended in 1 mL of 0.5 M Na2CO3 with 0.1 

mL divinylsulfone (DVS). The suspension was mixed end-over-end in a 90° rotary 

sample mixer for 70 minutes at 25 °C for activation of the matrix. The matrix was 

drained, washed with 5 mL 0.5 M Na2CO3 pH 11. The DVS-activated Sepharose was 

resuspended in 1 mL of 10 % carbohydrate solution in 0.5 M Na2CO3 and mixed for 18 

h at 25 °C. The affinity matrix was then washed with 5 mL 0.5 M Na2CO3. Blocking of 

unreacted vinyl groups was carried out by incubation with 1 M ethanolamine for 1 h at 

25 °C. Next, the matrix was washed sequentially with 0.1 M ammonium acetate 

containing 0.5 M NaCl, pH 4 and 0.1 M Tris-HCl / 0.5 M NaCl, pH 8. Finally, the matrix 

was equilibrated in Equilibration of the column was done with 20mM PBS (20 mM 

Na2HPO4 x 2 H2O, 20 mM NaCl, pH 7.5) or 25 mM NH4HCO3.and stored at 4 °C.   

The Sepharose blank (without immobilized carbohydrate) used for some control 

experiments was prepared by activating the matrix with DVS as described above. Next, 

the matrix was treated with 1 M ethanolamine for 18 h at 25 °C and washed with buffers 

in the sequence described above. 
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3.2.1.2. Preparation of NH2-Toyopearl beads for affinity matrix 

 

  

 

 

N-5-Carboxypentyl-1-deoxygalactonojirimycin 

Figure 85: a) Structure of the HW-65-NH2 Toyopearl matrix (Ligand capacity on resin: 100mM/ml) (215) 
and b) N-5-Carboxypentyl-1-deoxygalactonojirimycin Ligand (MW (DGJ) =277, 31 g/mol). 

Coupling of N-5-Carboxypentyl-1-deoxygalactonojirimycin (Carboxypentyl-DGJ) to 

Toyopearl HW-65 –NH2 Matrix(Figure 85)  was performed as followed: First 3 mL 

Matrix(stored in Ethanol) were washed with 30 mL MilliQ water and then with 0.5 mol/L 

NaCl  pH 4.5 - 6.0, using a sintered glass filter. Gel was suction dried. Then 1000 µg 

Carboxypentyl-DGJ where solved in MilliQ water pH=5.5, 100 mg 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide (EDC) where added and the mixture was shaken 

for 24h at 25°C. After coupling, the gel was washed with 1M NaCl to remove unreacted 

ligand. The unreacted amino groups where blocked with 0.2 M sodium acetate (0.8 mL 

/ mL-gel) and acetic anhydride (0.4 mL / mL-gel). Therefore the mixture was shaken 

for 30min at 0°C. Then acetic anhydride (0.4mL/mL-gel) was added again and the 

mixture was shaken for 30min at 25°C. After blocking, the gel was washed sequentially 

with water and 0.1 N NaOH and stored at 4°C in water containing 0.02 % sodiumazide. 

 

 

3.2.2. Affinity-1DE characterization  

20 μL protein (1 μg/1 μL in H2O) and 180 μL 20 mM PBS (20 mM Na2HPO4 x 2 H2O 

20 mM NaCl, pH 7.5) - or 25 mM NH4HCO3  buffer were added over the 100 μL affinity 

columns (DVS-activated Sepharose, Toyopearl-NH2) with immobilized carbohydrate 

and after 18 h shaking at 37 °C the supernatant (SN) was collected. The columns were 

a 

b 
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washed with portions of 400 μL of buffer and the first (W1) and the last wash (Wx) were 

collected. The optimal amount of protein and number of washing steps following 

incubation were established for each affinity system. Elution (E) was performed with 

two times 400 μL MALDI solvent (ACN:0.1% TFA in H2O, 2:1), each time gently shaken 

for 15 min. All collected fractions (SN, W1, Wx, E) were lyophilized and analyzed by 

1D gel-electrophoresis. 

 

 

3.2.3. Experimental procedure for the determination of CRD 

sequences 

The carbohydrate/amino-sugar immobilization on the affinity material was carried out 

as described in chapter 3.2.1.2 and 3.2.1.2.  For affinity chromatography self-made 

micro columns were used (Figure 86). Within the micro-column, the affinity resin with 

the immobilized carbohydrates was mixed with the protein or peptide solution to obtain 

a bigger contact surface between the ligand and the protein. 

 

 

 

 

 

 

 

Figure 86: Schematic representation of the affinity column: the micro column is filled with 

sepharose/toyopearl affinity resin. 

 

 

3.2.3.1. Carbohydrate recognition domain excision-mass 

spectrometry 

To identify the carbohydrate binding site by carbohydrate recognition domain excision 

– mass spectrometry (Figure 14 a)  20 µg of galectin solved in 200 μL of buffer (20 mM 
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PBS (20 mM Na2HPO4 x 2 H2O, 20 mM NaCl, pH 7.5) or 25 mM NH4HCO3  buffer, 

pH=8) were applied onto the column. In some cases the buffer also contained 1 g/L 

DTT, to protect the galectins from oxidative inactivation. The micro-column was gently 

shaken for 5-14 h at 37°C to allow complete binding of the protein. The column was 

washed 2-3 times with 400 μL buffer to remove excess protein and impurities.1 µg of 

trypsin (enzyme: substrate ratio 1:20) was added and let digest for 10-24 h at 37 °C. 

The supernatant was collected and the column was washed with portions of 400 μL 

buffer until there was no MS signals observable. After removal of the non-CRD 

fragments, the bound CRD-peptides were dissociated from the affinity matrix by 

addition of two times 400 μL MALDI solvent (ACN : 0.1 % TFA, 2:1) to the column and 

each time the column was shaken gently for 15 min at 25 °C. The elution fractions with 

the released CRD-peptides were collected. The samples were lyophilized and stored 

until mass spectrometric analysis. The column was regenerated by washing with 

10 mL 0.1% TFA followed by 10 mL of buffer.  If necessary Zip Tip procedure for 

desalting the samples was applied. 

 

 

3.2.3.2. Carbohydrate recognition domain extraction-mass 

spectrometry of galectins 

For identification of carbohydrate recognition domains by extraction –mass 

spectrometry (Figure 14 b) 20 µg of galectin were digested with Trypsin (enzyme: 

substrate ratio 1:20 ) in 100 μL 25 mM NH4HCO3 pH=8, 1µg/µL DTT, for 10-24 h at 37 

°C, then solved in NH4HCO3 buffer to a total volume of 200 µL and applied onto the 

column. The micro-column was gently shaken overnight at 37°C to allow complete 

binding of the peptides. The supernatant was collected and the column was washed 

with portions of 400 µl of buffer until there is no MS signal recognized anymore. After 

removal of the non-CRD fragments, the bound CRD-peptides were dissociated from 

the affinity matrix by addition of two times 400 µL MALDI solvent (ACN: 0.1 % TFA 2:1) 

to the column and each time the column was gently shaken for 15 min. The elution 

fractions with the released CRD-peptides were collected into an Eppendorf tube. The 

samples were lyophilized and stored until mass spectrometric analysis. The column 

was regenerated by washing with 10 mL 0.1% TFA followed by 10 mL buffer. All 
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fractions were analysed by MALDI-TOF-MS. If necessary Zip Tip procedure for 

desalting the samples was applied. 

 

 

3.2.3.3. Proteolytic extraction - mass spectrometry of α-

galactosidase A 

For the identification of DGJ (Deoxygalactonojirimycin) binding peptides, a solution of 

20 µg of α-galactosidase A was digested with trypsin (enzyme: substrate ratio 1:40) in 

100 µL 25 mM NH4HCO3 pH=8, 1µg/µL DTT, for 24h at 37 °C, followed by another 

addition of trypsin to an enzyme: substrate ratio of 1:20 and digested for another 24 h 

at 37°C.  The peptide mixture was lyophilized, dissolved in 200 µL of 10mM NH4AC, 

pH 4.5, DTT 1 µg/ µL and applied onto the N-5-Carboxypentyl-1-

deoxygalactonojirimycin column and incubated at 25 °C room temperature for 8-12 h. 

The supernatant was collected and analyzed by MALDI-TOF-MS in order to determine 

the extent of binding and the non-binding peptides. Any unbound peptides were 

washed out with 2-4 mL binding buffer (with 1 g/L DTT) in 400uL. The washing fractions 

were analyzed by MALDI-MS to elucidate the endpoint for washing, when no peptide 

signal could be observed anymore. The affinity-bound peptides were eluted under 

strong shaking with 400 µL MALDI solvent (ACN:0.1% TFA, 2:1), DTT 1 µg/ µL at 37 

°C for 15 min, and this procedure was repeated twice. The supernatant, wash and 

elution fractions were collected, lyophilized and analyzed by MALDI-MS. If salt content 

was too high, Zip Tip cleanup was applied. A control experiment to evaluate the 

unspecific binding of peptides to Toyopearl HW-65 was performed using the 

unmodified matrix and the same procedure. 
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3.3. Solid phase peptide synthesis 

The syntheses of peptides employed in this work were carried out by standard solid 

phase peptide synthesis (SPPS) Fmoc chemistry as shown in Figure 88 using manual 

synthesis or semi-automated Peptide Synthesizer ResPep SL (Intavis AG Bioanalytical 

Instruments, Germany) on Rink Amide MBHA or NovaSyn TGR resin Figure 87. 

 

a)                                                         b)  

         

Figure 87: a) Rink Amide MBHA resin (Binding capacity of 0.15 - 0.23 mmol/g (Novabiochem®)) and b) 
NovaSynTGR for solid phase peptide synthesis (Binding capacity of 0.4-0.9 mmol/g (Novabiochem®)) 

N-α-Fmoc-protected amino acids were attached to resin via the acid cleavable linker 

shown in Figure 87. The general principle of SPPS consist of the repeated cycles of 

deprotection, washing, coupling, and washing which is illustrated in Figure 88. 

The removal of the Fmoc group (deprotection) is done with piperidine by base induced 

β-elimination to expose the α-amino group for reaction with an incoming activated 

amino acid. For activation the tertiary base NMM abstracts the acidic carboxyl proton 

of the N-α-Fmoc-amino acid, the resulting carboxylate anion reacts afterwards with the 

positively charged phosphor atom of PyBOP whereby the benzotriazolyl group is 

removed. Then the negatively charged benzotriazolyl group reacts with the acyl, 

substitutes the phosphor group by what the active ester and phosphonamide are 

formed. The steps, including wash steps in between, were repeated until the desired 

peptide sequence was generated 

In the end the Fmoc-group is removed and the acid labile Rink amide linker is cleaved 

from this resin by a single step treatment with 95% TFA, providing peptides in amidated 

form at the C-terminal.  
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The side chains of more reactive amino acids are blocked or protected with either a 

tertiary-butyl, trityl or a Pbf (2,2,4,6,7- pentamethyldihydrobenzofurane) functional 

group hindering their chemical activity. The alpha-amino group of each amino acid is 

protected with an Fmoc group ensuring that the only reactive site is the unprotected C-

terminal carboxyl group promoting the head-to-tail condensation. 

 

                                        
Figure 88: Solid Phase peptide synthesis overview: N-α-protected amino acids are attached to a solid 
support via the acid cleavable linker. The N-α-protecting group (Fmoc) is then removed and the amino 
acid-linker-support thoroughly washed with solvent. Depending on the type of the linker the peptides 
can be obtained as free acid or amide. 

For synthesis of 50 mmol of peptide the following procedure was used.  

