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Thesis Abstract 

Ralstonia solanacearum is a bacterium which causes fatal damage to 

hundreds of agricultural plants such as potato or tobacco. It produces two lectins that 

are involved in attachment of the bacterium to the host. One of them is RSL that was 

recently characterized by X-ray crystallography.
1
 Here, we present the first studies of 

RSL by NMR spectroscopy.  

The NMR assignments and dynamic studies of sugar-free and ïbound RSL 

were the first milestone in our study of lectin-carbohydrate interactions in aqueous 

solutions (Chapter 2).
2
 The NMR results provided valuable and unique information 

about anomeric-recognition effects that were not reported previously. This study also 

presented new insights that complement the RSL crystal structure.
1 

The abundance 

of tryptophan residues provided useful probes in the HSQC spectrum.
1,2

 With this 

broad background information we screened numerous carbohydrates and could 

interpret their binding events using CSP (Chapter 3). 

 The recent interest in noncovalent protein-polymer conjugates sparked our 

imagination to test the concept with RSL. Reversible, noncovalent PEGylation of 

RSL using fucosylated PEG was demonstrated and characterized by NMR 

spectroscopy, size exclusion chromatography and native gel electrophoresis. A 

structural model of the RSL conjugate with fucosylated PEG was obtained by small-

angle X-ray scattering experiments. Using ITC the affinity of the complex was 

assessed (Chapter 4).
3
  

 In the last part of this thesis we demonstrate studies of RSL in physiological 

and crowded environments. In cell NMR spectroscopy was not eligible to obtain a 

spectrum of RSL in native conditions. Instead, intra-cellular mimicry was achieved 

using protein crowders, gelatin and agarose gels. Using NMR spectroscopy, 

significant differences in the interactions of sugar-free and -bound forms of RSL 

were demonstrated. The studies were supported by native agarose gel electrophoresis 

and SDS-PAGE revealing the aspect of confinement related to pore size (Chapter 5). 

 

(1) Kostlanova et al. J. Biol. Chem. 2005, 280, 27839ï27849 

(2) Antonik et al. Biochemistry. 2016, 55,1195ï1203  

(3) Antonik et al. Biomacromolecules 2016, 17, 2719ï2725 
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Abbreviations 

 

BSA   bovine serum albumin 

CSP  chemical shift perturbation 

DMSO  dimethyl sulfoxide 

HSQC  heteronuclear single quantum coherence 

ITC  isothermal titration calorimetry 

NMR   nuclear magnetic resonance 

PDB  protein data bank 

PEG   polyethylene glycol 

RSL  Ralstonia solanacearum lectin 

SAXS  small-angle X-ray scattering 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SEC   size exclusion chromatography 

SPR   surface plasmon resonance 

TROSY transverse relaxation optimized spectroscopy 
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1. Lectins 

Lectins are known from the end of 19
th
 century when the first sugar-binding protein 

was isolated from seeds of the castor tree (Ricinus communis) and named ricin. 

Firstly, lectins were called hemagglutins due to their feature to agglutinate the red 

blood cells. The name lectin, from the Latin lectus, (the past participle of legere, 

meaning to pick, choose, or select) was proposed in 1954
1
 when the ability of plant 

agglutinins to distinguish between erythrocytes of different blood types was shown. 

The isolation of pure crystalline protein from jack bean (Canavalia ensiformis) later 

named as concanavalin A, was a milestone in lectin studies. Subsequently, 

concanavalin A was also the first lectin primary structure to be established and the 

first lectin to be solved by X-ray crystallography.
2
 

 

 
Carbohydrate Source Lectin 

Mannose Jack bean ConA
3 

 Lathyrus ochrus LOL 

N-acetylglucosamine Wheat germ WGA 

 Agrocybe aegerita AAL2
3
 

Galactose Ricin RCA II
 

 Human GAL1
4
 

Fucose Ralstonia solanacearum  RSL
5
 

 Burkholderia ambifaria BambL
6
 

Sialic acid Influenza A virus Hemagglutin H3N2
7
 

 

Proteins interacting with carbohydrates are commonly found in nature, in 

numerous organisms like bacteria, viruses, plants or animals. Amongst biological 

research of carbohydrate binding proteins we find enzymes, antibodies and mainly 

lectins.
8
 The lectins are classified in five main groups (Table 1.1.) according to the 

saccharide for which they reveal the highest affinity which is usually weak (Kd ~ 

ɛM-mM) but highly selective.
9
 

Table 1.1. Lectin specificity groups.  
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The main function that lectins possess is to recognize molecules inside cells, on cell 

surfaces, or in physiological fluids (Figure 1.1.).
2
 The involvement of lectins in 

recognition events implies that they take part in many biological processes such as 

cell-cell communication, cell growth,
10

 cell signalling, adhesion and apoptosis.
11

 

They also play key roles in host recognition and infection.
12

 The examples of lectin-

specific roles are listed in Table 1.2. 

 
Lectin Role 

Microorganism  

Bacteria Infection, host-pathogen attachment 

Virus Infection 

Plants  

Legumes Symbiosis with nitrogen-fixing bacteria, defence 

Animals  

Collectins Innate immunity 

Galectins Regulation of cell-growth, apoptosis 

L-selectin Lymphocyte homing 

Siglecs Cell-cell interactions in the immune and neural system 

 

1.1 Fucose 

Of all the six-carbon sugars present in mammals fucose is the only one with the L-

configuration and it lacks a hydroxyl group on the C6 position
13

 (i.e. 6-deoxy-L-

galactose, Figure 1.2. A). Fucose is a common component of many N- and O- linked 

glycans
9
 consequently it is co-responsible for numerous functions.

13
 Fucose can be a 

carbon source for some bacteria
14

 but can also play fundamental role in cell 

adhesion, cell-cell communication and immune defence.
15,16

 Fucose is present in the 

placenta of many species including human
17

 and as part of the Sialyl-Lewis
X
 moiety 

Table 1.2. Functions of lectins.2 

Figure 1.1. Cell surface lectin-carbohydrate interactions. Figure adapted from Sharon & Lis, 

2004.2 
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(Figure 1.2. B) it has roles in functioning of erythrocytes
18

 and in fertilization.
19

 On 

the other hand, fucose is involved in pathological recognition events
20

, invasion of 

viruses or bacteria, metastasis and progression of tumours
21

 or cancer.
22

 

 

1.2 Ralstonia solanacearum Lectin (RSL)  

Ralstonia solanacearum is a Gram-negative plant pathogen that causes the common 

disease lethal wilt
23

 in over 200 plants including economically important crops such 

as potato, tomato, tobacco, banana and flowering plants like Pelargonium.
24

 R. 

solanacearum is a soil-borne pathogen that enters the plant roots via wounds or 

secondary roots and spreads throughout plant via the xylem vessels.
24,25

 Ralstonia 

solanacearum is a ɓ-proteobacterium and therefore belongs to a group of bacteria in 

which the genomic organization is still poorly characterized. Ralstonia 

solanacearum is the second representative of this group for which the complete 

genome sequence was determined and described.
26

 R. solanacearum produces 14 

haemagglutinin-type proteins (class of surface molecules containing variable internal 

repeats that are structurally related to haemagglutinins) and 13 additional ORFs 

coding for proteins which are responsible for adhesion and attachment to the host.
26

 

R. solanacearum uses two lectins to bind to fucose-containing xyloglucan 

oligomers.
5,27

 RS-IIL binds to L-fucose but has a higher affinity for D-mannose. RSL 

is a fucose binding lectin, characterized in this thesis.
5
 Host cell-wall carbohydrates 

constitute specific attachment sites for pathogen protein receptors.
28

 Lectin-mediated 

attachment to target cell-walls enables cell destruction by bacterial virulence factors. 

RSL has been identified as a receptor for plant-pathogen interactions.
5
  

Inhibitors, which block the active site of RSL could reduce or eliminate the 

interaction between Ralstonia and plant hosts. Therefore, the discovery of RSL 

inhibitors is a necessary step towards the development of effective pesticides for 

Figure 1.2. Structures of (A) L-fucose and (B) Sialyl-LewisX
, an example of the fucose containing 

glycan. 
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Ralstonia. The availability of such pesticides will help combat Ralstonia wilting and 

thus prevent agronomic and economic losses. However to design such inhibitors, 

detailed studies of ligand / sugar binding modes are necessary. The first steps were 

done by X-ray crystallography (Table 1.3.) but solution state research was not 

available until the work presented in this thesis. 

RSL has µM affinity towards L-fucose and fucose-containing 

oligosaccharides.
5
 RSL is formed by trimerization (Figure 1.3 A) with three active 

sites set between adjacent monomers (inter-monomeric) and three in the monomer 

between two ɓ-sheets (intra-monomeric).
5
 RSL belongs to a small family of fucose-

binding proteins with a ɓ-propeller fold, that is categorized by six binding sites 

oriented for binding to glycoconjugates on membranes.
5,6,29,30

 The common feature 

for the lectins of this family is the presence of two Trp or Trp and Tyr residues in the 

binding pocket where they are responsible for saccharide binding via polar and  

CHĿĿĿˊ stacking interactions (Figure 1.3. B).  

 

Structural characterization of RSL is relatively new with the first crystal 

structure obtained by Kostlanova et al. in 2005. To date, RSL was primarily studied 

by X-ray crystallography resulting in eight sugar-bound RSL structures deposited in 

the Protein Data Bank (PDB) (Table 1.3.). In addition to experimental studies some 

computational modelling was performed to quantify the role of the CH···p 

interaction
31

 or using in silico mutagenesis and docking to calculate saccharides 

binding.
32

 Also, the free energies of RSL-monosaccharide complexes were 

evaluated.
33,34

 The NMR spectroscopy experiments reported in this thesis are so far 

the only NMR studies of RSL. 

Figure 1.3. (A) Cartoon representation of the RSL trimer bound to methyl-Ŭ-L-fucoside (PDB 

2BT9).5 Carbohydrates are shown as spheres. (B) Two Trp side chains from RSL inter-monomeric 

binding site responsible for binding methyl-Ŭ-L-fucoside. 
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PDB Ligand Notes 

2BT9
5
 methyl-Ŭ-L-fucoside Atomic resolution (0.94 Å)  

2BS5
5
 2-fucosyllactose  

2BS6
5
 xyloglucan fragment D77G / G84S 

5AJB
35

 Lewis
X
  

5AJC
35

 Sialyl-Lewis
X
 tetrasaccharides  

3ZI8
36

 Ŭ-L-fucose, (4R)-2-methylpentane-2,4-diol R17A 

4I6S
36

 Ŭ-L-fucose W36A, domain swapped 

4CSD
37 

methyl-Ŭ-L-fucoside, glycerol óMonomericô RSL 

 

Many pathogens use lectins for multivalent attachment to oligosaccharide 

epitopes on human epithelia.
38

 The modular architecture of the RSL fold is well 

adapted for multivalent presentation and molecular recognition of cell surfaces.
39

 In 

recent years, RSL became a new interesting model to study membrane dynamics. For 

instance Arnaud et al. used RSL to design neolectins with modified valency.
16

 The 

combination of synthetic systems and the modified forms of RSL led to new insights 

in the role of lectin multivalency. The location of all carbohydrate binding sites on 

the same face of RSL promoted strong avidity for membranes but was not always 

sufficient to induce bending of the membrane. Continuation of this research 

confirmed that the ability of multivalent lectins to invaginate membranes is not 

directly linked to avidity to the glycosylated surface.
37

 Modified RSL (neolectin) was 

used to show that the distance between two sugar binding sites must exceed 27 Å, to 

facilitate lectin binding to glycolipids. However, when two binding sites are 

separated by 15 Å the neolectin could bend the membrane. 
37

 

Another noteworthy feature of RSL is its close similarity to Burkholderia 

ambifaria lectin (BambL).
6
 Burkholderia ambifaria, is an organism with dual action 

that from one side protects plants against fungal infection but also has ability to 

cause infections in human, particularly problematic for patients with cystic 

fibrosis.
40,41

 RSL and BambL share ~ 80% sequence identity, both are a fucose 

specific trimmers. The one key residue that differs is in the intra-monomeric binding 

sites where Trp (responsible for stacking interactions, Figure 1.3.B) is replaced by 

Tyr. The close relation of RSL to BambL may impact future studies as BambL is the 

Table 1.3. The 8 structures of RSL deposited in the PDB. 
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first fucose-binding lectin with a ɓ-propeller fold to have been identified in a human 

pathogen genome.
6
  

 

2. Structural Biology  

Structural biology is a branch of molecular biology that is focused on the molecular 

structure of biological macromolecules, particularly proteins. Nowadays, the 

structural biologist can use many experimental tools such as X-ray crystallography, 

NMR spectroscopy, electron microscopy or small-angle scattering methods. Each 

method has its advantages and limitations, therefore, the best results are obtained 

when these techniques are combined.  

 

2.1 X-ray Crystallography 

Since 1958, when the structure of myoglobin was obtained, X-ray crystallography 

has become the main tool to derive protein structures.
42

 Today, X-ray crystal 

structure determination of proteins is a common method that can determine atomic-

resolution structures. However, X-ray crystallography has its limitations that are not 

simple to overcome.  

Firstly, to obtain any structure the sample must be crystallized. This step is 

still the least understood and remains the bottleneck in structure determination. 

Secondly, the X-ray structure is based on the protein in the crystal lattice and so any 

dynamics or multiple conformations may not be observed. Another limitation is the 

fact that the electrons of the atoms scatter the X-rays, so observation of light atoms 

such as hydrogen is difficult.
43

  

 

2.2 Small Angle Scattering (SAS) 

Small-angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) are 

the two methods that have been applied to determine the structural features of 

proteins in solution, with particular utility for flexible systems.
44

 It is also popular to 

use small-angle scattering data for structure validation. Atomic models obtained by 

crystallography or NMR can be inserted into the molecular envelopes determined by 

SAS methods.
45

 

As stated already the main advantage of SAS techniques is the possibility to 

measure flexible molecules directly in solution. For example, SAXS and SANS have 
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been used to study PEGylated proteins
46ï48

, while the first PEGylated protein 

structure determined by X-ray crystallography was just recently published by the 

Crowley lab.
49

 Small angle scattering has its limitations as well. Firstly, the obtained 

models are low resolution (~10 Å) and show mostly the overall shape of the 

structure, e.g. relative domain orientations.
50

 Also sample preparation is a critically 

important step. Small-angle scattering patterns can be obtained from any quality of 

sample. It means that the sample to be measured must be highly pure i.e. composed 

of monodisperse, identical particles to have confidence in the structural models. SAS 

yields data that can be easily over interpreted so the absence of quality control in 

sample characterization can mislead the results.
44

 

 

2.3 Structure and Dynamics by Nuclear Magnetic Resonance Spectroscopy  

The first globular protein structure was solved by NMR in 1984,
51

 which was 

relatively late as X-ray crystallography was already used for over two decades to 

provide protein structures. For that matter the validity of the NMR method in its 

early stages was questioned.
52

 Despite the initial problems, NMR spectroscopy 

alongside X-ray crystallography has become one of the most important techniques 

used to determine bio-macromolecular structures.
42

 Typically, structure 

determination from NMR relies on data obtained from liquid samples thus 

eliminating the crystal growing step. However, structure determination of 

microcrystalline protein samples by solid state NMR is also possible.
53

 This strategy 

is useful for membrane proteins that are challenging to crystallize as well as proteins 

with large intrinsically disordered regions.
54,55

 NMR as a solution method has 

limitations including the tumbling time of the protein, the resolution and assignment 

of overlapping peaks, both of which are dependent on the molecular weight. 

