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Abstract 

This thesis describes the development and application of mass spectrometry methods to 

study protein-ligand interactions in vitro. Liquid sample desorption electrospray 

ionization mass spectrometry (liquid sample DESI-MS) was employed to quantify 

protein-carbohydrate interactions in aqueous buffer solutions. Protein-carbohydrate 

interactions were quantified using liquid sample DESI-MS and it was found to be in 

agreement with values obtained by the direct ESI-MS assay.  

A rapid and quantitative method was developed to screen oligosaccharides 

libraries against lectins by the proxy protein ESI-MS assay. In this present work, the 

proxy protein ESI-MS method combined with direct ESI-MS protein-ligand binding 

assay and competitive protein binding assay was developed to detect and quantify 

interactions of protein target e.g. pathogenic protein, with glycan library. When direct 

detection of target protein by ESI-MS is not possible this method will facilitate the 

quantification of protein against ligand libraries. This method was applied to screen small 

oligosaccharide libraries against the N-terminal fragment of the family 51 carbohydrate-

binding module, a fucose-binding bacterial lectin from Ralstonia solanacearum and the P 

particle of human norovirus, to demonstrate the reliability and versatility of the assay.   

Finally, comparative studies of human milk oligosaccharides (HMOs) 

specificities of human galectin-1, 3, 9 were described by using direct ESI-MS assay as 

compared to glycan array method. Human milk oligosaccharides (HMOs) have a variety 

of biological functions against pathogens and serve as prebiotic. To quantify the 

interaction between three human galectins and 32 HMOs, electrospray ionization mass 

spectrometry (ESI-MS) direct binding assay method was used. The data show that 
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galectins have broad HMO specificity with association constants ranging from 10
3
 to 10

5
 

M
-1

 along with no affinity for several specific HMOs. Binding affinity of galectins was 

found to be similar to binding affinity to histo-blood type oligosaccharides. Weak or no 

binding was established for galacto-oligosaccharides (GOS) and fructo-oligosaccharides 

(FOS). These values were compared to values obtained from glycan array analysis. 

Significant difference was observed which depicts the reliability of the direct ESI-MS 

assay for quantifying protein-ligand interaction.     
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or (b) 2 μM L7. Insets show normalized distribution of free and ligand-bound RSL before 
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acetate solution (pH 6.8, 25 °C) of Gal-1 (G1, 3 μM) and Pref (2 μM)  with (a) 5 μM L3 

or (b) 10 μM L3. Insets show normalized distribution of free and ligand-bound Gal-1 

before ( ) and after ( ) correction for nonspecific ligand binding. 

Figure 4.3. ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-3C (G3, 8 μM) and Pref (3 μM)  with (a) 20 μM 

L3 or (b) 40 μM L3. Insets show normalized distribution of free and ligand-bound Gal-
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distribution of free and ligand-bound Gal-3C before ( ) and after ( ) correction for 
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Figure 4.12. Structure of the of fructo-oligosaccharides; L34 (-D-Fru-(21)-[-D-Fru-
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Figure 4.14.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 
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times or (b) ~ 2400 times diluted solution of Vivinal GOS syrup. Insets show normalized 

distribution of free and ligand-bound Gal-1 before ( ) and after ( ) correction for 

nonspecific ligand binding. 

Figure 4.16.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-9N (G9, 10 μM) and Pref (0.7 μM)  with (a) 0.05 

g/L or (b) 0.1 g/L diluted solution of Vivinal GOS 90 powder. Insets show normalized 

distribution of free and ligand-bound Gal-9N before ( ) and after ( ) correction for 

nonspecific ligand binding. 

Figure 4.17.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-9 (G9, 10 μM) and Pref (1 μM)  with (a) ~ 2500 

times or (b) ~ 2000 times diluted solution of Vivinal GOS syrup. Insets show normalized 

distribution of free and ligand-bound Gal-9N before ( ) and after ( ) correction for 

nonspecific ligand binding 

Figure 4.18.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-1 (G1, 6 μM) and Pref (1 μM)  with (a) 30 μM L34 

or (b) 40 μM L34. Insets show normalized distribution of free and ligand-bound Gal-1 

before ( ) and after ( ) correction for nonspecific ligand binding. 
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Figure 4.19. ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-9N (G9, 10 μM) and Pref (1 μM)  with (a) 40 μM 

L34 or (b) 60 μM L34. Insets show normalized distribution of free and ligand-bound 

Gal-9N before ( ) and after ( ) correction for nonspecific ligand binding. 

Figure 4.20. Comparison of binding affinity, Ka,app (M
-1

) obtained from direct ESI-MS 

method to RFU value obtained from CFG glycan microarray data V 5.0 of (a) Gal-1, (b) 

Gal-3C and (c) Gal-9N. Concentration of each of the 3 galectins is given in the diagram 

for respective RFU value. Chart ID were taken from glycan microarray data V 5.0 and 

errors correspond to one standard deviation in the represented data.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 
 

List of Abbreviations 

Ab  Abundance of gas-phase ions  

Abapp Apparent abundance of gas-phase ions 

ACS Average charge state 

BIRD  Blackbody infrared radiative dissociation  

CaR  Catch-and-release  

CEM  Chain ejection model  

CD Circular dichroism 

CID  Collision induced dissociation  

CRM  Charge residue model  

Da  Dalton  

DC  Direct current  

DESI  Desorption electrospray ionization  

ECD  Electron capture dissociation  

ELISA  Enzyme-linked immunosorbent assay  

ESI  Electrospray ionization  

ESI-MS  Electrospray ionization mass spectrometry  

ETD Electron transfer dissociation 

FTICR Fourier transform ion cyclotron resonance 

Fuc Fucose 

Gal Galactose 

Gal-3C The C-terminal fragment of human galection-3 

GalNAc N-acetylgalactosamine 



xxii 
 

Glc  Glucose  

GlcNAc  N-acetylglucosamine  

H  Hydrogen  

H-bond  Hydrogen bond  

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HMOs  Human milk oligosaccharides  

HPLC  High performance liquid chromatography  

i.d. Inner diameter 

IEM  Ion evaporation model  

IMS  Ion mobility separation  

IS  Internal standard  

ITC  Isothermal titration calorimetry  

Ka  Association constant  

Ka,app  Apparent association constant  

L  Ligand  

Lyz Lysozyme 

m/z  Mass-to-charge ratio  

m-NMA 3-nitrobenzoic acid 

MS  Mass spectrometry  

MW  Molecular weight  

nanoESI  Nanoflow electrospray ionization  

N  Nitrogen  

Neu Neuraminic acid 



xxiii 
 

Neu5Ac N-Acetylneuraminic acid 

NMR  Nuclear magnetic resonance  

O  Oxygen  

o.d. Outside diameter 

P  Protein  

PBS Phosphate buffered saline 

PL  Protein-ligand complex  

Pref  Reference protein  

Pt Platinum 

Q-IMS-TOF Quadrupole-ion mobility separation time-of-flight 

R  Abundance ratio  

RF  Response factor  

RF Ratio frequency 

S/N Signal to noise ratio 

scFv  Single chain variable fragment  

SPR  Surface plasmon resonance spectroscopy  

TOF  Time of flight  

Tris  Tris(hydroxymethyl) aminomethane  

TWIMS  Travelling wave ion mobility spectrometry  

Ubq Ubiquitin 

v/v Volume per volume 



1 
 

Chapter 1 

Study of Protein-Carbohydrate Interactions by Electrospray Ionization Mass 

Spectrometry for Development of Mass Spectrometry Methods 

 

1.1 Introduction 

1.1.1 Carbohydrates: Structure and Function 

In our living system, proteins, nucleic acids, lipids, and carbohydrates are the major 

classes of organic molecules. Except carbohydrates, all other molecules caught the 

attention of the researchers even though carbohydrates underlie a broad area of biological 

function. This negligence of carbohydrate research might be due to their ubiquitous 

nature and structural complexity.
1
 But recently, carbohydrate research got significant 

attention with the expansion of the field of glycobiology.
2,3

 Carbohydrates are the most 

commonly found organic molecules in nature and they are synthesized and metabolized 

in almost all organisms. They can be used to store energy (glycogen and starch), to form 

structural components (cellulose and lignin) in plants and do many others housekeeping 

functions in living system. Carbohydrates are often found as covalently linked to cellular 

proteins and lipids which are secreted in the cell secretory pathway
4
 and sometime they 

are found as free oligosaccharides in milk and saliva.
5
 Cell surface carbohydrates, e.g. 

gangliosides, globosides and histo-blood group antigens (HBGAs) are involved in many 

physiological functions that include signal transduction and recognition, embryonic 

growth and development, host pathogen interaction, immune response, metastasis, 

intracellular trafficking and rigidity of membrane,
6-12

 whereas free carbohydrates in 

human milk and saliva can act as decoys and inhibit the binding of pathogen lectins to 
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host cell receptors.
13

 Free human milk oligosaccharides also have prebiotic effects and 

can promote the growth of Bifidobacterium bifidum which is responsible for protecting 

the gastrointestinal tract from various deleterious effects.
5
 Carbohydrates are mainly 

present as glycolipids and glycoproteins on the cell surface. Glycolipids form the lipid 

part of the plasma membrane whereas glycoproteins remain integrated inside the cell 

membrane proteins. Intriguing features are that they are not encoded by the genome even 

though they contain enormous amount of biological information.
14

 Simple carbohydrates 

are well known for their chemical and physical properties but complex carbohydrates 

especially those present on the cell surface are difficult to understand and their role 

during normal physiological condition and disease condition are yet to be thoroughly 

studied.
12,15-22

               

1.1.2 Protein-Carbohydrate Interactions 

Multivalent binding interactions are common in a large number of biological processes.
23

 

Among all type of interactions, the bivalent-bivalent interaction got the focus of the 

scientists because lot of growth factors present in biological system appear to induce 

receptor dimerization which leads to signal transduction.
24

 However, other systems 

involve multivalent interactions, including the multivalent binding between 

glycoconjugates and carbohydrates with lectins. Cross-linking interactions show that 

multivalent lectins complexed with glycoconjugates result in the formation of 

supermolecular assemblies.
25

  

Lectins are one of the common carbohydrate proteins that are widely distributed in 

nature, including plants, animals and microorganisms. Many animal lectins are well 

studied and they have known biological functions. For example, lectins are needed for 
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receptor-mediated endocytosis of glycoproteins; selectins are implicated for cellular 

recognition and adhesion.
26

 Galectins have roles in metastasis, cellular growth control, 

triggering inflammation, and regulation of cell death.
27

 Structural studies showed that 

multivalent lectin complexed with carbohydrates by cross linking have different 

specificities for these types of interactions.  Two different types of multivalent complexes 

are usually observed. Type 1 complexes can be formed by cross linking bivalent lectin 

and bivalent carbohydrate (Figure 1a) whereas type 2 complexes are formed between 

lectins and carbohydrates where one of the two molecules possesses a valency of more 

than 2. An example of tetravalent lectin complexed with divalent carbohydrates is shown 

in Figure 1b.
25

             

 

                 

 

 

 

 

 

Figure 1.1. (a) Schematic presentation of a type 1 cross-linked complex. (b) Schematic 

presentation of a type 2 cross-linked complex 

 

Low affinity binding is the common characteristic of protein–carbohydrate interactions. 

Usually these bindings are weak which is in 10
3
 – 10

6
 M

-1
 range. It is known that 

favorable enthalpy is the key to these types of interactions which is offset by the multiple 
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contacts that occurr during binding. These contact points are driven by van der Waals' 

interactions, hydrogen bonds and hydrophobic stacking between protein and 

carbohydrates.
28-32

 Recent studies have shown that polar-polar interactions (hydrogen 

bonds) in the binding site are responsible for strong affinity in between protein and 

carbohydrates as it requires charged groups which make the bond distance shorter.
29,33

 It 

is commonly known, enthalpy-entropy compensations are characteristics of weak 

interactions and favorable enthalpy is compensated by unfavorable entropy. One of the 

reasons for this compensation is water molecules which are involved in hydrogen 

bonding in between themselves as well as with hydrophilic exteriors of proteins and 

carbohydrates. So, water plays a crucial role in protein-carbohydrate interactions by 

contributing to the binding affinity with enthalpy-entropy compensations that seems be 

unique for each protein-ligand involved in interactions.
32,34-36

 So it is clear that, protein–

carbohydrate interactions comprise a unique structural-thermodynamic group where 

enthalpy and entropy changes might be relatively large, however free energy change of 

binding (∆G°) between a protein receptor and different ligands is relatively small. 

Therefore, increasing the protein–carbohydrate binding affinity by increasing free 

energy (∆G°) of specific interactions remains a difficult task.  

In brief, study of the molecular basis of protein-carbohydrate interaction along with 

binding specificity and affinity is fundamentally important for drug discovery and disease 

diagnosis. So, development of suitable analytical methods for in vitro quantification of 

biologically important protein–carbohydrate interactions is essential. There are two 

strategies that can be used to study these interactions. Water soluble oligosaccharide 



5 
 

analogues or water insoluble real cellular receptor such as glycolipids can be used to 

study these interactions.            

Various analytical techniques are available for studying protein-carbohydrate 

interactions.  Among them, X-ray crystallography is one of the most powerful techniques. 

Technology advancement in structure determination by using X-ray crystallography has 

increased the rapid advancement in three-dimensional protein structure determination. 

More than 80,000 X-ray structures of protein, protein-ligand and protein-protein 

complexes are reported in the PDB (PDB; http://www.pdb.org). Using X-ray 

crystallography information about protein-carbohydrate complexes and spatial 

arrangement can be easily studied. If protein structure and crystallization conditions are 

already known then routine determination of structure of protein-carbohydrate complexes 

is possible to investigate.
37,38

 However, strength of the protein-carbohydrate complexes 

cannot be evaluated by using this costly time-consuming technique. It also does not give 

idea about the nature of the interaction in solution and in crystal.
39

     

Solid phase chemical tools are gaining popularity day by day. Different approaches are 

applied to analyze protein carbohydrate interactions using solid-supported strategies. 

Surface plasmon resonance (SPR), enzyme-linked immunosorbent assay (ELISA), glycan 

microarray screening are some of the commonly used techniques.              

Surface plasmon resonance (SPR) has become an important technique and it is rapidly 

developing for studying protein-carbohydrate interactions. SPR is applied for binding 

kinetics determination, affinity of interactions, study of specificities, assay and screening 

as well as measurement of concentration of the protein and carbohydrates present in the 

system. Conventionally, SPR technique requires one binding element to be immobilized 
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on sensor chip. At the same time other binding element in solution is flowed over the 

surface of the sensor. Thus, protein-carbohydrate interaction is detected by measuring the 

small changes in refractive index at the sensor surface.
40-43

      

Enzyme-linked immunosorbent assay (ELISA) is a frequently used biochemical 

technique for evaluating protein carbohydrate interaction. Here carbohydrates are affixed 

to a surface and then a specific protein is applied over the surface so that it can bind to 

the carbohydrate ligands. Sometime proteins are linked to enzyme to convert an added 

substance to produce a detectable signal.
44

   

Glycan microarray is another popular technique which has changed the analysis of 

protein carbohydrate interactions. It can simultaneously provide enormous amount of 

protein carbohydrate binding information.
45-47

 This new technique involves application of 

a small amount of protein containing buffer to a microarray comprised of carbohydrate 

library which is then detected by fluorescence signal from a labeled protein or a 

secondary reagent that binds to protein. This technique allows interpreting result from a 

single experiment with small reagents. Using other approaches it might require months of 

work.
48

 However, glycan microarray cannot provide quantitative binding data for protein 

carbohydrate interactions. 

Glycans are most commonly immobilized on glass surface or microtiter plates, gel beads 

and nitrocellulose membranes are used as solid materials. Both covalent and noncovalent 

immobilizations have been used for glycan array fabrication and they are modified with 

functional groups which react to surface of the base.
49,50

 Even though surface based 

approaches mimic the multivalent presentation of cell surface carbohydrates, their nature 

of coupling, ligand density and orientation, mobility of the ligands are always in question 
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and give false negatives.
51

 Also, these results are sometime not comparable to the results 

obtained from solution based methods.           

Among all solution based techniques, isothermal titration calorimetry (ITC) is considered 

as one of the most “clean” binding assay technique which can determine the 

thermodynamic binding parameters, i.e., affinity of binding (Ka), changes of enthalpy 

(ΔH), and stoichiometry of binding (n) of protein-carbohydrate interactions. For single 

analysis it requires large amount of sample (~mg) and long data acquisition time by using 

conventional ITC instrument.
30

               

Fluorescence polarization (FP) is a technique which provides information on mobility 

and orientation of a molecule including modulation occurs during protein-ligand 

interaction. FP utilizes the light emitting capacity of molecules. It measures the amount 

of light emitted from protein bound fluorescently tagged ligand after excitation by plane 

polarized light.
52

 

Nuclear magnetic resonance (NMR) spectroscopy is another commonly used technique. 

It is a solution based method and most commonly used for characterizing small protein 

structure in solution and for measuring interactions between proteins and ligands.
53,54

 

Saturation transfer difference (STD)-NMR method has been used for identification and 

characterization of the binding epitopes of ligands. For measuring binding, chemical-shift 

changes, changes of diffusion constant, relaxation time changes, nuclear overhauser 

effect changes are some significant parameters that are used for binding affinity 

measurement.
55

  

Electrospray ionization mass spectrometry (ESI-MS) is one of the emerging techniques. 

It can be used as a reliable tool for quantifying noncovalent protein interactions in 
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solution phase. The measurements are either direct or indirect. The assay is based on the 

detection of free and ligand-bound protein ions by ESI-MS following to the 

determination of the protein – ligand association constant (Ka) from the abundance ratio 

of the bound and unbound protein ions measured for a known solution of initial 

concentrations of protein and ligand. Direct ESI-MS assay is simple, doesn’t require 

labeling or immobilization. This method is fast and can be completed in ~1 minute. It 

gives insight into binding stoichiometry and the ability to measure multiple binding 

equilibria simultaneously. In addition, sample consumption is minimal while performing 

nanoflow ESI (nanoESI) which works at solution flow rates in the nL/min range and 

consume picomoles or less of analyte per analysis. Besides its diverse applications on 

quantifying noncovalent interactions, ESI-MS has appeared as an important addition to 

the arsenal of techniques available for reliable measurement of the chemical and 

biochemical reaction kinetics. Not only that, gas-phase studies of desolvated noncovalent 

protein complexes by ESI-MS offer an opportunity to study their intrinsic properties, i.e., 

their structure, kinetic stability and solvent effects. An overview of ESI-MS techniques, 

starting with instrumentation followed by application is given below. 

1.2 Electrospray Ionization Mass Spectrometry  

Before explaining the different ESI-MS techniques for studying non-covalent biological 

complexes, it is important to first explain the basic principles of ESI-MS.  

1.2.1 Electrospray Ionization  

ESI is a soft ionization method that can be used to introduce biologically important 

molecules into the gas phase without fragmentation. In 1991, Henion and coworkers 

discovered a non-covalent biological complex, a protein-ligand complex consisting of a 
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small hydrophilic immunosuppressive binding protein FKBP, with a specific ligand 

FK506, by ESI-MS for the very first time.
56

 Later on, ESI-MS has been used to detect a 

wide variety of non-covalent biological complexes, including enzyme-

substrate/inhibitor,
57

 lectin-carbohydrate,
58

 antibody-antigen,
56

 multiprotein
59

 and DNA-

ligand complexes.
60,61

  

Shown in Figure 1.2 is a diagram describing the ESI process involved in the formation of 

gas phase ions. In ESI-MS, analyte solution is placed into an ESI emitter, typically a 

metal capillary. The mechanism of the ESI process
63

 involves three separate steps:  

 

 

 

 

 

 

 

 

 

Figure 1.2. Schematic representation of ESI process in positive ion mode, adapted from 

reference.
62

 

(a) The production of charged droplets.  

By applying a high voltage to the ESI emitter, the electric field causes charge separation 

in the solution, where the charged electrolytes move towards the liquid surface leading to 

the formation of a liquid cone named as a Taylor cone.
64

 The enhancement of surface 



10 
 

area due to the cone formation is opposed by the surface tension of the liquid. Under 

adequate high field, the liquid cone becomes unstable and a fine jet emerges from the 

cone tip. The surface of the jet, which is charged by excess amount of positive ions, will 

break up into small charged droplets due to the repulsion between the charges. 

(b) The shrinkage of the droplets by solvent evaporation followed by droplet 

fissions.  

The charged droplets developed at the spray needle will shrink during solvent 

evaporation. Electric field is increased and it is normal to the droplet surface and the 

charge remains constant. As the density of the charges on the surface of the droplet 

enhances to near the Rayleigh limit, the time when the Columbic repulsion of the surface 

charges is equal to the surface tension of the droplets, they experience Rayleigh fission, 

and finally make small highly charged offspring droplets. 

(c) The gas phase ions formation.  

Three mechanisms have been proposed to account for the formation of gas-phase ions 

from the small and highly charged droplets:  

I. Ion evaporation model (IEM)  

II. Charge residue model (CRM).  

III. Chain ejection model (CEM) 

Ion evaporation model (IEM): Iribarne and Thompson
65,66

 proposed this model. Here it 

assumes that ions emit from the surface of highly charged droplets at the time when their 

sizes become small enough to emit from the droplets. Charges are acquired by analyte 

during evaporation from the droplets. The IEM is considered to operate for small 

inorganic and organic ions. 
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Charged residue model (CRM): This model is introduced by Dole and coworkers.
67

 It 

says that successive fissions of droplets finally produce highly charged nanodroplets 

which contain a single macromolecule. While the final droplets evaporate to dryness, 

charges on the droplets surface are transferred to the macromolecules resulting in the 

production of the gas-phase ions. The consequence of the CRM is the multiple-charged 

macroions production with a state distribution in a narrow range, and it is believed to be 

determined by a combination of the accessibility of ionizable residues near the droplet 

surface and the Rayleigh limit.
62,68

 The CRM is experimentally well-supported for 

natively folded proteins.
67-69

 

Chain ejection model (CEM): Konermann and coworkers
70-72

 suggested that the CEM 

applies to unfolded proteins where the chains of macromolecules are disordered, partially 

hydrophobic, and they are capable of carrying excess charge. This mechanism assumes 

that in a highly charged nanodroplet, the unfolded macromolecule chains immediately 

migrate to the droplet surface to minimize solvent interactions with the hydrophobic 

regions. When chain reaches the end point they get expelled into the gas-phase. This 

event is followed by stepwise sequential ejection of the remaining chain resulting in 

separation from the nanodroplet. In comparison to the ions of the folded protein 

generated via the CRM, the ions produced by the CEM are multiple-charged, though they 

usually carry more charges and exhibit a wider charge state distribution.
72
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Figure 1.3. ESI models proposed for the formation of gas-phase ions. (a) IEM: Small ion 

ejection from a highly charged nanodroplet. (b) CRM: Release of a folded protein into 

the gas-phase. (c) CEM: Ejection of disordered macromolecule. Figure is adapted from 

reference 70. 
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1.2.2 MS Instrumentation  

Mass analyzers are of different types. They include magnetic sector, quadrupole, ion trap, 

fourier transform ion cyclotron resonance (FTICR) and time of flight (TOF). In the 

present study, nanoESI combined with FTICR and hybrid quadrupole-ion mobility 

separation (IMS)-TOF mass spectrometers were used.  

1.2.2.1 Fourier transform ion cyclotron resonance mass spectrometer  

Shown in Figure 1.4 is a schematic diagram of the Bruker Apex-Qe nanoESI-FTICR 

mass spectrometer used in the present work (Chapters 2 and 4). The other mass 

spectrometer used in this thesis (Chapter 3) is a Synapt G2 and G2S Q-IMS-TOF mass 

spectrometer (Figure 1.7). The Apex-Qe is a hybrid quadrupole-FTICR mass 

spectrometer. The quadrupole in mass spectrometer can act as a mass filter to isolate 

targeted analyte ions for tandem MS (MS/MS) analysis. However, the quadrupole was 

operated in radio frequency (RF)-only mode and it served as a wide band-pass filter to 

transmit analyte ions. The operation scheme of the Apex-Qe is very similar to the 

previous generation Apex-II nanoESI-FTICR, where the ion source represents the main 

difference between them. The ions generated in the ESI process, with the help of a 

nebulizer gas and counter-drying gas first enter the vacuum system of the Apex Qe 

through a metal capillary. Later, these ions enter the transmitting funnels and skimmers 

orthogonally with the help of a deflector from the capillary exit present in the mass 

spectrometer. Then the ions are stored electrodynamically in the hexapole of the 

spectrometer followed by further accumulation in the quadrupole. After accumulation, 

these analyte ions are transferred through ion optics series into the ICR cell for detection.  
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FTICR mass spectrometers were used in this present study for their good resolving power 

and mass accuracy. The general operating principles of FTICR are elaborately described 

in many reviews
73-75

 and therefore, only a brief overview is given here. The ICR cell 

consists of three pairs of plates (trapping, excitation and detection) which are located 

inside a spatially uniform static superconducting high field magnet and it is cooled by 

liquid helium and liquid nitrogen. While the ions pass into the magnetic field they are 

bent into a circular motion in a plane perpendicular to the field (see Fig. 1.5) by the 

Lorentz force. The cyclotron frequency, ωc is expressed in eq 1.1: 

 

 

Figure 1.4. Schematic diagram of the Bruker Apex Qe 9.4-Tesla FT-ICR mass 

spectrometer used in this study. Figure is adapted from the Bruker user’s manual. 

 

                                    (1.1) 

 

where ωc is the cyclotron frequency, q is the charge of the ion (q = ze, where z and e are 

the charge and the elementary charge, respectively), B is the magnetic strength and m is 
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the mass of the ion. An important feature of eq. 1 is that all ions of a given m/z rotate at 

the same frequency, independent of their velocities. 

 

Figure 1.5. Illustration of the cyclotron motion of a positive ion of charge q moving with 

a velocity (v) in the presence of constant magnetic field (B) directed orthogonal to the 

motion of the ion. The ion experiences a Lorentz force F = q (v × B), which directs the 

ion to move in a counterclockwise orbit. 