 

At the beginning of synthesis, the resin support was washed with 5 x 1 mL DMF and 

then incubated 30 min, which leads to the swelling of resin. For coupling 5 eq N-α-

Fmoc-amino acid, 0.9M PyBOP and 25% NMM in DMF were used. The quantity of 

amino acid and reagents were automatically calculated on the basis of the amino acid 

sequence. The reaction times of the single steps depend on the length of the peptide; 

therefore procedure was divided into different cycles. The procedure is shown below: 
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Cycle 1-7 (C-terminal amino acid 1-7): 

Step 1: Deprotection (removal of the N-terminal Fmoc protection group): 

- Washing column: 3 x 800 mL DMF 

- Deprotection: 3 x 400 mL 20% piperidine in DMF, incubate  5 min 

- Washing column: 5 x 800 mL DMF 

Step 2: Coupling of the amino acids: 

- 300 mL 0.83M amino acid derivative in DMF mixed with 204 mL PyBOP- and 125 

mL NMM solution and incubated for 18 min 

- Washing column: 2x 800 mL DMF 

- 300 mL 0.83M amino acid derivative in DMF mixed with 204 mL PyBOP- and 125 

mL NMM solution and incubated for 22 min 

- Washing column: 3x 800 mL DMF 

 

Cycle 8-13 (C-terminal amino acid 8-13): 

Step 1: Deprotection (removal of the N-terminal Fmoc protection group): 

- Washing column: 3 x 800 mL DMF 

- Deprotection: 3 x 400 mL 20% piperidine in DMF, incubate  8 min 

- Washing column: 6 x 800 mL DMF 

Step 2: Coupling of the amino acids: 

- 300 mL 0.83M amino acid derivative in DMF mixed with 204 mL PyBOP- and 125 

mL NMM solution and incubated for 20 min 

- Washing column: 2x 800 mL DMF 

- 300 mL 0.83M amino acid derivative in DMF mixed with 204 mL PyBOP- and 125 

mL NMM solution and incubated for 30 min 

- Washing column: 4x 800 mL DMF 
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Cycle 14-end 

Step 1: Deprotection (removal of the N-terminal Fmoc protection group): 

- Washing column: 3 x 800 mL DMF 

- Deprotection: 3 x 400 mL 20% piperidine in DMF, incubate  10 min 

- Washing column: 6 x 800 mL DMF 

Step 2: Coupling of the amino acids: 

- 300 mL 0.83M amino acid derivative in DMF mixed with 204 mL PyBOP- and 125 

mL NMM solution and incubated for 30 min 

- Washing column: 2x 800 mL DMF 

- 300 mL 0.83M amino acid derivative in DMF mixed with 204 mL PyBOP- and 125 

mL NMM solution and incubated for 40 min 

- Washing column: 4x 800 mL DMF 

 

Step 3: Final deprotection and washing: 

Deprotection (removal of the N-terminal Fmoc protection group): 

- Washing column: 3 x 800 mL DMF 

- Deprotection: 3 x 400 mL 20% piperidine in DMF, incubate  10 min 

- Washing column: 6 x 800 mL DMF 

- Washing column: 2 x 800 mL DCM 

- Washing column: 2 x 800 mL EtOH 

Resin was freeze dried by lyophylization. 

 

Step 4 (manual): Peptide cleavage from the resin and removal of the side chain 

protection groups: 

To cleave the peptide chain from the resin and remove the side chain protection groups 

the dried resin was with a solution of TFA / TIS / MQ (95:2.5:2.5; v / v / v) and gently 

stirred at 25 °C for 3h (2.5 mL cleavage solution/ 100mg resin). The resin was removed 

by filtration and the cleavage mixture was poured into 60-70 mL of cold diethyl ether, 

incubated for 30 min at -20 °C and filtered by gravitation of sintered glass filter. 
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The precipitated peptide was transferred into a flask and glass filter was rinsed with 

small amounts of acetic acid which was added to the peptide comprising flask to ensure 

maximum recovery. The dissolved peptide was freeze-dried in a lyophilizer and the 

crude peptides were measured and purified by analytical and semi-preparative 

reversed-phase RP-HPLC on a C18 column. A linear gradient of 0.1% aqueous TFA 

and acetonitrile containing 0.1% TFA was used as described in chapter 3.7.2. The 

sequence and homogeneity of all peptides were confirmed by MALDI-TOF and ESI-

Ion-Trap-MS. 

 

The following Nα-Fmoc protected amino acids were used:                                         

N-Fmoc-L-Alanine (Fmoc-Ala-OH), N-Fmoc-NG-(2,2,4,6,7-pentamethyldihydro-

benzofurane)-L-Arginine (Fmoc-Arg(Pbf)-OH), N-Fmoc-N-trityl-L-Asparagine 

(Fmoc-Asn(Trt)-OH) , N-Fmoc-L-Aspartic-acid--t-butylester (Fmoc-Asp(OtBu)-OH), 

N-Fmoc-S-trityl-L-Cysteine (Fmoc-Cys(Trt)-OH), N-Fmoc-N-trityl-L-Glutamine 

(Fmoc-Gln(Trt)-OH), N-Fmoc-L-Glutamic acid--t-butylester (Fmoc-Glu(OtBu)-OH), 

N-Fmoc-Glycine (Fmoc-Gly-OH), N-α-Fmoc-N-im-trityl-L-Histidine (Fmoc-His(Trt)-

OH), Nα-Fmoc-L-Isoleucine (Fmoc-Ile-OH), N-Fmoc-L-Leucine (Fmoc-Leu-OH), N-

Fmoc-N-t-Boc-L-Lysine (Fmoc-Lys(Boc)-OH), N-Fmoc-L-Methionine (Fmoc-Met-

OH), N-Fmoc-L-Phenylalanine (Fmoc-Phe-OH), N-α-Fmoc-L-Proline (Fmoc-Pro-

OH), N-Fmoc-O-t-butyl-L-Serine (Fmoc-Ser(tBu)-OH), N-Fmoc-O-t-butyl-L-

Threonine (Fmoc-Thr(tBu)-OH), N-α-Fmoc-N-in-t-Boc-L-Tryptophan (Fmoc-Trp(Boc)-

OH), N-α-Fmoc-O-t-butyl-L-Tyrosine (Fmoc-Tyr(tBu)-OH), N-α-Fmoc-L-Valine-OH 

(fmoc-Val-OH) 

 

 

3.3.1. Glycopeptidesynthesis  

For SAW Bioaffinity experiments a glycopeptide need to be synthesized to link the 

carbohydrate to the gold surface. Therefore the amidated GFAKKG-peptide was 

synthesized as described in chapter 3.3 without the final cleavage step, cleaving the 

peptide from the resin. Coupling of Boc-N[Me]-Aoa-OH x DCHA was done as 

previously described by Jimnez (216). 
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Before the actual coupling Boc-N[Me]-Aoa-OH/DCHA need to be converted to the free 

acid by acid extraction. Therefore 700 mg of Boc-N[Me]-Aoa-OH/DCHA were solved 

in 45 mL of 0.2 M HCl and mixed with 45 mL of ethyl acetate under strong shaking. 

The organic phase containing Boc-N[Me]-Aoa-OH was recovered from three 

consecutive extractions. The ethylacetate was evaporated and the residue was 

dissolved in DCM and lyophilized. Manual coupling of Boc-N[Me]-Aoa-OH was done 

with 3 eq HBTU and 6 eq DIEA in DMF for 45 min. 

Cleavage from the resin and removal of side chain protection groups was done as 

previously described (chapter 3.3, Step 4). Peptide was purified by semi-preparative 

HPLC and characterized by MALDI-TOF-MS. 

Chemoselective ligation of the linkerpeptide to Lactose (Gal-β1,4-Glc) was done by 

incubating 3 mmol peptide with 10 eq of lactose in 1.5 mL 0.1M NaOAc, pH 4.6 at for 

72 h at 37 °C. Then the excess of unreacted Aoa-peptide was capped by addition of 

acetone (1 g/L) to the reaction mixture and incubated for 12 h at 37°C. Glycopeptides 

were purified by semi-preparative HPLC and immediately neutralized to prevent 

degradation and afterwards lyophilized. 

 

  

3.4. Enzymatic digestion 

3.4.1. Digestion in solution 

For tryptic in solution digestion experiments, proteins were solved in a fresh solution of 

25 mM NH4HCO3 pH 8 at concentrations between 0.1 and 1 µg/mL. Then porcine 

trypsin (Promega, Mannheim, Germany) was added at an enzyme: substrate-ratio of 

1:40-1:100 and solution was incubated at 37° C for 4-24 h. For proteins more resistant 

to digestion 0.1 % RapiGest SF – or 0.01% ProteaseMaxTM Surfactant was added. The 

reaction was quenched by adding 5 mL 0.1 % TFA or by freezing the sample with liquid 

nitrogen. The samples were desalted prior to MALDI-TOF-MS analysis off-line by using 

the ZipTip®
C18 cleanup procedure (chapter 3.6). 

 

 



 

Experimental part  120 

3.4.2. In-gel tryptic digestion of coomassie stained proteins 

The tryptic in-gel digestion of Coomassie stained proteins was performed by the 

modified procedure from Rosenfeld et al (217). 

Therefore protein bands were excised from the gel and placed into microcentrifuge 

tube. Then they were washed with MQ to remove acetic acid and MeOH from staining 

and afterwards dehydrated in 3:2 (v/v) ACN:MQ mixture for 30 min at RT and dried in 

a Speed Vacuum centrifuge.  The gels were destained in 50mM NH4HCO3 buffer:ACN 

3:2  (v/v) for 15 min at RT. Solution was removed and gel pieces were dried in Speed 

Vacuum centrifuge. Gel slices were rehydrated in 10-20 mL freshly prepared 0.02  mg/ 

mL trypsin in 50mM NH4HCO3 buffer at 4 °C. The gel slices were fully covered with 

50mM NH4HCO3 buffer and incubated for 10-14 h at 37 °C. Enzymatic digestion was 

stopped by addition of 10 mL 0.5 % formic acid or 0.1% TFA.  Samples were centrifuged 

and supernatant was removed. Then peptide fragments were extracted twice with 3:2 

(v/v) ACN: 0.1 % TFA for 60 min at RT. The combined supernatants were lyophilized 

and analyzed by MALDI-TOF-MS. 

 

 

3.4.3. Pepsin digestion  

For local H/D-exchange studies, 2.5 mg galectin-5 in 1mL 25 mM PBS pH=7.5 mixed 

with 10 mL D2O and 10 mL 0.42% H3PO4 to achieve a pH of 2.5 and digested online on 

Poroszyme Immobilized Pepsin column, for 3 min at 0-0.5°C and then automatically 

applied to UPLC-ESI-QTOF-MS.  

For backexchange control experiments 25 mg galectin-5 in 10mL 25 mM PBS pH=7.5 

were mixed with 10 mL 0.42% H3PO4 and digested in solution with immobilized Pepsin 

(Thermo Scientific) for 5 min.  
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3.5. N-terminal sequence determination by Edman degradation 

Edman sequence analysis was performed on Applied Biosystems Procise 494 protein 

sequencer with 140C microgradient system and 785A programmable absorbance 

detector. Galectin samples were either lyophilized or solved in 60:40 ACN: H2O, 0.1 

% TFA (concentration 10 pmol/mL) or previously separated by SDS-PAGE and electro-

blotted to PVDF membrane (chapter 3.7.1 and 3.7.1.2).  

For liquid samples 20 mL galectin solution were applied on glass fiber disks. The disks 

were under argon and positioned in the instrument. For electro-blotted samples the 

protein spots were excised, destained in 75% MeOH, dried, wetted with 100% MeOH 

and placed into the sequencing cartridge. 

Sequencing was done in pulsed liquid-phase and the released PTH 

(phenylthiohydantion) amino acid derivatives were monitored at 270 nm by HPLC. 

 

 

3.6. ZipTip cleanup procedure 

The ZipTip cleanup procedure was performed using ZipTip®
C18 109 pipette tips from 

Millipore. ZipTip pipette tips are 10 mL pipette tips containing C18 or C4 reversed-phase 

media for concentrating and purifying peptide and protein samples. ZipTipC18 pipette 

tips are most applicable for peptides and low molecular weight proteins, while ZipTipC4 

pipette tips are most suitable for low to intermediate molecular weight proteins. The 

ZipTip method consists mainly in five steps: wetting and equilibration of the ZipTip 

pipette tip, binding of the peptides and/or proteins to ZipTip pipette tip, washing and 

elution.  

In the detail ZipTip procedure was carried out in the following steps: 

First sample was prepare by solving 5 mg /ZipTip in 0.1 % TFA to a final volume of 10 

mL 

Step 1: Wet the C18 pipette tip. Aspirate and dispense 10 mL of wetting solution (50% 

ACN) to waste 5 times. 