Selective labelling strategies have proven especially useful for tackling high 

molecular weight proteins.
56ï58

 In addition, NMR data collection and analysis can be 

time-consuming, and it can be difficult to assess the quality of the final structures, in 

particular for novel folds.
55

 

NMR is an ideal tool to probe protein dynamics. The atomic resolution and 

sensitivity to motion on a wide range of time scales provides information that is not 

as forthcoming from other experimental techniques. Difficulties occur in the specific 

interpretation and quantification of the dynamic processes.
55

 There are many reviews 

which deal with the theory and applications of relaxation dispersion experiments. 



Chapter I 

18 

The theory of biomolecular dynamics was described by Palmer.
59

 The general 

application of NMR relaxation dispersion experiments was reviewed by Mittermaier 

and Kay
60

 while Loria et al. focused on using these measurements to characterise 

enzyme motions.
61

 Ishima presented an overview of 
15

N relaxation experiments to 

characterise protein dynamics.
62

  

NMR experiments such as the Carr-Purcell-Meiboom-Gill (CPMG) is 

capable of detecting protein motions in the time scale of micro- to millisecond. 

These experiments allow characterization of conformational exchange rate constants, 

the equilibrium populations of the relevant conformations, and the chemical shift 

differences between the conformations, for example, domain and loop motions.
61,63

 

Classical NMR relaxation R1, R2 and heteronuclear NOE map motions in the pico- to 

nanosecond timescales.
64

 NMR relaxation dispersion experiments have been 

successfully used to characterize internal protein motions,
65,66

 protein folding
63,67

 and 

proteinïligand interactions.
68

  

Perhaps the most consistent conclusion from the many dynamic studies is 

that the fast backbone dynamics of a protein almost always change upon binding to a 

ligand. The binding of a ligand often reduces the mobility of backbone groups in or 

near the binding site. In addition to influencing the stability of protein-ligand 

complexes, there is evidence that changes in fast backbone dynamics can affect the 

stability of the folded protein.
69

 

 

2.4 NMR Techniques to Investigate Protein-Ligand Interactions.  

NMR spectroscopy is a uniquely powerful technique to investigate proteinïligand 

binding from weak (transient) to strong (long-lived) interactions. Four most frequent 

methods include chemical shift perturbation studies (CSP),
70

 saturation transfer 

difference NMR (STD NMR),
71

 transferred nuclear Overhauser effect (TrNOE),
72

 

and standard nuclear Overhauser effect spectroscopy (NOESY).
73,74

 CSP is the major 

method used in this thesis so the main aspects are briefly summarized.  

Chemical shift perturbation is the simplest and almost always the first step 

for detecting interactions between protein and ligand. CSP is very sensitive to 

structural changes, and can be measured accurately, providing both structural and 

thermodynamic information on the complex. Perturbations can take the form of 

changes in chemical shifts but sometimes binding event or structural changes can be 

also observed by line broadening. CSP is usually used to detect binding and identify 
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binding sites / interfaces and often to measure binding affinities. CSP is the only 

method that can directly provide both a Kd value and a binding site from the same set 

of measurements but it must be used with caution because
75

 CSP is not as precise as 

other biophysical techniques such as ITC. To obtain a Kd value, the system must be 

in fast exchange.
64,70

 

 
The exchange rate is defined on the NMR timescale by considering the 

lifetimes of the free and bound state relative to the difference in the chemical shift of 

these two states. Typically, strong (Kd < 5 ɛM) and weak ligand binding correspond 

to slow and fast exchange, respectively. During an NMR titration (monitored by e.g. 

a 2D HSQC experiment, Figure 1.4.)
76

 the slow exchange limit is characterized by 

the disappearance of the signal corresponding to the free species, with concomitant 

appearance of a new signal corresponding to the bound state. In contrast, in fast 

exchange the observed signal is an average of the two states and it appears to shift 

from the free to bound position.
64,70

 

 

2.5 Protein-Carbohydrate Interactions by NMR.  

NMR has proven particularly useful to study lectins. For example, galectins are well 

studied from both the ligand and receptor side. Using STD and HSQC experiments 

molecular recognition features from the perspective of the ligand and receptor were 

demonstrated for the threonine O-linked TF antigen binding to galectin-3.
77

 Miller et 

al. using the same NMR methods combined with molecular dynamic simulations 

investigated structural aspects of galectin-1 binding to two Ŭ-linked digalactosides 

Figure 1.4. The relationship between 2D NMR resonances and the exchange rate. (Left) Slow 

exchange: the free peak (blue) decreases in intensity as the bound peak (red) increases. (Right) 

Fast exchange: peaks move smoothly from free (blue) to bound (red). Figure adapted from 

Williamson 2013.70 
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and melibiose.
78

 Examples of binding and NMR dynamics studies for other galectins 

like galectin-7
79

 or galectin-9
80,81

 have also been reported.  

NMR spectroscopy has been used to study other types of lectins and 

carbohydrate binding domains. Combined NMR experiments and high-resolution X-

ray structures were implemented to clarify the interaction of the bacterial adhesion 

FimH lectin domain with antagonists.
82

 The C-type lectin DC-SIGNR that promotes 

infection of pathogens such as HIV was characterized by NMR in the ligand-free and 

-bound states of a variety of glycans.
83

 The significant effect of decreasing pH on 

structural rearrangement of DC-SIGNR was also presented.
84

  

Simpson et al. using NMR structure determination have shown the ligand 

specificity of enzymatic, non-catalytic carbohydrate-binding modules. It was 

determined that a single residue, Arg can control the orientation of one of the 

tryptophan residues that binds the saccharide. The mutation of this residue to Gly 

caused a change in the carbohydrate binding specificity from cellulose to xylan.
85

 

Propster et al. used NMR structure determination to elucidate the molecular basis of 

how Siglec-8, a human immune-inhibitory receptor selectively recognizes sulfated 

carbohydrates.
86

  

 

2.6 Noncovalent Interactions in Protein-Carbohydrate Complexes 

The main aspects of protein-carbohydrate interactions derived from structural 

studies were summarized in recent reviews. Marchetti et al. tackled the joint 

approach of NMR and molecular modeling
87

 while Asensio et al. elaborated the 

recognition of carbohydrate-aromatic interactions.
88

 Fernandez-Alonso et al. showed 

how the knowledge of molecular recognition between sugars and lectins can be 

translated into drug design.
89

 

CHĿĿĿˊ stacking interactions play a key role in protein-carbohydrate 

molecular recognition processes. A quantitative assessment of the interactions made 

between protein side chains and the pyranose forms of the most-common 

monosaccharides was provided. A comparison across all high-resolution structures 

of proteinīcarbohydrate complexes in the PDB was performed.
90

 An extensive 

analysis of CHĿĿĿˊ interactions in water has been completed by Jimenez-Moreno et 

al. They employed dynamic combinatorial methodology to allow the accurate 

determination of the binding free energies for 117 isolated carbohydrate/aromatic 

complexes. The results indicated a large diversity of chemical features at the CH 
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donor and p acceptor units.
91

 In a recent study Hsu et al. found that the free energy 

derived from sugarīaromatic interactions is moderately affected by changes in the 

stereochemistry of the hydroxyl groups on the sugar (e.g. glucose versus galactose 

versus mannose) or by hydroxyl group deletion (e.g. glucose versus cyclohexane).
92

 

 

3. Biomedical Applications 

Selectivity, the major feature of lectins can be used on many different fronts. This 

section outlines some of the main considerations in terms of potential applications of 

proteins in a biomedical context. Also highlights some areas, where RSL can be 

potentially used.  

 

3.1 Lectins as Therapeutic Tools 

Most cell surface proteins and many lipids in cell membranes are glycosylated and 

these glycans are a target for lectins. Therefore, there is a rationale to use lectins to 

mediate drug targeting. For example, cancer cells, often express different glycans 

compared with healthy ones so lectins could be used as carrier molecules to target 

drugs to disease-relevant cells and tissues.
93

 

Lectins can be used as imaging agents that recognize tumours. The lectin can 

be attached to a fluorescent probe and play a recognition role
94,95

 or the lectin can be 

fluorescent itself and have dual roles of attachment and marker.
96

 It was also shown 

that lectins can be used to protect drugs from hydrolysis and proteolysis by stomach 

acids and enzymes. Leong et al. proved that lectins can be a part of novel improved 

carrier for the oral delivery of insulin.
97

  

 

3.2 PEGylation 

Protein-based therapeutics are becoming increasingly important. PEGylation, the 

covalent conjugation of polyethylene glycol (PEG) to proteins is a common strategy 

in drug development. The attachment of PEG shields the therapeutic protein from 

interactions with the immune system.
98

 In addition, PEGylation reduces renal 

clearance by increasing the size of the protein and it improves physicochemical 

properties such as stability and solubility leading to improved pharmacokinetics.
99ï

102
 Since the first appearance of a PEGylated drug, (Adagen®) on the market in 

1990, about ten PEGylated drugs are currently available.
103

 However, PEGylation 
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can also reduce drug recognition and in consequence hinder biological activities.
104

 

This disadvantage led to the idea of noncovalent PEGylation. A possible route to 

create such noncovalent conjugates is described in Chapter 4.  

 

3.3 Physiological environments  

Understanding of protein behaviour in crowded environment is a key to comprehend 

proteins roles within their native cell environment. Proteins are the molecular 

machines responsible for numerous functions in the crowded environment of the cell 

interior so the particular physical properties of in cell milieu need to be considered. 

Macromolecular crowding is important but often ignored aspects of 

biological systems.
105,106

 The composition of E. coli is relatively well-known, 

making it a useful model for studies of molecular biology.
107

 The total concentration 

of protein, RNA and DNA is in range of 300-400 g/L, which makes most of the cell 

volume unavailable to other molecules. This physical property is important as the 

bulk of biochemical activity occurs in the crowded cytoplasm. In addition the total 

concentration of inorganic ions and metabolites of the E. coli cytoplasm can reach up 

to 300 mM.
108,109

 Fundamental protein properties like charge, stability or diffusion 

are influenced by the surrounding environment. Thus, the proteins behaviour in 

complex, physiological environments can vary significantly to simple in vitro 

conditions. Alteration of protein structure, changes to diffusion rates and thermal 

stability of a protein are a few of the crowding effects that could be over-looked in 

simple buffer systems.
110ï113

 The need for physiologically-relevant measurements led 

to the development of in-cell NMR.
114

 Though in-cell NMR is limited due to 

inability to detect most globular proteins by standard HSQC measurements.
115

 To 

overcome such an issue mimicry of the intracellular conditions (confined/crowded 

environments) has been developed by using e.g. polyacrylamide gels,
116

 proteins and 

polymers as potential crowders.
117ï120

 RSL appears as great model for NMR study. It 

has high thermal stability and despite of relatively large molecular mass (~29 kDa 

trimer) gives well resolved spectrum comparable to 10 kDa protein. It is comparable 

to well studied model such as protein G domain B1 (GB1) which is 8 kDa detectable 

by in-cell NMR.
121,122

 Also, RSL is almost neutral (pI ~6.5) protein that should not 

be much affected by charge-charge interactions that can alter detection protein in 

cells.
121,122

 The studies of RSL in physiological environment were elucidated in 

Chapter 5.  
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Thesis Outline 

This thesis comprises four results chapters presenting structural studies of RSL by 

using mainly NMR spectroscopy supported with other techniques such as 

electrophoresis, small-angle X-ray scattering, or isothermal titration calorimetry.  

Chapter 2 presents the NMR assignments and dynamics which were a 

stepping stone to the characterization of RSL interactions. The chapter comprises 

NMR assignments of the RSL backbone and tryptophan side chain resonances for 

sugar-free, L-fucose-bound and D-mannose-bound forms. The assignment of L-

fucose bound RSL revealed an anomeric recognition effect that was not previously 

reported. Split resonances corresponding to both L-fucose anomers were observed in 

the 2D 
1
H-

15
N HSQC spectrum for L-fucose bound RSL. This chapter also presents 

relaxation data of sugar-free and -bound RSL. The changes in rigidity of RSL upon 

sugar binding are described. The work in this chapter was developed in collaboration 

with Prof. Nico van Nuland and Dr Alex Volkov (Brussels). 

Chapter 3 is a continuation of the story about RSL-sugar interactions. The 

binding of a variety of monosaccharides to RSL was revealed by chemical shift 

perturbation studies. It was shown that it is possible to determine the 

monosaccharide orientation in complex with RSL based on crystal structure and ȹŭ 

analysis. Simple modelling based on translation and rotation of the sugar coordinates 

in the RSL binding site supported the results. The binding affinities of two weakly 

binding monosaccharides were estimated by using NMR titrations. In addition to 

monosaccharides, studies of the interactions between RSL and open-chain sugar 

alcohols such as glycerol and L-fucitol were performed revealing the adaptations of 

flexible molecules to the lectin binding side. Also the studies of RSL in vegetable 

extracts resulted in the binding of D-fructose, the major sugar found in tested 

extracts.  

Chapter 4 reports a possible route to noncovalent PEGylation of proteins. In 

collaboration with Prof. Neil Cameron (Durham) a fucosylated-PEG was prepared. 

The polymer bound to the lectin creating a noncovalently PEGylated conjugated. 

The RSL-glycopolymer interactions were characterized using NMR spectroscopy, 

size exclusion chromatography and electrophoresis. The ñMedusa complexò of RSL 

and six PEG chains was determined by using small-angle X-ray scattering. Also the 

glycopolymer affinity and conjugate reversibility were determined by ITC and NMR 

experiments.  
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Chapter 5 presents a preliminary study of RSL in physiological and crowded 

environments. We used in-cell NMR experiments to study RSL inside E. coli. As 

RSL was not detectable in cell it was necessary to shift the approach towards cell 

mimicry. Using anionic BSA and cationic lysozyme crowding and electrostatics 

effects were studied by NMR spectroscopy. The experiments were followed by 

encapsulating RSL (in both sugar-free or -bound forms) in gelatin or agarose gels. 

Using NMR spectroscopy and electrophoresis the effect of molecular confinement 

on sugar-free and ïbound RSL was elucidated.  
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Chapter II  

Anomer-Specific Recognition and Dynamics in RSL 

 

This work was published as Antonik, et al. Anomer-Specific Recognition and Dynamics in a Fucose-

Binding Lectin. Biochemistry 2016, 55, 1195ï1203. 