 

At this point, no signal is observed from mass spectrometer because the radius of the ion 

motion is very small. In order to produce a signal for the analyte ions trapped in the ICR 

cell, excitation of each single m/z is achieved by a swept RF pulse throughout the 

excitation plates of the ICR cell. If the frequency of the applied electric field matches 

their ωc, the ions will absorb energy and thus they will move circularly with a bigger 

orbital radius but ωc will remain same. Shown in Figure 1.6 is the spiral trajectory of 

excited analyte ions with the same m/z and ωc. As they consistently pass the detection 

plates of the ICR cell which are parallel to the magnetic axis, the orbiting ions accelerate 

an alternating current (image current) on the plates (Figure 1.6). The amount of this 

current is proportional to the number of ions in the ICR cell during the frequency of the 

alternating current matches the ωc of the ions. FT converts the detected image current 
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from the time domain signal into the frequency domain and a mass spectrum can be 

generated as ωc is related to m/z. 

 

 

Figure 1.6. Illustration of excitation, image current detection and the production of mass 

spectrum by FTICR. 

 

A noteworthy feature of FTICR is its ultrahigh resolution which comes from the concept 

that all ions of a given m/z rotate at the same value of ωc which is free of their kinetic 

energy. The resolution of an FTICR mass spectrometer can routinely reach value of 

hundreds of thousands. The resolving power is directly proportional to the magnetic field 
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strength and the acquisition time. The acquisition time is the length of the detection phase 

and it is determined by the dataset size and the frequency of sampling. The longer the 

acquisition time (larger dataset size), the higher the resolution of the instrument. Thus, 

high vacuum (10-10 mbar) is required in the cell region of FTICR mass spectrometer, to 

nullify collisions with gas particles and deactivation of the ions. 

1.2.2.2 Quadrupole-IMS-TOF mass spectrometer  

Shown in Figure 1.7a is a schematic diagram of the Synapt G2 quadrupole-IMS-TOF 

mass spectrometer (Waters UK Ltd., Manchester, UK) equipped with a nanoESI source 

used in this present work (Chapter 3). Briefly, small droplets produced by nanoESI are 

first introduced into the mass spectrometer through a “Z-spray source”. It is used to 

minimize neutral contamination and improves the signal-to-noise. The resulting gaseous 

ions are transferred through a quadrupole mass filter to the ion mobility section of the 

instrument (Triwave). Later, the mobility separated analyte ions are detected by an 

orthogonal acceleration TOF mass analyzer (QuanTOF) which is equipped with a high 

field pusher and a dual-stage reflection.  

The other Waters Synapt G2-S nanoESI-quadrupole-IMS-TOF mass spectrometer used in 

this study (Chapter 3) is shown in Figure 1.7b. Overall, the operation scheme of the 

Synapt G2-S is quite similar to Synapt G2, but it is an updated generation with a newly 

improved “step-wave” design in the ion source of the instrument for improved 

transmission. This feature is suitable for resolving pick for large molecular weight protein 

and proteomics analysis where the complexity of the sample can be minimized by the ion 

mobility separation. 
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Figure 1.7. Schematic diagrams of (a) Waters Synapt G2 nanoESI-quadrupole -IMS-

TOF mass spectrometer and (b) Waters Synapt G2-S nanoESI-quadrupole-IMS-TOF 

mass spectrometer used in this present study. Figures were adapted from the Waters 

user’s manual. 

 

Both of the Waters Synapt G2 and G2-S nanoESI-quadrupole-IMS-TOF mass 

spectrometers were used in this study for their high sensitivity, broad mass range, and 

high IMS efficiency which enables separating samples based on size, shape, and charge, 
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as well as mass. A brief overview of three main parts of the Synapt mass spectrometer is 

provided.  

1.2.2.2.1 Quadrupole  

The quadrupole in the instrument consists of four cylindrical metal rods which are 

accurately positioned in a radial array and the diametrically opposed rods are paired. A 

direct current (DC) and a RF potential, 180 degrees out of phase, are commonly 

employed to each pair of rods.
76

 In the Synapt mass spectrometer, the quadrupole consists 

two parts, one is a quadrupole prefilter followed by another quadrupole mass filter. 

(Figure 1.8). The use of prefilter improves the absolute sensitivity by reducing the effects 

of fringing fields at the entry to the quadrupole. 

 

Figure 1.8. Schematic representation of the quadrupole in the Waters Synapt G2 Q-IMS-

TOF mass spectrometer. 

 

The quadrupole functions in RF only mode which transmits and passes ions over a wide 

m/z range to the following components of the instrument in the MS-TOF mode. In the 

MS/MS-TOF mode, the quadrupole functions with both RF and DC. Depending on the 

particular voltage and frequency applied, analyte ions of a specific m/z can be picked out 
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and move through the full length of the rods; other ions outside the m/z range are expelled 

out by hitting the rods. 

1.2.2.2.2 Triwave  

The Triwave part of the Waters Synapt G2 or G2-S mass spectrometer comprises of three 

T-wave ion guides (Trap, IMS and Transfer). Each of these ion guides comprises a series 

of planar electrodes. Opposite phases of a RF voltage are employed to nearby electrodes 

and provide a radially confining potential barrier. In the presence of gas, ion axial motion 

through the ion guide can be slowed or stopped because of the presence of axial traps 

generated by the ring geometry. To trigger ions through the gas, a DC voltage is 

superimposed on the RF employed to a pair of adjacent electrodes in a duplicating 

sequence along the length of the device. The series of potential hills produced are applied 

to the next pair of electrodes downstream at regular time intervals which provides a 

continuous sequence of T-waves. The ions within the device are forced to move away 

from the potential hills and accordingly they are carried through the device with the 

waves, reducing their transit time. Ions with enough mobility are rapidly pushed through 

the device by the T-Waves whereas ions with low mobility experience higher friction 

from the bath gas causing them to be decelerated. 

In the MS-TOF mode, the Trap T-Wave is generally engaged in trapping and 

accumulating ions. Later, ions are released in a group into the IMS T-Wave thus IMS is 

performed. A high-pressure helium-filled cell at the front of the IMS T-Wave cell is used 

to reduce scattering and/or fragmentation of ions. The Transfer T-Wave pushes the 

mobility separated ions to the QuanTOF part for detection. However in the MS/MS-TOF 
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mode, collision-induced dissociation (CID) can be performed in both the trap and transfer 

regions (~10-3 mbar). 

1.2.2.2.3 TOF  

In case of TOF analyzers, one of the physical properties that are assessed during an 

analysis is the ions’ flight time.
77

 Mass to charge ratio (m/z) values are determined by 

measuring the time that ions take to pass through a field-free region between the source 

and the detector, according to eq 1.2: 

2 s

2

2eV
m/z=t  

L
                     (1.2) 

where, m represents the mass of the ion, z is the charge of the ion, e is the elementary 

charge, Vs is the acceleration potential, t is the flight time and L is the length of the flight 

tube. Equation 2 shows that m/z can be calculated from a measurement of t. Low mass 

ions reach the detector faster than heavy mass ions. TOF analyzers are of two types: 

linear TOF analyzer and reflectron TOF analyzer. The linear TOF analyzer has a 

limitation. Here ions of the same m/z value may reach the detector at different times. This 

is because of the initial energy distribution, which results in peak broadening and poor 

resolution.  

Waters Synapt G2 or G2-S mass spectrometer uses a reflectron TOF analyzer. 

This TOF analyzer counterbalances the energy distribution of ions by using consecutive 

sets of electric grids of increasing potential and it deflects the ions and reverses their 

flight direction directing them back through the flight tube. Based on their kinetic energy, 

ions of the same m/z enter the field at different heights; ions with more kinetic energy and 

high velocity enter the field more deeply than ions with low kinetic energy. Therefore, 

the faster ions spend more time in the reflectron and reach the detector at the same time 
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as the slower ions with the same m/z. This effect changes mass resolution with minimal 

losses in sensitivity.  

After a detailed description of the basic principles and instrumentations of ESI-MS, an 

introduction of different areas of studying non-covalent protein-ligand interactions by 

ESI-MS is given in the following section 1.3. 

1.3 Quantification of Interactions of Non-Covalent Complexes by MS-Based 

Techniques 

1.3.1 Desorption Electrospray Ionization Mass Spectrometry (DESI-MS) 

1.3.1.1 Conventional DESI-MS 

In 2004, desorption electrospray ionization (DESI) was first introduced by Graham 

Cooks and co-workers from Purdue University.
78

 Use of sample without preparation is 

the major feature of DESI-MS.
78

 During the last decade, DESI has got the attention of 

many researchers and it has become a popular and powerful tool for developing ambient 

ionization methods. It has gained popularity because of its robustness and applicability to 

broad range and quality of analyte types. Not only that, the low cost for building a DESI 

source is another reason why it is widely used recently.
79

 The ionization mechanism of 

DESI-MS is very similar to ESI-MS. This is why mass spectra obtained from DESI-MS 

look similar to those produced by ESI-MS. In addition, DESI-MS is capable of featuring 

all the beneficial characteristics of ESI-MS (i.e., sensitivity, selectivity, and speed of 

analysis), hence, it has been increasingly applied to direct identification of 

pharmaceutical compounds, explosives, proteins and a range of various biological 

materials.
80

 So, it is crucial to understand the ionization processes in DESI. 
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A brief overview of DESI is described below with its mechanism. Shown in Figure 1.9 is 

a schematic representation of a typical DESI instrument.  

 

Figure 1.9. Schematic representation of typical DESI instrument, it is adapted from 

reference.
78

 

 

There are four major steps for the production of gaseous analyte ions from a typical 

DESI instrument. The process is named as “droplet pick-up” mechanism.
81

  

(a) High velocity charged ESI droplets formation: A high voltage is applied to solvent 

solution which produces high velocity jet of charged ESI droplets. It is ordinarily a 

mixture of H2O with organic solvent
82

 along with surrounding nebulizing gas. The 

solvent spray generally consists of droplets which vary in size ranging from 1 to 10 µm 

and velocity ≥ 100 m/s. The size and velocity of droplets depend on the capillary 

diameter, the employed voltage, the surrounding gas velocity, composition and most 

importantly flow rate of the spray solvent.
83,84

 Once the solvent droplets have been made, 

they start to reduce in velocity because of collisions with atmospheric molecules. The 

distance covered by primary droplets from the solvent capillary to the sample surface, is 
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generally few millimeters. Hence, the size and velocity of the primary droplets are almost 

the same as the initial values when they reach the sample surface.
84

 

(b) A thin film of liquid layer forms on the sample surface: While impacting on the 

sample surface, the solvent spray forms a thin liquid film on the top. The solvent solution 

collected on the sample surface experiences secondary droplet formation and emission 

happens through solvent evaporation under the strong surrounding gas flow. Hence, there 

is an equilibrium attained on the sample surface in between solvent deposited and 

evaporated from the surface. This process plays a crucial role for stability and 

reproducibility of the analysis.
85

  

(c) Desorption of analyte from sample surface to liquid phase: After forming a thin 

layer of liquid, analyte droplets dissolute on the sample surface. Here the analyte 

solubility plays a significant role during the sample extraction process from the surface. 

The signal and mass spectra in the DESI instrument are directly dependent on the 

solubility of analyte.
79,82,86

 In the meantime, primary droplets impacting the thin liquid 

film result in the production of secondary droplets containing analyte, which is the 

desorption process. Thus, the solid sample dried on the surface is successfully transferred 

to secondary droplets flying to the mass spectrometer inlet.
87

  

(d) Formation of secondary droplets from the sample surface: Secondary droplets are 

produced by the transfer of momentum from the high velocity primary droplets which are 

composed of liquid from both the thin liquid film on the sample surface and the primary 

spray droplets. The parameters in the DESI instruments, such as capillary tip distance 

from the sample surface and the surrounding gas velocity, can influence the desorption 

process and the formation of secondary droplets.
81

 In addition, Flow rate of gas, solvent 
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flow rate and some other instrumental parameters also affect the droplet evaporation. 

These parameters need to be optimized for successful generation of analytical results. 

Hence, the combination of all of these instrumental parameters with optimization is 

necessary for effective production of secondary droplets from the sample surface with 

sufficient energy that can reach the MS inlet. Later, highly charged secondary droplets 

experience the same ionization process to generate gas phase analyte ions as droplets 

produced by ESI (e.g., IEM and CRM) for effective detection.
88,89

  

1.3.1.2 Liquid sample DESI 

 

 

 

 

 

 

 

 

Figure 1.10. Schematic representation of the liquid sample DESI used in this study. 

 

Conventional DESI MS features has drawback which is related to presence of high 

molecular mass of the molecules (i.e., proteins) in the analyte solution. It reduces the 

instrumental signal, because of the unsuccessful desorption of protein ions from the 

surface of the sample.
90-92

 In order to resolve this problem, liquid sample DESI can be 

employed to analyze proteins. There was a report that ~150 kDa proteins were effectively 
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detected using liquid sample DESI where noncovalent interaction of protein-ligand 

complex was conserved during DESI ionization process.
93

 Hence, it is worth to analyze 

and study the potential of DESI in quantifying protein-ligand interactions. Shown in 

Figure 1.10 is the representation of the liquid sample DESI.   

In liquid sample DESI, the sample solution is delivered by the sample capillary rather 

than using dry sample on the surface, (Chapter 2). The mechanism of ionization of liquid 

sample DESI is the similar as droplet pick-up mechanism of conventional DESI MS 

which was discussed in section 1.3.1.1. However, there is a difference between the 

solution phase dissolution of dried sample and the mixing of liquid sample with solvent 

spray solution.  

Conventional DESI showed its ability to study analyte with less sample preparation and 

high tolerability of sample matrix to non-volatile salts.
78

 In the same way, it was 

hypothesized that liquid sample DESI may get over the major shortcomings of the ESI-

MS assay, which is generally carried out using limited types of volatile buffers e.g. 

aqueous ammonium carbonate, aqueous ammonium acetate solutions etc.
62

 As a result, 

analyte  becomes incompatible with most of the nonvolatile “physiological” buffers, such 

as Tris-HCl, phosphate buffered saline (PBS), citrate, HEPES etc in conventional ESI-

MS assay. These buffers are crucial for protein stability in solution and they reduce the 

protein aggregation.
94

 In addition, liquid sample DESI can produce multiply charged gas 

phase protein ions and non-covalent protein complexes without substantial unfolding of 

the proteins.
93

 Hence, the target of the Chapter 2 is to evaluate the reliability of liquid 

sample DESI for the protein-carbohydrate binding quantification and comparing the 
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results with values obtained by regular nanoESI-MS in aqueous ammonium acetate 

solutions. 

1.3.2 Direct ESI-MS Binding Assay  

The direct ESI-MS binding assay is established on the direct detection of free and ligand-

bound protein ions by ESI-MS. For a reversible interaction between monovalent protein 

(P) and a monovalent ligand (L), eq 1.3 shows 1:1 ratio complex where the association 

constant (Ka) is calculated by using eq 1.4: 

P + L  PL                                                     (1.3) 

a

[PL]
K =  

[P] [L]

eq

eq eq

                                              (1.4) 

where [PL]eq, [P]eq and [L]eq, are the equilibrium concentrations of PL complex, free P 

and L, respectively. They can be calculated from the initial concentrations of P and L in 

solution, which are [P]o and [L]o. At equilibrium eqs 1.5-1.7 represent the concentration 

ratio of PL and P. The ratio (R) of the total abundance (Ab) of PL to P ions (i.e., PL
n+

, 

P
n+

) measured in the gas phase by ESI-MS is expected to be equivalent to the ratio of the 

concentrations of PL and P in solution at equilibrium.
79

 

0[P] =[P] +[PL]eq eq                                                          (1.5a) 

0[L] =[L] +[PL]eq eq                                                          (1.5b) 

 
[PL](PL)

= =
(P) [P]

eq

eq

Ab
R

Ab
                                                     (1.6) 

0[P]
[PL] =

1+
eq

R

R
                                                                 (1.7) 

Ka value for 1:1 monovalent protein-ligand complex is determined from R, [P]o and [L]o 

using eq 1.8. 
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a

0 0

K =

[L] - [P]
1

R

R

R

                                                       (1.8) 

In cases for a multivalent protein (P) that can sequentially add up to q ligand molecules, 

the following q interactions are considered, eq 1.9: 

P + L  PL                                                                (1.9a) 

2PL + L  PL                                                            (1.9b) 

2 3PL  + L  PL                                                            (1.9c) 

                                                       ……… 

-1PL  + L  PLq q                                                        (1.9d) 

For the simplest case, it is assumed that all q binding sites are equivalent, with identical 

binding constants. More complicated cases have been discussed elsewhere.
95

 The 

equilibrium concentrations, [P]eq, [PL]eq, …, [PLq]eq, can be found from relative 

abundance of the representing ions observed in the mass spectrum and eq 1.10a. These 

values can be used to find the equilibrium concentration of L (eq 1.10): 

0 2[P] =[P] +[PL] +[PL ] +[PL ]eq eq eq q eq                         (1.10a) 

0 2[L] =[L] +[PL] +2[PL ] + [PL ]eq eq eq eq qq                                (1.10b) 

Ka can be determined from eq 1.12, which is based on the eq 1.11, where i is the number 

of occupied binding sites:
95

 

aK  = K (  -   + 1)/i q i i                                                              (1.11) 

( -1)

[PL ]
K  = 

[PL ] [L]

eq

eq

i

i

i eq

                                                                 (1.12) 
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Average Ka can be found from the binding constant determined for each of the binding 

reactions.  

However, ESI-MS binding measurements are usually limited to particular range of R 

values from 0.05 to 20 and P and L concentrations from 0.1 to 1000 μM which follows 

that Ka values compatible with the direct ESI-MS binding assay range from 

approximately 10
3
 to 10

7
 M

–1
.
96

 One the other hand, interactions with large Ka values can 

be examined using competitive binding approach and direct ESI-MS measurements. 

1.3.3 Indirect ESI-MS Assays  

Sometime protein-carbohydrate interactions cannot be studied using the direct ESI-MS 

assay. Because of protein heterogeneity or high molecular weight which makes protein 

peaks unresolvable due to instrumental limitations (mass range and mass resolution). In 

that case, indirect ESI-MS assay comes to play a vital role in studying protein-

carbohydrate interactions. In addition, direct ESI-MS assay method is incompatible with 

the analysis of membrane proteins or insoluble cellular receptors. In such cases, a 

combination of direct ESI-MS with competitive protein or ligand binding can be helpful 

to quantify these interactions. These types of indirect ESI-MS assays have been 

elaborately described in this thesis. The proxy protein ESI-MS method
97

 demonstrated 

the ability to quantify carbohydrate interactions with high molecular weight proteins 

(Chapters 3).  

Few other ESI-MS based strategies are available to quantify protein-ligand interactions. 

These methods rely on measuring free ligand concentration at equilibrium in solution. 

Depending on ESI-MS analysis of the relative abundance of the ligand (L) to the internal 

standard (IS), which corresponds to ligand (L), but does not have interaction to the target 
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protein (P), the dependence of free ligand concentration ([L]) in solution on the initial 

protein concentration ([P]0) can be obtained to find the Ka of P-L interaction.
98

 In another 

way, this method can be modified  to use a reference ligand (Lref), with known binding 

affinity for P, to determine the binding affinities from the relative abundance of the L to 

Lref by ESI-MS.
99

 

To understand the indirect ESI-MS assay, the proxy protein ESI-MS method is described 

in the following section for a single ligand and a ligand library. 

1.3.3.1 Proxy protein ESI-MS assay 

The implementation of the proxy protein ESI-MS method for ligand (L) binding to PT 

with three equivalent binding sites was described previously.
97

 Below, is a brief overview 

of the implementation of the method for monovalent Pproxy and PT binding to a single L 

and a library of ligands (L1, L2, …, Lx).  

(a) Application to a single ligand 

As discussed above and elsewhere, the proxy protein ESI-MS method relies on changes 

in the relative abundance of L-bound Pproxy upon addition of PT to solution.
97

 The relevant 

association reactions for the competitive binding of a monovalent Pproxy and monovalent 

PT to L are given by eqs 1.13 and 1.14, respectively: 

Pproxy  +   L  ⇌   PproxyL      (1.13) 

PT  +   L  ⇌     PTL             (1.14) 

The abundance ratio of L-bound to free Pproxy ions (i.e., Rproxy ), as measured by ESI-MS 

and which is taken to be equal to the concentration ratio (i.e., [PproxyL]/[Pproxy]) eq 1.15, is 

related to the association constant for the PproxyL interaction (i.e., Ka,proxy) by eq 1.16: 
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                                                          (1.15) 

                                             (1.16) 

The addition of PT to the solution (and the concomitant formation of PTL complex, eq 

1.14 results in a reduction in the concentration of free L in solution and, in turn, a 

difference in the apparent Rproxy (i.e., Rproxy) measured in the absence and presence of PT 

(i.e., Rproxy = Rproxy - Rproxy,PT). The association constant for the PTL complex (i.e., Ka,PT), 

eq 17: 

     (1.17) 

can be determined from the magnitude of Rproxy,PT measured at a known concentration of 

PT and the relevant equations of mass balance, eqs 1.18a-c:  

                                                (1.18a) 

                                                (1.18b) 

                                                        (1.18c) 

The [L] term can be calculated from eq 1.19a: 

 

                                            (1.19a) 

][P

L][P

proxy

proxy
proxy R

[L]][L][P

L][P
K

proxy

proxy

proxy
proxya

R
, 

T
a,PT

T

[P L]
K =

[P ][L]

o proxy T[L] [L]+[P L]+[P L]

proxy o proxy proxy[P ] [P ]+[P L]

T o T T[P ] [P ]+[P L]

proxya

proxyproxy

proxya

PTproxy

KK
[L]

,,

, RRR 




32 
 

and the [PproxyL] can be calculated by eq 1.19b: 

                                                   (1.19b) 

Substituting eqs 1.19a and 1.19b into eq 1.18a gives the following expression for [PTL], eq 

1.20: 

                                           (1.20) 

The [PT] term is found by combining eqs 1.18c and 1.7 to give eq 1.21: 

                                         (1.21) 

It follows that Ka,PT can be calculated from eq 1.22:  

                                    (1.22) 

(b) Application to a ligand library 

For a library of ligands (L1, L2, …, Lx) eq 1.22 can be rewritten for calculating Ka,PT,x: 

                                        (1.23) 
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Like all other techniques, ESI-MS assay also has its own limitations and a more detailed 

discussion is provided in the following section. 

1.4 Potential limitation of the direct ESI-MS binding assay 

The direct ESI-MS has several limitations. There are several physical or chemical 

processes that can affect the abundance ratio of bound and unbound proteins during ESI 

process and transportation of ions that can lead to incorrect Ka values and binding 

stoichiometry. There are three common errors associated with ESI-MS measurements: (1) 

non-uniform response factors, (2) nonspecific binding, and (3) in-source dissociation. 

These are briefly described below.  

1.4.1 Non-uniform response factors 

ESI-MS is efficient in ionization and detection, so the abundances of free protein and 

bound protein complex ions in gas phase measured by ESI-MS are involved with their 

solution concentrations through response factors (RF), eq 1.24:  

PL
P/PL

P

[PL] (PL)/ (PL)

[P] (P)/ (P)

eq

eq

Ab RF Ab
RF

Ab RF Ab
                                   (1.24) 

here RFPL and RFP are the response factors of PL and P, respectively, and the RFP/PL is 

the ratio of RFP to RFPL, which is also denoted as the relative response factor. The 

absolute RF values relate to many factors, such as the structure, size and most 

importantly surface properties of PL and P as well as the instrumental parameters and 

solution composition of the sample used in the measurement.  So, consistent RF values of 

PL and P (i.e., RFP/PL ≈ 1) are important assumption for ESI-MS assay. Here the size of 

ligand L is insignificant compared to the size of protein; so it is assumed that PL and P 

have similar size and surface properties.
100-105
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Different strategies have been developed to minimize the consequences of non-uniform 

response factors for determining binding affinity constants (Ka). One approach is to 

correct RFP/PL values of a proper binding model to interpret with titration results of 

experiment.
106-109

 This method needs to fit several parameters to adjust for a binding 

model to its titration data, so, good quality experimental results are required to derive 

reliable Ka values.
108

 At the same time, it is important to realize the underlying 

assumption to apply this approach: RFP/PL has no dependence on concentration in the 

range that is investigated. It is also necessary to use an internal standard (IS), that has 

similar properties (e.g. MW and surface activity) to the target analyte P which has no 

binding to L.
109

 This method is preferred as the abundance of the IS ions can reflect the 

variation of RFP/PL in concentrations along with ESI instability and other factors.  

1.4.2 Nonspecific binding  

Previously it was shown that, during the ESI process, free L can form nonspecific 

complexes with P along with specific PL complexes, as the ESI droplets dried up.
110,111

 

Nonspecific ligand binding is directly related to the concentration of free L and, 

accordingly, it is more pronounced  when measuring low affinity protein ligand 

interactions because high L concentrations are usually required to produce measureable 

amount of the PL complexes.
111

 Thus, nonspecific PL formation which influences the 

measured abundances of the P and PL ions can introduce error into the R and Ka values.  

In Figure 1.11 is the schematic presentation of the formation of nonspecific protein-

ligand interaction during the ESI process. This development process can be understood 

through the CRM of ESI (section 1.2.1).  
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Figure 1.11. Schematic representation of the formation of nonspecific protein-ligand 

interactions (false positive), reproduced from reference 96. 

 

In the CRM model, initial parent droplets are shrinking to smaller size while solvent 

evaporates until they reach the Rayleigh limit. Parent droplets experience Coulomb 

fission beyond this point to release a jet spray of smaller and multiply charged progeny 

droplets. These nanodroplets have analyte molecules, and form gaseous analyte ions after 

solvent evaporation. If two or more analyte molecules exist in a single nanodroplet, 

nonspecific complexes can be formed because of nonspecific intermolecular interactions 

occurring during the ionization process. Hence, there is a chance of formation of 

nonspecific complexes between L with P and PL in the presence of high concentration of 

L in solution. These processes obscure the true binding stoichiometry of P and L in bulk 

solution and lead to false positive signal and add error to Ka values measured by ESI-MS.  