Step 2: Equilibrate the ZipTip pipette tip. Aspirate and dispense 10 mL of equilibration 

solution (0.1% TFA) to waste 10 times. 
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Step 3: Bind peptides to ZipTip pipette tip. Aspirate and dispense the sample 10 times. 

Step 4: Desalt sample. Aspirate and dispense the washing solution (0.1% TFA) 3-5 

times. 

Step 5: Elute peptides from ZipTip pipette tip. Aspirate and dispense the elution 

solution (for MALDI-TOF MS: 0.1 % TFA/50 % ACN, and for ESI-MS: 1 % formic acid/ 

50 % MeOH) 10 times. 

 

 

3.7. Separation methods 

3.7.1. Sodium - dodecylsulphate - polyacrylamide 1D-gel 

electrophoresis (SDS-PAGE) 

In one dimensional SDS-PAGE molecules, such as proteins or DNA, are separated 

according to their mass. The molecules were negatively charged by the addition of 

SDS and then forced through a gel by an electric field. SDS-PAGE was performed 

according to Laemmli (218) using a Mini-Protean II gel electrophoresis system 

(BioRad, München, Germany). SDS-polyacrylamide gels were cast between two glass 

plates using a Bio-Rad mini-gel casting system. To obtain optimal resolution of 

proteins, a stacking gel was poured over the top of the separating gel. The stacking 

gel has a lower concentration of acrylamide (larger pore size), lower pH and a different 

ionic content. This allows the proteins to be concentrated into a tight band before 

entering the separating gel and produces a gel with tighter or better separated protein 

bands. The size of the pores created in the gel is inversely related to the amount of 

acrylamide used. Gels with a low percentage of acrylamide are typically used to resolve 

large proteins and high percentage gels are used to resolve small proteins Table 5 

provides recipes for preparing gels with different acrylamide concentrations.   
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Table 5:Composition of SDS-polyacrylamide gels according to Laemmli 

Monomer concentration  

(%T, 2.6% C) 

 Stacking gel Separating gel 

 5% 10% 12% 15% 

4 x Stacking gel buffer a  2.5 mL - - - 

4 x Separating gel buffer b  - 6 mL 6 mL 6 mL 

MilliQ water  5.8 mL 10 mL 8.4 mL 6 mL 

Acrylamide/bis solution c 

(30.8% T, 2.6% C) 

 1.7 mL 8 mL 9.6 mL 12 mL 

APS d  85 µL 125 µL 125 µL 125 µL 

TEMED e  20 µL 20 µL 20 µL 20 µL 

a 0.5 M Tris-HCl, 0.4% SDS (w/v), pH 6.8 

b 1.5 M Tris-HCl, 0.4% SDS (w/v), pH 8.8 

c 30% (w/v) Acrylamide, 0.8% (w/v) N, N’- Methylenebisacrylamide 

d 10% (w/v) Ammonium persulfate 

e N, N, N’, N’- tetramethylethylenediamine 

 

For the experiments in this thesis the 12%-gels were used. First the separating gel was 

prepared and pipetted down the spacer about 4 cm from top. To avoid surface 

irregularities the gel was covered with water during the polymerization. After 30 min 

when the gel should be fully polymerized the water on the top was removed and filled 

with the 5% stacking gel solution and the comb for the pockets was inserted. After the 

stacking gel was polymerized, the gel was ready to be used. 

The sample was dissolved in a SDS sample buffer (4% SDS, 25% Glycerin, 50 mM 

Tris, 0.02% Coomassie, 6M Urea, pH 6.8.). Gel electrophoresis was carried out using 

a Power/PAC 1000 power supply (Bio-Rad, München, Germany) in SDS-PAGE 

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) at 60 V for 30 min until the 



 

Experimental part  124 

tracking dye went into the separating gel, and at 120 V for 2 h until the tracking dye 

reached the anodic end of the separating gel. After separation by SDS-PAGE, the 

proteins were visualized by sensitive colloidal Coomassie as described below and 

scanned using a GS-710 Imaging Densitometer and Multianalyst software (Bio-Rad, 

Richmond, CA, USA). The molecular weights of unknown proteins were estimated by 

running PageRuler™ Unstained Protein Ladder (Fermentas) (Figure 89) in a separate 

lane of the same gel. PageRuler™ Unstained Protein Ladder is a mixture of 14 

recombinant, highly purified, unstained proteins ranging in size from 10 kDa to 

200 kDa. 

 

 
Figure 89: Molecular weight marker proteins (PageRuler™, Thermo ScientificTM) for SDS-PAGE 
analysis: Image represents 8-16% Tris-glycine gels stained with coomassie blue dye  

 

3.7.1.1. Sensitive colloidal Coomassie staining 

The colloidal Coomassie staining method used in the present work is a modification of 

the method of Neuhoff et al. (219) which involves the binding of Coomassie Brilliant 

Blue G250 to proteins. The detailed protocol is described below: The gel was fixed with 

gentle agitation for at least 1 hour in 12% (w/v) trifluoroacetic acid (TCA). 

The colloidal Coomassie stain was prepared by mixing 200 mL solution of 10% (w/v) 

ammonium sulfate and 2% phosphoric acid in deionized water with 2 mL of 5% 

Coomassie Blue G250 dissolved in deionized water. After shaking this solution for 

several minutes 50 mL methanol were added and the solution was shaken again prior 

to use.  
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The fixative was removed and the gel was placed in the freshly prepared colloidal 

Coomassie stain. The gel was stained overnight with gentle agitation. The gel can be 

left in the stain for a longer period of time, during which the color of the gel will continue 

to deepen for up to 48 h. 

After staining the gel was washed with 25% methanol in deionized water under gently 

agitation for 1 hour. Then it was washed with deionized water and the washing steps 

were repeated until the protein bands are at the desired contrast against the 

background of the gel. Proteins will appear blue on a clear background. 

The gels were scanned and image analysis was carried out using the MultiAnalyst 

software (BioRad, Richmond, CA, USA). 

 

 

3.7.1.2. Electroblotting of Proteins  

Electroblotting is a method for the transfer of proteins to a PVDF- or nitrocellulose 

membrane for the visualization and identification of proteins. When the proteins are 

bound to a membrane, they are accessible for biochemical or immunoanalytical 

analyses, protein-ligand-interactions and stains. 

In electroblotting experiments in this thesis proteins were first electrophoretically 

transferred to the membrane and then detected by coomassie stain and further 

analyzed by N-terminal Edman sequencing (chapter 3.5).  

Proteins were separated by SDS-PAGE (chapter 3.7.1) and transferred to a membrane 

using an electric field. Semi dry transfer with the standard Towbin (220) transfer buffer 

(25mM Tris, 192mM Glycine, pH 8.3, 20 % (v/v) MeOH, and 0.1% SDS) was used. In 

the semi-dry transfer, the gel is stacked among two filter papers wetted with transfer 

buffer between the two electrodes (Figure 75). Due to the denaturation of the proteins 

in the gel with SDS, the proteins are negatively charged and migrate toward the anode. 

The electrophoretic transfer starts by applying a current and the transfer considered to 

be complete when the electric field level remains stable. After that, the membrane can 

be probed for protein detection.  
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Figure 90: Setup for electrophoretic transfer of proteins 

The detection of proteins was done with Coomassie brilliant blue staining. Therefore 

after blotting the membranes were rinsed with MQ for 15 min and then briefly rinsed 

with MeOH. Afterwards the membranes were incubated in Coomassie brilliant blue 

solution (0.1% Coomassie Brilliant Blue R-250 in 40% MeOH) until protein bands 

became visible. To destain the background, the membranes were incubated in 50% 

MeOH. The membranes were air dried and bands of interest were excised and 

measured by Edman sequencing 

 

 

3.7.2. Purification of peptides by RP-HPLC (reversed phase high 

pressure liquid chromatography) 

Reversed phase high performance chromatography (RP-HPLC) is one of the most 

powerful separation techniques for peptides and proteins. Synthesis of polypeptides 

by SPPS is highly efficient, nevertheless the reaction product contains truncated 

versions of full-length peptide caused by amino acid coupling failures, as well as a 

series of impurities. With RP-HPLC polypeptides differing by a single amino acid 

residue can usually be separated.  

In RP-HPLC the biomolecules are separated based on their hydrophobicity. The RP 

support consists of hydrophobic alkyl chains (C4, C8, C18) chemically derivatized on 

silanol groups. Therefore the choice of the optimal RP-column can be done based on 

the hydrophobicity of the polypeptide as well as their molecular weight as second 

criteria. In general less hydrophobic material is better for separation of larger 

molecules.  
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Polypeptides are eluted from the reverse phase column with aqueous solvents 

containing an ionic modifier to adjust the pH and an organic modifier to displace and 

elute the peptide. For improvement of the separation normally an acidic modifier, 

mostly TFA, is added to the mobile phase to mask basic entities and improve peak 

shape.  

The peptides were separated by RP-HPLC (Ultimate 3000, Thermo Scientific/Dionex 

or Spectra System, Thermo Scientific) in analytical or semi-preparative mode.  

Purification of the crude synthetic peptides was done on semi-preparative C8- (250 x 

10 mm, 5 µM, 218TP1010, Macherey-Nagel) or C18-column (250 x 10 mm, 7µm, 

Grace Vydac). Therefore 1-5 mg of crude peptide were solved in 1 mL of 0.1% TFA 

(or mixture of Water: ACN, 0.1% TFA corresponding to the starting conditions of the 

gradient) and separated using a linear gradient of Solvent A: 0.1 % (v/v) TFA in 

deionized water and Solvent B: 0.1% (v/v) TFA, 80% (v/v) acetonitrile in deionized 

water at a flow rate of 2-3 mL/min. 

Analytical separation for confirmation of the homogeneity of the peptides was done on 

C-18- column (250 x 4.6 mm, 214TP510, Grace Vydac; 250 x 4 mm, 7µm, Macherey-

Nagel) with a flow rate of 1 mL/min using a linear gradient of the same binary solvent 

systems as used for semi-preparative purification. Detection of the peptides was done 

using UV detection at 220 nm. 

The collected peptides were freeze-dried and sequence and homogeneity was 

confirmed by MALDI-MS and ESI-Ion Trap MS/MS  

 

 

3.8. Mass spectrometric methods 

Mass spectrometry (MS) is an analytical technique, which provides information about 

the molecular weight of the compound and its chemical structure. The high variety of 

types of mass spectrometers and sample introduction techniques allow a wide range 

of analyses. A mass spectrometer measures the mass to charge ratio (m/z) of an ion, 

not its absolute mass. All mass spectrometers consist of three distinct regions: i) 

ionizer, ii) ion analyzer, and iii) detector. Charge molecules, called molecular ions, are 

produced in the ionization chamber, and then transferred to the mass analyzer via 
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several ion optics (electromagnetic elements, focusing lenses, etc.). The mass 

analyzer separates the ions according to their mass to charge ratio (m/z). The detector 

systems measure the ion concentration, and produce a mass spectrum. 

 

 

3.8.1. MALDI-TOF mass spectrometry 

MALDI-TOF (mass spectrometric analysis was either carried out with a Bruker BiflexTM 

linear TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a 

nitrogen UV laser (337 nm), a dual channel plate detector, a 26-sample SCOUT source 

or more generally on a Waters Micromass TOF Spec 2E (Waters, Milford, 

Massachusetts, USA) equipped with a nitrogen UV laser (337 nm) and MassLynx data 

system for spectra acquisition and instrument control. For MALDI-TOF MS analysis of 

peptides, samples are co-crystallized with an excess of organic matrixthat absorbs at 

a specific wavelength (usually 337 nm). Typically α-cyano-4-hydroxy-cinnamic acid 

(HCCA) is the matrixof choice for analysis of peptides. A saturated solution of α-cyano-

4-hydroxy-cinnamic acid in ACN/0.1 % TFA in water (2:1 v/v) was prepared. Aliquots 

of 1 ml of the sample solution and 1 ml of the saturated matrix solution were mixed on 

the stainless steel MALDI target and allowed to dry. If it was necessary, desalting and 

concentration of the samples was achieved by using ZipTipC18™ pipette tips 

(Millipore) prior to cocrystallization.  Acquisition of spectra was carried out at an 

acceleration voltage of 20 kV, focusing voltage of 16kV, extraction voltage of 19.5KV 

and a detector voltage of 1.5-3.5 kV. 30 to 60 single shots were accumulated into a 

final mass spectrum.  