 

 

The NMR assignment and dynamics data were acquired at the Jean Jeener NMR Centre, Vrije 

Universiteit Brussel, Belgium. The author of the thesis acquired and processed all data under 

supervision of Dr Alexander Volkov and Prof. Nico van Nuland. The sugar-free and L-fucose bound 

forms of RSL were fully assigned by P.M.A. The dynamics analyses and figures were prepared by Dr 

Volkov and Dr Crowley. 
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Abstract 

 

Sugar binding by a cell surface ~29 kDa lectin (RSL) from the bacterium Ralstonia 

solanacearum was characterized by NMR spectroscopy. The complexes formed with 

four monosaccharides and four fucosides were studied. Complete resonance 

assignments and backbone dynamics were determined for RSL in the sugar-free 

form and when bound to L-fucose or D-mannose. RSL was found to interact with 

both the Ŭ- and the ɓ-anomer of L-fucose and the ñfucose likeò sugars, D-arabinose 

and L-galactose. Peak splitting was observed for some resonances of the binding site 

residues. The assignment of the split signals to the Ŭ- or ɓ-anomer was confirmed by 

comparison with the spectra of RSL bound to methyl-Ŭ-L-fucoside or methyl-ɓ-L-

fucoside. The backbone dynamics of RSL were sensitive to the presence of ligand, 

with the protein adopting a more compact structure upon binding to L-fucose. Taking 

advantage of tryptophan residues in the binding sites, we show that the indole 

resonance is an excellent reporter on ligand binding. Each sugar resulted in a distinct 

signature of chemical shift perturbations ï suggesting that tryptophan signals are a 

sufficient probe of sugar binding. 
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Introduction  

 

Carbohydrate recognition is a topic of far-reaching importance
123

 that 

continues to challenge the protein scientist
82,124ï127

 and the synthetic chemist
128ï131

 

alike. The principal challenge lies in understanding the balance of noncovalent 

interactions that favour receptor binding over solvation in water. Complex formation 

in the case of monosaccharides has the added feature of selection between the Ŭ and 

the ɓ anomeric forms. NMR spectroscopy offers the powerful tools of chemical shift 

perturbation (ȹŭ) analysis to characterize protein-ligand binding. Here, we have 

applied this technique to study the fucose-binding lectin
5
 (RSL) from the bacterium 

Ralstonia solanacearum. Knowledge of fucose recognition by lectins is expected to 

aid the development of new strategies to combat bacterial disease. For example, 

host-pathogen interactions may be mediated by lectins that bind to fucosylated 

oligosaccharides present in plant cell walls or mammalian epithelial tissue.
132

 In the 

case of R. solanacearum, extracellular fucose-binding lectins likely contribute to 

infection and progression of wilt disease in potato and tomato.
5
 

RSL is a ~29 kDa trimer with a 6-bladed ɓ-propeller fold.
5
 Each monomer 

comprises two blades, corresponding to the N- and C-terminal halves of the protein, 

which share ~40% sequence identity (Figure 2.1. A). There are two sugar-binding 

sites per monomer. Site 1 is intra-monomeric and is nestled between the N- and C-

terminal blades of the monomer. Site 2 is inter-monomeric and occurs between the 

blades of adjacent monomers (Figure 2.1. B). Each site contains a WiXGXGWi+5 

motif. The indole ring of Wi forms CH-p bonds
31,88

 with the monosaccharide while 

the indole of Wi+5 donates a hydrogen bond to hydroxyl O3 of fucose.
5
 The 

occurrence of two almost identical binding sites makes RSL an interesting model 

protein for ȹŭ analysis. The protein is exceptionally stable (Tm = 86 °C in the sugar-

free form),
36

 which favours NMR studies. There are numerous crystal structures 

(including PDB 2BT9 at 0.94 Å resolution) of RSL
5
 and related lectins

6,29,36,133
 in 

sugar-free and -bound forms. Furthermore, ligand binding to RSL has been 

characterized by isothermal titration calorimetry
5,31

 and computational 

methods.
31,32,34

 

The interactions of RSL with four monosaccharides and four fucosides were 

investigated by chemical shift perturbation studies on 
15

N-labelled RSL. 
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Remarkably, we observed anomer-specific effects with resonance splitting in the 

presence of L-fucose or related monosaccharides. While many lectin-carbohydrate 

complexes have been characterized by HSQC spectroscopy
78,79,82,83,126,127,134ï140

 we 

have not found evidence of such anomer-specific effects in the literature. NMR 

binding data for Ŭ- and ɓ-methyl- or -nitrophenyl-L-fucosides together with analysis 

of the RSL crystal structure suggest that a Tyr side chain that flanks the intra-

monomeric site may act as a steric impediment to the binding of ɓ-L-fucosides. The 

backbone dynamics of the sugar-free and sugar-bound forms of RSL were 

characterized in the ns to s timescales. Our data indicate an increased rigidity of the 

RSL structure upon sugar binding, consistent with a ligand-induced fit. We show 

also that the tryptophan indole ïNH resonance is an excellent probe of ligand 

binding.
141,142

 In the case of RSL with three Trp side chains per binding site, sugar-

specific signatures were obtained.  

  

Figure 2.1. (A) The primary structure of RSL comprises an N- and C-terminal half, which share 

~40% sequence identity. Colons and dots indicate identical and similar residues, respectively, as 

revealed by (B) a structural alignment. Residues belonging to the intra- and inter-monomeric 

binding sites are shown in grey and black, respectively. The panel on the right shows how the 

methyl substituent of the sugar is exposed to the solvent. Side chains shown as sticks (except 

Thr82) make at least one non-covalent bond with the sugar.5 
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Results and Discussion 

 

Backbone Resonance Assignments. 

The 
1
H-

15
N HSQC spectrum, with a total of 105 well-resolved cross-peaks, 

confirmed that RSL is a symmetric trimer in solution (Appendix B). Despite the 

relatively high molecular weight (29.2 kDa) the protein yielded an excellent HSQC 

comparable to that of a 10 kDa protein. Almost complete 
1
H

N
, 

15
N, Cǋ, C

Ŭ
 and C

ɓ
 

assignments were determined for sugar-free RSL. Figure 2.2. shows the assigned 
1
H-

15
N HSQC spectrum. Pairs of homologous residues, due to the sequence and 

structural similarity of the N- and C-terminal sub-domains, had resonances with 

closely similar chemical shifts and line widths (Figure 2.2.; S9/S52, I16/I61, 

R17/R62, W31/W76, D32/D77, W36/W81, and A40/A85, F41/Y86, see also Figure 

8). Interestingly, no peaks were observed for the glycines that occur in the 

WiXGXGWi+5 motifs (residues 31-36 and 76-81, Figure 2.1.), suggestive of 

exchange broadening for these turn residues.  
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Figure 2.2. Assigned 1H-15N HSQC spectrum of RSL in sugar-free form. Sample conditions were 

0.25 mM protein in 20 mM potassium phosphate, 50 mM NaCl, pH 6.0 at 303 K. 
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Figure 2.3. Assigned 1H-15N HSQC spectrum of RSL in L-fucose-bound form. Split resonances 

due to Ŭ or ɓ-L-fucose are boxed; Y37, F41, W76s, K83 and G84. Sample conditions were 0.25 

mM protein in 20 mM potassium phosphate, 50 mM NaCl, pH 6.0 at 303 K. 
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Figure 2.4. Assigned 1H-15N HSQC spectrum of RSL in D-mannose-bound form. Sample 

conditions were 0.25 mM protein in 20 mM potassium phosphate, 50 mM NaCl, pH 6.0 at 303 K. 
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Chemical Shift Perturbation Due to Sugar Binding. 

Monosaccharide/fucoside binding to RSL was in slow-exchange on the NMR time 

scale. The presence of D-arabinose, L-fucose, methyl-Ŭ-L-fucoside, methyl-ɓ-L-

fucoside, nitrophenyl-Ŭ-L-fucoside, nitrophenyl-ɓ-L-fucoside, L-galactose or D-

mannose (with Kd values ranging from < 1 - 100 µM
5,32

), resulted in distinct 

perturbations of the backbone 
1
H

N
, 

15
N resonances (Figure 2.5.). Complete backbone 

assignments were determined for RSL bound to L-fucose or D-mannose (see Figures 

2.3. and 2.4. , respectively for the assigned HSQCs). In the case of the other sugars, 

only the 
1
H-

15
N HSQC spectrum was assigned.  

The sugars D-arabinose, L-fucose, and L-galactose have identical 

stereochemistry and differ only in the nature of the C5 substituent; ïH, ïCH3 and ï

CH2OH, respectively (Figure 2.7.). In the crystal structure of RSL bound to methyl-

Ŭ-L-fucoside
5
 the C6 methyl is inserted into a shallow hydrophobic pocket formed by 

the side chains of Trp10, Ile59, Ile61, and Trp76 in the intra-monomeric site or 

Trp53, Pro14, Ile16, and Trp31 in the inter-monomeric site (Figure 2.1.). In addition 

to interactions with these side chains the methyl substituent is also in van der Waals 

contact with two water molecules. The nature of this portion of the binding site, in 

particular, the water accessibility suggests a molecular basis for the broad specificity 

of RSL. In the case of D-arabinose the absence of the C6 methyl is likely 

compensated by the insertion of a water molecule (Figure 2.8. B). When L-galactose 

binds, its hydroxyl substituent can orient towards the solvent and there are no 

unfavourable clashes. The tolerance of this hydrophobic pocket to polar substituents 

is evidenced by the binding of D-mannose. By virtue of their similar stereochemistry, 

L-fucose and D-mannose can bind to the same lectins (Figure 3.2.).
5,8,29
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Specifically, the protein-sugar contacts mediated by hydroxyls O2, O3 and 

O4 of L-fucose can be established likewise by the O4, O3 and O2 groups of D-

mannose (Figure 2.7.). Consequently, when D-mannose binds to RSL its anomeric 

Figure 2.5. Plot of chemical shift perturbations for RSL backbone resonances in the presence of 

L-fucose, methyl-Ŭ-L-fucoside, methyl-ɓ-L-fucoside, nitrophenyl-Ŭ-L-fucoside or nitro-phenyl-ɓ-

L-fucoside. In the L-fucose complex some resonances were split in two (red data points) due to the 

presence of the Ŭ- and ɓ-monomers. 
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hydroxyl is inserted into the 

hydrophobic pocket. And 

considering the stereochemistry of 

C5 in L-fucose it is apparent that 

RSL must bind ɓ-D-mannose. One 

might also speculate that the ~50 

fold lower affinity for D-mannose 

(compared to L-fucose) is the 

result of a weakened hydrophobic 

effect at this site. 

In the presence of D-

arabinose, L-fucose or L-

galactose, the number of 

resonances in the 
1
H-

15
N HSQC 

spectrum of RSL increased by 

~10%. The assignment of RSL 

bound to L-fucose revealed that 

the backbone amide resonances of 

six residues (Y37, F41, K83, G84, 

A85 and Y86) were split into two 

clearly resolved peaks. These pairs 

of resonances were attributed to 

the binding of the Ŭ and ɓ forms of L-fucose, which is present in solution in a ratio of 

0.3 Ŭ-L-fucose to 0.7 ɓ-L-fucose.
143

 When bound to RSL, L-fucose is positioned with 

the anomeric hydroxyl exposed to the solvent.
5,36

 Thus, the Ŭ and ɓ forms can bind 

with minimal steric clashes between the protein and the anomeric hydroxyl. 

Crystallographic evidence for this effect was reported in a RSL crystal structure 

(PDB 4I6S), where both anomers of L-fucose were bound.
36

 As such RSL is suited to 

binding fucose-terminated oligosaccharides. While the lack of Ŭ/ɓ anomer 

discrimination or selection is known for lectins,
29,133,144

 we have not found NMR 

evidence for this effect in the literature. The assignment of the split peaks to the 

binding of the Ŭ and ɓ forms was confirmed by comparison with the spectra of RSL 

Figure 2.6. Spectral regions from the overlaid 1H-15N 

HSQC spectra of sugar-free RSL (black contours) and 

RSL bound to L-fucose (red), to methyl-Ŭ-L-fucoside 

(navy) or methyl-ɓ-L-fucoside (orange). (A) An 

example of structurally homologous residues, R17 

and R62, with resonances of similar chemical shift. 

(B) Example of a resonance, A85, that is sensitive to 

both anomers of L-fucose. (C) The seven tryptophan 

indoles are useful reporters of sugar binding (refer to 

Figure 2.8.). 
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in complex with methyl-Ŭ-L-fucoside or methyl-ɓ-L-fucoside (Figure 2.6.). There 

was good overlap between the fucose-split resonances and the single resonance in 

the fucoside complex. Note that the complex of RSL with D-mannose did not result 

in peak splitting in the HSQC. Only the ɓ-D-mannose can bind for reasons already 

discussed.  

Pronounced chemical shift changes (ȹŭavg = 0.4-0.6 ppm) were measured for 

the resonances of equivalent residues Ala40 and Ala85 (Figure 2.7.). These large 

effects can be rationalized by comparison with the X-ray structure.
5
 The amide NH 

of Ala40 and Ala85 donate a hydrogen bond to hydroxyl O2 of methyl-Ŭ-L-fucoside 

(N---O2, 2.9 Å) in the intra- and inter-monomeric binding sites, respectively.  

 

Tryptophan Indole Probes of Sugar Binding.  

The pattern of backbone chemical shift perturbations was similar for D-arabinose, L-

fucose, L-galactose and D-mannose (Figure 2.7.). Despite the differences in chemical 

structure, the main interactions (e.g. hydrogen bonds and CH-p bonds) were 

maintained by each sugar and the backbone resonances of RSL sensed similar 

changes to the chemical environment. In contrast, the ïNH resonance of the 

tryptophan indole was a more sensitive reporter,
141,142

 and a unique pattern of shifts 

was observed for each monosaccharide. There are seven tryptophans in RSL, three in 

the intra-monomeric site (Trp10, Trp76 and Trp81), and three in the inter-

monomeric (Trp53, Trp31 and Trp36). The seventh tryptophan (Trp74) does not 

contribute directly to either site. 

Figure 2.7. ȹŭavg plots of RSL in the presence of 2 equivalents of different monosaccharides. 

Black bars indicate resonances that were split in two due to the presence of the Ŭ- and ɓ-anomer. 

Blanks correspond to prolines (P14 and P44) and residues which lacked a resonance in the sugar-

free or -bound RSL. The structure of each sugar and their Kd values5,32 are indicated. D-mannose is 

oriented to show how hydroxyls O2, O3 and O4 match the stereochemistry of L-fucose.  



Chapter II 

38 

 

Figure 10A shows the indole ïNH perturbations in the presence of the four 

sugars. As discussed, the differences in binding for this set of sugars were focused 

on the C5 substituent (or C1 in the case of D-mannose, Figure 2.7.). In the crystal 

structure, the methyl C6 of methyl-Ŭ-L-fucoside makes van der Waals contacts with 

the indoles of Trp 31/76 and Trp53/10. The shortest point of contact with C6 is to the 

indole ïNH in the Trp31/76 pair (Figure 2.8. B). Therefore, it could be expected that 

these indole resonances will have the largest differences in perturbation when the 

various sugars bind. This was clearly the case (Figure 2.8. A, yellow bars). The 

Trp36/81 pair is furthest from C5, and the indole ïNH of these side chains makes a 

hydrogen bond to hydroxyl O3, which is likely to dominate the chemical shift. 

Consistent with this structural interpretation, the Trp36/81 resonances had similar, 

large perturbations irrespective of which sugar was bound (Figure 2.8, A, red bars). 