This problem can be reduced by lowering the initial concentration of ligand. However, it 

is not always possible to avoid nonspecific binding when high concentration of ligand is 

essential to produce detectable signal of weakly bound protein-ligand complexes. Several 
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strategies have been developed to effectively correct this nonspecific binding in the ESI-

MS process.
111,112

 The reference protein method is a straightforward and effective method 

to correct ESI mass spectra quantitatively for nonspecific binding.
111

 The method requires 

adding of a reference protein (Pref), which has no specific binding with P or L, in the 

solution. The distribution of nonspecific bound molecules on mass spectra is similar to 

Poisson distribution and it suggests that the nonspecific binding consequence of ligand to 

protein is a random process and has similar effect on every protein species present in 

solution phase. The presence or absence of nonspecific binding can be found from the 

appearance of PrefLq ions corresponding to Pref bound to one or multiple molecules of L to 

form complexes. Hence, the fractional abundance of nonspecific interaction in bound and 

unbound state of Pref can give a quantitative value for the nonspecific binding 

measurement contributing to apparent intensities of free and specifically bound proteins. 

For proteins with one binding site, the contribution from nonspecific binding to the 

apparent binding affinity can be presented by eqs 1.25a and 1.25b where abundances of P 

(Abapp(P)) and PL (Abapp(PL)) can be correlated by the following eqs: 

(P) (P) /app 0Ab Ab f                                                  (1.25a) 

(PL) [ (PL) (P)] /app 1 0Ab Ab f Ab f                           (1.25b) 

here f0 is the fraction of free P and f1 is the fraction of P bound nonspecifically to one 

molecule of L. These fractions can be found from the abundances of free and ligand-

bound forms of Pref measurement by eqs 1.26a and 1.26b: 

ref ref ref(P )/[ (P )+ (P L)]0f Ab Ab Ab                               (1.26a) 

ref ref ref(P L)/[ (P )+ (P L)]1f Ab Ab Ab                             (1.26b) 
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In the same way, the “true” abundance of a multiple binding sites containing protein 

(PLq) can be calculated from the abundance measurement of PLq and PrefLq species by the 

following eqs 1.27a and 1.27b: 

(PL ) [ (PL ) (PL ) (P)] /q app q 1 q 1 q 0Ab Ab f Ab f Ab f                      (1.27a) 

ref ref ref ref(P L )/[ (P )+ (P L)+ (P L )]q q qf Ab Ab Ab Ab                           (1.27b) 

here fq is the fraction of P bound to q molecules of L by n nonspecific interaction. This 

method has been successfully used to correct nonspecific interactions of neutral and 

charged molecules, such as carbohydrates, peptides, amino acids and divalent metal ions 

to various proteins by ESI-MS measurements.
111,113,114

 

1.4.3 In-source disscociation 

While using ESI-MS for noncovalent protein-ligand interactions studies, in-source 

collision-induced dissociation commonly causes reduction in abundance of PL complex 

ions.
111

 As a consequence of these events, the R value becomes smaller and results in the 

decrease in the magnitude of Ka value. The R value is the ratio of abundances of the 

ligand-bound protein to free protein, In some cases, PL complex ions influenced by in-

source dissociation event may not adequate enough to obtain measurable signals.
115

 

Commonly, weak protein-ligand interactions are more prone to dissociation due to 

different ion source parameters, most commonly voltage differences in high pressure 

regions that can regulate internal energy of complex ions and modify the R value. Besides 

that, proper selection of the ion source and instrumental parameters can influence the gas-

phase stability of the PL complex being examined. All these things play crucial roles in 

in-source dissociation events.  
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To reduce the in-source dissociation of gaseous complex ions, several precautions can be 

taken such as, low source temperatures in the sampling capillary region, low voltages 

through lens elements, and short accumulation time. These can minimize the problem for 

obtaining more reliable binding affinity with less false negative error. Sometime these 

conditions influence signal intensities in the instrument. So, instrumental parameters need 

to be adjusted to reduce dissociation of complex ions, and acquire mass spectra with good 

signal to noise ratio (S/N) at the same time. There are some other options, such as 

addition of small organic molecules (i.e., imidazole
116 

and amino acids
117

) into analyte 

solutions and incorporation of solvent vapors (i.e., sulfur hexafluoride
118

, water and 

organic solvents
119

) into the ion source during ESI-MS process that can minimize in-

source dissociation.  For example, Konermann and co-workers described that they could 

not detect and identify any signal for the trypsin (Tryp) – benzamidine (Benz) complex 

ions using direct ESI-MS assay.
120

 After a few years, the Klassen group demonstrated 

that addition of a small molecule, e.g., imidazole, could stabilize the (Tryp-Benz) 

complex in the gas phase using ESI-MS.
116

 The stabilization effect of imidazole is 

assumed to be the effect of increased evaporation cooling by removal of imidazole from 

PL ions during the ionization process. Thus, it decreases the internal energy of gas phase 

PL ions and hence, reduces the dissociation of PL complex ions.
116

 Instead of adding 

small molecule additives into ESI solutions, switching of the ambient gas composition at 

the ionization region could also protect protein-ligand interaction from in-source 

dissociation. As for example, water and organic vapors (e.g. methanol, ethanol, 

acetonitrile, acetone),
119

 SF6 vapor.
118
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The Klassen group also introduced a competitive binding assay technique named as the 

reference ligand method, to quantify protein-ligand interactions that are highly prone to 

breakdown and cannot be detected by ESI-MS.
115

 This method uses direct ESI-MS 

analysis with a reference ligand (Lref). The Lref binds specifically to P, at the same binding 

site as L, with known binding affinity. Thus it forms a stable protein-ligand complex in 

the gas phase. The fraction of P bound to Lref, can be determined directly from the ESI 

mass spectrum and it is related to the fraction of P bound to L in the ESI solution which 

enables the affinity of P for L to be determined in indirect way. This method is useful for 

the analysis of kinetically unstable PL interactions in the gas phase.
121

 

1.5 The Present Work 

This thesis focuses on the development of mass spectrometry methods to study protein-

glycan interactions. In Chapter 2 the goal of the project was to validate the method and 

assess the reliability of liquid sample DESI for the quantification of protein-carbohydrate 

interaction in aqueous ammonium acetate solutions. The binding affinities of tri- and 

tetrasaccharide ligands for lysozyme (Lyz), a glycosyl hydrolase, and a single chain 

variable fragment (scFv) of a monoclonal antibody were evaluated by liquid sample 

DESI-MS. These results were compared with those measured using ITC and the direct 

ESI-MS assay. Overall, liquid sample DESI was shown as a newly developed ionization 

source which can be used to quantify protein-carbohydrate interaction in solution. Protein 

and ligands can be premixed in solution or can be sprayed from separate sample delivery 

nozzles to study the effect of mixing time.     

The goal of Chapter 3 was to develop a method to screen oligosaccharide libraries against 

carbohydrate-binding proteins using the proxy protein ESI-MS assay. In the field of 



40 
 

glycomics, comprehensive identification and characterization of protein-oligosaccharide 

interactions represent very important goals. So, rapid and quantitative screening tools are 

required for these purposes and electrospray ionization mass spectrometry (ESI-MS) 

assay offers a new way for screening oligosaccharide libraries against protein targets. It 

was shown recently that direct ESI-MS binding assay can be applied for protein 

screening against oligosaccharide library. In this present work, the proxy protein ESI-MS 

method, which combines direct ESI-MS protein-ligand binding assay and competitive 

protein binding, was developed to detect and quantify interactions of protein target (PT) 

with components of the library (Lx), when direct detection of PT by ESI-MS was not 

possible. PT-Lx interactions were identified and quantified from the magnitude of the 

change in relative abundance of complex of proxy protein (Pproxy) with Lx (as measured 

by ESI-MS) upon addition of PT to the solution. The C-terminal domain fragment 

of galectin-3 served as Pproxy and its affinity for all components of the library was 

measured by direct ESI-MS assay. The Proxy protein ESI-MS method was applied to 

screen small oligosaccharide libraries against the N-terminal fragment of the family 51 

carbohydrate-binding module, a fucose-binding bacterial lectin from 

Ralstonia solanacearum and the P particle of human norovirus, to demonstrate the 

reliability and versatility of the assay.   

Finally in Chapter 4, comparative studies of human milk oligosaccharides (HMOs) 

specificities of human galectin-1, 3 and 9 were described. Human milk oligosaccharides 

(HMOs) have a variety of biological functions such as blocking of binding of pathogenic 

microbes, including viruses and bacteria, and parasites to epithelial cell and serve as 

prebiotic. First, the interaction between three human galectins and 32 HMOs were 
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quantified by direct electrospray ionization mass spectrometry (ESI-MS) binding assay. 

Later, these results were compared with data obtained by glycan microarray screening. 

Glycan microarrays can be employed for purified proteins and protein complexes. In 

addition, this method can be used for glycan screening of cell extracts, bacteria, viruses 

and cells.
122-128

 Screening in this way is rapid, utilizes relatively small amounts of sample 

(50–100 fmol of individual glycan, ~10 g mL
-1

 of target protein)
129,130 

and it can provide 

a order of ligand affinities.
45,122,128,131-133

 However, glycan microarray binding data are 

known to exhibit a dependence on the size and nature of the linker along with density of 

glycans printed on the surface.
134

 This technique is also prone to false negatives, 

particularly for low affinity interactions.
48,130,135,136

 Therefore, direct electrospray 

ionization mass spectrometry (ESI-MS) has been used to show that galectins have broad 

HMO specificity with association constants ranging from 10
3
 to 10

5
 M

-1
 which is not the 

case for microarray screening because this method is incapable of finding binding 

constants and insensitive to find binding for weak affinity ligands. In conclusion, the 

binding affinity of galectins to HMOs was found to be similar to binding affinity to histo-

blood type oligosaccharides. Weak or no biding binding was established for 

galactooligosaccharides (GOS) and fructo-oligosaccharides (FOS). 
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Chapter 2 

Quantifying Protein-Carbohydrate Interactions Using Liquid Sample Desorption 

Electrospray Ionization Mass Spectrometry
1
 

 

2.1 Introduction 

Non-covalent interactions between proteins and carbohydrates on the surfaces of 

cell, present as either part of membrane glycoproteins or glycolipids, are involved in 

many normal and pathological cellular processes, including catalysis, signaling and 

molecular recognition.
1
 Studies of protein-carbohydrate interactions in vitro can provide 

fundamental insights into these important processes and guide the development of 

diagnostics and therapeutics for a variety of infections and diseases. There exist a number 

of analytical methods for the detection and characterization of protein-carbohydrate 

interactions. For example, glycan microarrays are now commonly used to screen libraries 

of carbohydrates for specific interactions with proteins,
2
 while isothermal titration 

calorimetry (ITC),
3
 surface plasmon resonance (SPR),

4
 nuclear magnetic resonance 

(NMR) spectroscopy
5
 and enzyme-linked immunosorbent assays (ELISA)

6
 are 

extensively used to quantify the thermodynamics (and in some instances the kinetics) of 

protein-carbohydrate binding. In recent years, electrospray ionization mass spectrometry 

(ESI-MS) has emerged as a powerful method for detecting protein-carbohydrate 

complexes in solution and measuring the affinities of the interactions.
7-18

  

In the direct ESI-MS binding assay, the protein-ligand binding equilibrium is 

determined by quantifying the relative abundances of the free and ligand-bound protein 

                                                           
1 A version of this chapter has been published: Yao, Y., Shams-Ud-Doha, K., Daneshfar, R., Kitova, E. N., Klassen, J. 

S., J. Am. Soc. Mass Spectrom., 2015, 26, 98-106. 
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ions in the gas phase.
11-13

 The measurements are fast and can often be completed within a 

few minutes, the amount of sample consumed is low, typically picomoles of protein and 

nano- to picomoles of ligand, and there is no requirement for labeling or additional 

reagents, which makes the assay very versatile. Moreover, the direct ESI-MS assay is the 

only technique that directly measures binding stoichiometry. This feature is particularly 

beneficial to the study of protein-carbohydrate interactions, as many carbohydrate-

binding proteins are composed of multiple subunits and possess multiple ligand binding 

sites. The ESI-MS assay also affords the opportunity to measure, simultaneously, the 

binding of multiple, distinct ligands, and is, therefore, well suited to carbohydrate library 

screening.
16

 

A drawback of the ESI-MS assay, which is typically carried out using aqueous 

ammonium acetate solutions,
19

 is that it suffers from  general incompatibility with 

nonvolatile “physiological” buffers, such as phosphate buffered saline (PBS), citrate, 

HEPES and Tris-HCl. Such buffers are often needed to keep the protein stable in solution 

and to minimize protein aggregation.
20

 Several strategies have been proposed to allow 

ESI-MS analysis of solutions containing physiological buffers at relevant concentrations, 

including the use of high concentrations of ammonium acetate
21

 or carrying out ESI in 

the presence of a high velocity gas.
22

 A possible alternative approach involves separating 

the sample from the ESI process through the use of desorption electrospray ionization 

(DESI)
23-25

 or liquid sample DESI.
26-29

 In liquid sample DESI-MS, the liquid sample is 

ionized through collisions with charged droplets produced by ESI.
26-27, 30

 The ESI 

solution is typically a mixture of water and an organic solvent, such as acetonitrile or 

methanol.
28

 Despite this, liquid sample DESI has been shown to produce multiply 
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charged gaseous ions of proteins and non-covalent protein complexes without inducing 

significant unfolding of the protein.
28

 A variation of liquid sample DESI, known as 

reactive liquid sample DESI, was recently described and used to screen a library of 

compounds for specific binding to a target protein and to quantify the interactions.
27

 In 

this approach, the ligands are introduced (consecutively) into the ESI spray solvent, 

rather than to the sample solution, which contained the target protein. The advantage of 

reactive liquid sample DESI is that the premixing of protein with ligands can be 

avoided.
27

 

The goal of the present study was to assess the reliability of liquid sample DESI for 

the quantification of protein-carbohydrate binding in aqueous ammonium acetate 

solutions. The affinities of tri- and tetrasaccharide ligands for lysozyme (Lyz), a glycosyl 

hydrolase, and a single chain variable fragment (scFv) of a monoclonal antibody were 

measured by liquid sample DESI-MS and the results compared with those measured 

using ITC and the direct ESI-MS assay.
31-33

  

2.2 Experimental section  

2.2.1 Materials 

Ubiquitin (Ubq, MW 8565 Da), lysozyme (from chicken egg white, Lyz, MW 14310 

Da) and maltotriose (L1, MW 504.44 Da) were purchased from Sigma-Aldrich Canada 

(Oakville, Canada) and -D-GlcNAc-(1→4)--D-GlcNAc-(1→4)-D-GlcNAc (L2, MW 

627.59 Da) and -D-GlcNAc-(1→4)--D-GlcNAc-(1→4)--D-GlcNAc-(1→4)-D-

GlcNAc (L3, MW 830.27 Da) were purchased from Dextra Science and Technology 

Centre (United Kingdom). The single chain variable fragment of Se155-4 (scFv, MW 

26539 Da) was produced and purified as described previously
34-35

  and -D-Galp-(1→2)-
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[-D-Abep-(1→3)]--D-Manp-OCH3 (L4, MW 486.50 Da) and -D-Glcp-(1→2)-[-D-

Abep-(1→3)]--D-Manp-OCH3 (L5, MW 486.50 Da) were gifts from Prof. D. Bundle 

(University of Alberta). Stock solutions of each protein (in 50 mM ammonium acetate) 

and oligosaccharide (in deionized water) were prepared, and stored at −20 °C until 

needed. Sample solutions for ESI- and liquid sample DESI-MS analysis were prepared 

from the stock solutions of protein and oligosaccharide. Unless otherwise indicated, the 

sample solutions contained 20 mM ammonium acetate.  

2.2.2 Mass spectrometry 

All of the ESI- and liquid sample DESI-MS measurements were carried out in 

positive ion mode using a Synapt G2 quadrupole-ion mobility separation-time-of-flight 

(Q-IMS-TOF) mass spectrometer (Waters UK Ltd., Manchester, UK) equipped with a 8k 

quadrupole mass filter. All data were processed using MassLynx software (v4.1). For the 

ESI-MS measurements, nanoflow ESI (nanoESI) tips, produced from borosilicate 

capillaries (1.0 mm o.d., 0.68 mm i.d.) and pulled to ~5 µm using a P-1000 micropipette 

puller (Sutter Instruments, Novato, CA, USA), were used. A platinum wire was inserted 

into the nanoESI tip and a Capillary voltage of 1.0 – 1.3 kV was applied to initiate the 

spray. A Cone voltage of 30 V was used and the source block temperature was 

maintained at 60 °C. The Trap and Transfer ion guides were maintained at 5 V and 2 V, 

respectively, and the argon pressure in these regions was 2.22 x 10
-2

 mbar and 3.36 x 10
-2

 

mbar, respectively. For the liquid sample DESI-MS measurements, a modified OMNI 

SPRAY Ion Sources 2-D OS-6205 (Prosolia Inc., Indianapolis, IN, USA) was used. The 

liquid sample solution was delivered through a silica capillary (360 nm o.d., 100 nm i.d.) 

at a flow rate of 5-10 µL h
-1

 using a syringe pump (Chemyx Syringe Pumps Fusion 100, 



56 
 

Chemyx Inc, Stafford, TX, USA). The end of the silica capillary was positioned between 

the ESI tip and inlet of the mass spectrometer. The ESI solution flow rate was between 2 

and 4 µL min
-1

. Capillary and Cone voltages of 3.0 – 3.5 kV and 30 V, respectively, were 

used and the pressure of the N2 nebulizing gas was 60 – 70 psi. The source block 

temperature was the same as for the ESI-MS measurements.  

Prior to carrying out the liquid sample DESI-MS protein-carbohydrate binding 

measurements, several different spray solvent compositions were tested (deionized water, 

20 mM ammonium acetate, 50/50 v/v water/methanol, 20/80 v/v water/acetonitrile, 50/50 

v/v water/acetonitrile and 80/20 v/v water/acetonitrile) for the analysis of aqueous 

ammonium acetate solutions of Lyz or scFv, the two model carbohydrate-binding 

proteins used in this study. Ultimately, it was found that a 50/50 water/acetonitrile 

solution gave mass spectra with the highest signal-to-noise ratios. Shown in Figure 2.1 

are representative liquid sample DESI mass spectra acquired in positive ion mode for 

aqueous ammonium acetate (20 mM) solutions containing Lyz (10 µM) or scFv (10 µM).  

It can be seen that liquid sample DESI-MS produced abundant signal corresponding 

to the protonated ions of Lyz (Figure 2.1a) and scFv (Figure 2.1b). A 50/50 

water/acetonitrile solution was used as the spray solvent for all of the liquid sample 

DESI-MS binding measurements reported in this study. 

2.2.3 Isothermal titration calorimetry 

The ITC measurements were carried out using a VP-ITC (MicroCal, Inc. USA). For 

each ITC experiment, the Lyz solution (0.1 - 0.2 mM) in the sample cell was titrated with 

a solution of L2 or L3 (2 mM); both the protein and ligand solutions were aqueous 

ammonium acetate (50 mM, pH 6.8) at 25 °C. 
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2.2.4 Data analysis 

The general procedure for determining association constants (Ka) for protein-ligand 

interactions from ESI mass spectra has been described in detail elsewhere and only a 

brief description is given for the case where the protein has single ligand binding site.
18, 

36-37
 The assay relies on the detection and quantification of the gas-phase ions of free and 

ligand-bound protein. The concentration ratio (R) of the ligand-bound protein (PL) to free 

protein (P) in solution is taken to be equal to the total abundance (Ab) of P and PL ions as 

measured by ESI-MS, eq 2.1. It follows that Ka can be calculated from eq 2.2:  

 
 

 

PL(PL)

(P) P
 



eq

eq

Ab
R

Ab
                    (2.1) 

                  (2.2) 

where [P]o and [L]o are the initial protein and ligand concentrations, respectively.  

It was shown previously that, during the ESI process, free L can form so-called 

nonspecific complexes with P (and specific PL complexes), as the ESI droplets evaporate 

to dryness.
36-37

 The extent of nonspecific ligand binding is sensitive to the concentration 

of free L and, consequently, is more prevalent when measuring low affinity interactions 

because high L concentrations are needed to produce detectable concentrations of the PL 

complexes.
37

 The formation of nonspecific PL interactions changes to the measured 

abundances of the P and PL ions and, thereby, introduces error into the R and Ka values. 

The reference protein method was developed to quantitatively correct ESI mass spectra 

for nonspecific binding.
37

 The method involves the addition of reference protein (Pref), 

which does not interact with P or L, to the solution. The presence of nonspecific binding 

R
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is established from the appearance of ions corresponding to Pref bound to one or more 

molecules of L, i.e., PrefLx complexes. As described in detail elsewhere, the contribution 

of nonspecific binding to the apparent (measured) abundances of P (Abapp(P)) and PL 

(Abapp(PL)) can be accounted for using eqs 2.3a and 2.3b: 

   (2.3a) 

                  (2.3b) 

where f0 is the fraction of free P and f1 the fraction of P bound nonspecifically to one 

molecule of L. These fractions can be determined from the measured abundances of free 

and ligand-bound forms of Pref, eqs 2.4a and 2.4b: 

                                      (2.4a)  

  (2.4b) 

To test the reliability of the reference protein method for correcting liquid sample 

DESI mass spectra for the occurrence of nonspecific carbohydrate-protein binding, 

control experiments were carried out on solutions containing a pair of proteins (Lyz and 

Ubq) and L1, which does not bind to either protein in solution.
31-32

 Shown in Figure 2.2 

are liquid sample DESI mass spectra acquired in positive ion mode for aqueous 20 mM 

ammonium acetate solutions of Lyz (10M) and Ubq (10M) and L1 at concentration 

of 15 M (Figure 2.2a) or 40 M (Figure 2.2b).  

It can be seen that, in addition to the protonated ions of Lyz (at charge states +6 to +9) 

and Ubq (at charge states +4 to +6), ions corresponding to nonspecific complexes with 

L1 are evident at both concentrations. Shown in the insets of Figures 2.2a and 2.2b are 

the normalized abundances of Lyz and Ubq in their free and bound (to L1) forms. 

oapp f/AbAb )(P(P) 

o1app f/AbfAbAb )}(P)(PL{)L(P nnn  

L)}(P)(P{)(P refrefref AbAb/Abf0 

)}L(P)(P{L)(P refrefref AbAb/Abf1 
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Notably, the distributions of both proteins are identical, within experimental error, at both 

concentrations of L1. These results confirm that the extent of nonspecific carbohydrate 

binding during the liquid sample DESI process is the same for the two proteins and, 

further, supports the use of the reference protein method for correcting liquid sample 

DESI mass spectra for nonspecific carbohydrate-protein binding.  

2.3 Results and discussion 

To test the reliability of liquid sample DESI-MS for quantifying protein-

carbohydrate interactions, the affinities of the tri- and tetrassachride ligands, L2 and L3 

for Lyz, and the trisaccharide ligands L4 and L5 for scFv were measured. The affinities 

of L4 and L5 for scFv were previously measured in this laboratory using the direct ESI-

MS assay and found to be 1.2 x 10
5
 M

-1, 38
 and (5.0 ± 1.0) x 10

3
 M

-1
,
39

 respectively. The 

affinities of L2 and L3 for Lyz have been measured using several different biophysical 

techniques. Values of 1.1 x 10
5
 M

-1
 (L2) and 1.8 x 10

5
 M

-1
 (L3) were obtained using 

fluorescence-based assay.
40

 Quantitative ESI-MS studies have also been carried out - 

Oldham and coworkers measured affinities of 1.0 x 10
5
 M

-1
 (L2) and 1.2 x 10

5
 M

-1
 

(L3),
31

 while Zenobi and coworkers found somewhat lower values (ranging from 2 x 10
4
 

M
-1

 to 5 x 10
4
 M

-1
) for L2.

33
 Given the range of the reported values for L2, the affinities 

of L2 and L3 for Lyz in aqueous ammonium acetate (50 mM, pH 6.8 and 25 °C) were 

measured using ITC, which is widely regarded as the gold standard method for 

quantifying the thermodynamics of protein-carbohydrate interactions. Shown in Figures 

2.3 and 2.4 are the raw and integrated ITC data measured for binding of Lyz to L2 and 

L3, respectively. 
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 According to the best fit of a 1:1 binding model to the ITC data, the affinities of L2 and 

L3 for Lyz are (9.0 ± 0.3) x 10
4
 M

-1
 and (1.1 ± 0.1) x 10

5
 M

-1
, respectively.  These results 

are in good agreement with the values obtained using the fluorescence-based assay
40

 and 

those reported by Oldham and coworkers.
31

 

2.3.1 Binding of Lyz to L2 and L3 

The affinities of L2 and L3 for Lyz in aqueous ammonium acetate (20 mM, pH 6.8 

and 25 °C) were measured at three different ligand concentrations. Shown in Figures 2.5a 

and 2.5c are representative liquid sample DESI mass spectra acquired for solutions of 

Lyz (10 M) with L2 (15 M) or L3 (15 M), respectively. Ubq (5 M), which served as 

Pref, was added to both solutions. For comparison purposes, ESI mass spectra were also 

acquired for these solutions (Figures 2.5b and 2.5d). From Figures 2.5a and 2.5c, it can 

be seen that liquid sample DESI produces ions corresponding to free Lyz and ligand-

bound Lyz (i.e., the (Lyz + L2) or (Lyz + L3) complexes), at charge states +6 to +8, as 

well as free Ubq at charge states +4 and +5. Ion signal corresponding to the nonspecific 

(Ubq + L2) or (Ubq + L3) complexes was negligible. Similar results were obtained for 

solutions containing L2 or L3 at two other concentrations, 5 M and 10 M (data not 

shown). The Ka values, representing the average of the values obtained by liquid sample 

DESI-MS at the three ligand concentrations, are (1.0 ± 0.1) x 10
5
 M

-1
 (L2) and (9.9 ± 0.6) 

x 10
4
 M

-1 
(L3) (Table 2.1).  