Following a short laser pulse (3 ns), analytes are desorbed and ionized into the gas 

phase, and their m/z values are determined in a TOF mass analyzer. In TOF analyzers 

the mass-to-charge ratio of an ion is determined by measuring their flight time. After 

acceleration of the ions in the source to a fixed kinetic energy, they pass a field free 

drift tube with a velocity proportional to (mi/zi)-1/2 (mi/zi is the mass-to-charge ratio of a 

particular ion species). Due to their mass-dependent velocities, ions are separated 

during their flight. A detector at the end of the flight tube produces a signal for each ion 

species. Typical flight times are between a few  microseconds and several 100 µs. 

Mass accuracy determinations vary from 0.01% to 0.1% depending on the sample 
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preparation technique and the method used for calibration. A schematic drawing of the 

TOF mass spectrometer set up with MALD ionization is given in Figure 91. 

External calibration was carried out using the average masses of singly protonated ion 

signals of bovine insulin  (5734.5), bovine insulin B-chain, oxidized (3496.9), bee 

venom melittin (2847.5), human adrenocorticotropic hormone (ACTH) fragment 

(2466.7), human neurotensin (1673.9), human angiotensin I (1297.5), human 

bradykinin (1061.2) and human angiotensin II (1047.2).  

To minimize the formation of sodium and potassium adducts,CHCA matrixwas purified 

by crystallization therefore CHCA was dissolved in 5mL warm Ethanol  until saturation 

point was reached. The solution was filtered and CHCA was precipitated by addition 

of 10 mL cold deionized water and incubated at 4°C over night.The CHCa crystals 

were filtrered, washed with a small amount of deionized water and dried by 

lyophylization. 

 

 

 
Figure 91: Schematic representation of a linear time-of-flight matrixassisted laser desorption mass 
spectrometer (212). 
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3.8.2. ESI-Ion-Trap mass spectrometry  

 

ESI-MS (electrospray ionization mass spectrometry) measurements were performed 

on Esquire 3000+ quadrupole ion trap mass spectrometer (Bruker Daltonics, Bremen, 

Germany).  Peptides were solved in 50% methanol, 1%  formic acis in water in 

concentrations between 10-50 mM and measured by direct infusion to MS  with a flow 

rate of 5-10 µL/min applied by a Harvard Apparatus Model 44 programmable syringe 

pump (Harvard Apparatus, Kent, UK). The electrolyte-containing analyte solution is 

pumped through a metal capillary needle biased to a high potential relative to a counter 

electrode. Due to the strong electric field present at the capillary tip the liquid is 

dispersed into an aerosol of fine charged droplets. These droplets are transferred from 

atmospheric pressure into the vacuum of the analyzer, and free ions are released from 

the shrinking droplets. The ions are focussed by the octapoles into the quadrupole ion 

trap (Figure 92). In the Ion trap a radio-frequency (RF) voltage is applied to the ring 

electrode, while the end-cap electrodes are grounded (221). Based on the potential 

difference between the electrodes and the geometries of these components an ideal 

quadrupole field is produced. The ions with the required m/z range are introduced and 

were temporarily trapped inside the electrode. The ions with the different masses 

experiencing stable oscillation.  Next, the high-frequency voltage is gradually 

increased, then the oscillation of the ion with a current mass becomes unstable and 

these ions are discharged via the hole in the end-cap electrode and released to the ion 

detector. Therefore it is possible to accumulate weak signals over extended period of 

time, and then eject the ions in a mass-selective manner to the detector or transmit 

them to further mass analyses such as MS/MS fragmentation. 
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Figure 92: Schematic of in inlet and detection systems on the ion trap mass spectrometer. Adapted from 
(222). 

Mass spectra were recorded in positive-ion mode. The parameters of the ion source 

chosen for best ionization were applied as follows: nebulizing gas (nitrogen) pressure 

ranging from 15-20 psi, drying gas (nitrogen) flow rate was set to 6 L/min., drying gas 

temperature ranging between 200-250 °C, capillary voltage was set to -3.5 kV, end 

plate offset was 500 V, capillary exit was set to 80-120 V. MS measurements for 

sequence  confirmation of synthetic peptides were performed by manually selecting 

double or  triple charged peptide ions and fragmenting them by collision-induced 

dissociation(CID).  

By collision induced dissociation gas-phase ions of biomolecules can be specifically 

fragmented and therefore structural information of these biomolecules can be 

obtained.   

Tandem MS consists of activation of a primary precursor ion by addition of excess 

internal energy to this ion, dissociation, followed by mass analysis of the product ion. 

Fragmentation pattern for a given protein is highly reproducible and specific.  

The types of fragment ions observed in an MS/MS spectrum depend on many factors 

including primary structure, internal energy, how the energy was introduced, and 

charge state. A generally accepted nomenclature for fragment ions is the system 
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proposed by Roepstorff and Fohlman. Fragments can only be detected if they carry at 

least one charge. The cleavage pattern of a bond in the peptide chain backbone can 

occur in either of three types of bonds Cα-C, C-N, or N-Cα, which yields six types of 

fragments that are labeled an, bn, cn, when the positive charge is kept on the N-terminal 

part and xn, yn, zn, when the positive charge is kept on the C-terminus part Figure 93. 

 

 

Figure 93: Peptide cleavage nomenclature proposed by Roepstorff and Fohlman. Peptide ions fragment 
at the peptide backbone to produce major series of fragment ions. Fragment ions from N-terminus are 
called a, b, c, and fragment ions from the C-terminus are called x, y, z ions. 

LC-MS measurements were performed on an Agilent 1100 Series HPLC System 

(Agilent Technologies, Waldbronn, Germany) coupled to the Esquire 3000+ ion trap 

mass spectrometer (Bruker Daltonics, Bremen, Germany). The solvent system 

employed consisted of 0.3 % formic acid in water (solvent A) and 0.3 % formic acid in 

acetonitrile (solvent B). The separation gradient was varied dependent on the sample 

with increasing concentration of solvent B, at a flow rate of 50 µL/min. The samples 

(lyophilized peptide mixtures generated by proteolysis) were dissolved in solvent A and 

5-15 µL were used for one injection. The columns employed for the LC separations 

were: 150 x 2 mm, 3 µm C8 and C18 (Altman Analytik, München, Germany) and 150 

x 1 mm, 3 µm C8 Vydac MS (Grace, Deerfield, IL, US). Mass spectra were recorded 

in positive-ion mode, scanning between 50-2500 m/z. The ion source parameters 
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were: nebulizing gas pressure 20 psi, drying gas flow rate 10 L/min., drying gas 

temperature 250 °C, capillary voltage -3.5 kV, end plate offset 500 V, capillary exit 120 

V. MS/MS measurements for the identification of proteolytic peptides were carried out 

in auto-fragmentation mode by CID. 

 

 

3.8.3. ESI-FTICR-mass spectrometry 

ESI-FTICR MS measurements were performed with a Bruker (Bruker Daltonik, 

Bremen, Germany) Apex II FT-ICR mass spectrometer equipped with an actively 

shielded 7 T superconducting magnet (Magnex, Oxford, UK) and a cylindrical infinity 

ICR cell.  

Peptide-carbohydrate solution was directly infused to MS  with a flow rate of 20 µL/min 

applied by a Harvard Apparatus Model 44 programmable syringe pump (Harvard 

Apparatus, Kent, UK). 

The measurements were done in positive ion mode, with a capillary voltage of -4.2 kV, 

endplate voltage -3.8 kV, nebulizer gas pressure of 15 psi, dry gas 9L/min, dry 

temperature of 150°C, skimmer voltages 1 at 10 V, - 2 at 7 V and capillary exit at 50 

V. Acquisition and processing of spectra were performed with the XMASS software 

(Bruker Daltonik, Bremen, Germany).  

 

Figure 94: Schematic representation of a Fourier-transform ion-cyclotron resonance (FT-ICR) mass 
analyzer. Ions in a FT-ICR oscillate around the magnetic field at frequencies that are related to their 
mass-to-charge (m/z). As the ions oscillate near the top and bottom metal plates of the cubic trapping 
cell, they induce an alternating current that can be measured and then related to their m/z ratio. Note 
that whereas the FT-ICR cell is small, it is in a high magnetic field (typically a super-conducting magnet), 
so the actual instrument size is large. (221) 
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The ion cyclotron resonance (ICR) defines the movement of the ions in a strong 

magnetic field. The ions loop on small orbits in the ICR cell with different speeds 

depending on their mass. The ions are separated by mass using radio frequency 

pulses by absorbing this RF energy and reaching the maximum orbit close to the 

detector plates. FT-mass spectrometers apply Fourier transform mathematical 

operations for generating mass spectra from the time domain transient produced by 

the detection system (221). 

 

 

3.8.4. ESI-QTOF mass spectrometry for H/D-exchange studies  

Hydrogen-deuterium (H/D) exchange mass spectrometry is used to study the 

conformation and dynamics of proteins.   The process of the H/D exchange is depicted 

schematically in the Figure 95.  When a protein is diluted into a solution of D2O, labile 

hydrogen atoms, such as those on primary amines, will exchange with deuterium 

rapidly.  The amide hydrogens from the protein backbone exchange at measureable 

rates depending on conformation and dynamics of the protein.  In highly dynamic 

unstructured regions, the exchange reaction proceeds on the milliseconds to seconds 

timescale while amides that are hydrogen bonded will exchange more slowly in 

minutes to days. The rate of deuterium incorporation is characteristic of local structure 

and dynamics. This deuteration rate can be measured with mass spectrometry. 

 

Figure 95: Schematic representation of the Hydrogen- deuterium exchange. The hydrogen atoms of 
the amide backbone of the protein are replaced by deuterium dependant on their accessibility – 
exposed hydrogens exchange faster with deuterium compared to protected hydrogens.(adapted from 
(223))  
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In MS-based H/D exchange experiments proteins/peptides were incubated with 

deuterated solvents over different periods of time and then this exchange reaction can 

be quenched by lowering pH to ~2.5. Quenching is followed by proteolysis, 

chromatographic separation, and mass analysis (see figure). The quenching locks the 

pattern of deuteration imprinted on amide backbone before HPLC and MS. The mass 

shifts that arise through the incorporation of deuterium into the protein are monitored 

by mass spectrometry.  

Differences in H/D exchange for free and complexed protein serve to map the contact 

surfaces in the complex. 

 

 

Figure 96: Schematic representation of the HDX procedure: The protein is incubated in deuterated buffer 
for a defined time range, then the reaction is quenched with acid and cooling the solution to 0 °C. The 
deuterated protein is digested with pepsin and the peptic digest is separated on HPLC and measured 
by mass spectrometry. The shift of isotopic pattern of the peptides to higher m/z range indicates the 
number of exchanged deuteriums. (picture adapted from (228).  

Hydrogen-deuterium (H/D) exchange studies were performed in the Lab of Prof. 

Claudia Maier, at Oregon State University. 
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For H/D exchange studies of rGal-5 and rGal5-peptides Gal5[49-60] and Gal5[68-80] 

were solved in 25 mM PBS pH=7.5 to a concentration of 2.5 mg/mL mixed with 10 mL 

D2O, then incubated for seven different time periods: 30 s, 1 min, 2 min, 5 min, 15 min, 

30 min and 60 min. The reaction was quenched with 10 mL 0.42% H3PO4 to achieve a 

pH of 2.5 and frozen with liquid nitrogen. The optimal amount of acid to achieve a pH 

of 2.5 was elucidated in previous experiments. After quenching the reaction the protein 

solution was directly injected onto the cooled Poroszyme Immobilized Pepsin column 

and digested online (chapter 3.4.3), for 3 min at 0-0.5°C and then automatically applied 

to UPLC-ESI-QTOF-MS. In case of H/D exchange studies of the peptides, online-

Pepsin digest was skipped and peptide solution was directly applied to UPLC-ESI-

QTOF-MS. (experimental procedure is illustrated in Figure 97) 

 

 

Figure 97: Experimental procedure of H/D exchange experiments 

A persistent problem is the degradation of HDX information due to undesired 

deuterium-hydrogen exchange (back exchange) of deuterium label during the 

chromatographic separation needed to prepare samples for MS measurement (223).  