The Trp53/10 pair had similar perturbations for D-arabinose, L-fucose and L-

galactose, while shifts of similar size but opposite sign were observed for D-mannose 

(Figure 2.8. A, blue bars). Finally, the indole resonance of Trp74 had negligible 

chemical shift perturbations as this group was not involved in sugar binding. As with 

the backbone amide resonances, some of the indole resonances were also split due to 

the binding of Ŭ- or ɓ-L-fucose (Figures 2.6. C and 2.8 A). Again the assignment of 

the split signals was confirmed by comparison with the data for methyl-Ŭ- or methyl-

ɓ-L-fucoside. 

Figure 2.8. (A) Plot of chemical shift perturbations for the tryptophan indole resonance in the 

presence of four monosaccharides (refer to Figure 9). Filled and open circles correspond to the 

1HN and 15N data, respectively. Some resonances were split in two (e.g. L-fucose data) due to the 

presence of the Ŭ- and ɓ-anomer. (B) A simplified representation of the binding site showing the 

homologous pairs (refer to Figure 1.1.) of tryptophan side chains as sticks and colour-coded to 

match panel A. The methyl-Ŭ-L-fucoside is shown as lines and the protein backbone is represented 

as a ribbon. Two crystallographic water molecules are indicated by red spheres. Dashed lines 

indicate the distances between the Trp NŮ atoms and C6 or O3 of methyl-Ŭ-L-fucoside.  
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Considering the sugar-specific signatures observed for the indole resonances 

(versus the similar pattern of backbone amide shifts), the use of 
15

N-tryptophan 

labelled
141

 samples (rather than uniform labelling) may provide a simpler probe for 

the characterization of sugar binding. An effective application would require two or 

more binding site tryptophans with structurally distinct ligand interactions.  

 

Steric Effects in the Binding Site.  

The observation of distinct chemical shift perturbations for the Ŭ- and ɓ-anomers of 

L-fucose and methyl-L-fucoside prompted further analysis of this effect. In the 

atomic resolution crystal structure of RSL
5
 (PDB 2BT9) the methyl substituent of 

methyl-Ŭ-L-fucoside is solvent exposed (Figure 2.1. B, right panel). The solvent 

exposure of the anomeric substituent implies that ɓ-L-fucosides can be 

accommodated. However, the side chain of Tyr37 adjacent to the intra-monomeric 

binding site may impede the binding of bulky ɓ-L-fucosides. The corresponding 

residue in the inter-monomeric site is Thr82 (Figure 2.1. B). Figure 2.9. shows 

overlaid spectral regions of RSL bound to nitrophenyl-Ŭ-L-fucoside, nitrophenyl-ɓ-

L-fucoside or the corresponding methyl-L-fucoside. In some cases the same chemical 

shift perturbation (with respect to sugar-free RSL) was observed for the Ŭ- and ɓ-, 

methyl- or nitrophenyl-L-fucoside. For other resonances, the ɓ-L-fucosides gave rise 

to perturbations that differed significantly from the Ŭ-L-fucoside shifts. For example, 

the R62 resonance was similarly altered in the presence of all four fucosides while 

the equivalent R17 in the intra-monomeric site was not shifted by the ɓ-anomers. 

While it is difficult to pinpoint chemical shift changes to specific structural effects 

(due to the proximity of the intra- and inter-monomeric sites) it seems reasonable to 

assume that steric interactions between the ɓ-substituent and the Tyr37 side chain 

(and the lack of such an interaction at Thr82) results in a different contribution to the 

chemical shift perturbations of binding site resonances. A role for tyrosine side 

chains in lectin selectivity has been proposed previously, for example, the tyrosine 

gate in fimH.
82,127

 Perhaps, the single Tyr37 serves to modulate the binding affinity 

of the three intra-monomeric sites in RSL. 
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Figure 2.9. Regions from the overlaid 1H-15N HSQC spectra of pure RSL (black contours) and 

RSL bound to methyl-Ŭ-L-fucoside (navy), methyl-ɓ-L-fucoside (dark orange), nitrophenyl-Ŭ-L-

fucoside (light blue) or nitrophenyl-ɓ-L-fucoside (light orange). The similarities / dissimilarities in 

chemical shift perturbations due to sugar binding are evident. ɓ substituents resulted in a distinct 

pattern (see C75, T82 and G84).  
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Dynamics of Sugar-free and Sugar-bound RSL.  

The dynamics of the RSL backbone on the ps-ns timescale were assessed by using 

the residue-based squared-order parameter (S
2
).

145
 With an average S

2
 = 0.82 ± 0.08, 

the sugar-free RSL backbone was rigid, except for the homologous loop regions 

comprising residues 32-35 and 77-80 (Figure 2.10., upper panels and compare 

Figure 2.1.). These considerably flexible (S
2
 < 0.75) loops contain two glycines (no 

amide tryptophans in the intra- and inter-monomeric binding sites. The flexibility of 

 

Figure 2.10. Squared order parameters (S2), fast dynamics (15N R2/R1 profiles), and exchange 

contribution to the transverse relaxation rates (R2ex) of RSL in the sugar-free and -bound forms. S2 

values were calculated in RCI145 from the backbone amide secondary chemical shifts. Note the 

flexible (S2 < 0.75) loop regions comprising residues 32-35 and 77-80. The dashed lines are the 

averages for the sugar-free data. The RSL secondary structure is indicated. 
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these loops was not affected by binding to either L-

fucose or D-mannose. Residues 40-44 and 64-72 

exhibited minor changes in the order parameters 

(|ȹS
2
| < 0.05), while S

2
 for the rest of the backbone 

remained constant. These data suggest that sugar 

binding did not affect the RSL backbone dynamics 

on the ps-ns timescale. 

To complement the S
2
 analysis, 

15
N R1 and 

R2 relaxation parameters were also measured. 

Governed by the rotational diffusion of a molecule, 

the R1 and R2 relaxation rates can provide 

information on the hydrodynamic properties of the 

protein. A small, uniform decrease in the R2/R1 

ratios was observed for the sugar-bound forms of 

RSL compared to sugar-free RSL (Figure 2.10., 

middle panels). Quantitative analysis of the R2/R1 

profiles yielded isotropic diffusion tensors with 

rotational correlation time tc = 12.42 or 11.75 ns 

for the sugar-free and -bound RSL, respectively.
69

 

These data are consistent with an RSL trimer in 

solution and suggest that the protein adopts a more compact structure upon sugar 

binding.  

RSL dynamics were probed further by Carr-Purcell-Meiboom-Gill (CPMG) 

relaxation dispersion spectroscopy.
61,146

 In this experiment, protein groups that 

undergo conformational exchange on the ɛs-ms timescale give rise to relaxation 

dispersion curves, which provide an exchange contribution (R2ex) to the transverse 

relaxation rate R2. In sugar-free RSL, ~40% of residues experienced R2ex > 0 (Figure 

Figure 2.11.  The RSL monomer (PDB 2BT9)5 coloured by 

R2ex values (see scale bar) in the sugar-free (upper), D-

mannose-bound (middle) and L-fucose-bound (lower panel) 

forms. The residues for which R2ex data could not be 

obtained are grey. The intra-monomeric binding site 

residues are shown as sticks, with the backbone nitrogen 

shown as spheres. Methyl-Ŭ-L-fucoside is shown as sticks. 



NMR Characterization of RSL 

43 

2.10., lower panels), suggesting 

that the protein was in 

conformational exchange between 

two or more lowly-populated 

species. The clustering of these 

exchange effects suggests the 

possibility of concerted motions. 

Mannose binding moderately 

altered the distribution of the R2ex 

terms, with a reduction in the 

number of residues with R2ex 

contributions. In contrast, fucose 

binding abolished the R2ex terms 

for most of the protein (Figures 

2.10. and 2.11.). Such a drastic 

decrease in R2ex values suggests 

that the conformational dynamics 

observed in sugar-free RSL were 

quenched upon fucose binding. 

These data, together with the tc 

results, indicate an increased 

rigidity of the sugar-bound 

protein.
123,134,139 

Finally, by using 
15

N ZZ-

exchange spectroscopy,
146

 we 

studied the slow dynamics of RSL 

bound to the Ŭ- and ɓ-anomer of L-

fucose. In this experiment, 

magnetization arising from species 

in slow exchange (1 s
-1
 Ò kex Ò 10

3
 

s
-1
) gives rise to symmetry-related cross-peaks. The build-up of the cross-peak 

intensities, followed in a series of spectra recorded with varying mixing time, can be 

used to extract the kinetic parameters. At long mixing times (0.5 - 1 s), the 

Figure 2.12. Slow dynamics of RSL bound to L-

fucose. Selected spectral regions of the 15N ZZ-

exchange experiments acquired with tmix = 0 s 

(black), 0.23 s (blue), and 0.5 s (red) showing the 

resonances of (A) W81 and W36 (indoles) and (B) 

A85. Dashed rectangles connect the four exchange 

cross-peaks. Note the intensity decrease of the auto-

peaks (AA, BB) and the concomitant increase of the 

cross-peaks (AB, BA) at longer mixing times. (C) 

Quantitative analysis of the build-up curve for the 

exchange cross-peaks of A85. See Methods for the 

fit parameters. 
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resonances of RSL bound to Ŭ- or ɓ-L-fucose featured distinct cross-peaks (Figure 

2.12.), indicating that the two bound forms were in exchange. Only the A85 

resonances were resolved sufficiently for quantitative analysis (Figure 2.12. C) and 

an exchange constant kex = 2.22 ± 0.25 s
-1
 was obtained (see Methods). Consistent 

with the µM binding affinity
5
 the NMR data suggest that the Ŭ- and ɓ-L-fucose-

bound forms of RSL undergo very slow exchange. 

The dynamics of sugar-binding proteins have been assessed in numerous 

studies, some of which have pointed to a role for conformational entropy.
82,127,137,138 

In some examples, it was found that the sugar-bound form was more dynamic than 

the sugar-free form, with the entropy gain being thermodynamically favorable for 

ligand binding.
138

 In the case of RSL, the protein dynamics were reduced in the 

sugar-bound form. Upon binding to L-fucose the protein became more compact 

(decreased tc) and motions on the ɛs-ms timescale were frozen out. Interestingly, the 

fast dynamics analysis revealed flexible loops (S
2
 < 0.75) adjacent to both the intra- 

and inter-monomeric binding sites. Here, the flexibility was not affected by binding 

to monosaccharides. These loops extend away from the binding site and may play a 

structural role in RSL interactions with cell surface oligosaccharides. 

 

Conclusions 

 

Using NMR spectroscopy, we have shown that the bacterial lectin RSL binds both 

the Ŭ- and the ɓ-anomer of L-fucose and ñfucose likeò sugars. Anomer-specific 

chemical shift perturbations were observed for methyl- and nitrophenyl-substituted 

L-fucosides. A 
15

N ZZ-exchange experiment confirmed that RSL binds to Ŭ- or ɓ-L-

fucose, which exchange on the second timescale. This appears to be the first example 

of such anomer-specific interactions measured by NMR. Analysis of the atomic 

resolution crystal structure suggests further that the accessibility of the intra- and 

inter-monomeric binding sites is different. A Tyr side chain (Tyr37) adjacent to the 

intra-monomeric may act as a steric impediment to the binding of ɓ-L-fucosides with 

bulky substituents. The relaxation data reveal that RSL adopts a more compact 

structure when bound to L-fucose, suggesting a ligand-induced fit. The protein 

compaction due to sugar-binding was accompanied by decreased backbone motions 

on the ɛs-ms timescale. Finally, in addition to the conventional analysis of backbone 
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amide chemical shifts we show that the tryptophan indole resonance is an excellent 

reporter of ligand binding, with characteristic ȹŭ signatures observed for each sugar. 

 

Experimental  

 

Materials: Carbohydrates were purchased from SIGMA (D-arabinose, L-fucose, L-

galactose, D-mannose) or Carbosynth (methyl-Ŭ-L-fucoside, methyl-ɓ-L-fucoside, 4-

nitrophenyl-Ŭ-L-fucoside and 4-nitrophenyl-ɓ-L-fucoside). 
13

C-labelled D-glucose 

and
 15

(NH4)2SO4 were bought from Cortecnet. 

 

Protein Production: 
15

N- and 
13

C/
15

N-RSL samples were produced in E. coli BL21 

transformed with the plasmid pET25rsl.
5
 Cultures were grown to mid-log phase on 

LB and then transferred to minimal medium (supplemented with 75 mg/ml 

carbenicillin). For 
15

N-labeling the medium contained 1 g/L 
15

(NH4)2SO4 as the sole 

nitrogen source. For 
13

C/
15

N-labeling 2 g/l 
13

C-labeled glucose was added as the sole 

carbon source. RSL was purified by affinity chromatography (D-mannose-agarose 

resin, SIGMA) on an ÄKTA FPLC, as described previously.
5
 Extensive dialysis was 

required to remove D-mannose.
5
 The protein concentration was determined by UV 

spectroscopy using an extinction coefficient Ů280 = 44.6 mM
-1
cm

-1
.  

 

NMR Chemical Shift Assignments: The samples contained 2 mM 
13

C/
15

N-RSL in 

20 mM potassium phosphate, 50 mM NaCl pH 6.1 and 6% D2O for the lock. The 

sugar-bound samples were prepared by the addition of D-mannose or L-fucose to a 

final concentration of 24 mM (i.e. two equivalents). NMR experiments were 

performed at 303 K on Varian NMR Direct-Drive System 600 and 800 MHz 

spectrometers, the latter equipped with a salt-tolerant 
13

C-enhanced PFG-Z cold 

probe. All NMR data were processed in NMRPipe
147

 and analysed in CCPN.
148

 The 

assignment of the backbone resonances were determined from a set of 2D 
1
H-

15
N 

HSQC and 3D HNCACB, CBCA(CO)NH, and HNCO experiments (Appendix 

A).
149

 The tryptophan indoles were assigned from a combination of 2D 

(HB)CB(CGCD)HD
150

 and 3D 
15

N- and 
13

C-NOESY-HSQC spectra, that provide 

C
ɓ
-H
ŭ
 correlations and strong intra-residue H

ŭ
-H
Ů
 NOEs, respectively. Finally, the 

side chain NH2 resonances of asparagine and glutamine residues were assigned from 
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the CBCA(CO)NH spectrum by correlating with the corresponding C
Ŭ
/C
ɓ
 (Asn) or 

C
ɓ
 (Gln) chemical shifts. The assignments for RSL (Appendix B) have been 

deposited in the BMRB with accession numbers 25950 (bound to D-mannose), 

25951 (bound to L-fucose) and 25952 (sugar-free).  

 

Sugar Binding and Chemical Shift Perturbations: Samples contained 0.25 mM 

15
N-RSL in 20 mM potassium phosphate, 50 mM NaCl pH 6.0 and 10% D2O. 

Monosaccharides or fucosides were added to a final concentration of 3 mM. Spectra 

were acquired on pure RSL and sugar-bound RSL samples at 303 K on an Agilent 

600 MHz NMR spectrometer equipped with a HCN cold probe. The differences in 

chemical shifts (Dd) between the pure and sugar-bound RSL were measured in 

CCPN
148

 and the average perturbations were calculated as ȹŭavg = {[ȹŭH
2
 + (0.2 × 

ȹŭN
2
)]/2}

½
.
70

 

 

NMR Dynamics: Data were acquired on samples of sugar-free RSL and RSL bound 

to L-fucose or D-mannose. The backbone 
15

N R1, R2, CPMG R2ex relaxation 

dispersion, and 
15

N ZZ-exchange experiments were recorded on a 600 MHz 

spectrometer at 303 K. The 
15

N R1 and R2 relaxation rates were obtained from a 

series of 2D experiments with coherence selection achieved by pulse field 

gradients.
151

 The relaxation parameters and corresponding errors were extracted with 

CCPN,
148

 and the transverse relaxation rates were corrected for the R2ex contribution 

(see below). The diffusion tensors of the free and bound RSL were obtained from the 

experimental R2/R1 values using the programme r2r1_diffusion (A. Palmer). 