The ESI mass spectra obtained for aqueous ammonium acetate (20 mM) solutions of Lyz 

(10 M), Ubq (5 M), and L2 (15 M) or L3 (15 M) (Figures 2.5b and 2.5d, 

respectively) are qualitatively similar to the liquid sample DESI mass spectra, although 

the average charge states (ACS) of Lyz are slightly higher than those observed with liquid 
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sample DESI (ACS 6.98 (Figure 2.5a), 7.43 (Figure 2.5b), 7.02 (Figure 2.5c), 7.98 

(Figure 2.5d)). The lower ACS values measured with liquid sample DESI-MS may be due 

to a subtle enhancement in the extent of proton transfer from the protein ions to 

acetonitrile in the gas phase. Acetonitrile has a relatively low gas phase basicity (178.8 

kcal mol
-1

), compared to ammonia (195.7 kcal mol
-1

),
41

 but is present at a high 

concentration in the spray solvent (~9.6 M) and is expected to be present at relatively 

high concentrations in the spray droplets. The resulting acetonitrile vapour could affect 

proton transfer from the gaseous Lyz ions. Support for this explanation can be found in 

an observed decrease in ACS measured for Lyz when carrying out ESI in the presence of 

acetonitrile vapour (data not shown), a phenomenon also observed by Oldham and 

coworkers.
44-45

 The average Ka values obtained by ESI-MS at the three ligand 

concentrations are (8.0 ± 0.5) x 10
4
 M

-1
 (L2) and (6.3 ± 0.5) x 10

4
 M

-1
 (L3) (Table 2.1). 

Notably, the absolute affinities measured by liquid sample DESI-MS for L2 and L3 agree 

within a factor of 2 with the values determined from the ESI-MS measurements. More 

importantly, the liquid sample DESI-MS values are in excellent agreement with the 

affinities determined by ITC.  

2.3.2 Binding of scFv to L4 and L5 

The affinities of L4 and L5 for scFv in aqueous ammonium acetate (20 mM, pH 6.8 

and 25 °C) were also measured at three different ligand concentrations. Shown in Figures 

2.6a and 2.6c are representative liquid sample DESI mass spectra acquired for solutions 

of scFv (10 M) with L4 (15 M) or L5 (40 M), respectively. Lyz (5 M), which 

served as Pref, was added to both solutions. For comparison purposes, ESI mass spectra 

were also acquired for these solutions (Figures 2.6b and 2.6d). In Figures 2.6a and 2.6c, 
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ion signal corresponding to protonated free scFv and the (scFv + L4) or (scFv + L5) 

complexes, at charge states +8 to +10, as well as free Lyz and the (Lyz + L4) or (Lyz + 

L5) complexes, at charge states +6 to +9, is evident. The appearance of ion signal for the 

(Lyz + L4) and (Lyz + L5) complexes indicates the occurrence of nonspecific 

carbohydrate-protein binding during ion formation.  

Similar results were obtained for solutions at two other concentrations of L4 (5 and 10 

M) and L5 (20 and 30 M). Following correction of the mass spectra for nonspecific 

binding, average Ka values of (7.6 ± 0.1) x 10
4
 M

-1
 (L4) and (5.7 ± 0.2) x 10

4
 M

-1
 (L5) 

were determined (Table 2.1). The ESI mass spectra measured for solutions of scFv (10 

M), Lyz (5 M) with L4 (15 M) or L5 (40 M) (Figures 2.6b and 2.6d, respectively) 

are similar to the corresponding liquid sample DESI mass spectra (Figures 2.6a and 2.6c). 

However, the extent of nonspecific binding is less in the case of ESI - there was no 

significant signal corresponding to the nonspecific (Lyz + L4) complex and significantly 

less (Lyz + L5) detected. The reduced occurrence of nonspecific binding may be due to 

the small droplets produced with the nanoESI tips, compared to those formed in liquid 

sample DESI.
42

 The smaller nanoESI droplets will contain fewer ligand molecules and, 

therefore, produce less nonspecific binding, compared to the larger ESI droplets used for 

liquid sample DESI-MS. Following correction for nonspecific ligand binding, the 

affinities of L4 and L5 are found to be (6.6 ± 0.3) x 10
4
 M

-1
 and (5.0 ± 0.1) x 10

3
 M

-1
, 

respectively. Importantly, the affinities measured by liquid sample DESI-MS for L4 and 

L5 are in good agreement with the values determined using the direct ESI-MS assay. 

Taken together, the results obtained for these model carbohydrate binding proteins 

demonstrate that absolute affinities for protein-carbohydrate interactions can be 
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accurately quantified using liquid sample DESI-MS. These findings further indicate that 

the lifetime of the ESI droplets that produce gaseous protein ions in liquid sample DESI-

MS are sufficiently short that neither the presence of a high concentration of organic 

solvent in the ESI spray solution, nor the inevitable dilution of the sample (protein and 

ligand) solution by the solvent spray results in a measurable shift in the binding 

equilibrium.  

2.3.3 Comparison of liquid sample DESI-MS and reactive liquid sample DESI-MS 

It is also interesting to compare the affinity of L2 for Lyz measured by liquid sample 

DESI-MS with the value determined by Loo and coworkers using reactive liquid sample 

DESI-MS.
27

 Notably, the value measured using reactive liquid sample DESI-MS, 5.9 x 

10
3
 M

-1
, is eighteen times smaller than the value determined by liquid sample DESI-MS 

(and ITC). It has been suggested that the short time available for protein and ligand 

mixing in reactive liquid sample DESI (estimated to be <2 ms) might be insufficient for 

equilibration of the binding reaction.
43

 To help rule out other alternative explanations, in 

particular the possibility of in-source dissociation, reactive liquid sample DESI-MS was 

carried in the present study to measure the affinity of L2 for Lyz. The experimental and 

instrumental conditions were identical to those used for the liquid sample DESI 

measurements described above, with the exception that L2 was absent in the sample 

solution but present in the spray solvent. Shown in Figure 2.7 is a representative reactive 

liquid sample DESI mass spectrum acquired for an aqueous ammonium acetate (20 mM) 

solution of Lyz (10 M) and Ubq (5 M); the spray solvent was a 50/50 

water/acetonitrile solution containing L2 (50 M).  
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Ion signal corresponding to protonated and sodiated L2 monomer, dimer and trimer was 

detected, along with protonated ions of Lyz and (Lyz + L2), at charge states +6 to +8, 

and Ubq and (Ubq + L2), at charge state +4. Following correction for nonspecific 

carbohydrate-protein binding, the Ka value was determined to be (7.9 ± 0.4) x 10
3
 M

-1
, 

which is similar to the value reported by Loo and coworkers.
27

 Given that the 

instrumental conditions were identical to those used for the liquid sample DESI-MS 

measurements, it can be concluded that the lower affinity is not due to artifacts associated 

with instrumental conditions, such as in-source dissociation of the protein-carbohydrate 

complexes. This finding further supports the suggestion that the lower affinity is, in fact, 

a kinetic artifact owing to the insufficient time in the droplets for the protein-ligand 

binding equilibrium to be established.
20

  

The differences in the appearances of the liquid sample DESI and ESI mass spectra 

can be rationalized by considering the differences in the initial composition of the 

droplets in each case. In the ESI-MS experiments, the initial droplets will contain 

concentrations of buffer that are similar to that found in bulk solution, with some 

enrichment in cations (Na
+
 and K

+
) expected as a result of the applied electric field.

19
 As 

a result of solvent evaporation, the concentration of buffer components in the droplets 

will further increase, with the highest concentrations found in the offspring droplets 

produced late in the ESI process.
19

 In contrast, in liquid sample DESI-MS, the initial ESI 

droplets are devoid of buffer and contain only water and acetonitrile. It is only through 

collisions with the sample solution that buffer components are transferred to the ESI 

droplets.   
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2.4 Conclusions 

In summary, the application of liquid sample DESI-MS for quantifying protein-

carbohydrate interactions in aqueous solutions is described. Notably, the affinities of tri- 

and tetrasaccharide ligands for Lyz and scFv measured using liquid sample DESI-MS are 

found to be in good agreement with values measured by ITC and the direct ESI-MS 

assay. It is also found that the reference protein method, which was originally developed 

to correct ESI mass spectra for the occurrence of nonspecific ligand-protein binding, can 

be used to correct liquid sample DESI mass spectra for nonspecific carbohydrate binding.  
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Figure 2.1.  Representative liquid sample DESI mass spectra acquired in positive ion 

mode for aqueous ammonium acetate (20 mM) solutions containing (a) Lyz (10 µM), and 

(b) scFv (10 µM). The ESI spray solution was 50/50 water/acetonitrile. 
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Figure 2.2. Representative liquid sample DESI mass spectra acquired in positive ion 

mode for aqueous ammonium acetate (20 mM, pH 6.8 and 25 °C) solutions containing 

Ubq (10 µM), Lyz (10 µM) and L1 at (a) 15 µM or (b) 40 µM concentrations. The ESI 

spray solution was 50/50 water/acetonitrile. 
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Figure 2.3. ITC data measured for the binding of Lyz (0.087 mM) to L2 (2.0 mM) in 

aqueous ammonium acetate (50 mM, pH 6.8 and 25 °C) solutions. 
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Figure 2.4. ITC data measured for the binding of Lyz (0.202 mM) to L3 (2.0 mM) in 

aqueous ammonium acetate (50 mM, pH 6.8 and 25 °C) solutions. 
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Figure 2.5. Representative (a), (c) liquid sample DESI and (b), (d) ESI mass spectra 

acquired in positive ion mode for aqueous ammonium acetate (20 mM, pH 6.8 and 25 °C)  

solutions containing Lyz (10 µM), L2 (15 µM) and Ubq (5 µM) ((a) and (b)) or Lyz (10 

µM), L3 (15 µM) and Ubq (5 µM) ((c) and (d)). For the liquid sample DESI-MS 

measurements, the ESI spray solution was 50/50 water/acetonitrile.  
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Figure 2.6. Representative (a), (c) liquid sample DESI and (b), (d) ESI mass spectra 

acquired in positive ion mode for aqueous ammonium acetate (20 mM, pH 6.8 and 25 °C) 

solutions containing scFv (10 µM), L4 (15 µM) and Lyz (5 µM) ((a) and (b)) or scFv (10 

µM), L5 (40 µM) and Lyz (5 µM) ((c) and (d)). For the liquid sample DESI-MS 

measurements, the ESI spray solution was 50/50 water/acetonitrile.  
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Figure 2.7. Representative reactive liquid sample DESI mass spectrum acquired in 

positive ion mode for an aqueous ammonium acetate (20 mM, pH 6.8 and 25 °C) solution 

containing Lyz (10 µM) and Ubq (5 µM) and an ESI spray solution (50/50 

water/acetonitrile) that contained L2 (50 µM). The flow rates of both the sample and ESI 

spray solution were 5 µL min
-1

. All other instrumental conditions were identical to those 

used for the liquid sample DESI measurements. 
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Table 2.1. Comparison of association constants (Ka) measured by liquid sample DESI-

MS, ESI-MS and ITC for the interactions of L2 and L3 with Lyz and L4 and L5 with 

scFv in aqueous ammonium acetate solutions at pH 6.8 and 25 °C.
a
 

Protein Ligand 

Ka (liquid sample DESI-

MS)/M
-1

 

Ka (ESI-MS)/M
-

1
 

Ka (ITC)/M
-1

 

Lyz L2 (1.0±0.1)×10
5
 (8.0±0.5)×10

4
 (9.0±0.3)×10

4
 

Lyz L3 (9.9±0.6)×10
4
 (6.3±0.5)×10

4
 (1.1±0.1)×10

5
 

scFv L4 (7.6±0.1)×10
4
 

(6.6±0.3)×10
4 

(1.2 × 10
5
)
b  

scFv L5 (5.7±0.2)×10
3
 (5.0±0.1)×10

3
  

a. Errors correspond to one standard deviation. b. Value taken from ref. 38. 
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Chapter 3 

Screening Oligosaccharide Libraries against Lectins  

Using the Proxy Protein ESI-MS assay* 

 

3.1 Introduction 

A wide variety of carbohydrate structures, present as glycoproteins or glycolipids, are 

found on the surfaces of all living cells.
1-5

 Non-covalent interactions between proteins 

and these cell surface carbohydrates (glycans) mediate many important biological 

processes, including cell adhesion, signaling and migration, the immune response and 

bacterial and viral infections.
6-11

 Free, water-soluble oligosaccharides, originating from 

microbial or dietary sources, such as human milk, may also interact with water-soluble 

and membrane proteins and mediate biological processes.
12-16

 Given their critical roles in 

a wide range of biochemical and cellular processes, the identification and characterization 

of protein-glycan interactions is of fundamental importance to the development of a 

comprehensive understanding of biology. Moreover, a more complete appreciation of 

these biologically-relevant interactions could serve as the basis for the development of 

new glycomimetics and other non-carbohydrate drugs for the treatment of a variety of 

human diseases and conditions.
17,18

  

There are a variety of binding assays, including isothermal titration calorimetry 

(ITC), frontal affinity chromatography-mass spectrometry (FAC-MS), fluorescence 

polarization (FP), surface plasmon resonance (SPR) and nuclear magnetic resonance  

 

*A version of this chapter has been submitted: Shams-Ud-Doha, K. (equal contribution), Han, L. (equal contribution), 

Kitova, E. N., Klassen, J. S., Anal. Chem., (revision requested and resubmitted). 
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(NMR) spectroscopies that allow for the detection of protein-carbohydrate interactions in 

vitro.
19-24

 These techniques (and others) can also be used to measure the association 

constants (Ka) for protein-carbohydrate binding. The enthalpy of association can be 

quantified directly using ITC and the corresponding kinetic parameters (on and off rate 

constants) are accessible through time-resolved techniques, such as SPR 

spectroscopy.
23,25

 There are a number of established methods for screening carbohydrate 

libraries against proteins and protein complexes, such as SPR, FAC-MS, FP and 

saturation transfer difference (STD) NMR; each method having particular strengths and 

weaknesses.
26-30

 Glycan microarrays, which can be applied to not only purified proteins 

and protein complexes, but also cell extracts, bacteria, viruses and cells, currently 

represent the dominant technology for glycan screening.
31-37

 Glycan microarray screening 

is rapid, utilizes relatively small amounts of sample (50–100 fmol of individual glycan, 

~10 g mL
-1

 of target protein)
38,39 

and can, in some instances, provide a ranking of ligand 

affinities.
31,37,40-43

 However, microarray binding data are known to exhibit a dependence 

on the size/nature of the linker and density of glycans printed on the surface.
44

 The 

technique is also prone to false negatives, particularly in the case of low affinity 

interactions.
39,45-47

  

Recently, electrospray ionization mass spectrometry (ESI-MS) has emerged as a 

reliable method for detecting and quantifying protein-carbohydrate interactions in vitro.
48-

50
 The direct ESI-MS assay, which is based on the direct detection of free and ligand-

bound proteins, allows for determination of the binding stoichiometry and affinity of 

protein-carbohydrate complexes (as well as other types of non-covalent biomolecular 

complexes).
51-53 

With the ability to monitor multiple binding equilibria simultaneously, 
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ESI-MS is also well suited for screening libraries.
54-56

 However, because the 

implementation of the direct ESI-MS assay requires detection of both the free and ligand-

bound protein ions, its application is generally restricted to relatively low molecular 

weight (MW) proteins, typically less than ~150 kDa.
57

 Heterogeneity in protein structure 

may also hinder the implementation of the assay. Two different ESI-MS strategies have 

been developed for the detection of protein-carbohydrate interactions in cases where 

direct ESI-MS detection of the protein and protein-ligand complex(es) is not possible. In 

the catch-and-release (CaR)-ESI-MS assay, carbohydrate ligands are identified following 

their release (as ions) from gaseous ions of the corresponding protein-ligand complexes 

upon collisional activation.
58-60

 The assay was recently shown to be amenable to 

screening carbohydrate libraries (containing in excess of 200 components) against 

proteins and protein complexes with MWs as high as ~1 MDa.
61,62

 While it has been 

shown that the CaR-ESI-MS assay can be used to rank ligand affinities (based on the 

relative abundances of the released ligands), it is generally not possible to determine 

absolute affinities.
61

 The proxy protein ESI-MS method is an alternative approach that is 

based on competitive protein binding.
57

 This method employs a proxy protein (Pproxy), 

which binds specifically to the ligand of interest with known affinity and is readily 

detectable by ESI-MS.
57,61,62

 The relative abundance of ligand-bound Pproxy, which is 

measured directly by ESI-MS, reflects the amount of ligand that is bound to the target 

protein (PT) and the affinity of the ligand for PT can be calculated from the difference in 

the relative abundances of ligand-bound Pproxy measured in the absence and presence of 

PT.
57

  



81 
 

Although the proxy protein ESI-MS method was originally developed for 

detecting and quantifying binding between a PT and a single ligand, the assay can, in 

principle, be extended to libraries of compounds and, thus, serve as a rapid and 

quantitative screening technique. The goal of the present work was to demonstrate the 

feasibility of using the proxy protein ESI-MS method for carbohydrate library screening. 

Experimental design considerations are discussed, along with a mathematical framework 

for data analysis in cases where the assay is implemented using a monovalent Pproxy and a 

monovalent or multivalent (with equivalent and independent binding sites) PT. To 

illustrate the implementation of the proxy protein ESI-MS assay, small libraries of human 

milk oligosaccharides (HMOs) and histo-blood group antigen (HBGA) oligosaccharides 

were screened against an N-terminal fragment of the family 51 carbohydrate-binding 

module, a fucose-binding lectin from Ralstonia solanacearum and the human norovirus 

(huNoV) VA387 P particle (24-mer of the protruding domain of the capsid protein). 

Comparison of the data with results of direct ESI-MS binding measurements (interactions 

and affinities) served to assess the reliability of the assay.  

3.2 Experimental 

3.2.1 Proteins  

The recombinant fragment of the C-terminus (residues 107–250) carbohydrate 

recognition domain of human galectin-3 (Gal-3C, MW 16,330 Da) was a gift from Prof. 

C. Cairo (University of Alberta).
63

 The His-tag anchored N-terminal fragment (residues 

65–233) of the family 51 carbohydrate-binding module (CBM, MW 20,735 Da) was a 

gift from Prof. A. Boraston (University of Victoria).
64

 The fucose-binding bacterial lectin 

from Ralstonia solanacearum (RSL) (trimer, MW 29,329 Da)
65 

was a gift from Prof. A. 
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Imberty (CERMAV-CNRS). Bovine ubiquitin (MW 8,565 Da), purchased from Sigma-

Aldrich Canada (Oakville, Canada), and a single chain fragment (scFv, MW 26,539 Da) 

of the monoclonal antibody Se155-4, which was produced using recombinant 

technology,
66

 served as reference proteins (Pref) to correct the mass spectra for the 

occurrence of nonspecific carbohydrate-protein binding during the ESI process.
67

 The P 

dimer (MW 69,312 Da) and P particle (24-mer, MW 865,036 Da) of huNoV VA387 were 

gifts from Prof. M. Tan (Cincinnati Children's Hospital Medical Center). All proteins 

were dialyzed against an aqueous solution of 200 mM ammonium acetate (pH 6.8) using 

Amicon 0.5 mL microconcentrator (EMD Millipore, Billerica, MA) with a MW cut-off 

of 10 kDa and stored at -20 
o
C until needed. The concentrations of protein stock solutions 

were estimated by UV absorption (280 nm). 

3.2.2 Oligosaccharides  

The structures of the twenty oligosaccharides (L1 – L20) used in this study study are 

shown in Figure 3.1. Compounds L1 - L3, L5, L16 and L20 were gifts from Prof. T. 

Lowary (University of Alberta);
68-70

 L4, L6, L12, L14, L15, L18, L19 were purchased 

from Elicityl SA (Crolles, France); L7-L11, L13, L17 were purchased from IsoSep 

(Tullinge, Sweden). Stock solutions of each oligosaccharide were prepared by dissolving 

a known mass of compound in a known volume of ultra-filtered water (Milli-Q, 

Millipore, Billerica, MA) to achieve a final concentration of ~1 mM. The stock solutions 

were stored at -20 °C until needed.                

3.2.3 Mass spectrometry  

The ESI-MS binding assays were carried out in positive ion mode using three different 

mass spectrometers equipped with nanoflow ESI (nanoESI) sources. In all cases, 



83 
 

nanoESI was performed by applying a voltage of ~1 kV to a platinum wire inserted into 

the nanoESI tip, which was produced from a borosilicate glass capillary (1.0 mm o.d., 

0.68 mm i.d.) pulled to ~5 μm o.d. using a P−1000 micropipette puller (Sutter 

Instruments, Novato, CA).  

A 9.4T ApexQe Fourier-transform ion cyclotron resonance (FT-ICR) mass 

spectrometer (Bruker-Daltonics, Billerica, MA) was used to quantify the affinities of L1-

L20 for Gal3C, L1-L3 for CBM, L2, L4, L5, L7-L10, L14, L15 and L17 for RSL and 

L8 and L13 for the P dimer of huNoV VA387. The nanoESI droplets were sampled 

through a stainless steel capillary (250 – 300 V) heated by N2 gas at 90 
o
C. Gaseous ions 

were transferred into the first funnel (150 V) and skimmer (20 V), transmitted through 

the second funnel (7.5 V) and skimmer (5.0 V), and then accumulated in the hexapole for 

0.5-0.9 s. The ions were then transferred through the quadrupole to the ion cyclotron 

resonance cell for detection. The pressure in the ICR cell was ~10
−10 

mbar. Data 

acquisition was performed using the Apex Control software (version 4.0, Bruker-

Daltonics). The time-domain signal, consisting of the sum of 50 transients containing 

128k data points per transient, was subjected to one zero-fill prior to Fourier 

transformation.  

Library screening of RSL was performed on a Synapt G2 quadrupole-ion mobility 

separation-time of flight (Q-IMS-TOF) mass spectrometer (Waters, Manchester, UK), 

while library screening of CBM and huNoV P particle VA387 were carried out using a 

Synapt G2S Q-IMS-TOF mass spectrometer (Waters, Manchester, UK). The source 

temperature and gas flow rates were 60 
o
C and 2 mL min

-1
, respectively, for both 

instruments. The cone, trap and transfer voltages were 30 V, 5 V and 2 V, respectively, 
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for both instruments. MassLynx software (version 4.1) was used for data acquisition and 

processing.   

3.2.4 Proxy protein ESI-MS assay 

The implementation of the proxy protein ESI-MS method for ligand (L) binding to PT 

with three equivalent binding sites was described previously.
57

 Below, is a brief overview 

of the implementation of the method for monovalent Pproxy and PT binding to a single L 

and a library of ligands (L1, L2, …, Lx).  

a. Application to a single ligand 

As discussed above and elsewhere, the proxy protein ESI-MS method relies on changes 

in the relative abundance of L-bound Pproxy upon addition of PT to solution.
57

 The relevant 

association reactions for the competitive binding of a monovalent Pproxy and monovalent 

PT to L are given by eqs 3.1a and 3.1b, respectively: 

Pproxy  +   L  ⇌   PproxyL      (3.1a) 

PT  +   L  ⇌     PTL             (3.1b) 

The abundance ratio of L-bound to free Pproxy ions (i.e., Rproxy ), as measured by ESI-MS 

and which is taken to be equal to the concentration ratio (i.e., [PproxyL]/[Pproxy]) eq 3.2, is 

related to the association constant for the PproxyL interaction (i.e., Ka,proxy) by eq 3.3: 

                                                          (3.2) 

                                             (3.3) 

The addition of PT to the solution (and the concomitant formation of PTL complex, eq 1b) 

results in a reduction in the concentration of free L in solution and, in turn, a difference in 
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the apparent Rproxy (i.e., Rproxy) measured in the absence and presence of PT (i.e., Rproxy 

= Rproxy - Rproxy,PT). The association constant for the PTL complex (i.e., Ka,PT), eq 3.4: 

     (3.4) 

can be determined from the magnitude of Rproxy,PT measured at a known concentration of 

PT and the relevant equations of mass balance, eqs 3.5a-c:  

                                                (3.5a) 

                                                (3.5b) 

                                                        (3.5c) 

The [L] term can be calculated from eq 3.6a: 

 

                                            (3.6a) 

and the [PproxyL] can be calculated by eq 3.6b: 

                                                   (3.6b) 

Substituting eqs 1.6a and 1.6b into eq 1.5a gives the following expression for [PTL], eq 

3.7: 

                                           (3.7) 

The [PT] term is found by combining eqs 3.5c and 3.7 to give eq 3.8: 

                                         (3.8) 

It follows that Ka,PT can be calculated from eq 3.9a:  
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                                    (3.9a) 

or eq 3.9b, in which Rproxy,PT is replaced with Rproxy: 

                (3.9b) 

The magnitude of Ka,PT can, in principle, be determined from a single ESI mass spectrum 

acquired for a solution containing Pproxy, PT  and L at known concentrations, provided that 

Rproxy can be precisely measured. In practice, however, it is more reliable to carry out 

measurements at multiple PT concentrations.  

b. Application to a library of ligands  

The relevant association reactions for the interactions of monovalent Pproxy and PT with a 

library of ligands (L1, L2, …, Lx) are given by eqs 3.10 and 3.11: 

Pproxy  +  L1   ⇌ PproxyL1                  (3.10a) 

Pproxy  +  L2   ⇌ PproxyL2                 (3.10b) 

  .                  .                              

.               . 

  .                  . 

Pproxy  +  Lx   ⇌ PproxyLx                (3.10x) 
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PT   +   L2   ⇌  PTL2     (3.11b) 

  .                  .                              

.               . 

  .                  . 