To minimize the back-exchange, proteolysis and subsequent mass spectrometry 

analysis must be done at low temperature and as quickly as possible. Therefore 

chromatographic separation was performed at 0-0.5 °C.  
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To elucidate the extent of back exchange and for mathematical correction of the HDX 

results back-exchange experiments were performed. An in solution pepsin digest of 25 

mg rGal-5 was performed as described in chapter 3.4.3, afterwards immobilized pepsin 

was removed by centrifugation and peptide solution was mixed with 100 mL D2O and 

lyophilized. For the Gal5-peptides, the peptides were directly solved in 100 mL D2O 

without prior Pepsin digestion and lyophilized. This step was repeated 3 times.  

Then the fully deuterated peptides were solved in 1:1, D2O:0.42% H3PO4 and injected 

onto UPLC-ESI-QTOF-MS.  

 

The extent of H/D exchange was calculated using equation: 

𝐷 =
𝑚−𝑚0%

𝑚100%−𝑚0%
𝐻  

:where m is the measured mass of deuterated protein or peptide; m0% is the measured mass of a “zero-

deuteration” control; m100% is the measured mass of a “full-deuteration” control; and H is the total 

exchangeable amide hydrogens excluding the N-terminal residue and prolines present in the protein or 

peptide. 

 

Hydrogen-deuterium (H/D) exchange studies were performed on SYNAPT HDMS 

QTOF Mass Spectrometer. 

In the Synapt MS Instrument the sample is first introduced into a nano ESI Ionization 

source with stepwave ion transfer optics which eliminates uncharged contaminants. 

After the molecules were ionized in the source chamber, the ions are isolated by 

quadrupole and subsequently trapped (and if required fragmented) in the ion trap part 

of the Triwave segment, then the ions can be separated using ion mobility, and 

transferred to TOF-MS (see chapter 3.8.1). 
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Figure 98:  Schematic representation of Synapt QTOF mass spectrometer. 

 
The data was acquired with MassLynx 4.1 (chapter 3.10.5) and further processed with 

ProteinLynx Global Server (PLGS, see chapter 3.10.5), DynamX (chapter 3.10.7) and 

HX-Express (chapter 3.10.7.).  

 

 

3.9. Surface acoustic wave measurements 

The surface acoustic wave (SAW) measurements were performed on a S-Sens K12 

Biosensor (SAW Instruments GmbH, Bonn, Germany). 

The SAW technique allows for measuring the binding events similar to surface plasmon 

resonance (SPR).   

In general, SAW devices generate and detect acoustic waves using interdigital 

transducers (IDT) on the surface of a piezoelectric crystal (quartz wafer). The two IDTs 

are located on each end of the chip and work as input and output. Therefore one IDT 

(input) converts an electrical signal (25-500 MHz) through the reverse piezoelectric 

effect into polarized transversal waves traveling parallel to the sensing surface 

whereas the other IDT (output) converting the wave back into an electric signal by the 

piezoelectric effect (229, 230) .The basic setup of a SAW-based biosensor is shown in 

Figure 99.  
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Figure 99: Basic SAW biosensor setup exemplified by a SAW immunosensor. The arrows at the top 
indicate the flow of the liquid sample (1) in which the sensor is immersed. The elements of the SAW 
biosensor are a piezoelectric crystal (2), IDTs (3), the surface acoustic wave (4), and immobilized 
antibodies/carbohydrates (5) corresponding to the analyte/lectin molecules (6) in the sample. The driving 
electronics (7) operate the SAW biosensor and generate changes in the output signal (8) as the analyte 
binds to the sensor surface (229). 

In this way, the acoustic energy is strongly confined at the surface of the device in the 

range of the acoustic wavelength, regardless of the thickness of the complete substrate 

(lit). For this reason, the wave is very sensitive towards any change on the surface, 

such as mass loading, viscosity and conductivity changes.  

The SAW device is operated by the driving electronics and integrated in a sample flow 

carrying the analyte (Figure 100). Analyte-specific molecules (e.g., carbohydrates) are 

immobilized on the SAW device to catch analyte molecules (e.g., Lectins) from the 

sample stream. When analytes binding to the immobilized capture molecules the 

increased mass load slows down the velocity of the wave which is monitored as a 

change in the phase-shift between input and output signals. This change vs. time is 

recorded in the SAW phase sensorgram. Also changes in signal amplitude are 

recorded and may be processed to get additional sample information (e.g. on solvent 

viscosity) (230). 

Therefore saw measurements could be used for the determination of the kinetic 

constants, the KD, Kon, and Koff. A fit of the SAW phase sensorgram based on a 

theoretical binding model, using the data analysis software supplied with the 

instrument yields a pseudo-first-order rate constant called observed rate constant (kobs 

= koff + Canalyte * kon) can be determined for every analyte concentration. When this kobs 

values are plotted vs. analyte concentrations, the association rate constant (kon) is 
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obtained from the slope of the trend line and the dissociation rate constant (koff) from 

the intercept point. These values are used to calculate the equilibrium dissociation 

constant, KD = koff * kon
-1. 

Thus, to permit the use of a SAW device as a biosensor, the device has to be coated 

with a biospecific layer corresponding to the analyte. The immobilization chemistry 

strongly depends upon the underlying SAW substrate with or without a guiding layer 

and hence on the chemical environment available. Gold surfaces, for example, allow 

the use of functionalized thiols, whereas quartz or SiO2 surfaces enable the use of 

various silanes. Both methods provide monolayers of active groups for the subsequent 

coupling of analyte-specific molecules. Thus the surface modification method of SAW 

biosensors is highly independent of the detection principle and can often be derived 

from other label-free detection methods- 

As mentioned there are several possibilities for immobilization of the analyte-specific 

molecules. In the performed experiments a self-assembled monolayer (SAM) was 

obtained on the surface of the gold chip by incubating the chip overnight (12-16 hours) 

at 25 °C in 10mM 16-mercaptohexadecanoic acid in chloroform. The chip was then 

washed with ethanol and dried with nitrogen or compressed air. 

The 16-mercaptohexadecanoic acid was immobilized with their thiol groups on the gold 

surface of the biocore chip while the carboxyl-terminal of the 16-

mercaptohexadecanoic acid was free for the coupling to a linkerpeptide modified with 

lactose (lactosyl-glycoprobe, see chapter 3.3.1).  

The chip was therefore placed into the instrument and washed with deionized and 

degassed water at a flow of 300 µL/min to remove air bubbles trapped in the flow cell. 

Afterwards the flow was switched to 30 µL/min for all subsequent operations. All 

solvents employed were freshly prepared and degassed by sonication under vacuum 

prior to use, to prevent introduction of air bubbles in the system, which would cause 

erratic signals. All sample injections were performed at 23 °C. For immobilization of 

the lactosyl glycoprobe (synthesis described in chapter 3.3.1) the  carboxyl groups of 

the 16-mercaptohexanioc acids need to be activated by injection of 150 µL of a 1:1 

aqueous mixture of 200 mM 1-ethyl-3 (3dimethylaminopropyl)carbodiimide(EDC) and 

50mMN-hydroxysuccinimide(NHS). The 150 µL from a 10 µM aqueous glycoprobe 

solution was injected and bind to the activated carboxylgroups. The remaining 

succinate ester groups were capped with 1 M ethanolamine in water, pH 8.5. The chip 
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was washed with deionised water. The running flow was then changed from water to 

binding buffer (NH4HCO3, pH 7.5).   

The lectin/peptide was injected on the chip and the interaction was followed by the 

SAW measurement. Afterwards regeneration was performed between analyte 

injections with an acidic, acetonitrile-based solution. This was followed by re-

equilibration in running buffer and the next injection was performed. A sensorgram with 

the corresponding steps is shown in Figure 91.  

At the end of the experiment the chip was removed from the instrument and stored 

overnight at 4 °C in 50 % aqueous ethanol. For prolonged storage the chips were 

washed with ethanol, dried and kept at 4 °C. After several sets of measurements, when 

signal degradation or loss of binding was observed, the gold surface was completely 

regenerated by removing all traces of organic substances. This was achieved through 

careful treatment with 2 mL from a 1:1 mixture of 96 % H2SO4 and 30 % H2O (Piranha 

solution) in a small clean glass container, for 40-60 min.  

 

 

Figure 100: Workflow of the SAW Bioaffinity measurements. 
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3.9.1. KD determinations of synthetic carbohydrate binding 

peptides and full proteins  

 

For determining dissociation constants, a series of increasing analyte (peptide or 

lectin) concentrations in PBS were injected in volumes of 150 µL at a flowrate of 30 

µL/min, which yielded association times of 5 min for each concentration. The 

dissociation time was set to 5 min. Regeneration was performed between analyte 

injection with a 2:1 mixture of ACN with 0.1 % aqueous TFA for 2-5 min, followed by 

was reequilibration for 5 min in binding buffer. 

The recorded sensorgrams were fitted with the Fitmaster add-in (SAW Instruments, 

Bonn, Germany) in OriginPro 7.5G (OriginLab Corporation, Northampton, USA) 

according to the theoretical 1:1 Langmuir binding model.  

The Kobs (K observed) of lectin interact with the immobilized carbohydrate are directly 

obtained from the fitted curves of the SAW measurement and  

The observed rate constants (kobs = koff+ C) were plotted versus analyte 

concentrations. Linear regression of the data points yielded the association (kon) and 

dissociation (kOff analyte) rate constants that were used to obtain the equilibrium 

dissociation constant KD= koff* kon-1 

 

 

3.10. Computer Programs 

3.10.1. GMPAW 

For the correct molecular weight determination of peptides and proteins and the 

proteolytic fragments obtained after protease digestion, the GPMAW 5.0 (General 

Protein/ Mass Analysis for Windows) (Lighthouse Data, Denmark) program was used. 

This program made the calculation of average and the monoisotopic masses for 

[M+H]+-ions and also the values of fragment ions having different charges. Also the 

simulation of the proteolytic digestion of peptides and proteins, followed by searching 

for different fragments having a known mass could be done. Using this program is 

possible to introduce different modifications at certain amino acid positions. GPMAW 
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5.0 program may predict the secondary structure and the hydrophobicity of a given 

protein or peptide sequence.  

 

 

3.10.2. Programs for protein/peptide modeling 

The modeling of the galectin structures which are presented in this work have been 

designed with Phyre2, the peptides were modeled using Pepfold. For graphical 

representation Molsoft ICM browser was used. 

 

 

3.10.3. DataAnalysis  

The DataAnalysis software (Bruker Daltonics,   is for processing, advanced data 

mining, and browsing analyses acquired on Bruker Daltonics mass spectrometers. 

One can load multiple analyses at the same time and dedicated algorithms e.g. 

protein/peptide analysis, structural elucidation, and compound identification are 

available. Processed data and graphs can be copied to clipboard and exported in 

various file formats including mascot generic format (mgf-files). 

 

 

3.10.4. Mascot Server 

The Mascot software is web-based and developed by Matrix Science  

(www.matrixscience.com). The application is used for identification, characterization, 

and quantitation of proteins from primary sequence databases using mass 

spectrometry data. Mascot compares observed spectra to a database (e.g. Swiss-Prot, 

NCBI) of theoretical spectra and scores. Finally, the protein/peptide identifications are 

ranked by statistically confidence, and displayed. OriginLab 3.18.9 Origin provides 

extensive set of data analysis tools (e.g. curve fitting, peak analysis, mathematics, 

statistic calculations) and graphing software (e.g. multiple layers). Origin imports many 

popular data formats such as ASCII, CSV, and xls. 
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3.10.5. MassLynx with PLGS plug-in 

MassLynx version 4.1 (Waters Corporation, Manchester, UK) software application 

controls Waters mass spectrometer, and provide data analyses. The program was 

mainly used for viewing and processing chromatograms and spectra. Three processes 

for use on chromatograms are available to improve the presentation of the data: 

Background subtract, smoothing and integration. Additional a number of features to 

enhance the clarity of the mass spectra are available (e.g. refine, background subtract, 

center, MaxEnt).  The PLGS (ProteinLynx global server) plug-in was used for the 

assignment of the different peptides observed after unspecific peptic digestion and  

 

 

3.10.6.  Mestrenova with nmass plug-in 

Mestrenova version 6.0.2, nmass plug-in version 5.3.0 (Mestrelab Research S.L., 

Santiago de Compostela, Spain) was mainly used for viewing and processing 

chromatograms and spectra. 