Residues with a 
15

N R2 higher than one standard deviation from the average <R2> 

(obtained for the entire set of the backbone amides) likely exhibit significant internal 

motions
152

 and were excluded from the analysis. The model selection was performed 

using F statistics as described elsewhere.
153

  

The CPMG relaxation dispersion experiments
154

 were recorded with 0, 25, 50 

(in duplicate), 75, 125, 175, 225, 350, 550, 750 (in duplicate), and 1000 Hz pulse 

repetition rates. The peak intensities at each repetition rate were determined in 

CCPN, and the subsequent analysis was performed in NESSY,
155

 providing the R2ex 

values and their errors. 
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The 
15

N ZZ-exchange experiments
156

 were acquired as a series of interleaved 

2D spectra with mixing times of 0 (in duplicate), 20, 50 (in duplicate), 90, 150, 230, 

340, 500, 720, 1030, and 1500 ms. The ZZ exchange intensity build-up curves were 

analyzed using a composite ratio of four peak intensities (two auto-peaks, AA and 

BB, and two cross-peaks, AB and BA) according to Eq. 1:
157

 

 

ɧὸ
Ὅ ὸὍ ὸ

Ὅ ὸὍ ὸ Ὅ ὸὍ ὸ
‒ὸḙὯ Ὧ ὸ      ρ 

 

where I(t) is the corresponding peak intensity at the mixing time t and kon and koff 

are, respectively, the association and dissociation rate constants for the exchange 

process. A good fit (c
2
red = 0.00069) was obtained for the A85 data, with z = 1.235 ± 

0.022 s
-2
. For a system in a two-state A ź B equilibrium, the equilibrium constant is 

given by K = [A]/[B] = k1/k-1, where k1 and k-1 are first-order association and 

dissociation rate constants, respectively, and the relative populations of the two 

species, [A]/[B], can be estimated from the ratio of the corresponding peak 

intensities in the fully-relaxed HSQC spectrum.
157

 With K = [A]/[B] = k 1/k-1 = 0.90 

Ñ 0.12 for the A85 backbone amide resonances of RSL bound to the Ŭ- or ɓ-anomers 

of L-fucose and z = k1k-1 = 1.235 ± 0.022 s
-2
, we obtain k1 = 1.05 ± 0.16 s

-1
 and k-1 = 

1.17 ± 0.20 s
-1
, yielding the final value of the exchange rate constant kex = k1 + k-1 = 

2.22 ± 0.25 s
-1
.  
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Chapter II I  

The Impact of Sugar Stereochemistry on Chemical Shift Changes in 

Sugar-bound RSL 

 

Antonik and Crowley, manuscript in preparation 
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Abstract 
 

Ralstonia solanacearum lectin  was characterized by NMR spectroscopy in the 

presence of fifteen carbohydrates including twelve monosaccharides, one 

disaccharide, one open-chain sugar and glycerol. Chemical shift perturbation 

analysis revealed a relationship between the magnitude of the chemical shift 

changes, the sugar stereochemistry and binding affinity. Simple models of each 

carbohydrate in complex with RSL were built using the NMR data and the crystal 

structure of methyl-a-L-fucoside bound to RSL. We further revealed the importance 

of stereochemistry and type of C5 substituent to defining why the óL-fucose likeô 

scaffold is the most favoured for binding to RSL. Also, the binding affinities of D-

galactose, D-glucose, glycerol, and L-fucitol were estimated from NMR titrations. L-

fucitol was found to bind RSL with a ~1000-fold lower affinity than L-fucose, 

suggesting a large entropic contribution due to preorganization of the ligand. 
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Introduction  

 

Lectin-carbohydrate interactions is a topic of broad interest and crucial to 

understanding the ósugar codeô.
123,158

 Carbohydrates are the most abundant type of 

biomolecule in nature and are involved in numerous biological processes as 

polysaccharides, oligosaccharides, glycopeptides or glycoproteins.
15

 As a 

consequence, carbohydrate-biomolecule recognition has attracted the attention of 

both carbohydrate
159ï161

 and protein scientists. 
82,127,162

 At first glance, sugars can be 

tricky to analyse due to features such as stereochemistry, anomerization or 

isomerisation.
123,158

  

Lectins are carbohydrate-binding proteins (including carbohydrate 

recognition domains) that can be considered as the ñsugar detectorsò and help to 

ñencodeò the message provided by sugars. Lectins are also known for their high 

specificity to one type of monosaccharide, often exclusively to one anomer but 

sometimes they can interact with structurally unrelated monosaccharides at the cost 

of binding affinity.
8
 Lectins can bind sugars with common structural features like D-

mannose and L-fucose or N-acetylneuraminic acid and N-acetyl-glucosamine
8
 

involving various weak forces like van der Waals interactions, hydrogen bonding 

and CHḯ  interactions.
90

 This complexity of interactions implies specialization in 

recognition of a specific epimer.
123

 

NMR spectroscopy is a powerful technique to monitor proteins at the atomic 

level. In particular, chemical shift perturbation (ȹŭ) measurements provide insight 

into protein-ligand interactions. CSP is highly sensitive to structural changes and can 

be measured accurately by using relatively simple 2D HSQC experiments. In the 

1
Hī

15
N HSQC experiment, one cross peak for each amide is observed; therefore 

upon the addition of a ligand, changes in chemical shifts belonging to residues of the 

receptor can be monitored.
87

 This type of experiment enables screening multiple 

ligands to obtain rapidly (in contrast to X-ray crystallography) comparative binding 

data. Moreover, in some cases both the binding site identity and the binding affinity 

can be obtained from one set of experiments.
70

 These features have resulted in the 

wide application of NMR spectroscopy lectin-carbohydrate investigation.
86,140,163,164

 

Here, the question we addressed was whether it is possible to explain chemical shift 

changes based on sugar stereochemistry and knowledge of the binding site structure.  



Chapter III 

52 

As the model lectin we used RSL, a well characterised protein with a high 

resolution crystal structure (0.94 Å), biophysical studies for a range of 

carbohydrates
5
 and NMR assignments for sugar-free and -bound forms (Chapter 

2).
165

 RSL has two almost identical intra- and inter-monomeric binding site,
5
 (Figure 

3.1.) that include six tryptophans that are directly involved in binding to the sugar. 

This unique feature is advantageous in studying carbohydrate binding by NMR.
165

 

Analysis of only the tryptophan indole resonances can confirm binding and help to 

understand the effect of the sugar stereochemistry. 

 

 

 The interactions of RSL with fifteen carbohydrates were studied by chemical 

shift perturbation analysis; despite the specificity towards L-fucose, chemical shift 

changes were observed for RSL in the presence of all fifteen tested carbohydrates. 

Previously, lectins have been studied with a variety of saccharides by ITC
5,166

, X-ray 

crystallography,
144,167

 and NMR,
91,92,136

 but the diversity of carbohydrates in our 

work is much broader. Here, we attempt to show how sugar stereochemistry can 

affect binding to RSL. Note that a similar study involving a small, designed 

glycoprotein with different monosaccharides was published recently.
92

 Structural 

models of each sugar bound to RSL were built based on both modelling and NMR 

experiments. Thus, we were able to generalize how the substituent size and 

stereochemistry can enhance or decrease the RSL-carbohydrate interactions. We 

show also chemical shift perturbations for RSL in the presence of glycerol or L-

Figure 3.1. Model of methyl-Ŭ-L-fucoside (sticks) in the intra-monomeric binding site of RSL 
(PDB 2BT9).5 Non-covalent interactions between RSL residues and methyl-Ŭ-L-fucoside are 

indicated (dashed lines, distances in Å) and match the colour scheme of the ȹŭ plots in Figure 3.4. 

Numbers of homologues residues are indicated as intra- and inter-monomeric binding site, 

respectively. The grey dashed lines show interactions between R17, D32 and Y37. . 
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fucitol. These data indicate that flexible alcohols can be accommodated in the sugar 

binding site. Finally, we present data for sucrose that suggests RSL selectivity to 

pyranose sugars. 

RSL was screened in the presence of alternative materials such as vegetable 

extract. Data obtained for RSL-carbohydrate interactions was used to characterize 

content of vegetable juice that resulted in determination of D-fructose in e.g. carrot 

juice.  
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Results and Discussion 

 

The interactions of RSL with twelve monosaccharides, a disaccharide, an acyclic 

sugar and glycerol were screened by 
1
H-

15
N HSQC spectroscopy. Unless otherwise 

indicated all spectra were acquired on 0.25 mM RSL in the presence of 3 or 100 mM 

sugar for strong and weak binders, respectively in 20 mM KPi, 50 mM NaCl, pH 

6.0. The data for D-arabinose, L-fucose, L-galactose and D-mannose were presented 

in Chapter 2. The data are shown here also for ease of comparison. 

The crystal structure of RSL shows methyl-a-L-fucoside (Kd ~2 ɛM) bound in the 

energetically favourable 
1
C4 conformation (Figure 3.1.).

5
 In principle, D/L pyranoses 

prefer the 
4
C1 / 

1
C4 chair conformations, respectively with D-arabinose being an 

exception that favours 
4
C1.

168
 As shown in Chapter 2, D-mannose is a 

4
C1 sugar with 

ñfucose-likeò stereochemistry. D-mannose can be oriented such that hydroxyls O2, 

O3 and O4 correspond to L-fucose hydroxyls O4, O3, and O2. Consequently the 

anomeric ïOH of D-mannose replaces the L-fucose C5 methyl (Figure 3.2. A).  

The term ñL-fucose likeò was introduced to indicate monosaccharides that 

have the same ring conformation (
1
C4) and stereochemistry as L-fucose but with 

different substituents at C5 (e.g. L-galactose). Sugars that can mimic L-fucose 

stereochemistry, as in the case of D-mannose, were included in the ñL-fucose likeò 

group. 

The tested pyranoses (Table 3.1. and Figure 3.3.) revealed two different 

binding regimes. Sugars that bind tightly to RSL (Figure 3.3., left column: L-fucose, 

L-galactose, D-arabinose, D-fructose, D-mannose, D-lyxose, L-gulose) were observed 

in slow exchange while weakly binding sugars (Figure 3.3., right column: L-

rhamnose, D-altrose, D-galactose, D-glucose, D-xylose) were in fast exchange on the 

NMR time scale. Upon binding to sugar-free RSL, the strong or weak binders 

resulted in large (Figure 3.3. left) or medium/small (Figure 3.3. right) chemical shift 

changes. Furthermore, the CSP pattern was similar for all strong binding sugars 

(Figure 3.4., left column), while weak binders (Figure 3.4., right column) presented 

more diversity (e.g. L-rhamnose) and / or resonance broadening (e.g. D-altrose).  

The indole spectral region for all of the sugars (Figure 3.5.) revealed a similar 

magnitude of CSP for homologous residues. Those indoles with strong specific 

interactions (e.g. hydrogen bond at Trp86/31, Figure 1) had larger CSPs compared to 
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weakly involved groups (e.g. Trp53/10 indole -NH is remote from sugar). The indole 

of the non-binding Trp74 was least affected by the presence of the different 

carbohydrates. Figure 3.6. shows the ȹŭ plots for the indole resonances. Here, the 

analysis is limited to only seven resonances (compared to ~85 backbone resonances), 

which aids the initial prediction of sugar binding. 

 

 

L-fucose, the tightest binding monosaccharide to RSL (Table 3.1.) is treated 

as the sugar template which presents the most favourable topology. We assumed that 

if another sugar binds to RSL, it adopts the orientation with the closest match to the 

L-fucose framework. Analyses of the CSPs and simple sugar-RSL models (described 

in Methods) revealed that monosaccharides can mimic the conformation of RSL-

bound L-fucose. In Chapter 2 we have shown how D-mannose obtains almost perfect 

mimicry of L-fucose. For clarity, this feature of D-mannose is shown in Figure 3.2. 

A. Figure 3.2. B presents two from six possible orientations of D-glucose in RSL 

binding site. The probable model was picked based on NMR data and structural 

comparison with other monosaccharides. The detailed NMR data analyses are 

described in the following sections.  

 

Figure 3.2. (A) D-mannose mimicry of L-fucose and (B) possible reorientation of D-glucose to 

mimic D-mannose. 
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Carbohydrates Kd (ɛM)
a 

Complex Structure ȹŭ
b
 / Exchange 

 

L-fucose
c 

 

SPR
5
 ~2 

 

Crystal 

PDB 4I6S
36

 

 

large / slow 

 

L-galactose
c
 

 
SPR

5
 ~10 

 

Docking 

Ŭ/ɓ-L-galactose
34

 

 
large / slow 

 

D-arabinose
c
 

 

SPR
32

 ~50 

 

Docking 

Me-ɓ-D-arabinose
34

 
ɓ-D-arabinose

32
 

 

large / slow 

 

D-fructose 

 
SPR

34
 ~90 

 

Docking 

Ŭ/ɓ-D-fructopyranose
34

 

 
large / slow 

 

D-mannose
c
 

 

SPR
32

 ~100 

 

Docking 

Me-Ŭ-D-mannose
34

 
Ŭ-D-mannose

32
 

 

large / slow 

 

D-lyxose 

 

N.D.
d  

 

N.D. 

 

medium / slow 

 

L-gulose 

 

N.D. 

 

N.D. 

 

medium / slow 

 

L-rhamnose 

 

N.D. 

 

Docking 
Ŭ/ɓ-L-rhamnose

34
 

Ŭ-L-rhamnose
32

 

 

 

medium / fast 

 

D-altrose 

 

N.D. 

 

N.D. 

 

small / fast* 

 

D-galactose 

 

NMR ~1500 

 

Docking 
Ŭ/ɓ-D-galactose

34
 

 

small / fast* 

 

D-glucose 

 

NMR ~3500 

 

N.D. 

 

small / fast* 

 

D-xylose 

 

N.D. 

 

N.D. 

 

small / fast* 

 

L-fucitol  

 
NMR ~3500 

 
N.D. 

 
small / fast* 

 

Glycerol 

 

NMR ~2500 

 

N.D. 

 

medium / fast 

 

Sucrose 

 
N.D. 

 
N.D. 

 
minor / fast* 

aThe method and Kd are indicated, bSee Figure 3.4. for ȹŭ plots, cSee Chapter 2, dNot determined, 

*indicates fast exchange with a few resonances in intermediate regime 

 

Table 3.1. Summary of all carbohydrates mentioned in this chapter. Carbohydrate structures are 

shown in Figures 3.3. and 3.21. 
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Figure 3.3. Strongly (left column) and weakly (right column)  binding carbohydrates in their 

preferred conformation. The strong binders are ranked by Kd (Table 1). The substituents in red 

(1C4) / blue (4C1) differ from the topologically equivalent groups in L-fucose / D-mannose, 

respectively.  