PT  +   Lx   ⇌  PTLx              (3.11x) 

The association constant for a given PTLx complex (i.e., Ka,PT,x) can be calculated from 

Rproxy,PT,x,  the apparent Rproxy,x  (eqs 3.12a and 3.12b) and mass balance considerations, 

eqs 3.12c-e:  

 when [PT] = 0                               (3.12a) 

  when [PT] > 0                          (3.12b) 

                                   (3.12c) 

                                                (3.12d) 

                                                (3.12e) 

A given [Lx] term can be found from Rproxy,PT,x or Rproxy,PT,x (Rproxy,x = Rproxy,x - 

Rproxy,PT,x) and the known association constant for the PproxyLx complex (i.e., Ka,proxy,x), eq 

3.13: 

                                            (3.13) 

Rearranging of eqs 12c-e, allows for the [PTLx] and [PT] terms to be calculated from eqs 

3.14 and 3.15, respectively: 
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                                                (3.14) 

                           (3.15)                        

It follows that the general expression for Ka,PT,x, eq 3.16a:  

                                                       (3.16a) 

can be rewritten as eq 3.16b: 

                                    (3.16b) 

As in the case of interactions of Pproxy and PT with single L, Rproxy,PT,x can be expressed 

using Rproxy,x and  Rproxy,x values, eq 3.16c: 
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optimal conditions for the implementation of the proxy protein ESI-MS assay, numerical 

simulations were carried out (Maple 14, Maplesoft, Waterloo, Canada) to assess the 

influence of concentration (Pproxy, PT and L) and affinity (Ka,proxy and Ka,PT) on the 

magnitude of Rproxy and, more importantly, on the resulting change in Rproxy upon addition 

of PT (i.e., Rproxy = Rproxy - Rproxy,PT), for a monovalent  PT and Pproxy binding competitively 

to a single L. Shown in Figure 3.6 are plots of Rproxy versus [PT]0, calculated for initial L 

concentrations of 10 M, 20 M and 50 M, [PT]0 concentrations ranging from 0 to 100 

M, Ka,T values ranging from 1 x 10
3
 to 1 x 10

6
 M

-1
, and Ka,proxy values of 10

3
 M

-1
,
 
10

4
 M

-1
, 

10
5
 M

-1 
and

 
10

6
 M

-1
. In all cases, [Pproxy]0 was 5 M (which is a typical protein 

concentration used for ESI-MS measurements). The corresponding plots of Rproxy versus 

[PT]0 are shown in Figure 3.7.  

Several conclusions can be drawn from inspection of Figures 3.6 and 3.7. First, 

Ka,proxy should be ≥10
4
 M

-1
 such that the initial value of Rproxy (in the absence of PT) is >0.2 

at the highest L concentrations that is likely to be used in the ESI-MS library screening 

measurements (i.e., ~50 M for each library component). The requirement for Rproxy >0.2 

is approximate and comes from a consideration of the experimental uncertainty in the 

Rproxy values. Statistical analysis of ESI mass spectra acquired for solutions containing free 

and ligand-bound protein (data not shown) suggests that the uncertainty in Rproxy (and 

Rproxy,PT) values is typically 5-10%, which, by propagation of error, translates to an 

absolute error of ~0.05-0.1 in Rproxy. Importantly, this analysis is independent of the 

magnitude of Ka,PT. In practice, larger values of Rproxy (but less than ~10), which can be 

achieved using a Pproxy with a larger Ka,proxy or using higher [L]0, allow for more reliable 

determinations of Rproxy. For Rproxy >10, which corresponds to >90% of Pproxy being L-
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bound, the uncertainty increases due to the low abundance of the free Pproxy ions. 

Secondly, it can be seen from Figure 3.7, that the magnitude of Rproxy increases with 

[PT]0. Consequently, the use of a high [PT]0 is beneficial when probing low affinity (Ka,PT 

<10
4
 M

-1
) interactions. However, for high affinity interactions (Ka,PT >10

5
 M

-1
), Rproxy 

reaches a maximum value, corresponding to the situation where L is predominantly bound 

to PT , at relatively low [PT]0. As a result, there is no advantage to using high [PT]0 for high 

affinity interactions. Thirdly, measurable Rproxy values (>0.05) can, in principle, be 

achieved for Ka,PT >10
3
 M

-1 
(Figure 3.7). Consequently, the proxy protein ESI-MS assay 

can be used to detect and quantify low affinity PT-L interactions 

While the plots shown in Figures 3.6 and 3.7 were calculated for the competitive 

binding of Pproxy and PT to a single L, they also provide guidance on appropriate 

concentrations of Pproxy and library components. An additional consideration when 

applying the proxy protein ESI-MS assay for library screening is the possibility of 

differences in Ka,proxy for the different library components (i.e., Ka,proxy,x). In cases where 

all components of the library bind to Pproxy with similar affinities (within an order of 

magnitude), equimolar library solutions are ideal since the trend in affinities can be 

deduced directly from the trend in Rproxy,x values (normalized for the initial Rproxy,x 

value). In cases, where the Ka,proxy,x vary substantially, non-equimolar or “tailored” 

solutions can be used, whereby the concentrations of individual components are adjusted 

in order to achieve optimal Rproxy,x values.  

 

 

 



91 
 

3.3 Results and Discussion  

A series of control experiments were carried out to test the reliability of the proxy protein 

ESI-MS method for carbohydrate library screening. The different PT’s and carbohydrate 

libraries used are described below. 

 As a starting point, a simple, three-component oligosaccharide mixture (L1 – L3) was 

screened against the recombinant family 51 CBM protein. The HBGA oligosaccharide-

binding properties of CBM have recently been studied by ESI-MS and it was found that 

L2 and L3 are ligands, while L1 is a non-binder (Table 3.2).
62

 Next, a 14-component 

library (L2, L4 – L15, L17) was screened against RSL, which is a homotrimeric, L-

fucose binding lectin produced by bacterium Ralstonia solanacearum.
71

 X-ray 

crystallography data show that each monomer of the RSL trimer possesses two fucose 

binding sites.
71 

Based on ITC binding measurements performed on -Me-fucoside and -

L-Fuc-(12)--D-Gal-(14)--D-Glc (L17), it was concluded that the two binding sites 

are equivalent and independent.
71

 Binding studies carried out on RSL with a variety of 

fucose-containing oligosaccharides using SPR spectroscopy revealed affinities ranging 

from 10
4
 – 10

6
 M

-1
.
71

 In the present study, the affinities of L2, L4 – L15, L17 (reported 

as intrinsic (per binding site) affinities) for RSL were measured using the direct ESI-MS 

assay (Table 3.2) and representative binding data, for RSL interacting with L7 and with 

L17, are shown in Figure 3.8. RSL does not bind to L6 and L11-L13, which lack α-L-

fucose, and these compounds served as negative controls. Finally, a 10-component library 

(L1 - L3, L5, L8, L13, L16, L18 – L20) was screened against the huNoV P particle, 

which predominantly exists as a 24-mer (with MW of ~865 kDa) in solution.
72,73

 The 

huNoV P particle was shown to bind type A, type B and type H HBGAs, as well as some 
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HMO structures, but with low affinity, typically 10
2
 – 10

3
 M

-1
.
62

  The affinities of L1 - 

L3, L5, L16 and L18 – L20 for the related P dimer (which is the building block of the P 

particle) were measured in an earlier study (Table 3.2)
62,74

 and the affinities of L8 and 

L13 for the P dimer were measured in the present study (Figure 3.9 and Table 3.2); 

oligosaccharide L16 was reported not to bind.
62

 It was shown previously that the intrinsic 

affinities of HBGA oligosaccharides for the P particle and P dimer in these two proteins 

are similar, within a factor of two.
62

  

 A C-terminal fragment of human galectin 3 (Gal-3C), which possesses a single 

carbohydrate binding site, served as Pproxy for all of the screening measurements reported 

in this study. Galectin 3, as well as other galectins, recognizes Galβ1-3/4GlcNAc 

disaccharides, namely type 1 and 2 LacNAc,
75

 and these structural motifs are present in 

many HMOs and HBGA oligosaccharides. Although the oligosaccharide binding 

properties of galectin 3 have been the subject of multiple studies,
76 

reliable affinity data 

for galectin 3 (or Gal-3C) are not available for the majority of the oligosaccharides 

considered in the present study (i.e., L1-L20). Therefore, quantitative binding 

measurements, carried out using the direct ESI-MS assay, were performed on L1-L20 

and Gal-3C; the affinities, which are shown in Table 3.2 , range from 10
4
 M

-1 
to 10

5
 M

-1
.  

Representative binding data measured for Gal-3C interacting with L7 and with L17 are 

shown in Figure 3.10. 

(a) Screening a three-component library against CBM 

Shown in Figure 3.2a is a representative ESI mass spectrum acquired for a 200 mM 

aqueous ammonium acetate solution (pH 6.8, 25 °C) of Gal-3C (5 μM), Pref (4 μM)  and 

L1, L2 and L3 (10 μM each). Protonated ions corresponding to free Gal-3C and the 1:1 
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complexes of Gal-3C with each of the three oligosaccharides were identified, i.e., Pproxy
q+

 

and (Pproxy + Lx)
q+

, where x = 1, 2, 3 and q = 8, 9. Due to the relatively low concentration 

of individual oligosaccharides, as well as their relatively high affinities for Gal-3C, the 

occurrence of nonspecific binding was expected to be low. This was confirmed by the 

absence of detectable signal corresponding to Gal-3C bound to two or more 

oligosaccharides and the very low abundances of the corresponding (Pref + Lx)
q+

 ions 

(Figure 3.2a). Similar results were obtained for all measurements performed using this 

library and, consequently, no correction for nonspecific binding was made to the Rproxy,x 

values. Shown in Figure 3.2b is a representative ESI mass spectrum acquired for a 

solution identical to the one describe above, but with the addition of 23 μM CBM. From a 

visual comparison of the two mass spectra, it can be seen that the addition of CBM 

resulted in decrease in the relative abundances of the ions corresponding to Gal-3C bound 

to L2 and L3. In contrast, no significant change in the relative abundance of L1-bound 

Gal-3C was evident. Based on these observations alone, it can be concluded that L2 and 

L3 are ligands for CBM and L1 is a non-binder. Measurements were performed at six 

other CBM concentrations (4, 8, 9, 12, 15 and 18 M). Plotted in Figure 3.2c are the 

abundance ratios of L1-, L2- and L3-bound Gal-3C to free Gal-3C, i.e., Rproxy,1, Rproxy,2 

and Rproxy,3, respectively, versus CBM concentration. Inspection of the plots reveal that, at 

concentrations ≥8 M, the addition of CBM produced measurable changes in Rproxy,2 and 

Rproxy,3. For example, at the highest CBM concentration (23 M), the Rproxy,2 and 

Rproxy,3 values are 0.44 ± 0.03 and 0.62 ± 0.04, respectively. These values translate to 

affinities of (6.0 ± 0.4) × 10
4
 M

-1
 (L2) and (5.1 ± 0.4)× 10

4
 M

-1 
(L3), respectively. These 

values are similar in magnitude to the average affinities determined from the affinities 
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calculated at each of the CBM concentrations (≥8 M) investigated - (5.8 ± 1.6) × 10
4
 M

-

1
  (L2) and (5.1 ± 1.2) × 10

4
 M

-1 
(L3). Moreover, these values are in good agreement with 

reported affinities, (5.6 ± 0.3)× 10
4
 M

-1
 and (7.0 ± 0.3)× 10

4
 M

-1
, respectively (Figure 

3.2d).
62

 In contrast to what was observed for Rproxy,2 and Rproxy,3, Rproxy,1 showed no 

significant dependence on CBM concentration (slope of -0.0014 ± 0.0010 for a linear 

curve fit to the data). The absence of a detectable interaction between L1 and CBM is 

consistent with results of a previous binding study.
62

        

(b) Screening a fourteen-component library against RSL.  

The proxy protein method was then used to screen a 14-component library (L2, L4 – 

L15, L17) against RSL. Shown in Figure 3.3a is a representative ESI mass spectrum 

acquired for a 200 mM aqueous ammonium acetate solution (pH 6.8, 25 °C) of Gal-3C (8 

μM), Pref (3 μM) and the 14-component library (24 μM each). Signal corresponding to 

free Gal-3C and the corresponding 1:1 complexes with each of the fourteen 

oligosaccharides was detected (Figure 3.3a). Shown in Figure 3.3b is a mass spectrum 

acquired for the same solution as described above but with the addition of RSL at a 

concentration of 11 M. From a comparison of the mass spectra shown in Figures 3.3a 

and 3.3b, it can be seen that the addition of RSL resulted in a decrease in the relative 

abundances of the complexes of Gal-3C with seven of the oligosaccharides (L2, L5, L7 – 

L10 and L17). Plotted in Figure 3.3c are the Rproxy,x values determined at RSL 

concentrations of 0 M, 3 M, 6 M, 8 M, 9 M, and 11 M. It can be seen that 

measurable changes in Rproxy,x are observed for the seven oligosaccharides at RSL 

concentrations ≥6 M. For example, at an RSL concentration of 11 M, the 

corresponding ∆Rproxy,x values are: 0.79 ± 0.09 (∆Rproxy,2), 1.63 ± 0.1 (∆Rproxy,5), 1.38 ± 
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0.10 (∆Rproxy,7), 0.38 ± 0.06 (∆Rproxy,8), 0.13 ± 0.03 (∆Rproxy,9), 0.11 ± 0.04 (∆Rprox,10), 0.44 

± 0.01 (∆Rproxy,17). In contrast, the Rproxy,x values of L4, L6 and L11 – L15 showed no 

significant dependence on RSL concentration: 0.1 ± 0.1 (∆Rproxy,4), 0.09 ± 0.11 (∆Rproxy,6), 

0.04 ± 0.03 (∆Rproxy,11), 0.03 ± 0.02 (∆Rproxy,12), 0.04 ± 0.03 (∆Rproxy,13), 0.07 ± 0.06 

(∆Rproxy,14), -0.03 ± 0.06 (∆Rproxy,15). Based on these results, it is concluded that L2, L5, 

L7 – L10 and L17 are ligands of RSL, while L4, L6 and L11 – L15 are non-binders. 

However, based on the results of direct ESI-MS measurements, only L6 and L11-L13 are 

non-binders; L4, L14 and L15 exhibit affinities of (1.0 ± 0.1) x 10
4
 M

-1
, (3.5 ± 0.1) x 10

4
 

M
-1

, (1.0 ± 0.1) x 10
4
 M

-1
, respectively, for RSL (Table 3.3). Shown in Figure 3.3d are 

the average affinities determined for L2, L5, L7 – L10 and L17. Notably, the values 

agree, within a factor of three, with the intrinsic affinities measured for RSL (Figure 

3.3d).  

These false negative results obtained for L4, L14 and L15 can be explained by 

the fact that, under the concentrations used for the screening measurements, most of the 

RSL binding sites are occupied by the highest affinity ligands. Consequently, the 

interactions involving the lower affinity ligands are at low concentration and, therefore, 

difficult to reliably detect. For example, for the 11 M RSL solution it is predicted from 

numerical modeling that L4, L14 and L15 occupy less than 6% of the RSL binding sites. 

To further support this explanation for the false negatives, the screening measurements 

were repeated in the absence of the highest affinity RSL ligands (L2, L5, L7, L8 and 

L17). Shown in Figures 3.4a and 3.4b are representative ESI mass spectra acquired for 

200 mM aqueous ammonium acetate solutions (pH 6.8, 25 °C) of Gal-3C (8 μM), Pref 

(2.5 μM) and the 9-component library (L4, L6, and L9–L15, 24 μM each) in the absence 
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and presence of RSL (11 M), respectively. Comparison of the two mass spectra reveals 

that the relative abundances of the complexes corresponding to Gal-3C bound to L4, L14 

and L15, as well as L9, L10, exhibit a noticeable decrease upon addition of RSL to 

solution. These results indicate that these six oligosaccharides are ligands for RSL. 

Consistent with the results described above, no significant change in relative abundances 

was observed for L6, L11 – L13. The influence of RSL concentration on relative 

abundance of bound Gal-3C is more clearly seen in Figure 3.4c, where the Rproxy,x values 

are plotted versus the concentration of RSL. The average intrinsic affinities determined 

for L4, L9, L10, L14 and L15 are shown in Figure 3.4d, along with the intrinsic affinities 

measured for RSL. In all cases the values agree, within a factor two.  

(c) Screening a ten-component non-equimolar library against huNoV P particle.  

As a final and very challenging (due to the low oligosaccharide affinities) test of the 

proxy protein ESI-MS method, the assay was used to screen a 10-component library (L1-

L3, L5, L8, L13, L16 and L18 – L20) against the hNoV P particle. Given the high MW 

of the P particle, ~865 kDa, the direct detection of oligosaccharide-bound P particle 

complexes by ESI-MS was not possible with the available instrumentation.
60

 Because the 

affinities of L1, L8, L13 and L16 for Gal-3C are significantly lower than those of the 

other six oligosaccharides (Table 3.2), the concentrations of the library components were 

tailored (40 μM for L1, L8, L13 and L16, and 10 μM for L2, L3, L5 and L18-L20). 

Shown in Figures 3.5a and 3.5b are representative ESI mass spectra acquired for a 200 

mM aqueous ammonium acetate solution (pH 6.8, 25 °C) of Gal-3C (5 μM), Pref (3 μM) 

and the 10-component library in the absence and presence (7.8 μM) of P particle, 

respectively. In both ESI mass spectra, ion signal corresponding to the protonated Pproxy
q+
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and (Pproxy + Lx)
q+

 ions, where x = 1-3,5,8,13,16 and 18-20 and q = 7 – 9, was detected. 

Abundant signal corresponding to (Pref + Lx)
q+

 ions, where x = 1-3,5,8,13,16 and 18-20 

and q = 5 and 6, indicated a significant contribution from non-specific binding to the 

mass spectrum. Following correction for non-specific binding,
67

 the changes in relative 

abundances of the Gal-3C complexes of eight of the oligosaccharides (L1-L3, L5, L8, 

L18 – L20) were indicative of binding. Analogous measurements were carried out at P 

particle concentrations of 1.2 μM, 2.4 μM, 4.8 μM and 6.2 μM. The corresponding plots 

of Rproxy,x values versus P particle concentration are shown in Figure 3.5c. It can be seen 

that, while the initial Rproxy,x values (0.5 - 3.2) are well suited to the implementation of the 

proxy protein method, the changes in Rproxy,x upon addition of 7.8 μM P particle (the 

highest concentration tested) ranged from only 3% to 17% (due to the low affinities). The 

concentration of the P particle stock solution precluded the use of higher concentrations. 

Despite the small ∆Rproxy,x values, the average affinities determined for L1-L3, L5, L8, 

L18 – L20 are found to agree within a factor of three with the affinities measured using 

direct ESI-MS assay for the corresponding hNoV P dimer (Figure 3.5d).
74

 Moreover, the 

absence of detectable binding for L13 and L16 to the P particle is consistent with the 

results of the binding measurements performed on the P dimer (Table 3.2).
62 

 

3.4 Conclusions 

The use of the proxy protein ESI-MS method for the rapid and quantitative screening of 

carbohydrate libraries against lectins is described. Specific interactions between 

components of the carbohydrate library and a PT are identified from changes in the 

relative abundances of the carbohydrate complexes of Pproxy, which binds to all 

components of the library with known affinity, upon introduction of PT to the solution. 
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The affinity of an identified interaction can be calculated from the magnitude of the 

change in relative abundance of a given Pproxy-ligand complex. A mathematical 

framework for the implementation of the method in the case of monovalent Pproxy and 

monovalent and multivalent (multiple equivalent and independent binding sites) PT, as 

well as general experimental design considerations are given. Application of the method 

to screen small libraries of oligosaccharides against three lectins (CBM, RSL and hNoV 

P particle, serve to demonstrate the reliability and versatility of the assay for the 

simultaneous detection and quantification of both low and high affinity interactions. 

Finally, it should be noted that, although relatively small libraries were used in the 

present study, implementation of the assay using higher resolution MS instruments is 

expected to allow for the use of multiple Pproxy. This, in turn, will allow for libraries 

containing a larger number of components to be screened.  

  



99 
 

Figure captions 

Figure 3.1. Structures of the oligosaccharides L1 – L20. Monosaccharide key: 

Glucose ( ), galactose ( ), N-acetylgalactosamine (   ), N-acetylglucosamine (  ), sialic 

acid(   ),  fucose (   ). 

Figure 3.2. ESI mass spectra acquired in positive ion mode for 200 mM aqueous 

ammonium acetate solutions (pH 6.8 and 25 °C) containing Gal-3C (5 µM), Pref (4 µM), 

and a three-component library (L1, L2 and L3, 10 μM each) with (a) 0 µM and (b) 23 

µM CBM. (c) Plots of the abundance ratios of L1- (■), L2- (●) and L3-bound Gal-3C 

(▲) to free Gal-3C (i.e., Rproxy,x) versus CBM concentration (0 – 23 µM) measured under 

the same solution conditions as described for (a). Solid curves correspond to the apparent 

Rproxy,x calculated from the average affinity (Ka, Table 3.2). (d) Comparison of the 

affinities L1 – L3 for CBM measured using the proxy protein method ( ) with those 

measured using direct ESI-MS assay ( ). Errors correspond to one standard deviation.  

Figure 3.3. ESI mass spectra acquired in positive ion mode for 200 mM aqueous 

ammonium acetate solutions (pH 6.8 and 25 °C) containing Gal-3C (8 µM), Pref (3 µM), 

and a fourteen-component library (L2, L4 – L15, L17, 24 μM each) with (a) 0 µM and 

(b) 11 µM RSL. (c) Plots of the abundance ratios of L17- (■), L12- (♦), L11- (●), L14- 

(♦), L2- (■), L5- (▲), L7- (●), L4- (●), L9- (●), L15- (●), L10- (■), L13- (♦), L8- (♦) 

and  L6-bound Gal-3C ( ) to free Gal-3C (i.e., Rproxy,x) versus RSL trimer concentration ■

(0 – 11 M) measured under the same solution conditions as described for (a). Solid 

curves correspond to the apparent Rproxy,x calculated from the average affinity (Ka, Table 

3.2). (d) Comparison of intrinsic affinities of L2, L4 – L15, L17 for RSL measured using 
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the proxy protein method ( ) with those measured using direct ESI-MS assay ( ). Errors 

correspond to one standard deviation.  

Figure 3.4.  ESI mass spectra acquired in positive ion mode for 200 mM aqueous 

ammonium acetate solutions (pH 6.8 and 25 °C) containing Gal-3C (8 µM), Pref (2 

µM), ), and a fourteen-component library (L6 - L15, 24 μM each) with (a) 0 µM and (b) 

11 µM RSL. (c) Plots of the abundance ratios of L4- (■), L6- (♦), L9- (●), L10- (▲), 

L11- (●), L12- (x), L13- (■), L14- (▲) and L15-bound Gal-3C (●) to free Gal-3C (i.e., 

Rproxy,x) versus RSL concentration measured under the same solution conditions as 

described for (a). Solid curves correspond to the apparent Rproxy,x calculated from the 

average affinity (Ka, Table 3.2). (d) Comparison of intrinsic affinities of L6 - L15 for 

RSL measured using the proxy protein method ( ) with those measured using direct ESI-

MS assay ( ). Errors correspond to one standard deviation.  

Figure 3.5.  ESI mass spectra acquired in positive ion mode for 200 mM aqueous 

ammonium acetate solutions (pH 6.8 and 25 °C) containing Gal-3C (5 µM), Pref (4 µM) 

and  a ten-component library (L1, L8, L13 and L16, 40 μM each; L2, L3, L5 and L18– 

L20, 10 μM each each) with (a) 0 µM and (b) 7.8 µM P particle. (c) Plots of the 

abundance ratios of L1- (■), L2- (■), L3- (♦), L5- (●),L8- (x), L13- (▲), L16- (●),  L18- 

(x) and L19- (■) and L20-bound Gal-3C (▲) to free Gal-3C (Rproxy,x,) versus P particle 

concentration measured under the same solution conditions as described for (a). Solid 

curves correspond to the apparent Rproxy,x calculated from the average affinity (Ka, Table 

3.2). (d) Comparison of intrinsic affinities of L1-L3, L5, L8, L13, L16, L18–L20 for P 

particle measured using the proxy protein method ( ) with those measured using direct 

ESI-MS assay for P dimer ( ). Errors correspond to one standard deviation.  
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Figure 3.2. 
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Figure 3.3. 
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Figure 3.4. 
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Figure 3.5. 



106 
 

Table 3.1. Structures of oligosaccharides used in this study (L1 – L20).  