 

 

3.10.7.  DynamX/HX-Express 

DynamX - (Waters Corporation, Manchester, UK) and HX-Express (224) software was 

used for semi-automated analysis of hydrogen/deuterium exchange mass 

spectrometry data. 
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4. SUMMARY 

Glycosylation is one of the most important post-translational modifications. 

Carbohydrate-protein interactions belong to a fundamental type of biological 

interactions which underlie key physiological - and pathophysiological processes in all 

organisms, such as cell differentiation, fertilization, pathogen infection, cellular 

recognition, intracellular regulation, tumor growth and - metastasis.  

The molecular characterisation of protein-carbohydrate interactions is of high 

importance for understanding the mechanisms by which lectins, carbohydrate- 

metabolizing enzymes and anti-carbohydrate antibodies exert their functions. The 

increasing insight into the broad functionality of protein-carbohydrate recognition 

engenders a growing potential for defining diagnostic targets and biomarkers and for 

other medical applications in glycan-directed drug-design.  

The essential amino acids of proteins participating in carbohydrate recognition are 

classically identified by NMR, site-directed mutagenesis or X-ray crystallography. 

However these methodologies are limited by requiring large amounts of highly pure 

sample and by the complex experimental procedure not feasible for all proteins. 

Therefore the development of alternative strategies for the identification and 

characterization of carbohydrate recognition structures in biological active proteins is 

of high interest. Mass spectrometry is known to be a valuable tool for the 

characterization of biomolecules with high sensitivity, low requirements in sample 

purity and sample consumption and therefore perfectly usable as basis for the 

development of new methods for identification of carbohydrate binding structures in 

proteins. 

Studies in this PhD project are anticipated to increase the knowledge about the type 

and range of affinity between carbohydrates and proteins. New approaches for the 

study of protein-carbohydrate interactions were explored leading to new insights in 

properties of proteins not well characterized until now. Moreover, the knowledge of 

new carbohydrate recognizing sequences of lectins and carbohydrate metabolizing 

lysosomal enzymes, that are known to cause  lysosomal storage diseases (LSD) and 

their binding properties can lead to development new tumor diagnostics and 

diagnostics for LSD enzymes.  

 



 

Summary  146 

The first part of the PhD project was focused on development of novel affinity-mass 

spectrometric methods, CREDEX-MS, for the identification of carbohydrate recognition 

structures in carbohydrate-binding proteins. The approaches combine (i), proteolytic 

fragmentation without (extraction) and with the presence of ligand contact (excision), 

and (ii), mass spectrometric identification of affinity-bound protein fragments. 

These MS based methods require far lower amounts and purities of sample than X-

Ray crystallography and NMR and can be carried out maintaining the native structure 

of the protein. The methods were investigated, optimized and applied for the 

characterization of carbohydrate-protein interactions in galectins and lysosomal 

enzymes which are known to cause lysosomal storage diseases (LSDs).  

Namely carbohydrate binding peptides of rat galectin-5, human galectin-9, including 

their N-and C-domain as well as of α-galactosidase A were identified. Lectins are found 

in a large number of organisms and their localization reflects their diversity of function. 

First, they are invaluable tools for detection, isolation and characterization of 

glycoconjugates, primarily glycoproteins, for histochemistry of cells and tissues and for 

the examination of changes that occur on cell surfaces during physiological and 

pathological processes. Their important roles on cell surfaces in the incurrence of 

cancer, cell-cell communication in inflammation processes, for recognition of viruses 

and bacteria to their host organisms and also in fertilization processes are major issues 

for the high interest in this field and they may represent potential targets for drug 

development.   

For this experiments different ligands (lactose, blood group A trisaccharide, blood 

group A tetrasaccharide and deoxygalactonojirimycin) binding to the lectins and 

lysosomal enzymes were first immobilized on an affinity column. For extraction 

experiments a solution of the digested enzyme in binding buffer is added to the column. 

Impurities and excess ligand are washed away with binding buffer and after verification 

of clean background by mass spectrometry; the bound peptides were eluted with acidic 

aqueous-organic elution mixture and identified by mass spectrometry. In the excision 

approach, lysosomal enzymes and lectins dissolved in binding buffer will be bound to 

the affinity column with immobilized ligand, then the proteins were digested on the 

column; washing, elution and identification procedures were carried out in the same 

manner as performed for the extraction experiment. In the excision procedure the 

epitope is shielded by the ligand and therefore cannot be digested, so if there is a 
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cleavage site within the carbohydrate binding sequences, the excision and extraction 

procedure would show different results.   

The methods were optimized for each protein and ligand regarding the ligand 

immobilization, proteolytic digestion conditions, composition of buffers and eluents, 

and the washing protocols. The elution fractions were analyzed by mass spectrometry 

and the discovered peptides were either compared with available crystallographic or 

modeling data. The lactose binding peptides identified by proteolytic-excision and -

extraction MS contain the conserved galactose-binding motifs HxNxR and WGxExR/K 

harboring the amino acids essential for carbohydrate recognition. The newly developed 

mass spectrometric approaches were also employed for the identification of blood 

group A oligosaccharides recognition sites. Additional peptides to the previously 

investigated lactose-binding peptides were identified, demonstrating that the affinity-

MS approaches are capable of discriminating between binding structures of complex 

oligosaccharides. The MS results were in complete agreement with the available X-ray 

crystallography data on galectins-carbohydrate complexes. For galectins without 

available crystal structures, the results obtained in this thesis experimentally 

ascertained the binding sites predicted on the basis of sequence similarities.  

Due to the broad applicability to a large variety of sugar binding proteins these mass 

spectrometric approaches were implemented to another type of pharmaceutical 

relevant carbohydrate recognizing proteins, to carbohydrate-metabolizing lysosomal 

enzyme alpha-galactosidase A. The malfunction of alpha-galactosidase causes Fabry 

disease, belonging to a group a group of mostly inherited metabolic disorders called 

lysosomal storage diseases (LSDs). LSDs occur due to genetic mutations which result 

in misfolding, inactivation or lack of activation of lysosomal enzymes. As a 

consequence, the corresponding substrates, mostly carbohydrates, are not 

metabolized and thus accumulate in lysosomes, leading to severe pathophysiological 

effects In this thesis the deoxygalactonojirimycin (DGJ)-binding site in alpha-

galactosidase A was identified. DGJ is a structural analogue mimicking galactose and 

therefore binding to the active site in alpha-galactosidase A. Binding site identifications 

were performed using immobilized N-(5-Carboxypentyl)-1-deoxygalactonojirimycin 

and the newly developed proteolytic-extraction mass spectrometry methods. DGJ was 

discovered to act as a pharmacological chaperone and is therefore a promising target 

for new treatment strategies. Therefore the understanding how specific DGJ binds to 

alpha-galactosidase A facilitates the development of new drugs and diagnostics in 
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LSDs. The DGJ-binding peptides identified contain the key amino acids involved in 

DGJ binding, in agreement with previously reported modeling data of the enzyme in 

complex with DGJ. Additional the identified peptides are in well agreement with X-ray 

crystallographic data of the galactose-alpha galactosidase A-complex.  

All experiments were performed under rigorously controlled conditions, optimized to 

exclude unspecific binding. 

 

The second part of this thesis is focused on the evaluation of the binding capabilities 

of the derived carbohydrate binding peptides. The peptides identified by proteolytic- 

excision and -extraction MS were synthesized by solid-phase peptide synthesis. The 

interaction of the peptides with carbohydrates was characterized using affinity-mass 

spectrometry. The synthetic peptides were incubated with the immobilized 

carbohydrates and after several washing steps, the affinity-retained peptides were 

eluted and analyzed by mass spectrometry. The results ascertained the specificity of 

the ligand-contacting synthetic peptides for the individual carbohydrates, thus 

validating the identifications made by proteolytic-excision and -extraction mass 

spectrometry. The specificity of the results was ascertained by control experiments 

using unmodified matrix or immobilized carbohydrates the peptide should not bind to. 

Additional non covalent peptide-lactose complexes of peptides derived from CREDEX-

MS of rat galectin-5 were measured by ESI-FTICR-MS. Therefore peptides were 

incubated with lactose in solution and measured under soft ionization by ESI FTICR-

MS. Thereby the affinity of these peptides to lactose could be verified as well as the 

1:1 binding of the peptides to lactose was illustrated 

 

For further structural characterization and in the deep understanding of the 

carbohydrate binding in insufficiently studied rat galectin-5 H/D exchange studies were 

performed. The protein as well as the derived were studied using HD exchange with 

and without binding beta-lactose. The impact of beta-galactose binding to rat Galectin-

5 was studied by continuous labeling experiments at eight time points. Therefore rat 

galectin-5 was incubated deuterated buffer for defined time points from 30s to 60 min. 

The exchange reaction was quenched and the deuterated protein samples were 

digested online with pepsin and separated online by LC and subsequently analyzed by 

MS/MS. Different peptides were identified to be blocked by lactose binding including 
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the peptides harboring the essential amino acids for galactose binding. To elucidate 

the single amino acids participating in lactose binding. synthetic rat galectin-5 peptides 

identified by proteolytic- excision and -extraction MS were subjected to continue 

labeling experiments with- and without binding to lactose. The by lactose blocked 

amino acids were identified reviewing the fragmentation data derived from Tandem-

MS spectra. The identified amino acids blocked by lactose binding are in good 

agreement with the previously observed data containing the essential amino acids in 

galactose recognition. 

 

The final part of this thesis describes the quantitative determination of the binding 

affinities of intact galectins as well as of the corresponding synthetic peptides to lactose 

by surface-acoustic wave (SAW) biosensor analyses. An affinity probe consisting of a 

neoglycopeptide was prepared by coupling lactose to a peptide carrier. The probe was 

immobilized on the SAW gold chip and the equilibrium dissociation constants (KD) 

determined by analyzing the binding of increasing concentrations of galectins and 

synthetic peptides. The KD values obtained for the intact galectins were in the 

micromolar range, in agreement with the results of previous studies employing frontal 

affinity. The KD values of the ligand-binding peptides were 2 orders of magnitude 

higher, which is consistent with the smaller size and the assembled arrangement in the 

carbohydrate recognition domain. 

 

In summary, in the present dissertation new affinity-mass spectrometry approaches 

were developed and proven to be powerful tools for the identification and quantitative 

characterization of protein-carbohydrate interactions, and for obtaining relevant 

information on carbohydrate-binding sites in galectins and alpha galactosidase A. The 

new methods are fast, require very low amounts of sample and are applicable to 

various proteins not examinable by other methods until now. Therefore these methods 

provide a molecular complement to X-ray and NMR approaches. 
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5. ZUSAMMENFASSUNG 

Glykosylierung ist eine der häufigsten post-translationalen Modifikationen, mehr als die 

Hälfte aller eukaryotischen Proteine sind glykosyliert. Protein-Kohlenhydrat- 

Wechselwirkungen gehören zu den wichtigsten biologischen Interaktionen, z.B. bei der 

Erkennung und Signalübertragung an Zelloberflächen, Zellmembrantransport- 

Prozessen, bei Infektionen oder der Metastasierung von Tumorzellen. Um  

Mechanismen von kohlenhydrat-bindenden Proteinen, wie Lektinen, Zucker-

abbauenden Enzymen oder Anti-Kohlenhydrat Antikörpern besser zu verstehen ist die 

Charakterisierung der Kohlenhydrat-Protein- Wechselwirkung auf molekularer Ebene 

von großer Bedeutung. Die wachsende Einsicht in die Protein-Kohlenhydrate 

Erkennung bildet die  Grundlage für die Ermittlung diagnostischer Zielstrukturen und 

Biomarkern und für die Entwicklung neuer Kohlenhydrat-Wirkstoffe. 