Chapter III 

58 

 

Figure 3.4. Plots of 1HN backbone chemical shift perturbations for RSL in the presence of each 

sugar. The coloured lines highlight residues that form noncovalent bonds with methyl-a-L-
fucoside (see Figure 3.1.). Dashed lines indicate resonances that were broadened beyond detection 

or not assigned. Blanks correspond to prolines (P14 and P44) and residues (S2, G33, G35, G78, 

G80), which lacked a resonance in the sugar-free or -bound RSL. See Chapter 2 for details of the 

anomer effect on CSP.  
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Figure 3.5. Indole spectral region from the overlaid 1H-15N spectra of RSL bound to 15 

carbohydrates. Bright and dark colour-code corresponds to peaks from the inter- and intra-

monomeric binding site, respectively. The colour scheme matches Figure 2.8. B. Dashed contours 
indicate resonances that were detectable down in the noise. Grey contours correspond to backbone 

resonances.  
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Figure 3.6. Plots of chemical shift perturbations for tryptophan indole resonances in the presence 

of each sugar. Filled and open circles correspond to the 1HN and 15N data, respectively. Colour-

code matches Figure 3.5.; bright and dark colours correspond to Trp side chains in the inter- and 

intra-monomeric binding site, respectively. Trp74 is a non-binding residue. Dashed lines indicate 

resonances that were broadened beyond detection. 
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Tight Binders / Slow Exchange / Large Dd 

Protein sugar binding was analysed by HSQC spectra of 
15

N labelled RSL in the 

presence of 2 eq. (3 mM) of each sugar. The tightly binding sugars resulted in a 

similar pattern of backbone chemical shift changes in RSL (Figure 3.4., left column). 

The binding affinity of the tight binders is determined by the C5 substituent in the 

order -CH3 > -CH2OH > -H > -OH (Figure 3.3.). This observation is based on the Kd 

values for L-fucose, L-galactose, D-arabinose / D-fructose and D-mannose (Table 

3.1.). Three examples of ñL-fucose-likeò sugars (with the same ring conformation or 

perfect mimicry of stereochemistry) were described in Chapter 2 (L-galactose, D-

arabinose and D-mannose). Here, we will focus on the other three D-fructose, D-

lyxose and L-gulose. 

The analyses of each sugar model (Methods) were performed similarly. The 

initial pick of the model was based on ȹŭ plots of Trp indoles (Figure 3.5.), which 

provide unique information about the binding event. For example, indoles of 

Trp53/10 can sense accurately the presence of C5 -H, -CH3, -CH2OH or -OH groups 

(Chapter 2) which helps to identify how a sugar binds. Further, more detailed 

analyses were elucidated from ȹŭ plots of RSL backbone resonance with a focus on 

CSPs for residues that belong to the binding sites. For instance, the Ile16/61 pair is 

sensitive to the same environment as 

Trp53/10 indoles so it was used to 

confirm initial pick. Diversity between 

the binding sites assists the deduction 

of any steric effects observed by CSPs 

at Tyr37/Thr82.  

 

D-fructose is an example of a 

ñfucose-likeò sugar. In aqueous 

solution D-fructose is a mixture of 

pyranose and furanose forms (Figure 

3.7. B). At equilibrium, D-Fructose is 

57% ɓ-D-pyranose, 31% ɓ-D-furanose, 

9% Ŭ-D-furanose, and 3% Ŭ-D-

pyranose.
169

 Structurally D-

Figure 3.7. (A) Fischer projection of D-fructose 

(B) The four conformations of D-fructose and 

their % abundance at chemical equilibrium in 

solution.169  
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fructopyranose is like D-

arabinopyranose with a hydroxymethyl 

substituent at the anomeric carbon 

(Figure 3.3.). As D-fructopyranose has 

identical stereochemistry to L-fucose, 

the strength of RSL binding is likely to 

depend on the C5 substituent (-H, like 

D-arabinose) and the steric effect of the 

C1 substituent. This analysis is in 

agreement with the known binding 

affinities for D-arabinose, D-fructose 

and D-mannose, ~50, 90, and 100 ɛM, 

respectively.
32,34

 

Interestingly, some of the 

backbone amide spectral changes in 

RSL were more similar for D-fructose 

and D-mannose rather than D-arabinose 

(Figure 3.8.). However, the indole ȹŭ 

plots (Figure 3.6.) were more similar 

for D-fructose and D-arabinose, 

implying that the C5 proton is adjacent 

to Trp53/10. This effect was also observed for the Ile16/61 resonances (Figure 3.8. 

C), residues which complete the C5 binding pocket. D-mannose like interactions, 

were observed at resonances such as Cys30/75, Thr82 (Figure 3.8. A), or Arg17/62, 

Glu73 (Figure 3.8. B). The bulky -CH2OH group at the anomeric carbon of D-

fructose (similar to the -CH2OH at C5 in D-mannose) is expected to affect differently 

the Tyr37/Thr82 pair. The former was shifted similarly but the latter had a smaller 

ȹŭ than observed for D-mannose bound RSL (Figure 3.8. A). Structural differences 

between the binding pockets are also evident from the Arg17/62 resonances. A small 

hydrogen bond network from the bulky Tyr37 to Glu32 and Arg17 (Figure 3.1., grey 

lines), cannot be formed by the corresponding Thr82, Glu77 and Arg62. The bulky -

CH2OH substituents that interact with Tyr37 likely contribute to chemical shift 

perturbations of Arg17 for both D-mannose and D-fructose (Figure 3.8. B). The 

absence of this interaction in the inter-monomeric binding site was suggested by the 

Figure 3.8. Spectral regions from the overlaid 
1H-15N spectra of sugar-free RSL (black 

contours) and RSL bound to D-fructose 

(magenta), D-mannose (green) or D-arabinose 

(light blue). Note homologous residues 

Ile16/61, Arg17/62, Cys30/75 and Tyr37/Thr82 
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same CSP for Arg62 when D-mannose, D-fructose or D-arabinose was bound. 

Structural and NMR studies resulted in the conclusion that RSL must bind to ɓ-D-

fructopyranose that is the most abundant form in solution. The ɓ anomer is also 

energetically favoured due to a hydrogen bond with Tyr37, identified in a 

computational study.
34

 Although, the NMR experiments did not indicate any 

anomeric effect (split resonances, see Chapter 2), binding to the Ŭ anomer cannot be 

excluded
34

 but is unlikely considering the low abundance (3% Ŭ-D-fructopyranose). 

D-arabinose (Kd ~50 ɛM) was the weakest binding carbohydrate with split 

resonances. Therefore, the anomeric effect might be less pronounced for 

monosaccharides with Kd > 50 ɛM such as D-fructose (Kd ~90 ɛM). 

 

 

Both D-lyxose and L-gulose in complex with RSL (Figure 3.9.) gave rise to 

ȹŭ plots that were similar to the tight binding sugars (Figure 3.4.). Homologous 

resonances e.g. Ile16/61, Arg17/62, or Cys30/75 had comparable CSPs suggesting 

similar binding events (Figure 3.10.). While D-lyxose was a tight binder (saturation 

at 3 mM) the same concentration of L-gulose resulted in two sets of peaks in the 

HSQC, corresponding to L-gulose-bound and sugar-free RSL. At 30 mM sugar the 

protein was saturated. D-lyxose is similar to D-mannose without the C5 substituent 

and because it better retains the overall topology of L-fucose (Figure 3.9.) it binds 

tighter than L-gulose. L-gulose is a C3 epimer of L-galactose, (Figure 3.3.). 

Although, the axial C3-hydroxyl may be accommodated in the binding site with 

minimal clashes at Trp76/31 the loss of hydrogen bond interactions with Glu28/73 

and Trp81/36 (Figure 3.9.) is the likely cause of the lower affinity. Apart from C3 

the remaining substituents may interact with RSL similar to L-galactose. 

Figure 3.9. (A) Simplified representation of L-fucose bound to RSL based on 2BT9 crystal 

structure.5 Non-covalent interactions (dashed lines) between RSL residues and L-fucose are 

indicated and match the colour scheme of the ȹŭ plots in Figures 3.4. and 3.6. Residue numbering 
is the same as Figure 3.1. (B) Representation of D-lyxose and L-gulose in the likely RSL-bound 

orientation. 
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Weak Binders / Fast Exchange / Small Dd  

The five weakly binding sugars share at least one difference in 

stereochemistry with respect to L-fucose or D-mannose (Figure 3.3., right column). 

L-rhamnose is a C2/4 epimer of L-fucose. D-altrose is a C3 epimer of D-mannose. D-

galactose is the enantiomer of the tightly binding L-galactose and the C2/4 epimer of 

D-mannose. D-glucose and D-xylose are C2 epimers of D-mannose, and D-xylose 

lacks the C5 substituent. 

Figure 3.10. Spectral regions from the overlaid 1H-15N spectra of sugar-free RSL (black contours) 

and RSL bound to D-lyxose (orange), L-gulose (blue), D-mannose (green) or L-fucose (red).  
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The presence of 3 mM D-altrose, D-galactose, D-glucose or D-xylose resulted 

in minor chemical shift perturbations of RSL. These complexes were studied also at 

30 and 100 mM of sugar and binding was observed to be in fast-exchange on the 

NMR time scale. In contrast, 30 mM of L-rhamnose resulted in RSL saturation, 

indicating that it was the tightest binder of this group. With increasing sugar 

concentration, larger CSPs were observed and line-widths increased or were 

broadened beyond detection suggesting intermediate exchange effects for some 

resonances. For example, the peaks of Ala40 and/or Ala85 were broadened beyond 

detection in D-altrose, D-galactose, D-glucose and D-xylose. Broadening is not 

always an indication that the affinity is strong.
70

 In fact, the spectra of RSL in 

complex with strongly binding carbohydrates had decreased line widths compared to 

unbound RSL. For instance, methyl-Ŭ-L-fucoside bound to RSL resulted in an 

average ~3 Hz decrease in line-width compared to the sugar-free form. Therefore, 

the broadening with weak binders suggests some other events like a pre-equilibrium, 

conformational change of the protein before binding or a structural rearrangement of 

the protein-ligand complex after binding.
70

 The weakly binding sugars were ordered 

from the strongest to weakest (Figure 3.3., right column) based on the size of CSP in 

the presence of 30 mM of each sugar. Larger ȹŭ at 30 mM sugar suggested faster 

saturation, hence stronger interactions. 

Figure 3.11. (A) Simplified representation of L-fucose bound to RSL. Legend in Figure 3.8. (B) 

Representation of L-rhamnose, D-altrose, D-galactose, D-glucose and D-xylose in RSL-bound 

orientations that best mimic the L-fucose interactions .  



Chapter III 

66 

D-altrose and D-galactose 

resulted in similar broadening effects 

(Trp36/81) so should interact in a 

similar manner. D-glucose and D-xylose 

showed almost the same CSP effects, as 

expected considering their structural 

similarity. The C5 substituent of D-

glucose likely protrudes from the 

binding site, as described for D-

mannose. 

The initial analyses of the 

indole ȹŭ plots (Figure 3.6., right 

column) suggested that L-rhamnose 

binds in a similar mode to ñfucose-likeò 

sugars. The pattern for L-rhamnose was 

most similar to D-mannose suggesting 

insertion of a hydroxyl substituent in 

place of the C5 methyl in L-fucose. 

Perturbations of the Ile16/61 

resonances (Figure 3.12. A) further 

support this suggestion. Of the weak 

binders L-rhamnose had the largest CSP 

for Arg17/62 (Figure 3.12. B), perhaps 

consistent with L-rhamnose being the 

only sugar in which the substituents at 

C3, C2, C1 fully retain the L-fucose 

topology at C5, C4, C3, respectively (Figure 3.11.). The unusual CSP for Ala40/85 

(Figures 3.4. and 3.12. C) is likely caused by O5. The pronounced chemical shift 

changes for Tyr37 (Figure 3.12. D) is due to the equatorial C5 methyl group causing 

similar steric effects as the -CH2OH group in D-mannose or D-fructose. The 

homologous Thr82 did not have as large a CSP.  

D-altrose is a C3 epimer of D-mannose. L-gulose, the C3 epimer of L-

galactose was shown to have the lowest affinity out of all of the strong binders due 

to this single stereochemical difference. In the case of D-altrose, there are two other 

Figure 3.12. Spectral regions from the overlaid 
1H-15N spectra of sugar-free RSL (black 

contours) and RSL bound to L-rhamnose 

(cyan), D-altrose (magenta), D-galactose 

(green), D-glucose (orange) or D-xylose (blue) 

at 100 mM of each sugar (except L-rhamnose at 

30 mM). 
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features which make it a weaker binder than L-gulose. As D sugar, 
4
C1 conformation, 

D-altrose inserts the C1-hydroxyl (same as D-mannose) into the binding pocket (In 

contrast, L-gulose has a C5-hydroxymethyl, with improved binding at this site). D-

altrose is also weaker than L-rhamnose because it cannot maintain the C5, C4, C3 

topology. For example, the resonance of Glu73 that is directly affected by lack of 

interactions with O3 shows a different CSP to L-rhamnose (Figure 3.12. A). 

D-galactose is C2/4 epimer of D-mannose. The Kds of ~15 and ~35 mM for 

D-galactose and D-glucose respectively (see next section) show that despite two 

epimers, D-galactose still binds twice tighter than D-glucose. It may be 

counterintuitive because D-glucose shares with D-galactose the same C2 epimer 

(related to D-mannose). Therefore, this structural analysis suggested that D-galactose 

has to bind in alternative, less obvious orientation. In proposed orientation, D-

galactose still breaks two hydroxyl interactions but, more important O4 (in L-fucose) 

was conserved by O1 that maintains the óbridge interactionsô between Glu28 and 

Arg17 (Figure 3.1. B). ȹŭ showed similar plots for Trp53/10 side chains and 

Ile16/61 suggesting C2-hydroxyl insertion similar to C1 substituent in D-mannose 

(Figure 3.12. A). The lack of ȹŭ for Tyr37 (Figure 3.12. D) excluded the possibility 

of steric interactions with the C5-hydroxymethyl.  

Lastly, D-glucose and D-xylose are both C2 epimers of D-mannose and vary 

only at C5 between each other. Therefore, ȹŭ plots for RSL-bound to D-glucose/D-

xylose are similar. The D-mannose like orientation result in D-glucose/D-xylose 

lacked -O2 mediated bonds (O4 in L-fucose) that disturbed the óbridge interactionsô 

shown in Figure 3.1. B. As the binding to O4 cannot be compensated as it was in the 

case of C3-hydroxyl (e.g. L-gulose) the affinity is significantly reduced. 

Based on structural and NMR studies we observed a relation between 

changes of stereochemistry and size of chemical shift perturbation. The difference in 

stereochemistry at each pyranose carbon, was assessed in order from the least to the 

most important as C1<C2<C3<C4<C5 for L-fucose numbering. The anomeric 

carbon (C1) stereochemistry is the least important as this position is responsible for 

anomeric recognition and the substituent points out of the binding site (Figure 3.1.) 

The anomeric effect was not identified for sugars with binding weaker than D-

arabinose (Table 3.1.). Stereochemistry at C2 is responsible for a hydrogen bond 

interaction with the backbone NH of Ala40/85 and is therefore important (Figure 3.1. 