Oligosaccharide Structure  

L1 α-L-Fuc-(1→2)-β-D-Gal-(1→4)-β-D-Glc-O(CH2)6CH=CH2

L2 α-D-Gal-(1→3)-[α-L-Fuc-(1→2)]--D-Gal-(1→4)--D-Glc-

O(CH2)6CH=CH2 

L3 α-D-GalNAc-(1→3)-[α-L-Fuc(1→2)]-β-D-Gal-(1→4)-β-D-GlcNAc-

O(CH2)6CH=CH2

L4 α-D-GalNAc-(1→3)-[α-L-Fuc-(1→2)]--D-Gal-(1→3)--D-

GlcNAc-(1→3)--D-Gal 

L5 α-D-Gal-(1→3)-[α-L-Fuc-(1→2)]--D-Gal-(1→4)--D-GlcNAc-

O(CH2)6CH=CH2 

L6 β-D-Gal-(1→4)-β-D-GlcNAc-(1→3)-β-D-Gal-(1→4)-β-D-GlcNAc-

(1→3)-β-D-Gal-(1→4)-β-D-GlcNAc-(1→3)-β-D-Gal-(1→4)-β-D-

Glc 

L7 β-D-Gal-(1→4)-[α-L-Fuc-(1→3)]-β-D-GlcNAc-(1→3)-β-D-Gal-

(1→4)--D-Glc 

L8 β-D-Gal-(1→4)-[α-L-Fuc-(1→3)]-β-D-GlcNAc-(1→6)-[α-L-Fuc-

(1→2)--D-Gal-(1→3)--D-GlcNAc-(1→3)]--D-Gal-(1→4)--D-

Glc 

L9 α-L-Fuc-(1→2)--D-Gal-(1→3)-[α-L-Fuc-(1→4)]-β-D-GlcNAc-

(1→3)--D-Gal(1→4)--D-Glc 
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L10 α-L-Fuc-(1→2)-β-D-Gal-(1→3)-[α-D-Neu5Ac-(2→6)]-β-D-

GlcNAc-(1→3)--D-Gal-(1→4)--D-Glc 

L11 α-D-Neu5Ac-(2→3)--D-Gal(1→4)--D-Glc 

L12 β-D-GlcNAc(1→3)--D-Gal(1→4)--D-Glc 

L13 α-D-Neu5Ac-(2→3)--D-Gal-(1→3)-[α-D-Neu5Ac-(2→6)]--D-

GlcNAc-(1→3)--D-Gal-(1→4)--D-Glc 

L14 α-D-GalNAc-(1→3)-[α-L-Fuc-(1→2)]--D-Gal-(1→4)--D-Glc 

L15 α-D-GalNAc-(1→3)-[α-L-Fuc-(1→2)]--D-Gal-(1→3)--D-

GlcNAc-(1→3)--D-Gal-(1→4)--D-Glc 

L16 α-D-Gal-(1→3)--D-Gal-(1→4)--D-GlcNAc-O(CH2)6CH=CH2 

L17 α-L-Fuc-(12)--D-Gal-(14)--D-Glc 

L18 α-D-Gal-(1→3)-[α-L-Fuc(1→2)]--D-Gal-(1→4)--D-GlcNAc-

(1→3)--D-Gal-(1→4)--D-Glc 

L19 α-D-GalNAc-(1→3)-[α-L-Fuc(1→2)]--D-Gal-(1→4)--D-GlcNAc-

(1→3)--D-Gal-(1→4)--D-Glc 

L20 α-D-GalNAc-(1→3)-[α-L-Fuc-(1→2)]--D-Gal-(1→4)-D-Glc
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Table 3.2. Association constants, Ka (units of 10
4
 M

-1
) for binding of HBGA and HMO 

oligosaccharides (Lx = L1 – L20) to Gal-3C, RSL, huNoV P dimer and CBM  measured 

at 25 °C and pH 6.8 by the direct ESI-MS assay.
a 
 

Lx Gal-3C RSL
b
 P dimer

b
  CBM 

L1 1.4 ± 0.1
c
 n.d.

e
 0.033 ± 0.003

c
 < 0.02

c
 

L2 10.2 ± 0.4
c
 16.0 ± 2.4 0.060 ± 0.005

c
 5.6 ± 0.3

c
 

L3 17.4 ± 1.4
c
 n.d.

e
 0.029 ± 0.003

c
 7.0 ± 0.3

c
 

L4 14.1 ± 0.3 1.0 ± 0.1 n.d.
e
 n.d.

e
 

L5 22.3 ± 1.7
c
 10.6 ± 0.7 0.041 ± 0.005

c
 n.d.

e
 

L6 13.0 ± 1.0 NB
f
 n.d.

e
 n.d.

e
 

L7 12.0 ± 0.8 13.0 ± 4.7 n.d.
e
 n.d.

e
 

L8 5.8 ± 0.1 10.0 ± 1.3 0.064 ± 0.015 n.d.
e
 

L9 4.2 ± 0.1 9.0 ± 1.0 n.d.
e
 n.d.

e
 

L10 4.0 ± 0.1 6.0 ± 0.3 n.d.
e
 n.d.

e
 

L11 2.0 ± 0.1 NB
f
 n.d.

e
 n.d.

e
 

L12 1.5 ± 0.1 NB
f
 n.d.

e
 n.d.

e
 

L13 3.3 ± 0.2 NB
f
 NB

f
 n.d.

e
 

L14 8.4 ± 0.2 3.5 ± 0.1 n.d.
e
 n.d.

e
 

L15 9.0 ± 0.6 1.0 ± 0.1 n.d.
e
 n.d.

e
 

L16 1.20 ± 0.04
c
 n.d.

e
 NB

c,f
 n.d.

e
 

L17 2.1 ± 0.2 240 ± 30 n.d.
e
 n.d.

e
 

L18 36.4 ± 1.6 n.d.
e
 0.043 ± 0.003

d
  n.d.

e
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L19 26.0 ± 1.5 n.d.
e
 0.031 ± 0.004

d
  n.d.

e
 

L20 6.4 ± 0.6 n.d.
e
 0.120 ± 0.008

d
 n.d.

e
 

a. Uncertainties correspond to one standard deviation. b. Ka values for RSL (six binding 

sites) and huNoV P dimer (two binding sites) correspond to intrinsic (per binding site) 

association constants. c. Values are adapted from Han et al. 2015. d. Values calculated 

from apparent Ka in reference Han et al. 2013. e. n.d. ≡ not determined. f. NB ≡ no 

binding detected.  
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Table 3.3. Intrinsic association constants (units of 10
4
 M

-1
) for binding to RSL and the P 

particle measured at 25 °C and pH 6.8 by the proxy protein  ESI-MS assay.
a 

Lx RSL
c
 RSL

d
 huNoV P particle

e
 

L1 n.d.
f
 n.d.

f
 0.078 ± 0.043 

L2 6.6 ± 1.7 n.d.
f
 0.120 ± 0.048 

L3 n.d.
f
 n.d.

f
 0.051 ± 0.011 

L4 NB
b
 0.9 ± 0.2 n.d.

f
 

L5 8.7 ± 1.4 n.d.
f
 0.091 ± 0.036 

L6 NB
b
 NB

b
 n.d.

f
 

L7 9.6 ± 1.5 n.d.
f
 n.d.

f
 

L8 4.2 ± 1.1 n.d.
f
 0.140 ± 0.042 

L9 3.5 ± 1.2 6.4± 0.6 n.d.
f
 

L10 1.7 ± 0.4 3.7 ± 0.5 n.d.
f
 

L11 NB
b
 NB

b
 n.d.

f
 

L12 NB
b
 NB

b
 n.d.

f
 

L13 NB
b
 NB

b
 NB

b
 

L14 NB
b
 2.5 ± 0.4 n.d.

f
 

L15 NB
b
 0.7 ± 0.2 n.d.

f
 

L16 n.d.
f
 n.d.

f
 NB

b
 

L17 92 ± 26 n.d.
f
 n.d.

f
 

L18 n.d.
f
 n.d.

f
 0.160 ± 0.069 

L19 n.d.
f
 n.d.

f
 0.100 ± 0.049 
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L20 n.d.
f
 n.d.

f
 0.130 ± 0.044 

a. Uncertainties correspond to one standard deviation. b. NB ≡ no binding detected. c. 

Average of values measured at 8 M, 9 M and 11 M RSL for the 14-component 

library. d. Average of values measured at 3 M, 8 M, 9 M and 11 M RSL for the 9-

component library. e. Average of values measured at 2.4 M, 4.8 M, 6.2 M and 7.8 

M P particle for the 10-component library. f. n.d. ≡ not determined.   
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Figure 3.6.  Calculated plots of Rproxy versus [PT]0. Initial conditions used for the 

numerical simulations: [Pproxy]0 = 5 M, [L]0 = 10 M (a, d, g, j), 20 M (b, e, h, k) and 

50 M (c, f, i, l).  Ka,proxy = 10
3
 M

-1
 (a-c), 10

4
 M

-1
 (d-f), 10

5
 M

-1
 (g-i), 10

6
 M

-1
 (j-l). [PT]0 

values are shown on the x-axis. Ka,PT,x ranged (from top to bottom) from 1 x 10
3
 (blue), 2 

x 10
3
 (red), 6 x 10

3
 (green), 1 x 10

4
 (purple), 2 x 10

4
 (light blue), 3 x 10

4
 (orange), 6 x 10

4
 

(pale blue), 1 x 10
5
 (pink), 2 x 10

5
 (light green) to 1 x 10

6
 (light purple). 
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Figure 3.7.  Calculated plots of Rproxy versus [PT]0. Initial conditions used for 

numerical simulations: [Pproxy]0 = 5 M, [L]0 = 10 M (a, d, g, j), 20 M (b, e, h, k) and 

50 M (c, f, i, l).  Ka,proxy = 10
3
 M

-1
 (a-c), 10

4
 M

-1
 (d-f), 10

5
 M

-1
 (g-i), 10

6
 M

-1
 (j-l). [PT]0 

values are shown on the x-axis. Ka,PT,x ranged (from top to bottom) from 1 x 10
3
 (blue), 2 

x 10
3
 (red), 6 x 10

3
 (green), 1 x 10

4
 (purple), 2 x 10

4
 (light blue), 3 x 10

4
 (orange), 6 x 10

4
 

(pale blue), 1 x 10
5
 (pink), 2 x 10

5
 (light green) to 1 x 10

6
 (light purple). 
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Figure 3.8. ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of RSL (P, 1.3 μM) and Pref (1 μM) with (a) 0.8 μM L17 

or (b) 2 μM L7. Insets show normalized distribution of free and ligand-bound RSL before 

( ) and after ( ) correction for nonspecific ligand binding. 

 

 



119 
 

 

 

Figure 3.9. ESI mass spectra in positive ion mode for a 10 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of VA387 P dimer (P, 12 μM) and Pref (10 μM) with (a) 

80 μM L8, or (b) 80 μM L13. Insets show normalized distribution of free and ligand-

bound P dimer before ( ) and after ( ) correction for nonspecific ligand binding.  
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Figure 3.10. ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-3C (P, 5 μM) and Pref (5 μM)  with (a) 40 μM L17 

or (b) 20 μM L7. Insets show normalized distribution of free and ligand-bound RSL 

before ( ) and after ( ) correction for nonspecific ligand binding. 
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Chapter 4 

Comparative Studies of Human Milk Oligosaccharide Specificities of  

Human Galectin-1, 3, 9 

 

 4.1 Introduction 

Human milk contains a variety of bioactive components, including proteins, 

glycoproteins, fat globules and free oligosaccharides (referred to as human milk 

oligosaccharides, HMOs.)
1,2

 HMOs are present in human milk at concentrations of 7-12 

g/L,
3
 they promote good bacteria growth,

4
 serve as antiadhesive antimicrobials in 

intestinal and urinary pathogens, modulate immune response and regulate gene 

expression in intestinal epithelial cells.
5-13

 Recently specific interactions of HMOs with 

bacterial toxins were demonstrated
14

 and  the anti-allergic properties of acidic HMOs 

linked to stimulating production of cytokines were proposed.
15

 While HMOs mainly are 

present in the intestinal tracts of infants, they can reach systemic circulation and therefore 

have effects outside of the gastrointestinal tract on local and systemic levels.
10

 Putative 

host binding partners of HMOs are involved in intestinal immune system and include C-

type lectins, siglecs and galectins.
16

 

Several HMOs have similar structures as cell surface glycans which serve as ligands for 

galectin. Galectins, evolutionarily conserved-galactose-binding lectins consisting of 

~130 amino acids, play important roles in a variety of physiological and pathological 

processes, such as inflammation, cell proliferation, the cell cycle, transcription processes 

and cell apoptosis.
17

 Galectins can be found in the extracellular space, on the cell surface, 

in the cytoplasm, and even in the nucleus. Extracellular galectins may mediate cell–cell 
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or cell–matrix adhesion by recognizing cell surface glycoproteins and glycolipids or 

glycosylated extracellular matrix.
18

 During the infection process, galectins have diverse 

effects on cells involved in innate immune responses, including macrophages, dendritic 

cells, neutrophils, eosinophils and mast cells. Galectins can modulate T cell homeostasis 

by signaling cascades triggered by their binding and lattice formation at the T cell surface 

and leading to secretion of pro- and anti-inflammatory cytokines.
19

 Based on exacerbated 

or depressed immune function, resulting effects can be beneficial or detrimental for 

pathological conditions such as inflammatory, allergic and autoimmune disorders, and 

cancer.
20-22

 The ability of some galectins to modulate the differential expression of 

cytokine genes in leukocytes may signify an important role for galectins in the adaptive 

immune response,
23

 in particular T2-type allergic response.  

Human galectins exist in three different types, dimeric (1, 2, 7, 10 and 13), tandem (4, 8, 

9 and 12) or chimera (3) and they possess unique physiological properties.
24-28

 Each 

galectin recognizes different glycan receptors
29,30

 although most of the members of 

galectin family bind to glyconjugates containing lactose (Galβ1-4Glc) and N-

acetyllactosamine (LacNAc). Galectins 1, 3 and 9 belong to different types and represent 

each different class of galectin. They are produced in intestinal cells and are present at 

low concentration in the blood. They were shown to bind to glycoproteins (complex N-

linked glycan inhered in protein) and glycans containing N-acetyllactosamine and lactose 

containing oligosaccharides. Galectin 1 exists in solution as a dimer, has two identical 

binding sites.
31

 Galectin-9 N- and C-terminal CRD parts have different carbohydrate 

binding sites
32

 where each terminal has single binding site in their structure.
32

 Galectin 3 

has single binding site.
33

 The affinities for a small number of HMOs for human galectins 
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1, 2, 3, 7, 8, 9 have been previously measured by frontal affinity chromatography 

(FAC)
34

 then by fluorescence anisotropy assay for galectin 3.
33

 In addition, different 

research groups reported galectin-glycan interactions using commercially available few 

simple glycans.
34-38

 

Recently HMOs binding properties were studied using glycan array technology
39

 where 

HMO were modified to print on the glass slides and structural characterization was 

described by using multistage mass spectrometry and computational approaches.
40-42

 

While it is established that human galectins, except galectin 2 recognize HMOs, there are 

little quantitative binding data with some disagreement between different methods. 

Moreover, each human milk oligosaccharide contains a free-reducing end
43-45

 which 

might be the reason for arising binding data disagreement. It may possibly relate to the 

modification done in proteins and oligosaccharides to detect binding. Using glycan array 

technique, screening is quick and requires comparatively small amounts of sample by 

glycan array method
46-48

 nonetheless binding data are known to display a dependence on 

the size/nature of the linker and amount of glycans printed on the surface.
49

 Also false 

negatives, particularly for low affinity interactions are commonly observed by this 

technique.
46,50-52

  

For the last several years direct ESI-MS binding assay was developed to become reliable 

technique to quantify protein-carbohydrate affinities. Important features of the assay are 

that interactions occur in solution and no chemical modification is needed.
53-55

 With the 

goals to quantify and to extend the affinity measurements to a larger number of HMO 

structures, the direct ESI-MS binding assay was used to screen thirty-two HMOs against 
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galectin 1 and two human galectin fragments, N-terminal fragment of galectin 9 and C-

terminal fragment of galectin 3 in this study.  

4.2 Materials and Methods  

4.2.1 Oligosaccharides  

The structures of the 32 oligosaccharides (L1 – L32) used in this study study are shown 

in Figure 4.1 and Table 4.1. L1, L5, L6, L12, L17, L19, L21, L26-L28, L29, L31, L32 

were purchased from Elicityl SA (Crolles, France); L2-L4, L7, L9-L11, L13-L16, L13-

L16, L18, L20, L22-L24 and L25 were purchased from IsoSep (Tullinge, Sweden); L8 

was obtained from Dextra (Reading, UK) and L30 from Sigma-Aldrich Canada 

(Oakville, ON, Canada). L33 was purchased from Elicityl SA (Crolles, France) which is 

present in the core of many HMO structure. Four fructo-oligosaccharides (FOS) L34-L37 

(Elicityl code, Fru111-Fru114) were also purchased from Elicityl SA (Crolles, France). 

Stock solutions of each oligosaccharide were prepared by dissolving a known mass of 

compound in a known volume of ultra-filtered water (Milli-Q, Millipore, Billerica, MA) 

to achieve a final concentration of ~1 mM. Galacto-oligosaccharides (GOS) were 

purchased from FrieslandCampina Domo (Amersfoort, The Netherlands); both of the 

sample (Vivinal GOS syrup and Vivinal GOS 90 powder) are available in syrup and dry 

powder form. Vivinal GOS 90 powder was dissolved in ultra-filtered Milli-Q water to 

make a stock solution to achieve a final concentration ~ 26.76 g/L. This stock solution is 

diluted to use in the experiment. Similarly, 125 µL of highly concentrated Vivinal GOS 

syrup was diluted 10 times with ultra-filtered Milli-Q water to make a stock solution. 

This solution is further diluted multiple times during experiment. The stock solutions 

were stored at -20 °C until needed.       
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4.2.2 Proteins 

S-carboxyamidomethylated oxidation resistant (C2S substituted) recombinant human 

galectin-1 (Dimer, Gal-1, MW 29500 Da) was gifts from Prof. S. Sato (Université Laval, 

Quebec).
56

 C2S substitution was done for improving stability and it does not alter affinity 

of Gal-1 for glycan.
57

  The recombinant fragment of the C-terminus (residues 107–250) 

carbohydrate recognition domain of human galectin-3 (Gal-3C, MW 16,330 Da)
58

 and 

recombinant fragment of N-terminus (residues 1–148) carbohydrate recognition domain 

of human galectin-9 (Gal-9N, MW 18509 Da)
59

 was a gift from Prof. C. Cairo 

(University of Alberta).  

4.2.3 Mass spectrometry 

The ESI-MS binding assays were carried out in positive ion mode using a 9.4T ApexQe 

FTICR mass spectrometer (Bruker, Billerica, MA) and a Synapt G2 quadrupole-ion 

mobility separation-time-of-flight (Q-IMS-TOF) mass spectrometer (Waters UK Ltd., 

Manchester, UK). For these instruments, nanoflow ESI (nanoESI) was performed using 

borosilicate glass tips (1.0 mm o.d., 0.68 mm i.d.) pulled to ~5 μm o.d. at one end using a 

P-2000 micropipette puller (Sutter Instruments, Novato, CA). A capillary voltage of ~1.0 

kV was applied to a Pt wire in the nanoESI tip to carry out ESI. A brief description of the 

instrumental conditions used for the two mass spectrometers is given below. 

ApexQe 9.4T FTICR mass spectrometer. The ESI source was fitted with a metal sampling 

capillary (0.5 mm i.d.) which is maintained at 280 V. Nitrogen gas was used as a drying 

gas at a flow rate of 2.0 L min
-1

 and 90 
o
C. Ions were carried through the first funnel and 

skimmer at 150 V and 20 V, respectively, and then ions were transmitted through the 

second funnel and skimmer at 7.6 V and 5.3 V, respectively. Electrodynamically the ions 

http://www.ulaval.ca/
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were stored temporarily in an rf hexapole for 0.6 s. They were further stored in a 

hexapole collision cell for 0.5 s. Following accumulation, the ions were transferred into 

the ion cell for detection. The front and back trapping plate voltage of the cell were 

maintained at 0.9 and 1.0 V, respectively, throughout the full experiment. The typical 

instrument base pressure for was ∼1 x 10
-10

 mbar. Analysis and data acquisition were 

executed using ApexControl, version 4.0 (Bruker Daltonics). For each acquisition a 

minimum of 30 transients with 128K data points per transient were used.  

Synapt G2 mass spectrometer. Mass spectra were acquired using a sampling cone voltage 

of 30 V and an extraction cone voltage of 2 V. The source wave velocity and wave height 

were 200 m/s and 0.2 V, respectively. Gas flow rates were 2 mL min
-1

 in trap, 180 mL 

min
-1

 in helium cell, 90 mL min
-1

 in ion mobility cell. Backing pressure of the source was 

3.2 mbar and the block temperature was 70 ºC. Ions were transmitted using Trap and 

Transfer ion guides where Trap (5V) and Transfer (2V) voltage were kept fixed. At least 

150 scans were collected for every acquisition. Data acquisition and processing were 

carried out using MassLynx (v 4.1).   

4.2.4 ESI-MS affinity measurements for Ka value determination 

For binding of the galectins to each of the thirty two HMOs (L1-L32) the apparent 

association constants (Ka, app) were quantified by the direct ESI-MS assay.
53,55,60,61

 All 

measurements were performed using six replicate measurements with a minimum of two 

different concentrations for each protein and HMO. For correcting the nonspecific 

carbohydrate- protein binding during the ionization process a reference protein (Pref) was 

added to the mixture to correct the mass spectra.
 65

 Later, Ka,app was calculated from the 
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abundance ratio (Rq) of the ligand bound (PLq)to free protein (P) after correction for 

nonspecific binding (eq 4.1a). If initial concentrations of protein ([P]0) and ligand ([P]0) 

are known then Ka,app can be measured by eq 4.1b:  
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4.3 Results and Discussions 

Galectins binds with galactose residue (Gal) and most of the HMOs contain Gal in the  

configuration (-galactoside) in the form of lacto-N-biose I [Gal(β1-4)GlcNAc, Type 1] 

and/or N-acetyllactosamine [Gal(β1-3)GlcNAc, Type 2] in their structure.
43

 Structurally, 

HMOs contain GlcNAc (N-acetylglucosamine), Gal (galactose), Fuc (fucose), and/or 

Neu5Ac (N-acetylneuraminic acid) residues as monosaccharide components. Among 

tested HMOs 10 compounds containing α-D-Neu5Ac(2-3/6) linkages are acidic 

oligosaccharides and 22 HMOs are neutral. According to Kobata et al. 2010, two histo-

blood group oligosaccharides found in minor amount in blood group A secretor 

individuals, AT5 tetra (L31), AT1 hexa (L32), were tested for binding with galectins. 

Cummings RD et al. 2009 showed a comparison of sequences of human galectins where 

amino acid residues involved in carbohydrate binding are highly conserved in all 

galectins, eight polar (His45, Asn47, Arg49, Asn62, Glu72, Arg74) and two non-polar 

(Val60, Trp69).              
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HMO-binding specificity of Galectins 

Galectin-1 (Gal-1) forms a noncovalent homodimer in solution. It contains single CRD 

and it is sensitive to oxidation because of six conserved cysteine residues to its 

dimerization location.
62

 Oxidation causes inactivation and loss of its hemagglutinin 

activity. It was described that mild treatment of galectin-1 by S-

carboxyamidomethylation with iodoacetamide makes it resistant to oxidation along with 

preservation of its biological functions.
63

 In this study, we used carboxyamidomethylated 

Gal-1 to prevent oxidation. Recently it has been reported that specificity of Gal-1 for 

glycan depends on both structures and mode of representation in solution or solid phase.
64

 

Solution-based method such as equilibrium gel filtration assay and isothermal titration 

calorimetry showed that single or poly N-acetylglucosamine sequence does not have 

much influence on glycan binding capacity of Gal-1.
28

 Using our method, ESI-MS-

binding measurement also showed similar results. For Type 2 LacNac containing HMOs, 

L6 has one N-acetylglucosamine unit whereas L1 and L8 have two N-acetylglucosamine 

units each and L5 has three units but all of their apparent binding affinities (Ka, 1) are 

moderately strong and those are of similar strength (~ 10
4
 M

-1
) whereas Type 1 LacNac 

containing HMO, L9 has one unit of N-acetylglucosamine and interestingly binding 

affinity is stronger (~ 10
5
 M

-1
) than Type 2 LacNac containing HMOs. Lack of Type 1 or 

2 LacNac doesn’t have any influence on binding since L19 also shows moderate affinity   

(~ 10
4
 M

-1
) for Gal-1. None of these HMOs have fucosylation or sialylation in their side 

chain. On the other hand, Gal-1 dimer has more preference for poly N-acetylglucosamine 

in solid phase assays. It means surface immobilization of glycan helps to understand 

more about the glycan specificities nature of Gal-1. Surface immobilization has little 
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importance for studying galectin and HMO interaction as HMOs present as free unit in 

human milk and free-reducing end lactose unit might play role in modulation of 

biological activities.  

Representative ESI mass spectra acquired for a solution of Gal-1 (3 μM) and 5 

μM and 10 μM L34 (Figure 4.2) in 30 mM aqueous ammonium acetate solution (pH 6.8, 

25 °C) reveal that the presence of ions corresponding to the (G1 + qL3) complexes, at 

charge states +9 – +11, where q = 1 (Figure 4.2). The appearance of nonspecific (Pref + 

qL3) ions, where q = 1, at charge states +5 and +6, indicates the occurrence of 

nonspecific binding of L3 to the Gal-1 complexes during the ESI process. The 

distribution of L3 bound specifically to (G1 + qL3) was obtained following correction of 

the mass spectrum using the Pref method
65

 (inset Figure 4.2). All binding affinities for 

gal-1 reported in the Table 4.1 are apparent (first binding site).  

According to Noll et al. 2016, Gal-1 binding to the HM-SGM-v2 array was weak 

and broad, with a little preference for branched glycans terminating in Type 1 or Type 2 

LacNAc which is not consistent with our result. Linear structure ligands such as: L1, L5, 

L6, L9 and L11 exhibits affinities of (4.5 ± 0.8) x 10
4 

M
-1

, (2.5 ± 0.3) x 10
4 

M
-1

, (2.4 ± 

0.1) x 10
4 

M
-1

, (11.5 ± 0.2) x 10
4 

M
-1

 and (3.9 ± 0.2) x 10
4 

M
-1

. Branched structure 

ligands L2, L4, L7, L13, L14, L22, L23, L28 and L29 exhibits affinities of (0.6 ± 0.02) 

x 10
4 

M
-1

, (0.74 ± 0.1) x 10
4 

M
-1

, (1.4 ± 0.3) x 10
4 

M
-1

, (0.3 ± 0.1) x 10
4 

M
-1

, (0.4 ± 0.1) x 

10
4 

M
-1

 , (0.3 ± 0.2) x 10
4 

M
-1

, (0.3 ± 0.1) x 10
4 

M
-1

, (0.8 ± 0.1) x 10
4 

M
-1

 and (0.3 ± 0.1) 

x 10
4 

M
-1

 respectively. However, L8 has strong affinity of (5.9 ± 0.4) x 10
4 

M
-1

. Figure 

4.5a shows the direct ESI-MS (Ka1,app, M
-1

) affinities compared to RFU values obtained 

from HM-SGM-v2 microarray for Gal-1 and 4.5b shows the linear relationship of direct 
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ESI-MS (Ka1,app, M
-1

) affinities and RFU value at highest concentration  of 200 μg/ml. 