Röntgenkristallography, NMR oder ortsspezifische Mutagenese sind die klassischen 

Methoden zur Identifizierung von essentiellen Aminosäuren bei der 

Kohlenhydraterkennung durch Proteine. Diese Methoden sind jedoch aufwendig, 

benötigen große Mengen an Substanz mit hoher Reinheit und sind somit auch nicht 

für alle Proteine durchführbar. Daher ist die Entwicklung alternativer Methoden zur 

Identifizierung und Charakterisierung von Kohlenhydrat-Bindungsstrukturen in 

biologisch aktiven Proteinen von großem Interesse. Dabei ist die Massenspektrometrie 

ein potentes Werkzeug zur Charakterisierung von Biomolekülen mit hoher 

Empfindlichkeit, geringer benötigter Probenmenge und geringen Anforderungen an die 

Reinheit der Probe. Dementsprechend ist sie bestens geeignet als Grundlage für neue 

Methoden zur Identifizierung Kohlenhydrat-bindender Strukturen in Proteinen. 

Studien in dieser Dissertation sind darauf ausgelegt das Verständnis über Art und 

Affinität von Kohlenhydratbindungsstrukturen zu erweitern.  Neue Methoden zur 

Untersuchung von Protein-Kohlenhydrat-Interaktionen wurden entwickelt um Einblicke 

in die Eigenschaften wenig erforschter Proteine zu gewähren. Darüber hinaus kann 

die Ermittlung neuer Kohlenhydrat-erkennender Peptid-Sequenzen in Lektinen oder 

Kohlenhydrat-verstoffwechselnder Enzyme, welche lysosomale Speicherkrankheiten 

auslösen können, zur Entwicklung neuer Diagnostika im Bereich der Tumor Erkennung 

oder der Diagnose von lysosomalen Speicherkrankheiten beitragen. 
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Der erste Teil der Dissertation widmet sich der Entwicklung neuere Affinitäts-

massenspektrometrischer Methoden, genannt CREDEX-MS, zur Identifizierung von 

Zuckerbindungsstrukturen in Proteinen. CREDEX-MS stellt eine Kombination von 

enzymatischer Proteolyse mit (Exzision) oder ohne Ligandenkontakt (Extraktion) und 

massenspektrometrischer Identifizierung der spezifischen Affinitäts- gebundenen 

Peptidfragmente eines Kohlenhydrat- bindenden Proteins dar. 

Diese MS-basierten Verfahren benötigen im Vergleich zu herkömmlichen Verfahren 

wie Röntgenkristallographie oder NMR wesentlich geringe Proteinmengen, haben 

niedrigere Anforderungen an die Probenreinheit und können zur Untersuchung von 

Proteinen in ihrer nativen Faltung genutzt werden. Diese Methoden wurden entwickelt, 

optimiert und angewendet zu Charakterisierung von Kohlenhydrat-Protein Interaktion 

in Galektinen und Lysosomalen Enzymen, welche lysosomale Speicherkrankheiten 

auslösen können. 

Genauer gesagt wurden Kohlenhydratbindenden Peptide sowohl in Galektin-5 (Ratte), 

Galektin-9 (human), als auch in den  N- und C-terminalen Domänen von Galektin-9 

und in α-Galaktosidase A identifiziert. Lektine findet man in einer Vielzahl von 

Organismen, in denen sie verschiedenste  Funktionen ausüben. Sie sind wichtige 

Werkzeuge in der Erkennung, Isolierung und Charakterisierung von Glycokonjugaten, 

für die Histochemie von Zellen und Geweben und für die Untersuchung von 

Veränderungen auf Zelloberflächen während physiologischer und pathologischer 

Prozesse. Sie sind an der Entstehung von Krebs, bei der Zell-Zell-Kommunikation in 

Entzündungsprozessen, der Bindung von Bakterien – oder Viren an ihre 

Wirtsorganismen und auch an Befruchtungsprozessen beteiligt und stellen somit einen 

wichtigen Ansatzpunkt für die Arzneimittelentwicklung in diesen Bereichen dar. 

In diesen Experimenten wurden zunächst verschiedene Liganden (Lactose, 

Blutgruppe A-Trisaccharid, Blutgruppe A Tetrasaccharid und 

Desoxygalactonojirimycin), welche an die entsprechenden Lektine und lysosomalen 

Enzyme binden, auf einer Affinitätsmatriximmobilisiert. Für die Extraktionsexperimente 

wurden die Proteine zuerst enzymatisch in Lösung verdaut und dann in Bindungspuffer 

auf die Affinitätssäule gegeben und mit dem immobilisierten Kohlenhydrat inkubiert. 

Verunreinigungen, überschüssige - und nicht bindende Peptide  werden mit 

Bindungspuffer  herunter gewaschen und deren Abwesenheit wurde durch 

massenspektrometrische Messungen verifiziert. Die affinitäts-gebundenen Peptide 
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wurden mit einer sauren wässrig-organischen Lösung eluiert und mit Hilfe der 

Massenspektrometrie identifiziert. Bei dem Exzisionsansatz wurden lysosomale 

Enzyme und Lektine in Bindungspuffer gelöst und auf der Affinitätssäule mit den 

immobilisierten Liganden inkubiert. Dann wurden die Proteine auf der Säule verdaut 

und wie schon für das Extraktionsverfahren beschrieben, die nicht gebundenen 

Peptide und Verunreinigungen durch Waschen entfernt und die gebunden Peptide 

eluiert und identifiziert. Bei dem Exzisionsverfahren wird das Epitop durch die Bindung 

an den Liganden abgeschirmt und kann daher nicht verdaut werden. Wenn also eine 

Spaltstelle innerhalb der Kohlenhydrat-Bindungssequenzen vorliegt, würden das 

Exzisions- und das Extraktionsverfahren unterschiedliche Ergebnisse liefern. 

Die Methoden wurden für jedes Protein und jeden Liganden hinsichtlich der Liganden-

Immobilisierung, der proteolytischen Verdauungsbedingungen, der 

Zusammensetzung der Puffer und der Eluenten und der Waschprotokolle 

optimiert. Die Elutionsfraktionen wurden durch Massenspektrometrie analysiert und 

die identifizierten Peptide wurden entweder mit verfügbaren kristallographischen oder 

Daten aus Computermodellen verglichen. Die durch proteolytische Exzision und -

Extraktion MS identifizierten Lactose-bindenden Peptide enthalten die konservierten 

Galactose-Bindungs-Motive HxNxR und WGxExR / K, die die für die Kohlenhydrat-

Erkennung essentiellen Aminosäuren beinhalten. Die neu entwickelten 

massenspektrometrischen Ansätze wurden auch zur Identifizierung von Blutgruppe-A-

Oligosaccharid-Bindungsstellen eingesetzt. Zusätzliche Peptide zu den zuvor 

untersuchten Lactose-bindenden Peptiden wurden identifiziert, was zeigt, dass die 

Affinitäts-MS Methodik in der Lage ist, zwischen Bindungsstrukturen von komplexen 

Oligosacchariden zu unterscheiden. Die MS-Ergebnisse stimmten vollständig mit 

verfügbaren Röntgen-Kristallographie-Strukturen von Galektin-Kohlenhydrat-

Komplexen überein. Für Galektine ohne verfügbare Kristallstrukturen wurden die 

ermittelten Bindungsstrukturen auf Basis von Sequenzähnlichkeiten zu anderen 

Galektinen und experimentell erhaltenen Ergebnissen diskutiert. 

 

Um die Anwendbarkeit dieser Affinitäts-Massenspektrometrischer Methodiken auf 

andere Zucker-bindende Proteinen zu überprüfen, wurden sie auf eine andere Art von 

pharmazeutisch relevante Kohlenhydrat-erkennenden Proteinen, auf das 

Kohlenhydrat-metabolisierende lysosomale Enzym alpha-Galactosidase A, 
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angewendet. Durch Fehlfunktion der α-Galactosidase A wird Morbus Fabry ausgelöst. 

Morbus Fabry gehört zur Gruppe der lysosomalen Speicherkrankheiten, eine Gruppe 

von meist vererbten Stoffwechselstörungen. Lysosomale Speicherkrankheiten werden 

durch genetische Mutationen ausgelöst, die zu Fehlfaltung, Inaktivierung oder 

verminderter Aktivität von lysosomalen Enzymen führen. Infolgedessen werden die 

entsprechenden Substrate, meist Kohlenhydrate, nicht metabolisiert und aggregieren 

daher in Lysosomen Dies führt zu schweren pathophysiologischen Effekten. In dieser 

Arbeit wurde die Deoxygalactonojirimycin (DGJ) -Bindungsstelle in α-Galaktosidase A 

identifiziert. DGJ ist ein strukturelles Analog zu Galaktose, welches in der aktiven Seite 

C bindet. 

Zur Identifikation der DGJ- Bindungsstelle wurde das kürzlich entwickelte 

proteolytische Extraktion-Massenspektrometrieverfahren verwendet: Hierfür wurde N- 

(5-Carboxypentyl) -1-desoxygalactonojirimycin an einer Amino-Toyopearl-matrix 

immobilisiert. Neue Studien belegen den Nutzen von DGJ als pharmakologisches 

Chaperon und somit als vielversprechendes Ziel für neue Behandlungsstrategien.  

Daher kann die Ermittlung, wie spezifische DGJ an Alpha-Galactosidase bindet, die 

Entwicklung neuer Medikamente und Diagnostika in lysosomalen Speicherkrankheiten 

vorantreiben. Die identifizierten DGJ-bindenden Peptide enthalten die essentiellen 

Aminosäuren, zur Bindung von DGJ an α-Galaktosidase A  in Übereinstimmung mit 

Modelldaten des Enzyms-DGJ-Komplex. Außerdem sind die massenspektrometrisch 

identifizierten Peptide in kompletter Übereinstimmung mit Röntgen-

kristallographischen Daten des Galactose-α-Galactosidase A-Komplexes. 

Alle Experimente wurden unter streng kontrollierten Bedingungen durchgeführt und 

optimiert, um unspezifische Bindung zu unterbinden. 

 

Der zweite Teil dieser Arbeit konzentriert sich auf die Überprüfung der 

Bindungsvermögen der identifizierten Kohlenhydrat-bindenden Peptide. Die durch 

proteolytische Exzision und -Extraktion MS erhaltenen Peptide wurden durch 

Festphasen-Peptidsynthese synthetisiert. Die Wechselwirkung der Peptide mit den 

Kohlenhydraten wurde durch Affinitäts-Massenspektrometrie charakterisiert. Die 

synthetischen Peptide wurden mit den immobilisierten Kohlenhydraten inkubiert und 

nach intensivem Waschen, wurden die affinitätsgebundenen Peptide eluiert und durch 

Massenspektrometrie analysiert. Dadurch konnte die Spezifität der synthetischen 
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Peptide für die einzelnen Kohlenhydrate bestätigt werden und somit Anwendbarkeit 

der proteolytischen Exzision und -Extraktions-Massenspektrometrie für die 

Identifikation von Kohlenhydratbindungs-Peptiden verifizieren. Um die Spezifität der 

Peptide für die jeweiligen Zucker zu überprüfen, wurden Kontrollversuche unter 

Verwendung der unmodifizierten Matrix oder mit immobilisierten Kohlenhydraten, an 

die das Peptid nicht binden sollte, durchgeführt. Die Peptide zeigten keine Bindung 

sowohl zu der unmodifizierten Matrix, als auch zu den für die Kontrollversuche 

verwendeten Kohlenhydraten. 

Um diese Wechselwirkungen weiter zu überprüfen wurden nicht-kovalente Peptid-

Lactose-Komplexe, der, durch CREDEX-MS von Galektin-5 ermittelten, Peptide mit 

Hilfe von  ESI-FTICR-MS detektiert. Hierzu wurden die Peptide mit Lactose in Lösung 

inkubiert, sanft ionisiert und durch ESI FTICR-MS gemessen. Dabei konnte die Affinität 

dieser Peptide zu Lactose sowie die 1: 1-Bindung der Peptide zu Lactose 

veranschaulicht werden. 