A) but this interaction does not alter any other bonds. The stereochemistry at C3 
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affects interactions with Glu28/73 and Trp36/81 (Figure 3.1. B). Although, the Trp 

N
Ů
 atom is sensitive to stereochemical changes, the hydrogen bond between indole 

and O3 seems to be less important for sugar binding. The lack of a hydrogen bond 

between Glu28/73 and O3 lower the affinity significantly (e.g. L-gulose or D-altrose) 

but this site can be compensated by a water molecule as long as the O4 interaction 

was sustained. Glu28/73 and Arg17/62 form a type of óbridge interactionô via axial 

O4 (Figure 3.1. B). If these interactions were abolished the binding affinity dropped 

significantly like for D-glucose or D-xylose. The stereochemistry of the C5 

substituent appears crucial for interactions with RSL. There is no example within the 

tested twelve pyranosides with an axial C5. Moreover, the C5 substituent (-CH3, -

CH2OH, -H, -OH) was responsible for the affinity of strong binders (Table 3.1. and 

see Chapter 2). 
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Binding Affinity of D-galactose and D-glucose. 

 

RSL-sugar titrations were performed by the addition of microliter aliquots of D-

glucose or D-galactose to 
15

N-labelled protein and monitored by 
1
Hï

15
N HSQC 

spectroscopy. Increasing chemical shift perturbations were observed as a function of 

the sugar concentration, indicative of fast exchange on the NMR time scale. D-

glucose and D-galactose are C2 and C2/4 epimers of D-mannose, respectively so it 

could be expected that the more similar D-glucose would bind tighter to RSL as 

stated in previous section. Figure 3.13. A shows regions of the HSQC spectra and the 

chemical shift perturbations that occurred during titrations. Analyses of the chemical 

shift perturbations as a function of ligand concentration yielded hyperbolic binding 

curves (Figure 3.13. B). The curves were fit to a 1:1 binding model. The obtained Kd 

values are shown in Table 3.2. 

Figure 3.13. (A) Spectral regions from overlaid 1H-15N HSQC spectra of 0.25 mM sugar-free RSL 
(black) and RSL in the presence of up to 320 mM D-galactose (blue scale) or 300 mM D-glucose 

(red scale). (B) Binding isotherms for the RSL-D-galactose or RSL-D-glucose interactions 

determined by NMR spectroscopy. Open and filled symbols correspond to residues in the intra- 

and inter-monomeric binding sites, respectively. 
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Sugar 
1
H

N
 resonance D-galactose Kd (mM)  D-glucose Kd (mM) 

Inter-monomeric   

Arg62 18 (±3) 28 (±6) 

Cys75 15 (±1) 32 (±2) 

Gly84 16 (±1) 42 (±2) 

Intra-monomeric   

Arg17 5 (±1) 29 (±4) 

Ile61 14 (±2) 34 (±3) 

Average 14 (±5) 33 (±6) 

 

D-galactose and D-glucose NMR titrations yielded Kds of ~15 and 35 mM, 

respectively. No significant differences were observed between the inter- and intra-

monomeric binding sites. Arg17 in the presence of D-galactose was broad and 

therefore ȹŭ was difficult to measure. This data was included for contrast with D-

glucose.  

The tighter binding of D-galactose (in spite of the two epimer differences 

with respect to D-mannose) suggested that D-galactose can orient differently to the 

the D-mannose sugar group. This different orientation (Figure 3.11. B) may be 

responsible for the tighter interaction than D-glucose.  

 

  

Table 3.2. Dissociation constants (Kd) of D-galactose or D-glucose calculated for resonances in the 

inter- and intra-monomeric binding site. 
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RSL Interactions with Sugar Alcohols. 

 

Two sugar alcohols, glycerol and L-fucitol were examined for binding to RSL. 

Glycerol is a three carbon polyalcohol with 2 rotatable bonds that yield different 

conformers. Glycerol, on account of its use as a cryoprotectant, is often found in 

crystal structures as a ligand bound to the protein, with >12,000 structures in PDB. 

NMR data proving the interactions of glycerol with protein in solution was not 

found. For example Seraboji et al.
170

 reported a 0.9 Å resolution crystal structure of  

Galectin-3 bound to glycerol (Figure 3.14.). 

 

 

Figure 3.15. (A) Representation of the molecular mimicry of methyl-Ŭ-L-fucoside by two 

molecules of glycerol (orange shade, similar to L-galactose). (B) Glycerol molecules (orange) 
were superposed onto methyl-Ŭ-L-fucoside (grey) bound to RSL (PDB 2BT9).5 Protein backbone 

is shown as ribbons and side chains as lines.  

Figure 3.14. Representation of the molecular mimicry of lactose (orange lines) by glycerol (blue 

sticks) bound to Galectin-3 (PDBs 3ZSK and 3ZSJ).170 Protein is shown in cartoon representation 

with side chains as lines.  
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Galectin-3 is not structurally related 

to RSL but the availability of high 

resolution crystal structures provide 

evidence of glycerol binding to 

lectin (glycerol-bound PDB 3ZSJ) 

and imply mimicry of carbohydrate 

binding (lactose-bound PDB 3ZSK). 

In contrast to the studies reported in 

the following paragraphs, glycerol 

binding to Galectin-3 was not 

observed by NMR.
170

 

Based on crystal structures of 

Galectin-3 bound to glycerol, or 

lactose, (Figure 3.14.), we modelled 

glycerol to match the C4-C6 

fragment of methyl-Ŭ-L-fucoside 

(PDB 2BT9). A second glycerol 

molecule was positioned to mimic 

the C1-C3 half of the fucoside. The 

model suggests that two glycerol 

molecules can be accommodated in 

the binding site with a good match 

to the methyl-Ŭ-L-fucoside bound to 

RSL (Figure 3.15.). 

Initial screening of RSL in 

the presence of 3 mM glycerol did 

not reveal significant CSP suggesting that glycerol is a weak binder. An NMR 

titration was prepared and the Kd was estimated (Figure 3.15. and Table 3.3.) in a 

manner identical to that described for D-glucose and D-galactose. The average Kd 

was 25 mM. Interestingly, although the glycerol ȹŭ plot for backbone resonances 

was different to the other strong binders, the ȹŭ plot for the indole resonances was 

similar (Figures 3.4. and 3.6.). Based on the model built for two glycerol molecules 

(Figure 3.15. A), potentially the closest comparison could be observed for L-

galactose because of the closest structural mimicry. However, the chemical shift 

Figure 3.16. (A) Spectral region from overlaid 1H-
15N HSQC spectra of 0.25 mM sugar-free RSL 

(black) and RSL in the presence of 1-300 mM of 

glycerol (red scale) (B) Binding isotherms for the 

RSL-glycerol interactions in inter- (top) and itra-

monomeric binding site determined by NMR 

spectroscopy.  
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perturbations were different from all 

tested pyranosides. The indole 

resonances yielded a pattern 

suggesting that the pyranose ring 

was mimicked (Figure 3.6.). Also 

the resonances of Arg17/62 and 

Ile16/61 presented matching patterns 

(Figures 3.4. and 3.17.). The 

essential difference was observed 

only for resonances of Ala40/85. 

These resonances have large shifts 

due to a hydrogen bond with the 

equatorial ïO2 in L-fucose. The 

smaller chemical shift perturbation 

in the presence of glycerol suggests 

that this interaction was not retained. 

  

Figure 3.17. Spectral regions from the overlaid 1H-
15N HSQC of sugar-free RSL (black contours) and 

RSL in the presence of 300 mM glycerol (orange) 

or 3 mM L-galactose (mauve).  
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L-fucitol  is another example of 

a sugar alcohol, but with greater 

flexibility (4 rotatable bonds) than 

glycerol. As an acyclic derivative of 

L-fucose it can be expected to adopt a 

conformation that matches the L-

fucose framework. Such a process 

may be entropically unfavoured. 

In contrast to thousands of 

crystal structures containing glycerol, 

to date, there are only 3 structures of 

L-fucitol bound to proteins (PDBs: 

1FUI, 3A9T, 4C21).
171ï173

 In each of 

these structures L-fucitol adopts the 

fully extended form suggesting that 

this is the energetically favoured 

conformation.  

Two hypothetical models for 

closed ring and extended chain L-

fucitol were prepared to support NMR 

Figure 3.18. (A) Representation of the molecular mimicry of methyl-Ŭ-L-fucoside by L-fucitol 

(blue). (B) Two possible models of L-fucitol (blue) when bound to RSL made by superposition of 

L-fucitol onto methyl-Ŭ-L-fucoside (grey).5 

Figure 3.19. (A) Spectral regions from overlaid 
1H-15N HSQC spectra of 0.25 mM sugar-free 

RSL (black) and RSL in the presence of L-fucitol 

(blue scale). (B) Binding isotherms for the RSL-

L-fucitol interactions determined by NMR 

spectroscopy.  
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data (Figure 3.18.). The same set of 

NMR experiments as for glycerol was 

performed for L-fucitol. Interestingly, 

the binding affinity of L-fucitol (~35 

mM) was slightly lower glycerol (~25 

mM).  

Comparison of 
1
H-

15
N HSQC 

spectra for RSL bound to L-fucitol and 

L-fucose revealed that L-fucitol 

presented ȹŭ mostly for resonances in 

the inter-monomeric binding site. 

Possibly, the more spacious inter-

monomeric site (Thr82) allows entry by 

the long chain sugar. It may be more 

difficult to enter the intra-monomeric 

binding site (flanked by Tyr37) 

therefore much smaller CSPs were 

observed. For example, chemical shift 

perturbations of Arg62, Glu73 and 

Thr82 in the presence of L-fucitol were larger than those of homologous Arg17, 

Glu28 and Tyr37.  

The inter-monomeric binding site can be bound by L-fucitol in the linear 

form as indicated by backbone CSPs but lack of ȹŭ for the indole resonances (only 

Trp81 presented CSP).  

 

Sugar 
1
H

N
 resonance Glycerol Kd (mM)  L-fucitol Kd (mM)  

Inter-monomeric   

Ile16 12 (±1)  

Arg62 10 (±0.5) 28 (±6) 

Cys75 13 (±1) 32 (±2) 

Gly84 37 (±3) 42 (±2) 

Ala85 40 (±1)  

Intra-monomeric   

Gly39 33 (±3)  

Ala40 34 (±2)  

Ile61 15 (±1)  

Average  24 (±13) 34 (±7) 

Table 3.3. Dissociation constants (Kd) of Glycerol and L-fucitol calculated for resonances in the 

inter- and intra- monomeric binding site. 

Figure 3.20. Spectral regions from the overlaid 
1H-15N spectra of sugar-free RSL (black 

contours) and RSL in the presence of 320 mM 
L-fucitol (blue) or 3mM L-fucose (red). 
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RSL Binding to a Disaccharide.  

 

Sucrose is a disaccharide of D-glucose and D-fructose linked via an acetal. It could 

be expected that sucrose would interact with RSL. We and others
5,32,34

 have shown 

that RSL can bind a range of pyranoses, but there is no evidence in the literature for 

binding to furanoses. NMR studies of D-fructose also indicated a preference for 

binding of ɓ-D-fructopyranose, therefore it is expected that sucrose can bind via the 

D-glucose unit only. 

 

As shown in the weak binders section, D-glucose needs to reorient the pyranose ring 

to favour its interactions to RSL (Figure 3.21. A). As the D-glucose unit in sucrose is 

in Ŭ conformation then sucrose could bind to RSL using a similar orientation as D-

glucose (Figure 3.22. B, left). In this case there should be no steric clashes with 

Tyr37 and sucrose would bind both, intra- and inter-monomeric binding sites. 

NMR screening revealed that RSL-sucrose interactions are similar to the 

weak complex formed with D-glucose (Figure 3.23.). The ȹŭ plot for backbone 

resonances showed almost no changes in the presence of 30 mM sucrose with 

respect to D-glucose at the same concentration (Figure 3.23. C). Detailed NMR data 

analyses of sucrose binding to RSL revealed significant CSP for resonances in the 

Figure 3.22. Model of possible conformation for ɓ-D-glucose (pink) and sucrose (teal) in the 

intra-monomeric binding site (PDB 2BT9).5  

Figure 3.21. Sucrose structure showing the D-glucose (red) and D-fructose (blue) units. 
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inter-monomeric binding site (e.g. Cys75, T82) but no ȹŭ was observed for 

homologous residues (Cys30, Tyr37). Also perturbations of the indole resonances 

(Figure 3.23. B) were minor in the inter-monomeric binding site (Trp36 and Trp53). 

The homologous indole cross-peaks for Trp81 and Trp10 (intra-monomeric) did not 

show CSP. Lack of interactions in the intra-monomeric binding site suggested that 

the D-glucose unit binds in a different orientation than the D-glucose 

monosaccharide. The different binding mode may depend on steric effects of the 

Tyr37 side chain. A possible conformation of sucrose is shown in Figure 3.22. C. 

Based on the similarity of CSP between D-glucose and sucrose it was assumed that 

RSL does not bind D-fructofuranose.  

 

NMR of RSL in Plant Extracts 

RSL was screened in the presence of six vegetable extracts made of carrot, 

cucumber, tomato, potato, onion or parsnip. All of the samples were prepared 

identically (see Methods). RSL in the presence of each extract revealed significant 

chemical shift perturbations. Spectra acquired for RSL in the presence of carrot, 

cucumber, tomato, potato and onion extracts showed identical CSPs. Based on the 

similarity of the HSQC spectra, it was assumed that the chemical composition of 

each extract was similar. Thus ȹŭ analyses for the extracts were made based on the 

spectrum of RSL in the presence of carrot extract. Carrot juice comprises ~10% 

Figure 3.23. (A-B) Spectral regions from the overlaid 1H-15N spectra of sugar-free RSL (black 

contours) and RSL bound to D-glucose (pink) or sucrose (teal) (C) Plots of chemical shift 

perturbations in the presence of 30 mM D-glucose or sucrose . Blanks correspond to prolines (P14 
and P44) and resonances that were broadened beyond detection in sugar-free or -bound RSL. 
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sugars mainly glucose, sucrose, xylose and fructose.
174

 Fructose is the strongest 

binding sugar (~90 ɛM, Table 3.1.) of the sugars that occur in carrot. A comparison 

of RSL in the presence of the extract or 3 mM D-fructose confirmed that RSL 

interacted with D-fructose in the extracts (Figure 3.24. A). Only the spectrum of RSL 

in the presence of parsnip extract presented smaller CSPs. The small differences in 

CSPs for parsnip extract suggest that RSL was bound to a fructoside (Figure 24B). 

We can exclude the possibility of concentration effects because D-fructose binds to 

RSL in the slow exchange regime.  

As described in the thesis introduction, RSL is a lectin used by plant 

pathogens to invade the host. Finding potential inhibitors of RSL-sugar binding 

Figure 3.24. 
1H-15N HSQC spectra of 0.25 mM sugar-free RSL (black) or RSL in the presence of 

D-fructose (blue) or extract of carrot (red) or parsnip (green). (A) Proof of D-fructose in carrot 

extract. (B) Differences in CSP for RSL in the presence of carrot or parsnip extract.  
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could help to prevent agricultural losses. For this reason, RSL was screened in the 

presence of water soluble crude extracts that were prepared in Teagasc, Ashtown. 