Binding affinity for L9 is moderately high (11.5 ± 0.2) x 10
4 

M
-1

 compared to the RFU 

value. In Figure 4.5c similar comparison was made using defined HMG microarray to 

ESI-MS affinities. Linear relationship was shown in 4.5d for direct ESI-MS (Ka1,app, M
-1

) 

affinities and RFU value at highest concentration  of 200 μg/ml.  Defined HMG 

microarray contains both ‘open-ring’ and ‘closed-ring’ structures at the reducing end 

lactose. ‘Closed-ring’ structure HMOs were derivatized in the similar way as ‘open-ring’ 

HMOs. It was assumed that ‘closed-ring’ reducing end was essential for HMOs binding. 

However this structural modification has little influence on the improvement of RFU 

value. Thus, it explains why HMO binding cannot be improved for Gal-1 through this 

modification. Glycan microarray Chart ID and structure for all HMOs are given in Table 

4.6 and 4.7. Figure 4.20a represents the similar comparison made with the selected 

HMOs from CFG glycan microarray data V 5.0. 

Human galectin 3 (Gal-3C) is one of the best studied galectins with many 

functions. In this study, a C-terminal fragment of human galectin 3 (Gal-3C) was used. It 

possesses a single CRD along with a large amino terminal domain and thus forms 

noncovalent monomer in solution. Gal-3C recognizes both Type 1 and Type 2 LacNac. It 

has multifaceted specificity for small oligosaccharides. The addition of Neu5Ac(α2-3/6) 

changes binding affinity. The addition of GalNAc(α1-3), similar as blood group A or B 

determinants, improve binding affinity by 10-25 fold. The addition of GlcNAc(1-3) 

with an additional Gal residue, similar as poly-N-acetyl-lactosaminoglycans also improve 

binding affinity.
66
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In ESI mass spectra obtained for a solution of Gal-3C (G3, 8 μM) and 20 μM and 

40 μM L3 (Figure 3) in 30 mM aqueous ammonium acetate solution (pH 6.8, 25 °C) 

reveal that the presence of ions corresponding to the (G3 + qL3) complexes, at charge 

states +7 – +9, where q = 1-2. The appearance of nonspecific (Pref + qL3) ions, where q = 

1, at charge states +5 and +6, indicates the occurrence of nonspecific binding of L3 to the 

Gal-3C complexes during the ESI process. The distribution of L3 bound specifically to 

(G3 + qL3) was obtained following correction of the mass spectrum using the Pref method 

(inset Figure 4.3a and 4.3b).
65

 

Hirabayashi et al. 2002 described the oligosaccharides specificities of several 

galectins using frontal affinity chromatography. Reported binding affinity of whole 

galectin-3 was few times higher than Gal-3C. All available HMOs from the 

oligosaccharide list from Hirabayashi et al. 2002 are in good agreement (Table 4.1). 

Fluorescence Anisotropy (FA) was also used to describe several oligosaccharides 

specificities of Gal-3C. Interestingly, binding affinities were overestimated by this 

method. L3, L6, L7, L9, L13, L15, L16, L18, L19 and L30 shows binding affinities of 

127 x 10
4 

M
-1

, 154 x 10
4 

M
-1

, 238 x 10
4 

M
-1

, 103 x 10
4 

M
-1

, 303 x 10
4 

M
-1

, 164 x 10
4 

M
-1

, 

104 x 10
4 

M
-1

, 59 x 10
4 

M
-1

, 105 x 10
4 

M
-1

 and 36 x 10
4 

M
-1

 respectively.
33, 66 

Nonspecific 

binding may be the reason for overestimation of affinities.  

In this study, direct ESI-MS binding data was compared to RFU values obtained 

from glycan microaraay reported in Noll et al. 2016 using HM-SGM-v2 array and 

defined HMG microarray for Gal-3C and 32 HMOs. However, whole galectin-3 was used 

in microarray study and data agreement from the direct comparison between two methods 

may not depicts the overall specificities of the HMOs. Glycan microarray data described 
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the binding preference of Gal-3 for minimum three repeating Type 2 LacNAc unit 

containing HMO structure whereas direct ESI-MS data shows good binding affinity for 

both linear and branched structure HMOs containing Type 1 and Type 2 LacNAc with 

Gal-3C. Overall, binding specificities are strong and broad except for some specific 

linkages which completely destroy the binding of HMOs (L24-L29). Interestingly it 

agrees with the previously reported values obtained by frontal affinity chromatography.
34

  

Data comparison from direct ESI-MS with HM-SGM-v2 microarray and defined HMG 

microarray show very poor agreement. Hirabayashi et al. 2002 showed weaker binding 

affinities for whole Gal-3 compared to Gal-3C. It can be justified by the comparisons of 

the binding affinities by glycan microarray method and ESI-MS method in the Figure 4.6. 

Figure 4.20b represents the similar comparison made with the selected HMOs from CFG 

glycan microarray data V 5.0. This comparison shows some similar trend in ESI-MS vs 

microarray data. However, values obtained from microarray data are poor and very 

similar to background level. So it can be concluded that, RFU values obtained for Gal-3C 

CFG glycan microarray data V 5.0 are not reliable.
39

    

Glycan microarray studies described that the oligosaccharide ligands for tandem 

repeat Gal-9 are still unclear because of two non-identical CRDs. So, high concentration 

(20 µg/ml and 200 µg/ml) of whole Gal-9 was not used in glycan microarray studies. But 

biochemical studies have found that both the N-terminal CRD (NCRD) and C-terminal 

CRD (CCRD) of human galectin-9 show high affinity for repeating Type 2 LacNAc 

residues (poly-N-acetyllactosamine).
34

  

ESI mass spectra acquired for solution of Gal-9N (G9, 10 μM) and 8 μM and 15 

μM L3 (Figure 4.4) in 30 mM aqueous ammonium acetate solution (pH 6.8, 25 °C) 
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reveal that the presence of ions corresponding to the (G9 + qL3) complexes, at charge 

states +7 – +9, where q = 1-2. The appearance of nonspecific (Pref + qL3) ions, where q = 

0, at charge states +5 and +6, indicates the occurrence of nonspecific binding of L3 to the 

Gal-9N complexes during the ESI process. The distribution of L3 bound specifically to 

(G9 + qL3) was obtained following correction of the mass spectrum using the Pref method 

(inset Figure 4.4a and 4.4b).
65

 

Hirabayashi et al. 2002 reported the oligosaccharides specificities of both whole 

Gal-9 and Gal-9N using frontal affinity chromatography where reported binding affinity 

of whole Gal-9 was few times higher than Gal-9N due to presence of two non-identical 

CRD (N-terminal and C-terminal) in this tandem repeat galectin. It was reported that both 

of the CRDs are required for biological activity.
26

 All available HMOs binding affinities 

from Hirabayashi et al. 2002 are in good agreement with ESI-MS data (Table 4.1).  

Data obtained from ESI-MS study for gal-9N was compared with HM-SGM-v2 

microarray and defined HMG microarray data obtained for Gal-9 and same HMOs. Due 

to difference in nature of the galectins used in both methods, values are in poor 

agreement. Glycan microarray affinities are mostly at background level for whole Gal-9.   

Figure 4.20c showed the comparison of ESI-MS data with CFG glycan microarray data V 

5.0. ESI-MS study showed high affinity for several HMOs and no affinity for other 

HMOs. It depicts the specificity of Gal-9N for various HMOs.  

Galacto-oligosaccharide (GOS) and fructo-oligosaccharide (FOS) binding specificity of 

Galectins 

Galacto-oligosaccharide (GOS) and fructo-oligosaccharide (FOS) are soluble non-

digestable carbohydrates which have core molecular structural similarities with HMOs. 
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Both of the GOS and FOS respectively contain chain of galactose and chain of fructose 

with glucose at the end. GOS boosts the growth of Bifidobacteria and Lactobacilli,
67-69

 

and thus contributes to the natural defences of human.
70-73

 It also plays a role in normal 

gut transit
74-77

 and enhancement of mineral absorption. 
78-82

 FOS is included in food 

products and infant formulas because of it’s prebiotic effect, i.e., stimulatory effects on 

the growth of nonpathogenic intestinal microbes.
83

 Mixture of GOS and FOS has been 

suggested as an alternative to HMOs for infant formula supplementation.
84

  

Noll et al. 2016 described that, semi-purified GOS fractions has no binding with 

galectins on the defined HMO microarray. Here they suggested that there is less chance 

of modulation of galectins activities by HMOs. While testing the binding affinity of both 

FOS and GOS with three available galectins (Gal-1, Gal-3C and Gal-9N) glycan array 

data was taken into account, and interestingly bindings of variable strength were found.  

ESI-MS binding measurements were performed on available 3 galectins and 

individual FOSs (L34-L37) in 30 mM aqueous ammonium acetate solution (pH 6.8, 

25 °C). The structures of L34-L37 are given in Figure 4.12. Representative ESI mass 

spectra acquired for solution containing Gal-3C and L34 are shown in Figure 4.10. 

Figures 4.18 for Gal-1 and L34; Figure 4.19 for Gal-9N and L34 represent two other 

galectins. After correction of the mass spectra for the presence of nonspecific FOS-

protein binding during the ESI process,
65 

Ka,app values were calculated from the relative 

abundances of the free and ligand-bound protein ions (Table 4.2).  

Data investigation from the Table 4.2 reveals that the both of the Gal-1 and Gal-

9N have binding with the 4 FOSs present in the study. Nevertheless, Gal-3C doesn’t 

show binding with any of them. Measured affinities are relatively low, with Ka,app ranging 
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from 2000 M
-1

 to 4000 M
-1

 for Gal-1 and 100 M
-1

 to 1000 M
-1 

for Gal-9N. Inspection of 

the ESI mass spectra acquired for a solution of Gal-3C (5 μM) and 20 μM and 40 μM 

L34 (Figure 4.10) in 30 mM aqueous ammonium acetate solution (pH 6.8, 25 °C) reveal 

that the presence of ions corresponding to the (G3 + qL34) complexes, at charge states 

+7 – +9, where q = 1 (Figure 7). The appearance of nonspecific (Pref + qL34) ions, where 

q = 1, at charge states +5 and +6, indicates the occurrence of nonspecific binding of L34 

to the Gal-3C complexes during the ESI process. The distribution of L34 bound 

specifically to (G3 + qL34) was obtained following correction of the mass spectrum 

using the Pref method
65

 (inset Figure 4.10a and 4.10b). It can be seen that there is no 

visible binding was observed after nonspecific binding correction. 

Similarly, ESI-MS binding measurements were carried out on available 3 

galectins and Vivinal GOS 90 powder (Gpx) and Vivinal GOS syrup (Gsx). GOS mixtures 

were diluted before performing the ESI-MS experiments. GOS content of the Vivinal 

GOS 90 powder is 69% whereas it is 59% on dry matter weight of Vivinal GOS syrup 

(Product data sheet from from FrieslandCampina Domo). Due to the lack of known 

concentration of GOSs in mixture, binding affinity (Ka,app, M
-1

) calculations were not 

possible. However, it is possible to calculate the abundance ratio (R) of the ligand bound 

(PLq) to free protein (P) after correction for nonspecific binding. 

Shown in Figures 4.8 and 4.9 are ESI mass spectra acquired for the Gal-3C (5 

M) with 0.05 g/L and 0.1 g/L Vivinal GOS 90 powder and 6000 and 1200 time diluted 

Vivinal GOS syrup respectively. Protonated ions corresponding to G3-Lx (where, Lx = 

GOS1-GOS6) complexes, at charge states +7 – +9 were detected in both cases for dry 

powder and syrup. The distributions of specifically bound Lx, obtained from the mass 
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spectra following correction for nonspecific binding (inset, Figures 8a, 8b and 9a, 9b) 

confirms that Lx can bind to gelatins. Interestingly, total 6 different GOS were detected as 

complex with galectins. For example, at Gpx concentration of 0.1 g/L, the corresponding 

R values are in the range of 0.02 ± 0.00 to 0.12 ± 0.01 whereas ~ 1200 times diluted Gsx 

show R values are in the range of 0.05 ± 0.01 to 0.58 ± 0.04 for different component of 

Lx (Figure 8b and 9b) for Gal-3C. Similar results were obtained for other two galectins 

(Gal-1 and Gal-9N) bound to Lx (Figures 4.14 – 4.17).    

From the above discussion, it can be concluded that further studies are required 

using whole galectin-3 and whole galectin-9 to reliably comment on the binding 

specificities of oligosaccharide using ESI-MS method. It is apparent that ESI-MS is more 

sensitive, reliable and versatile for protein-carbohydrate binding measurement. But it was 

not thoroughly studied how glycan conjugation affects the interaction in glycan 

microarray studies. Further studies are required to comment on the effect of glycan 

conjugation on the binding affinities.  

4.4 Conclusions 

In summary, the affinities of 32 of the most abundant HMOs for Gal-1, Gal-3C and Gal-

9N were quantified for the first time using direct ESI-MS. It was found that each lectin 

binds to the majority of the HMOs tested in this study, even though binding affinities are 

very diverse for HMOs. In addition, study of GOS and FOS binding with galectin shows 

weak affinity. These results suggest that distinct nature of interaction HMOs might have 

influence on immunomodulation and benefit of child health. Moreover, comparison of the 

ESI-MS to glycan microarray study shows the binding data reliability of the ESI-MS over 

glycan microarray for study of glycan-protein interaction.  
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Table 4.1. Apparent association constants, Ka,app (units of 10
4
 M

-1
) for binding of the HMOs (L1 – L32) to Gal3C, Gal1 and Gal9N 

determined in 20 mM aqueous ammonium acetate at 25 ºC and pH 7.2 by the direct ESI-MS assay.
 1,2,3  

Structure HMO Gal3C  Gal1   Gal9N  

  

Ka, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

Ka1, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

Ka, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

 L1 9.3 ± 0.2  4.5 ± 0.8  7.0 ± 0.8  

 
L2 6.6 ± 0.2  0.6 ± 0.02  35.6 ± 0.2  

 L3 8.6 ± 0.1 20
1
 1.32 ± 0.3 1.7

1
 24.7 ± 2.0 26.3

1
 

 
L4 12.0 ± 0.6 5

1
 0.74 ± 0.1 NB

1
 41.5 ± 2.0 25.6

1
 

 
L5 13.0 ± 1.0  2.5 ± 0.3  3.5 ± 0.1  

 L6 9.2 ± 0.3 13
1
 2.4 ± 0.1 2

1
 12.0 ± 0.5 24.4

1
 

 
L7 12.0 ± 0.8 11

1
 1.4 ± 0.3 NB

1
 13.5 ± 0.8 10.6

1
 

 

L8 
6.3 ± 0.4  5.9 ± 0.4  0.9 ± 0.1  

 L9 6.0 ± 0.1 10
1
 11.5 ± 0.2 1.6

1
 6.3 ± 0.3 20.8

1
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Structure HMO Gal3C  Gal1   Gal9N  

  

Ka, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

Ka1, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

Ka, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

 
L10 5.8 ± 0.1  2.4 ± 0.2  1.4 ± 0.3  

 L11 5.6 ± 0.2  3.9 ± 0.2  7.0 ± 1.1  

 L12 5.4 ± 0.2  1.8 ± 0.2  1.0 ± 0.1  

 
L13 4.2 ± 0.1  0.3 ± 0.1  6.6 ± 1.1  

 
L14 4.0 ± 0.1  0.4 ± 0.1  1.1 ± 0.1  

 L15 2.2 ± 0.1  0.4 ± 0.1  13.0 ± 1.2  

 
L16 2.1 ± 0.2 1.1

1
 1.9 ± 0.1 NB

1
 NB NB

1
 

 
L17 2.1 ± 0.2  1.5 ± 0.1  1.2 ± 0.1  

 L18 2.0 ± 0.1 0.4
1
 1.9 ± 0.2 NB

1
 NB 0.3

1
 

 L19 1.5 ± 0.1  0.8 ± 0.1  4.8 ± 0.4  

 
L20 3.3 ± 0.2  0.4 ± 0.1  NB  

 
L21 1.3 ± 0.1  1.6 ± 0.2  0.6 ± 0.1  
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Structure HMO Gal3C  Gal1   Gal9N  

  

Ka, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

Ka1, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

Ka, app (M
-1

) 

(ESI-MS) 

Ka (M
-1

) 

Others
1,2

 

 
L22 1.0 ± 0.1  0.3 ± 0.2  0.7 ± 0.1  

 
L23 0.2 ± 0.1  0.3 ± 0.1  1.7 ± 0.2  

 
L24 NB  0.4 ± 0.1  NB  

 L25 NB NB
1
 0.6 ± 0.1 NB

1
 NB NB

1
 

 
L26 NB  0.2 ± 0.0  NB  

 
L27 NB  0.2 ± 0.1  NB  

 
L28 NB  0.8 ± 0.1  NB  

 
L29 NB  0.3 ± 0.1  NB  

 L30 0.2 ± 0.1 0.4
1
 0.9 ± 0.1 NB

1
 0.3 ± 0.1 1.0

1
 

 
L31 8.4 ± 0.2  1.3 ± 0.1  11 ± 0.6  

 
L32 9.0 ± 0.6  0.5 ± 0.1  20 ± 0.4  

1
Hirabayashi et al. 2002, 

3 
Errors correspond to one standard deviation 
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Table 4.2. Association constants (Ka,app) measured by ESI-MS for the interactions of ligand L34-

L37 with Gal1, Gal-3C and Gal-9N in aqueous ammonium acetate solutions at pH 6.8 and 25 

°C.
a
 

Elicityl Code Ligand 

Ka1,app  

(Gal-1)/M
-1

 

Ka,app  

(Gal-3C)/M
-1

 

Ka,app  

(Gal-9N)/M
-1

 

Fru111 L34 (2.3±0.3)×10
3
 NB (0.3±0.1)×10

3
 

Fru112 L35 (2.4±0.8)×10
3
 NB (0.2±0.05)×10

3
 

Fru113 L36 (2.7±0.2)×10
3
 NB (0.2±0.05)×10

3
 

Fru114 L37 (3.5±0.7)×10
3
 NB (0.7±0.3)×10

3
 

a. Errors correspond to one standard deviation. b. NB = No binding 
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Figure captions 

Figure 4.1.   Structures of the oligosaccharides L1 – L32. Monosaccharide key: Glucose (  ), 

galactose (  ), N-acetylgalactosamine (   ), N-acetylglucosamine (  ) , sialic acid(   ),  fucose (   ). 

Figure 4.2.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium acetate 

solution (pH 6.8, 25 °C) of Gal-1 (G1, 3 μM) and Pref (2 μM)  with (a) 5 μM L3 or (b) 10 μM 

L3. Insets show normalized distribution of free and ligand-bound Gal-1 before ( ) and after ( ) 

correction for nonspecific ligand binding. 

Figure 4.3.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium acetate 

solution (pH 6.8, 25 °C) of Gal-3C (G3, 8 μM) and Pref (3 μM)  with (a) 20 μM L3 or (b) 40 μM 

L3. Insets show normalized distribution of free and ligand-bound Gal-3C before ( ) and after ( ) 

correction for nonspecific ligand binding. 

Figure 4.4.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium acetate 

solution (pH 6.8, 25 °C) of Gal-9N (G9, 10 μM) and Pref (2 μM)  with (a) 8 μM L3 or (b) 15 μM 

L3. Insets show normalized distribution of free and ligand-bound Gal-9N before ( ) and after ( ) 

correction for nonspecific ligand binding. 

Figure 4.5.  Summary of the comparison of the ESI-MS (Ka,app, M
-1

) and RFU value obtained 

from HMO microarray for Gal-1. HM-SGM-v2 microarray data compared to ESI-MS (Ka,app, M
-

1
) are presented at (a) three concentration (2, 20 and 200 μg/ml)   (b) one highest concentration 

(200 μg/ml) available. Defined HMG microarray compared to ESI-MS (Ka,app, M
-1

) are presented 

at (c) three concentration (2, 20 and 200 μg/ml)   (d) one highest concentration (200 μg/ml) 

available. Chart ID for HM-SGM-v2 are taken from supplementary data on Table 4.6 and Chart 
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ID for Defined HMG microarray are taken from supplementary data on Table 4.7. Errors 

correspond to one standard deviation.    

Figure 4.6.  Summary of the comparison of the ESI-MS (Ka,app, M
-1

) and RFU value obtained 

from HMO microarray for Gal-3C. HM-SGM-v2 microarray data compared to ESI-MS (Ka,app, 

M
-1

) are presented at (a) three concentration (2, 20 and 200 μg/ml)   (b) one highest 

concentration (200 μg/ml) available. Defined HMG microarray compared to ESI-MS (Ka,app, M
-

1
) are presented at (c) three concentration (2, 20 and 200 μg/ml)   (d) one highest concentration 

(200 μg/ml) available. Chart ID for HM-SGM-v2 are taken from supplementary data on Table 

4.6 and Chart ID for Defined HMG microarray are taken from supplementary data on Table 4.7. 

Errors correspond to one standard deviation.    

Figure 4.7.  Summary of the comparison of the ESI-MS (Ka,app, M
-1

) and RFU value obtained 

from HMO microarray for Gal-9N. HM-SGM-v2 microarray data compared to ESI-MS (Ka,app, 

M
-1

) are presented at (a) two concentration (2 and 20 μg/ml)   (b) one highest concentration (20 

μg/ml) available. Defined HMG microarray compared to ESI-MS (Ka,app, M
-1

) are presented at 

(c) one concentration (2 μg/ml)   (d) one highest concentration (2 μg/ml) available. Chart ID for 

HM-SGM-v2 are taken from supplementary data on Table 4.6 and Chart ID for Defined HMG 

microarray are taken from supplementary data on Table 4.7. Errors correspond to one standard 

deviation.    

Figure 4.8.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium acetate 

solution (pH 6.8, 25 °C) of Gal-3C (G3, 5 μM) and Pref (2 μM)  with (a) 0.05 g/L or (b) 0.1 g/L 

diluted solution of Vivinal GOS 90 powder. Insets show normalized distribution of free and 

ligand-bound Gal-3C before ( ) and after ( ) correction for nonspecific ligand binding. 
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Figure 4.9.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium acetate 

solution (pH 6.8, 25 °C) of Gal-3C (G3, 5 μM) and Pref (2 μM)  with (a) ~ 6000 times or (b) ~ 

1200 times diluted solution of Vivinal GOS syrup. Insets show normalized distribution of free 

and ligand-bound Gal-3C before ( ) and after ( ) correction for nonspecific ligand binding. 

Figure 4.10.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium acetate 

solution (pH 6.8, 25 °C) of Gal-3C (G3, 5 μM) and Pref (3 μM)  with (a) 20 μM L34 or (b) 40 

μM L34. Insets show normalized distribution of free and ligand-bound Gal-3C before ( ) and 

after ( ) correction for nonspecific ligand binding. 
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Figure 4.1. 
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Figure 4.2.  

(a) 

(b) 
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Figure 4.3. 

(a) 

(b) 
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Figure 4.4. 

(a) 

(b) 
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Figure 4.5.  
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Figure 4.6. 
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Figure 4.7. 
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Figure 4.8. 

(a) 

(b) 
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Figure 4.9. 

 

(a) 

(b) 
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 Figure 4.10. 

 

(a) 

(b) 
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Figure 4.11. Structure of the L33 (-D-Gal-(14)--D-GlcNAc). 

 

 

Table 4.3. Association constants (Ka) measured by ESI-MS for the interactions of ligand L33 

with Gal1, Gal-3C and Gal-9N in aqueous ammonium acetate solutions at pH 6.8 and 25 °C.
a
 

Elicityl Code Ligand Ka (Gal-1)/M
-1

 Ka (Gal-3C)/M
-1

 Ka (Gal-9N)/M
-1

 

Gly008 L33 (2.3±0.3)×10
3
 (1.3±0.1)×10

4
 (2.3±0.1)×10

4
 

a. Errors correspond to one standard deviation. b. NB = No binding 

 

L33 
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Figure 4.12. Structure of the of fructo-oligosaccharides; L34 (-D-Fru-(21)-[-D-Fru-

(21)]3-α-D-Glc), L35 (-D-Fru-(21)-[-D-Fru-(21)]4-α-D-Glc), L36(-D-Fru-(21)-[-

D-Fru-(21)]5-α-D-Glc), L37 (-D-Fru-(21)-[-D-Fru-(21)]6-α-D-Glc). 

L34 L35 

L36 L37 
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Figure 4.13. Structure of galacto-oligosaccharides (n = 0-6). 

HMO classification: 

Different HMOs are formed by the addition of diverging number of Neu5Ac and Fuc units. Our 

library contains total 32 HMOs. HMOs contain lactose at reducing end and they are further 

naturally modified to contain N-acetylglucosamine (GlcNAc), galactose (Gal), fucose (Fuc) 

and/or sialic acid (as N-acetylneuraminic acid; Neu5Ac).   

Among them SLea (L2), LNF1 (L3), LNF2 (L4), LNT (L9), LSa (L11), LND1 (L13), SLNFV 

(L14), LNnFPV (L17), DS-LNT (L20), LSb (L22), LNDFHII (L28) and AT1 hexa (L32) are of 

type 1; pLNnH (L1), LNnOcta (L5), LNnT (L6), LNF3 (L7), LNnH (L8), sLNTd(L12), LSc 

(L15), LNnFP (L21) and LNnDFHII (L29) are of type 2 HMOs; diFLNHa (L10), diFLNH 

(L23); others 9 HMOs, 2FL (L16), 3SL (L18), LNT2 (L19), 3FL (L24), 6SL (L25), LDFT (L26), 

3F3SL (L27), Lac (L30) and AT5 tetra (L31) are not included in neither type1/2 due to the 

absence of β –D-Gal(1-3/4)GlcNAc core in their structure.  
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10 HMOs containing α–D-Neu5Ac(2→3/6) linkages are acidic oligosaccharides and rests of the 

22 HMOs are neutral in nature. According to Urashima et al. 2012, HMOs contain 13 core 

groups in their structures. Among them 7 core groups are present in available 32 HMOs which 

are shown in table 4.1. 