 

Um die Bindung zwischen Lactose und dem wenig erforschten Galectin-5 besser zu 

verstehen und strukturell zu charakterisieren wurden  H/D-Austausch- Studien 

durchgeführt. Das Protein sowie die Laktose-bindenden Galektin-5 Peptide wurden mit 

und ohne Bindung an β-Lactose mit H/D-Austausch-Massenspektrometrie untersucht. 

Der Einfluss der Bindung von β-Galactose an Galectin-5 mit Hilfe von kontinuierlichen 

Labeling-Verfahren, an acht verschiedenen Zeitpunkten, untersucht. Daher wurde 

Galectin-5 in deuteriertem Puffer, für definierte Zeitspannen zwischen 30 s bis 60 min, 

inkubiert. Dann wurde die Austauschreaktion gestoppt und die deuterierten 

Proteinproben online mit Pepsin verdaut und online per Flüssigkeitschromatographie 

getrennt und anschließend mit MS/MS analysiert und identifiziert. Es wurden 

verschiedene Peptide identifiziert, die durch Lactosebindung blockiert wurden, 

einschließlich der Peptide, welche die essentiellen Aminosäuren für die Bindung an 

die β-Galactose enthalten. Zur Aufklärung der einzelnen Aminosäuren, die an der 

Bindung zu Lactose beteiligt sind, wurden die synthetischen Galectin-5-Peptide, 

welche durch proteolytische Exzision und -Extraktion MS identifiziert wurden, 

kontinuierlichem Labeling mit Deuterium mit und ohne Bindung an β-Lactose 

ausgesetzt und mit H/D-Austausch-Massenspektrometrie untersucht. 
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Durch Untersuchung der aus der Tandem-MS erhaltenen Fragmentierungsdaten 

konnten die durch Lactose blockierten Aminosäuren identifiziert werden. Die 

identifizierten Aminosäuren, die durch Lactosebindung blockiert sind, stimmen 

hervorragend mit den zuvor erhaltenen Daten überein. 

 

Der letzte Teil dieser Arbeit beschreibt die quantitative Bestimmung der 

Bindungsaffinitäten von Lactose zu den intakten Galektinen sowie zu den 

entsprechenden synthetischen Peptiden mit einem Biosensorsystem auf Basis von 

akustische Oberflächenwellen. Hierfür wurde ein Neoglycopeptid durch Kopplung von 

Lactose an einen Peptidträger hergestellt und als Affinitätssonde genutzt. Das 

Neoglycopeptid wurde auf einem Biosensor-Goldchip immobilisiert und die 

Gleichgewichtsdissoziationskonstanten (KD) für ansteigende Konzentrationen von 

Galektinen und synthetischen Peptiden bestimmt. Die für die intakten Galektine 

erhaltenen KD-Werte lagen im mikromolaren Bereich im Einklang mit den Ergebnissen 

früherer Studien in denen frontale Affinitätschromatographie genutzt wurde. Die KD-

Werte der Kohlenhydrat-bindenden Peptide waren um 2 Größenordnungen höher, was 

mit der kleineren Größe und der nur partiellen Abbildung der kompletten Kohlenhydrat-

Erkennungsdomäne durch die Peptide zusammenhängt. 

 

Zusammenfassend wurden in der vorliegenden Dissertation neue Affinitäts-

Massenspektrometrie-Ansätze entwickelt, welche sich als leistungsfähige Werkzeuge 

für die Identifizierung und quantitative Charakterisierung von Protein-Kohlenhydrat-

Wechselwirkungen und für die Ermittlung relevanter Informationen über Kohlenhydrat-

Bindungsstellen in Galektinen und alpha-Galactosidase A erwiesen haben. Die neuen 

Methoden sind schnell, erfordern sehr geringe Probenmengen und sind auf 

verschiedene Proteine anwendbar, die bis jetzt nicht mit anderen Methoden untersucht 

werden konnten. Daher bieten diese Methoden eine Alternative zu 

Röntgenkristallographie- und NMR-Ansätzen zur molekularen Charakterisierung 

zuckerbindender Proteine. 
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7. APPENDICES 

7.1. Common acronyms and abbreviations  

1D  one-dimensional 

2D  two-dimensional 

3D  three-dimensional 

ACN  acetonitrile 

APS  ammonium persulfate 

DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCM  dichloromethane 

DMF  dimethylformamide 

EDTA  ethylenediaminetetraacetic acid 

e.g.  exempli gratia (for example) 

eq  equivalent 

ESI  electrospray ionization 

EtOH  ethanol 

Fmoc  9H-fluoren-9-ylmethoxycarbonyl 

HDX  hydrogen / deuterium exchange 

H hours 

i.d.  inner diameter 

i.e.  id est (“that is”) 

m/z  mass-to-charge ratio 

MALDI matrix assisted laser desorption ionization 

MeOH  methanol 

MQ  ultrapure water 

MS  mass spectrometry 

MS/MS  tandem mass spectrometry 

https://de.wiktionary.org/wiki/for_example
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MW  molecular weight 

NAC  non-amyloidogenic component 

NaP  sodium phosphate buffer 

NMM  N-methylmorpholine 

NMR  nuclear magnet resonance 

PAGE  polyacrylamide gel electrophoresis 

pH  negative logarithm of hydronium ion concentration 

PTM  post-translational modification 

PyBOP benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium  

hexafluorophosphate 

r.t.  room temperature 

RF  radio frequency 

RP-HPLC reversed phase - high performance liquid chromatography 

SDS  sodiumdodecylsulfate 

T  temperature 

TEMED N, N, N', N'-tetramethylethylenediamine  

TFA  trifluoroaceticacid 

TOF  time-of-flight 

RT retention time 

Tris  tris(hydroxymethyl)aminomethane 

m  mass difference 

alpha

beta  

 

 



 

Appendices  181 

7.2. Units 

%   percent 

°   degree 

°C   degree Celsius 

Da / kDa  Dalton / kilo Dalton 

g / mg / µg  gram / milligram / microgram 

h   hour 

K   Kelvin 

L / mL / µL  liter / milliliter / microliter 

m / cm / nm  meters / centimeters / nanometers 

M / mM / µM  mol per liter (molar) / millimolar / micromolar 

min   minute 

ms   milliseconds 

ppm   parts per million 

psi   pound-force per square inch 

rcf   relative centrifugal force 

rpm   revolutions per minute 

Torr    

V / kV   volts / kilovolts 
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7.3. Amino acids 

1-letter code 3-letter code name structure 

A Ala Alanine 

 

C Cys Cysteine 

 

 
 

D Asp Aspartic acid 

 

 

  

E Glu Glutamic acid 

 

 

 
 

F Phe Phenylalanine 

 

 

 

 

 

G Gly Glycine 

 

 

 

H His Histidine 
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1-letter code 3-letter code name structure 

I Ile Isoleucine 

 

K Lys Lysine 
 

 

L Leu Leucine 
 

 

M Met Methionine 
 

 

 

N Asn Asparagine 
 

 

 

P Pro Proline 
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1-letter code 3-letter code name structure 

Q Gln Glutamine  

 

 

S Ser Serine 
 

 

T Thr Threonine 

 

V Val Valine 
 

 

W Trp Tryptophan 
 

 

Y Tyr Tyrosine 
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7.4. Common mass spectrometric adducts 

In the following list some adduct ions from MALDI- and ESI-MS measurements in 

positive ion mode are summarized. 

Ion name Ion mass Charge 

M+3H M/3+1.0072 3+ 

M+2H+Na M/3+8.3345 3+ 

M+H+2Na M/3+15.7661 3+ 

M+3Na M/3+22.9892 3+ 

M+2H M/2+1.0072 2+ 

M+H+NH4 M/2+9.5205 2+ 

M+H+Na M/2+11.9982 2+ 

M+H+K M/2+19.9852 2+ 

M+ACN+2H M/2+21.5205 2+ 

M+2Na M/2+22.9892 2+ 

M+2ACN+2H M/2+42.0338 2+ 

M+3ACN+2H M/2+62.5470 2+ 

M+H M+1.0072 1+ 

M+NH4 M+18.0338 1+ 

M+Na M+22.9892 1+ 

M+CH3OH+H M+33.0334 1+ 

M+K M+38.9631 1+ 

M+ACN+H M+42.0338 1+ 

M+2Na-H M+44.9711 1+ 

M+IsoProp+H M+61.0653 1+ 

M+ACN+Na M+64.0157 1+ 

M+2K+H M+76.9190 1+ 
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Ion name Ion mass Charge 

M+DMSO+H M+79.0212 1+ 

M+2ACN+H M+83.0603 1+ 

M+IsoProp+Na+H M+84.0551 1+ 

2M+H 2M+1.0072 1+ 

2M+NH4 2M+18.0338 1+ 

2M+Na 2M+22.9892 1+ 

2M+K 2M+38.9631 1+ 

2M+ACN+H 2M+42.0338 1+ 

2M+ACN+Na 2M+64.0157 1+ 

M: MW of the peptide/protein 
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7.5. Supporting figures 

(a) 

  

  

(b)   Predicted sequence    

MAFSGSQAPYLSPAVPFSGTIQGGLQDGLQITVNGTVLSSSGTRFAVNFQTGFSGNDIAFHFNPRFEDGG

YVVCNTRQNGSWGPEERKTHMPFQKGMPFDLCFLVQSSDFKVMVNGILFVQ 

 By Edman ascertained sequence 

AFSGSQAPYLSPAVPFSGTIQGGLQDGLQITVNGTVLSSSGTRFAVNFQTGFSGNDIAFHFNPRFEDGGYV

VCNTRQNGSWGPEERKTHMPFQKGMPFDLCFLVQSSDFKVMVNGILFVQ 

Figure 101: Edman Sequencing results of the first five N-terminal amino acids of hGal-9N. (a) Edman 
chromatograms of the standard and of the aa 1-5 of hGal-9 and (b) the predicted and by Edman 
sequencing determined Sequence of hGal-9N. 

 

 

 

 

 

 

Third amino acid: S 

Edman amino acid standard 

 

First amino acid: A 

Second amino acid: F 

Fourth amino acid: G Fifth amino acid: S 
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 (a) 

  

 

  

  

(b)   Predicted sequence    

MAFSGSQAPYLSPAVPFSGTIQGGLQDGLQITVNGTVLSSSGTRFAVNFQTGFSGNDIAFHFNPRFEDGG

YVVCNTRQNGSWGPEERKTHMPFQKGMPFDLCFLVQSSDFKVMVNGILFVQYFHRVPFHRVDTISVNGS

VQLSYISFQPPGVWPANPAPITQAVIHTVQSAPGQMFSTPAIPPMMYPHPAYPMPFITTILGGLYPSKSILLS

GTVLPSAQRFHINLCSGNHIAFHLNPRFDENAVVRNTQIDNSWGSEERSLPRKMPFVRGQSFSVWILCEA

HCLKVAVDGQHLFEYYHRLRNLPTINRLEVGGDIQLTHVQT 

 By Edman ascertained sequence 

AFSGSQAPYLSPAVPFSGTIQGGLQDGLQITVNGTVLSSSGTRFAVNFQTGFSGNDIAFHFNPRFEDGGYV

VCNTRQNGSWGPEERKTHMPFQKGMPFDLCFLVQSSDFKVMVNGILFVQYFHRVPFHRVDTISVNGSVQ

LSYISFQPPGVWPANPAPITQAVIHTVQSAPGQMFSTPAIPPMMYPHPAYPMPFITTILGGLYPSKSILLSGT

VLPSAQRFHINLCSGNHIAFHLNPRFDENAVVRNTQIDNSWGSEERSLPRKMPFVRGQSFSVWILCEAHCL

KVAVDGQHLFEYYHRLRNLPTINRLEVGGDIQLTHVQT 

Figure 102: Edman Sequencing results of the first seven N-terminal amino acids of hGal-9. (a) Edman 
chromatograms of the standard and of the aa 1-7 of hGal-9 and (b) the predicted and by Edman 
sequencing determined Sequence of hGal-9. 

Edman amino acid standard 

 

First amino acid: A 

Second amino acid: F Third amino acid: S 

Fourth amino acid: G Fifth amino acid: S 

Sixth amino acid: Q Seventh amino acid: A  