Among 32 HMOs, 5 HMOs are connected by L-Fuc (1→2) at non-reducing end (Gal) of 

LNF1 (L3), LND1 (L13), SLNFV (L14), 2FL (L16), LDFT(L26); 8 HMOs are connected by 

L-Fuc(1→3/4) to GlcNAc of SLea(L2), LNF2 (L4), LNF3 (L7), diFLNHa (L10), LND1 

(L13), diFLNH (L23), LNDFHII (L28), LNnDFHII (L29); 7 HMOs are connected by L-

Fuc(1→3) to the reducing end of Glc of LNnFPV (L17), LNnFP (L21), 3FL (L24), 6SL (L26), 

3F3SL (L27), LNDFHII (L28), LNnDFHII (L29). Similarly, there are 9 HMOs where α–D-

Neu5Ac(2→3/6) is connected to the nonreducing end (Gal) of SLea (L2), LSa (L11), sLNTd 

(L12), SLNFV (L14), LSc (L15), 3SL (L18), DS-LNT (L20), LSb (L22), 6SL (L25), 3F3SL 

(L27); Neu5Ac(2-6) are connected to GlcNAc of 3 HMOs SLNFV (L14), DS-LNT (L20), LSb 

(L22); Several HMOs: pLNnH (L1), LNnOcta (L5), LNnH (L8) represent repeating type 2 

LacNAc units whereas diFLNHa (L10) and diFLNH (L23) represent both type 1 and type 2 

LacNAc alternatively. Table 4.5 shows the location of type 1 and type 2 LacNAc in HMO 

structures. Finally, 2 HMOs AT5 tetra (L31), AT1 hexa (L32) were found in minor amount in 

blood group A secretor individuals.             
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Table 4.4. The 7 core structures available in HMOs used in this study
¥
 

Core Structure #HMO 

Lacotse -D-Gal(1→4)--D-Glc L1, L16, L18, L19, L24, 

L25, L26, L27, L30, L31 

Lacto-N-

tetraose 

-D-Gal(1→3)--D-GlcNAc(1→3)--D-Gal(1→4)-

-D-Glc 

L2, L3, L4, L9, L11, L13, 

L14, L17, L20, L22, L28, 

L32 

Lacto-N-

neotetraose 

-D-Gal(1→4)--D-GlcNAc(1→3)--D-Gal(1→4)-

-D-Glc 

L6, L7, L12, L15, L21, 

L29 

Lacto-N-

hexose 

-D-Gal(1→4)--D-GlcNAc(1→6)-[-D-

Gal(1→3)--D-GlcNAc(1→3)]--D-Gal(1→4)--

D-Glc 

L10 

Lacto-N-

neohexose 

-D-Gal(1→4)--D-GlcNAc(1→6)-[-D-

Gal(1→4)--D-GlcNAc(1→3)]--D-Gal(1→4)--

D-Glc 

L8 

para-Lacto-N-

hexose 

-D-Gal(1→3)--D-GlcNAc(1→3)--D-Gal(1→4)-

-D-GlcNAc(1→3)--D-Gal(1→4)--D-Glc 

L23 

para-Lacto-N-

neohexose 

-D-Gal(1→4)--D-GlcNAc(1→3)--D-Gal(1→4)-

-D-GlcNAc(1→3)--D-Gal(1→4)--D-Glc 

L5 

¥  Urashima et al. 2012 
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Table 4.5. Structures of HMOs used in this study (L1 – L32)*
, ¥ 

  

HMO # Structure Abbreviation 

L1 β-D-Gal-(1→4)-β-D-GlcNAc(1→3)-β-D-Gal(1→4)-β-D-

GlcNAc(1→3)-β-D-Gal(1→4)-β-D-Glc 

pLNnH 

L2 α-D-Neu5Ac(2→3)-β-D-Gal(1→3)-[α-L-Fuc(1→4)]-β-D-

GlcNAc(1→3)-β-D-Gal(1→4)-β-D-Glc 

SLea 

L3 α-L-Fuc(1→2)-β-D-Gal(1→3)-β-D-GlcNAc(1→3)-β-D-Gal(1→4)-

β-D-Glc 

LNF1 

L4 β-D-Gal(1→3)-[α-L-Fuc(1→4)]-β-D-GlcNAc(1→3)-β-D-

Gal(1→4)-β-D-Glc 

LNF2 

L5 -D-Gal-(1→4)-β-D-GlcNAc-(1→3)--D-Gal-(1→4)-β-D-

GlcNAc-(1→3)--D-Gal-(1→4)-β-D-GlcNAc-(1→3)--D-Gal-

(1→4)--D-Glc 

LNnOcta 

L6 -D-Gal(1→4)--D-GlcNAc(1→3)--D-Gal(1→4)--D-Glc LNnT 

L7 -D-Gal-(1→4)-[α-L-Fuc-(1→3)]-β-D-GlcNAc-(1→3)--D-Gal-

(1→4)--D-Glc 

LNF3 

L8 -D-Gal(1→4)--D-GlcNAc(1→6)-[--D-Gal(1→4)--D-

GlcNAc(1→3)]--D-Gal(β1→4)--D-Glc  

LNnH 

L9 -D-Gal(1→3)--D-GlcNAc(1→3)--D-Gal(1→4)--D-Glc LNT 

L10 -D-Gal-(1→4)-[-L-Fuc-(1→3)]-β-D-GlcNAc-(1→6)-[-L-Fuc-

(1→2)--D-Gal-(1→3)--D-GlcNAc-(1→3)]--D-Gal-(1→4)--

D-Glc 

diFLNHa 

L11 -D-Neu5Ac(2→3)--D-Gal(1→3)--D-GlcNAc(1→3)--D- LSa 
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Gal(1→4)--D-Glc 

L12 -D-Neu5Ac(2→3)--D-Gal(1→4)--D-GlcNAc(1→3)--D-

Gal(1→4)--D-Glc 

sLNTd 

L13 α-L-Fuc-(1→2)--D-Gal-(1→3)-[α-L-Fuc-(1→4)]-β-D-GlcNAc-

(1→3)--D-Gal(1→4)--D-Glc 

LND1 

L14 α-L-Fuc-(1→2)--D-Gal-(1→3)-[-D-Neu5Ac-(2→6)]-β-D-

GlcNAc-(1→3)--D-Gal-(1→4)--D-Glc 

SLNFV 

L15 -D-Neu5Ac(2→6)--D-Gal(1→4)--D-GlcNAc(1→3)--D-

Gal(1→4)--D-Glc 

LSc 

L16 -L-Fuc-(12)--D-Gal-(14)--D-Glc 2FL 

L17 -D-Gal(1→3)--D-GlcNAc(1→3)--D-Gal(1→4)-[-L-

Fuc(1→3)]--D-Glc 

LNnFPV 

L18 α-D-Neu5Ac-(2→3)--D-Gal(1→4)--D-Glc 3SL 

L19 β-D-GlcNAc(1→3)--D-Gal(1→4)--D-Glc LNT2 

L20 α-D-Neu5Ac-(2→3)--D-Gal-(1→3)-[-D-Neu5Ac-(2→6)]--D-

GlcNAc-(1→3)--D-Gal-(1→4)--D-Glc 

DS-LNT 

L21 β-D-Gal(1→4)-β-D-GlcNAc(1→3)-β-D-Gal(1→4)-[-L-

Fuc(1→3)]-β-D-Glc 

LNnFP 

L22 -D-Neu5Ac(2→6)-[β-D-Gal(1→3)]-β-D-GlcNAc(1→3)-β-D-

Gal(1→4)-β-D-Glc 

LSb 

L23 β-D-Gal(1→3)-[-L-Fuc(1→4)]-β-D-GlcNAc(1→3)-β-D-

Gal(1→4)-[-L-Fuc(1→3)]-β-D-GlcNAc(1→3)-β-D-Gal(1→4)-β-

diFLNH 
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D-Glc 

L24 β-D-Gal(1→4)-[α-L-Fuc(1→3)]-β-D-Glc 3FL 

L25 -D-Neu5Ac(2→6)--D-Gal(1→4)--D-Glc 6SL 

L26 α-L-Fuc(1→2)--D-Gal(1→4)-[α-L-Fuc(1→3)]--D-Glc LDFT 

L27 -D-Neu5Ac(2→3)--D-Gal(1→4)-[α-L-Fuc(α1→3)]--D-Glc 3F3SL 

L28 -D-Gal(1→3)-[-L-Fuc(1→4)]--D-GlcNAc(1→3)--D-

Gal(1→4)-[α-D-Fuc(1→3)]--D-Glc 

LNDFHII 

L29 -D-Gal(1→4)-[-L-Fuc(1→3)]--D-GlcNAc(1→3)--D-

Gal(1→4)-[α-D-Fuc(1→3)]--D-Glc 

LNnDFHII 

L30 -D-Gal-(1→4)--D-Glc Lac 

L31 -D-GalNAc-(1→3)-[α-L-Fuc-(1→2)]--D-Gal-(1→4)--D-Glc  AT5 tetra 

L32 -D-GalNAc-(1→3)-[α-L-Fuc-(1→2)]--D-Gal-(1→3)--D-

GlcNAc-(1→3)--D-Gal-(1→4)--D-Glc 

AT1 hexa 

*red color denotes lacto-N-biose I Type 1 LacNac, [Gal(β1-3)GlcNAc] and blue color 

denotes Type 2 LacNac, N-acetyllactosamine [Gal(β1-4)GlcNAc] in their structure 

(reference Urashima et al. 2012). ¥ Reference Urashima et al. 2012.  
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Table 4.6. HMOs structures in HMG 260 microarray V2.0 
 
 

Chart 

ID 

Sample 

ID 

Structure HMO 

1 HMO-1 Galβ1-4Glc-AEAB Lac 

2 HMO-2 Galβ1-4(Fucα1-3)Glc-AEAB 3-FL 

3 HMO-3 Fucα1-2Galβ1-4Glc-AEAB 2-FL 

5 HMO-5 Galβ1-3GlcNAcβ1-3Galβ1-4Glc-AEAB LNT 

6 HMO-6 Galβ1-4GlcNAcβ1-3Galβ1-4Glc-AEAB LNnT 

8 HMO-8 Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glc-AEAB LNFP1 

9 HMO-9 Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4Glc-

AEAB 
LND1 

248 3FL Galβ1-4(Fucα1-3)Glc-AEAB Lac 

249 LNT Galβ1-3GlcNAcβ1-3Galβ1-4Glc-AEAB LNT2 

250 LNnT Galβ1-4GlcNAcβ1-3Galβ1-4Glc-AEAB 3SL 

251 LNFPI Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glc-AEAB 3SL 

252 LNFPII Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4Glc-AEAB 6SL 

253 LDFT Fucα1-2Galβ1-4(Fucα1-3)Glc-AEAB 6SL 
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Table 4.7. HMOs structures in Defined HMG microarray 
  

Chart 

ID 

Reducing end 

glucose 

structure 

Structure HMO 

2 Open-Ring Galβ1-4Glc-AEAB Lac 

3 Open-Ring Fucα1-2Galβ1-4Glc-AEAB 2FL 

4 Open-Ring Neu5Acα2-3Galβ1-4Glc-AEAB 3SL 

5 Open-Ring Neu5Acα2-6Galβ1-4Glc-AEAB 6SL 

6 Open-Ring Galβ1-3GlcNAcβ1-3Galβ1-4Glc-AEAB LNT 

7 Open-Ring Galβ1-4GlcNAcβ1-3Galβ1-4Glc-AEAB LNnT 

8 Open-Ring Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glc-AEAB LNFPI 

10 Closed-Ring Galβ1-4Glc-AEAB GGLac 

11 Closed-Ring Fucα1-2Galβ1-4Glc-AEAB GG2FL 

12 Closed-Ring Neu5Acα2-3Galβ1-4Glc-AEAB GG3SL 

13 Closed-Ring Neu5Acα2-6Galβ1-4Glc-AEAB GG6SL 

14 Closed-Ring Galβ1-3GlcNAcβ1-3Galβ1-4Glc-AEAB GGLNT 

15 Closed-Ring Galβ1-4GlcNAcβ1-3Galβ1-4Glc-AEAB GGLNnT 

16 Closed-Ring Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glc-AEAB GGLNFPI 

33 Open-Ring Fucα1-3Galβ1-4Glc-AEAB 

 
3FL 
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34 Closed-Ring Fucα1-3Galβ1-4Glc-AEAB 

 
GG3FL 

 

Table 4.8. HMOs structures in CFG array V5.0 
  

Chart 

ID 

Structure #HMO 

66 Fuc(α1-2)Gal(β1-3)GlcNAc(β1-3)Gal(β1-4)Glcβ-Sp8 LNF1 

67 Fuc(α1-2)Gal(β1-3)GlcNAc(β1-3)Gal(β1-4)Glcβ-Sp10 LNF1 

78 Fuc(α1-2)Gal(β1-4)Glcβ-Sp0 2FL 

149 Gal(β1-3)GlcNAc(β1-3)Gal(β1-4)Glcβ-Sp10 LNT 

165 Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glcβ-Sp0 LNnT 

166 Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glcβ-Sp8 LNnT 

172 Gal(β1-4)Glcβ-Sp0 Lac 

173 Gal(β1-4)Glcβ-Sp8 Lac 

186 GlcNAc(β1-3)Gal(β1-4)Glcβ-Sp0 LNT2 

264 Neu5Ac(α2-3)Gal(β1-4)Glcβ-Sp0 3SL 

265 Neu5Ac(α2-3)Gal(β1-4)Glcβ-Sp8 3SL 

273 Neu5Ac(α2-6)Gal(β1-4)Glcβ-Sp0 6SL 

274 Neu5Ac(α2-6)Gal(β1-4)Glcβ-Sp8 6SL 
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Table 4.9. Spacer arm structures with code in CFG array V5.0 
  

Code Structure 

Sp0 -CH2CH2NH2 

Sp8 -CH2CH2CH2NH2 

Sp10 -NHCOCH2NH 
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Figure 4.14.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-1 (G1, 6 μM) and Pref (1 μM)  with (a) 0.05 g/L or 

(b) 0.1 g/L diluted solution of Vivinal GOS 90 powder. Insets show normalized 

distribution of free and ligand-bound Gal-1 before ( ) and after ( ) correction for 

nonspecific ligand binding. 

(a) 

(b) 
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Figure 4.15.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-1 (G1, 6 μM) and Pref (1 μM)  with (a) ~ 6000 

times or (b) ~ 2400 times diluted solution of Vivinal GOS syrup. Insets show normalized 

distribution of free and ligand-bound Gal-1 before ( ) and after ( ) correction for 

nonspecific ligand binding. 

(a) 

(b) 
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Figure 4.16.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-9N (G9, 10 μM) and Pref (0.7 μM)  with (a) 0.05 

g/L or (b) 0.1 g/L diluted solution of Vivinal GOS 90 powder. Insets show normalized 

distribution of free and ligand-bound Gal-9N before ( ) and after ( ) correction for 

nonspecific ligand binding. 

 

(a) 

(b) 
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Figure 4.17.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-9 (G9, 10 μM) and Pref (1 μM)  with (a) ~ 2500 

times or (b) ~ 2000 times diluted solution of Vivinal GOS syrup. Insets show normalized 

distribution of free and ligand-bound Gal-9N before ( ) and after ( ) correction for 

nonspecific ligand binding 

 

(a) 

(b) 
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Figure 4.18.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-1 (G1, 6 μM) and Pref (1 μM)  with (a) 30 μM L34 

or (b) 40 μM L34. Insets show normalized distribution of free and ligand-bound Gal-1 

before ( ) and after ( ) correction for nonspecific ligand binding. 

 

 

(a) 

(b) 
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Figure 4.19.  ESI mass spectra in positive ion mode for a 30 mM aqueous ammonium 

acetate solution (pH 6.8, 25 °C) of Gal-9N (G9, 10 μM) and Pref (1 μM)  with (a) 40 μM 

L34 or (b) 60 μM L34. Insets show normalized distribution of free and ligand-bound 

Gal-9N before ( ) and after ( ) correction for nonspecific ligand binding. 

  

 

 

(a) 

(b) 
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Figure 4.20.  Comparison of binding affinity, Ka,app (M
-1

) obtained from direct ESI-MS 

method to RFU value obtained from CFG glycan microarray data V 5.0 of (a) Gal-1, (b) 

Gal-3C and (c) Gal-9N. Concentration of each of the 3 galectins is given in the diagram 

for respective RFU value. Chart ID were taken from glycan microarray data V 5.0 and 

errors correspond to one standard deviation in the represented data.     
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Chapter 5 

Conclusions and Future Work 

 

5.1 Conclusions 

This thesis describes the development and application of ESI-MS based techniques for 

quantitative determination of protein-carbohydrate interactions. The first project 

described in the chapter 2 focuses on the development of liquid sample desorption 

electrospray ionization method for quantifying protein-carbohydrate interactions. Second 

project which is described in the chapter 3 focuses on the development of proxy protein 

ESI-MS method for screening oligosaccharide libraries against lectins. Finally, the 

chapter 4 highlights the comparative studies of human milk oligosaccharides specificities 

of human galectin-1, 3, 9 where ESI-MS method was compared to glycan microarray 

method for its reliability and versatility in quantifying protein-carbohydrate interactions.     

In chapter 2, the application of liquid sample DESI-MS for quantifying protein-

carbohydrate interactions in aqueous solutions is described. Notably, the affinities of 

carbohydrate ligands measured using liquid sample DESI-MS are found to be in good 

agreement with values measured by ITC and the direct ESI-MS assay. It is also found 

that the reference protein method can be used to correct liquid sample DESI mass spectra 

for nonspecific carbohydrate binding. Reference protein method was originally developed 

to correct ESI mass spectra for the occurrence of nonspecific ligand-protein binding. 

In chapter 3, proxy protein ESI-MS method for the rapid and quantitative 

screening of carbohydrate libraries against lectins is described. Specific interactions 

between components of the carbohydrate library and a target protein can be detected from 
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changes in the relative abundances of the carbohydrate complexes of proxy protein. It 

binds to all components of the library with known affinity, upon introduction of target 

protein to the solution. The affinity of an interaction can be calculated from the 

magnitude of the change in relative abundance of a given proxy protein-ligand complex. 

Application of the method to screen small libraries of oligosaccharides against three 

lectins (CBM, RSL and hNoV P particle), describes the reliability and versatility of the 

assay for the simultaneous detection and quantification of both low and high affinity 

interactions. Even though relatively small libraries were used in the present study, 

implementation of the assay using higher resolution MS instruments is expected to allow 

for the use of multiple proxy protein in future. This, in turn, will allow for libraries 

containing a larger number of components to be screened.  

Finally chapter 4 describes the affinities of 32 of the most abundant HMOs for 

Gal-1, Gal-3C and Gal-9N which were quantified for the first time using direct ESI-MS. 

It was found that each lectin binds to the majority of the HMOs tested in this study, even 

though binding affinities are very different for each component of the HMO library. 

Comparing these affinity with the reported affinities by glycan microarray suggest that 

ESI-MS method is more reliable and versatile for quantifying protein- carbohydrate 

interaction. In addition, study of GOS and FOS binding with galectin shows weak affinity 

whereas glycan microarray reported no affinity in the same case. These results suggest 

that distinct nature of interaction HMOs might have influence on immunomodulation and 

benefit of child health. Further studies with more oligosaccharides against various lectins 

are required to compare ESI-MS method to glycan microarray method for reliable 

binding affinities measurements. 
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5.2 Future work 

5.2.1 Application of Proxy Protein ESI-MS assay to screen large oligosaccharide 

libraries using new proxy proteins  

In Chapter 3 proxy protein ESI-MS method was used to screen relatively small libraries 

of oligosaccharides. However, this method can be implemented for larger library (50-100 

oligosaccharides) using multiple proxy protein. High resolution MS instrument can be 

used for this purpose which in turn, will allow reduce the time and complexity of the 

library screening process.  

Galectins have poor or no affinity for several HMOs with specific glycan linkage. To 

implement the multiple proxy protein in a single system several other lectins were 

screened against HMOs containing specific linkage. Sialic acid -D-Neu5Ac(2→3/6) is 

common epitope present on the cell surface glycoprotein. A fungal galectin from 

Agrocybe cylindracea (ACG) shows broad binding specificity for β-galactose–containing 

glycans, more specifically -D-Neu5Ac(2→3)--D-Gal(1→4)--D-Glc/GlcNAc 

trisaccharide sequences.
1
 Another lectin from the mushroom Polyporus squamosus 

(PSL1a) possess a unique carbohydrate-binding specificity for sialylated glycan 

containing -D-Neu5Ac(2→6)--D-Gal(1→4)--D-Glc/GlcNAc trisaccharide 

sequences.
2
 Several HMOs have poor or no affinity for -D-Neu5Ac(2→3/6) linkage. 

So, affinity binding data acquired for specific HMOs will enhance the implementation of 

proxy protein ESI-MS method for large library of oligosaccharides in future.  
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5.2.2 Study of inhibitory effects of human milk oligosaccharides on galectin induced 

T cell death assay 

Relevant extension of the work in chapter 4 can be done to investigate the inhibitory 

effects of human milk oligosaccharides on galectin induced T cell death assay. Human 

milk has nutritional value and it gives immune protection and other advantages to 

neonates.
3 

Human milk contains a large pool of free-reducing oligosaccharides. Among 

them lot of complex oligosaccharides are unique to human milk. These oligosaccharides 

block viral and bacterial attachment to epithelial cells of infants resulting in low risk of 

infection.
4
 Apart from protective properties of HMOs, they also show 

immunomodulatory effects.
5
 
 

Galectins (galactose-binding lectins) are known to bind glycolipids and glycoproteins. It 

plays important roles in a variety of biological processes, such as inflammation, cell 

proliferation, the cell cycle, transcription processes, cell apoptosis.
6
 Given their biological 

importance in many diseases, including cancer, galectins are attractive pharmacological 

targets. Galectins can be found in the extracellular space, in the cell membrane, in the 

cytoplasm, and even in the nucleus. Extracellular galectins may mediate cell–cell or cell–

matrix adhesion by recognizing cell surface glycoproteins and glycolipids or glycosylated 

extracellular matrix.
7
  

Various human lectins have binding specificity for HMOs in the form of glycan epitopes. 

As for example, lots of complex glycans have affinities for siglecs and galectins. 

Galectins possess carbohydrate recognition domain (CRD) and show affinity for structure 

of N-acetyllactosamine (LacNAc).
8-10

 It has been 3 decades since galectins were 

discovered but understanding about their biological functions still continues to develop. 
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Also interference of HMOs in regulation of immunological processes by galectin is not 

clearly described to date.
11

 It was mentioned earlier that HMOs can exist in the 

circulation at physiologically compatible concentration. Some HMOs have structural 

similarities with cell surface glycan and serve as ligand for galectin.  

The affinities for a small number of HMOs for human galectins 1, 2, 3, 7, 8, 9 have been 

previously measured by frontal affinity chromatography (FAC)
12

 and, more recently, by 

fluorescence anisotropy assay (for galectin 3).
13

 With the goal of addressing the 

immunomodulatory effects of HMOs, an extended affinity measurement experiment was 

performed for a larger number of HMO structures for galectins, by direct ESI-MS 

binding assay. Chapter 4 shows the affinities of 32 of the most abundant HMOs for Gal-

1, Gal-3C and Gal-9N and these were quantified for the first time using direct ESI-MS. It 

can be hypothesized that, HMOs can modulate immune response by interacting with 

galectins. Galectin-1, -3 and -9 are reported to induce cell death by binding to distinct cell 

surface glycoprotein receptor and lactose can inhibit galectin dependent cell death.
14,15

 

Human milk oligosaccharides contain lactose (Galβ1-4Glc) at the reducing end so it is 

expected that, HMOs will show similar inhibitory effects by binding to galectin-1, -3 and 

-9.            

In future, inhibitory effects of HMOs on cell surface binding of galectin and its induced T 

cell death assay can be studied.   

Determination of galectin to T cell surface binding 

Binding of biotinylated galectins to human T cell lines (MOLT-4, Jurkat, and CEM) or 

thymocytes is performed as described by Amano et al. 2003.
16

 Cells are incubated for 30 

min at 4°C with increasing concentrations of biotinylated galectins to construct binding 
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curves, and galectin concentrations that give ~ 50% maximal binding are used for 

inhibition-binding assays with HMO fraction. Before running experiment with HMOs 

fractions they have to be characterized for specific content of oligosaccharides present in 

each fraction. Binding assays are performed at 4°C to minimize cell death. Cells are 

washed two times with PBS and stained with SA-FITC and 7-aminoactinomycin D 

(Molecular Probes) to detect galectin binding and dead cells, respectively. Flow 

cytometry data are acquired using a BD Biosciences BD-LSR I Analytic Flow Cytometer 

and analyzed with CellQuest software (BD Biosciences).  

Inhibition of T cells death assay by galectins 

Programmed cell death of lymphocyte is essential for normal immune development and 

regulation.
17

 Galectins regulates cell death either inside or outside of the cell. It binds 

specifically to glycoprotein receptor on cell surface to regulate cell death. Following a 

protocol described elsewhere assays can be performed.
14, 18

 T cells are incubated in RPMI 

nutrition media with the desired concentration of galectin-1, -3 and -9 and buffer control 

with or without specific concentration of HMOs fractions for 4 h at 37°C. Galectin can be 

dissociated with high concentration HMOs fraction and cell death can be detected by 

labeling with Annexin VGFP and propidium iodide (PI; Molecular Probes). 

For detection of cells which contain subdiploid DNA, fixed permeabilized cells can be 

stained with PI and DNA content can be determined as previously described.
18

 All death 

assays can be performed in triplicate and data can be acquired using a BD Biosciences 

BD-LSR I Analytic Flow Cytometer and analyzed with CellQuest software (BD 

Biosciences). The percentage of cell death of T cell lines can be determined by labeling 

with annexin V
-
 and PI

-
. In summary, this study is a possible extension of the chapter 4 
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and it will further give us better understanding of how HMOs play role in galectins’ 

immunoregulation. Thus, it may justify the interactions of HMOs with galectins in 

human. 
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