Extracts were made of potentially cheap sources like potato peels, marjoram, 

rosemary, sage and oregano. These extracts were screened to check if they consist of 

any non-carbohydrate based compounds that can bind to RSL. Water-based extracts 

yielded spectra that did not show any CSP suggesting lack of interactions with any 

compound in the extracts. The crude apolar extracts were firstly dissolved in DMSO. 

Unfortunately, any contact with water caused immediate precipitation of the extracts. 

In consequence, the extracts prepared from organic solvents were not suitable for 

this screening.  

 

Conclusions 

 

NMR spectroscopy was used to observe RSL-sugar interactions. We tested fifteen 

different carbohydrates including twelve monosaccharides, two sugar alcohols and 

sucrose as an example of disaccharide. RSL shows specificity towards the pyranose 

ring. Some resonances of homologous residues like Ala40/85 or Arg17/62 gave rise 

to distinct chemical shift patterns because the intra- and inter-monomeric binding 

sites of RSL are not identical as it is usually assumed.
31ï34

 

RSL binding sites have evolved to recognise the pyranose framework. 

Changes in the topology (with respect to L-fucose) affect the strength of interactions 

between RSL and a carbohydrate. The equatorial position of the C5 substituent 

seems to be crucial for interactions between RSL and ligand. The type of C5 

substituent can change leading to altered binding affinities, for example apolar -CH3
 

(L-fucose, Kd ~2 µM) versus polar -OH (D-mannose, Kd ~100 µM). Based on data 

acquired for 14 monosaccharides, the importance of sugar topological similarity to 

L-fucose was assessed as C5>C4>C3>C2>C1 in order from the most to the least 

important.  

Strong binders were always observed in slow exchange binding mode and for 

those with Kd < 50 ɛM the anomeric effect was observed. Weakly binding sugars 

showed common factors like small ȹŭ in the presence of 3 mM sugar, mM affinity 

and fast exchange regime. Also severe line width broadening (mostly Trp81/36 

indoles and Ala40/85) for binding site resonances was observed. The weakly binding 
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sugars are often considered non binders like L-rhamnose and D-galactose.
5
 Here, 

dissociation constants of D-galactose and D-glucose were estimated with values of 15 

and 35 mM, respectively.  

Although, it was evident that glycerol can bind to protein and even mimic 

sugar binding of galectin,
170

 here we have shown the proof of interactions in solution 

presented by chemical shift perturbation. We showed that two glycerol molecules 

can bind simultaneously to RSL mimicking pyranose scaffold. L-fucitol, despite 

close similarity to L-fucose, binds with mM affinity at the inter-monomeric site only. 

It suggests incomplete mimicry of L-fucose ring by open chain derivative.  

Figure 3.25. presents all the strong and weak binders (Figure 3.3.) bound to 

RSL in the intra-monomeric binding site in the form elucidated from the analyses 

above.  

Lastly, RSL was screened with a range of plant extracts. Results indicate 

binding of RSL to D-fructose, which is a major carbohydrate found in vegetables. 

Screening of sugar-free extracts revealed no ȹŭ implying that none of the tested 

extracts contained a compound that could bind to RSL at the tested concentrations.  

Lectins, by definition, are highly selective towards a specific sugar moiety 

which makes them precise drug delivery tools.
93

 However, RSL promiscuity may 

also be harnessed in therapeutic design. RSL binding to multiple sugars may be 

advantageous in the case of poorly-defined receptors i.e. when cell-surface consist 

different carbohydrates. In this case L-fucose binding RSL could be used as a 

transporter to D-arabinose or L-galactose terminated receptors. Other carbohydrates 

like D-mannose require different binding (monosaccharide orientation) and therefore 

binding would be substantially limited. For example, RSL could bind only to D-

mannose terminated polysaccharides linked via hydroxyl at C6 like synthetically 

prepared D-mannose agarose.
175

 Other physiologically relevant oligosaccharides 

such as mannans (where sugar units are linked with ɓ(1Ÿ4) glycosidic linkage) 

would no longer interact to RSL. The same phenomenon applies to other glycans 

terminated with 
4
C1 sugars e.g. D-glucose or D-galactose. 
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Figure 3.25. Models of each carbohydrate in a possible conformation at the intra-monomeric 

binding site of RSL. See Methods for modelling strategy. 
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Experimental 

 
Materials: Carbohydrates were purchased from SIGMA (Glycerol, Sucrose, D-

galactose, D-glucose, D-altrose) or Carbosynth (L-fucitol, L-gulose, D-lyxose). D-

xylose, D-fructose and L-rhamnose (SIGMA) were provided by Prof. Paul Murphy. 

Plant material from potato, marjoram, rosemary, sage and oregano was provided by 

Teagasc, Ashtown, Dublin. 

 

NMR spectroscopy. 
15

N-RSL was prepared as described previously (Chapter 2).
165

 

The typical sample conditions comprised 0.25 mM 
15

N-RSL in 20 mM potassium 

phosphate, 50 mM NaCl, pH 6.0 and 10% D2O. Carbohydrates were added to a final 

concentration of 3 or 100 mM. Titrations were performed using aliquots of 3 M 

stocks of D-glucose or D-galactose, 2 M L-fucitol or 5 M glycerol. Over the course 

of the titration the protein was diluted 1.2-fold. The sample pH was checked and if 

necessary corrected to pH 6.0 after each addition of the ligand. Two-dimensional 
1
H-

15
N HSQC spectra were acquired on samples at 303 K on an Agilent 600 MHz NMR 

spectrometer equipped with a HCN cold probe. All NMR data were processed in 

NMRPipe.
147

 The differences in chemical shifts between the pure and sugar-bound 

RSL were measured in CCPN.
148

  

 

Binding isotherms. Binding isotherms were obtained by plotting the magnitude of 

the chemical shift change (ȹŭ) as a function of the ligand concentration. The data 

were fit (nonlinear least squares in Origin) to a one-site binding model, with ȹŭ and 

the ligand concentration as the dependent and independent variables, respectively, 

and the dissociation constant (Kd) and maximum chemical shift change (ȹŭmax) as the 

fit parameters.  

 

Models of RSL-sugar interactions. Sugars structures (ideal conformation) were 

downloaded from PDBe Chem. Least squares (LSQ) superposition to methyl-Ŭ-L-

fucoside in RSL (PDB 2BT9)
5
 was performed in COOT. Manual modelling (rotation 

and translation) was used to obtain the best match to methyl-Ŭ-fucoside i.e. when all 

carbons and O5 fit pyranose framework (Figure 3.26.).  
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This type of modelling was limited to one of six possible orientations. If we assume 

that the starting orientation matches methyl-Ŭ-L-fucoside as found in the crystal then 

the first model would involve rotation such that C1/C2/C3/C4/C5/O of the fucoside 

match the modelled sugar atoms C2/C3/C4/C5/O/C1 and so on. The final 

conformation of the sugar (Figure 3.25.) was picked based on the chemical shift 

perturbation analyses (Figures 3.4. and 3.6.).  

The structure of D-altrose is not available in the PDB. A model of D-altrose was 

made by combining the D-mannose and L-gulose structures. Ŭ-L-fucose was 

modelled from the methyl-Ŭ-L-fucoside by deleting the methyl group. 

 

Plant extract preparation: Vegetable extracts. Each vegetable (carrot, onion, 

parsnip, cucumber, tomato and potato) was crushed using a ceramic mortar and 

pestle, 1.5 mL of extract (juice) was centrifuged for 10 min and stored at -20 ęC. 

Teagasc extracts. Plant materials from five sources: potato peels, marjoram, 

rosemary, sage and oregano were used. The crude plant extracts were obtained using 

methods described previously.
176,177

 The solid/liquid extracts were generated in four 

different solvents (dichloromethane, ethyl acetate, methanol and water). Only the 

water crude fractions were subjected to solvent-solvent portioning using MeOH to 

remove sugars. Fractions of each crude extract were subjected to further 

fractionation by flash chromatography.
177

 All of the solvents were of analytical grade 

and purchased from SIGMA.  

 

Figure 3.26. The examples of the models for ɓ-D-mannose with (A) good and (B) bad match to 

methyl-Ŭ-L-fucoside. 
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Preparation of NMR samples for extracts screening: Vegetable extracts: The 

typical sample comprised 0.15 mM sugar-free RSL, in 20 mM KPi, 50 mM NaCl pH 

6.0, 10% D2O and 50 ɛL of concentrated vegetable extract. If necessary, the pH was 

adjusted to 6.0. 

Teagasc extracts: 1 mg of crude/flash purified extract in water was dissolved in 1 

mL of standard buffer and the pH was adjusted to 6.0 if necessary. Extracts obtained 

from organic solvents were dissolved in DMSO but were unstable upon addition of 

water aliquots. NMR samples contained 0.2 mM of sugar-free RSL, 20 mM KPi, 50 

mM NaCl pH 6.0, 10% D2O and 10 ɛL of 1 mg/mL extract stock.  
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Chapter IV 

Noncovalent PEGylation of RSL 

 

This work was published as Antonik, et al. Noncovalent PEGylation via LectinīGlycopolymer 

Interactions. Biomacromoleculs, 2016, 17, 2719ī2725. 

 

 

The synthesis of a fucose-capped polyethylene glycol (Fuc-PEG) was prepared at Durham University, 

Durham, UK by Dr Ahmed Eissa. The small-angle x-ray scattering (SAXS) experiments were 

performed at EMBL, Grenoble, France. SAXS analyses and figures were prepared by Dr Adam 

Round and Dr Peter Crowley. 
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Abstract 

 

PEGylation, the covalent modification of proteins with polyethylene glycol, is an 

abundantly used technique to improve the pharmacokinetics of therapeutic proteins. 

The drawback with this methodology is that the covalently attached PEG can impede 

the biological activity (e.g. reduced receptor-binding capacity). Protein therapeutics 

with ñdisposableò PEG modifiers have potential advantages over the current 

technology. Here, we show that a protein-polymer ñMedusa complexò is formed by 

the combination of a hexavalent lectin with a glycopolymer. Using NMR 

spectroscopy, small angle X-ray scattering (SAXS), size exclusion chromatography 

and native gel electrophoresis it was demonstrated that the fucose-binding lectin 

RSL and a fucose-capped polyethylene glycol (Fuc-PEG) form a multimeric 

assembly. All of the experimental methods provided evidence of noncovalent 

PEGylation with a concomitant increase in molecular mass and hydrodynamic 

radius. The affinity of the protein-polymer complex was determined by ITC and 

competition experiments to be in the µM range, suggesting that such systems have 

potential biomedical applications. 
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Introduction  

 

The modification of proteins with synthetic polymers is a powerful route to 

novel functionalized macromolecules with applications in biotechnology and 

medicine.
178ï184

 PEGylation, the covalent attachment of polyethylene glycol, is a 

versatile means to increase a proteinôs size, stability and solubility.
49,104,179,185,186

 The 

increased radius of protein-PEG conjugates leads to a reduction in renal filtration, 

which together with decreased immunogenicity can result in longer circulation half 

lives compared to the native protein.
104,186

 Such improvements in pharmacokinetics 

are crucial for the development of cost-effective and patient-friendly protein 

therapeutics. However, PEGylation can also interfere with the processes of 

molecular recognition and lead to reduced biological activity. Steric hindrance of the 

binding site by PEG can impede complex formation with the target receptor.
104,186 

This effect may be eliminated in poly(zwitterion)-based conjugates.
181

 Furthermore, 

reversible PEGylation strategies have been developed that take advantage of slowly 

hydrolysable,
187,188

 light-sensitive
189

 or thiol-sensitive
190

 linkers to release the PEG 

component.  

With the growing demand for tunable protein-polymer macromolecules the 

focus of attention is shifting towards noncovalent conjugates.
191ï201

 Examples 

include polymer conjugation via: co-factor reconstitution,
191

 the biotin-streptavidin 

complex,
193

 supramolecular complexation with cucurbituril,
194

 charge-charge
195

 and 

metal affinity
196,199

 interactions, as well as lectin-mediated complexation.
200,202,203

 

The advantage of noncovalent systems is that temporal control of conjugate 

assembly and disassembly can be asserted by the presence of competitor 

molecules.
194

 In the context of protein therapeutics it is envisaged that the 

biologically-active ligand-receptor complex may act as a competitor to displace the 

lower affinity polymer interaction. Thus, the potential interference caused by 

covalently attached PEG chains will be minimised. Noncovalent PEGylation 

involves several challenges, the foremost being the control of the protein-polymer 

affinity which must be sufficiently high to enable the positive effects of PEGylation 

(i.e. increased circulation half life) and yet low enough to permit transient unbinding 

and competition by the host receptor (Kd ~nM-µM). Coupled to this challenge is the 

need for simple linker chemistries which are biocompatible, synthetically attractive 
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and inexpensive. At  this point we note that the study of noncovalent protein-PEG 

assemblies is not new. Early applications were focused on protein purification by 

phase separation in mixtures of dextran and dye-conjugated PEG.
204ï206

 Figure 4 in 

reference 205 is startling in its originality and relevance to current developments.
 

Here, we have combined a fucose-binding lectin with a fucose-capped 

polyethylene glycol (Fuc-PEG) to produce a noncovalent protein-polymer ñMedusa 

complexò (Figure 4.1.). RSL, a hexavalent fucose-binding lectin from Ralstonia 

solanacearum, was chosen as the model protein for this study. RSL is a well-

characterized ~29 kDa trimer with three intra-monomeric and three inter-monomeric 

binding sites for L-fucose and related sugars.
5,36,37,165

 Building on current 

developments in the structural characterization of PEGylated proteins,
49,207

 we have 

used TROSY NMR spectroscopy to demonstrate protein-polymer noncovalent 

conjugation via the fucose-binding site. The formation of high molecular weight 

protein-polymer particles was confirmed by size exclusion chromatography (SEC), 

small angle X-ray scattering (SAXS) and electrophoresis experiments. SAXS 

analysis further revealed a core structure bearing six PEG tails with random coil 

conformations. Competition binding experiments demonstrated that the Fuc-PEG 

appendages could be displaced by methyl-Ŭ-L-fucoside (Me-fuc) but not by L-

galactose (L-gal). Together, these data indicate that reversible protein-polymer 

conjugates were formed from the combination of a carbohydrate binding protein and 

Figure 4.1. Simplified representations of (A) fucose-capped PEG (Fuc-PEG, see Scheme S1 for 

details) and (B) noncovalent PEGylation of RSL with Fuc-PEG (~2.3 kDa) to yield a protein-

polymer ñMedusa complexò. Note that RSL is a hexavalent trimer with three intra-monomeric and 

three inter-monomeric sugar binding sites.5,165 
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a sugar-functionalized polymer. This strategy of noncovalent PEGylation using 

glyco-PEG may benefit the development of lectin-mediated drug delivery 

systems.
93,208,209

 

 

Results and Discussion 

 

Preliminary characterization of 

RSL bound to Fuc-PEG.  

The formation of a noncovalent 

conjugate between RSL and Fuc-

PEG was expected to yield a 

particle of ~50% increased mass 

(compared to RSL, ~29 kDa). 

Assuming that all six sugar-

binding sites are occupied by Fuc-

PEG (~2.3 kDa) the conjugate will 

have a mass of ~43 kDa. 

An initial characterization 

of the conjugate was performed by 

using size exclusion 

chromatography. RSL in the 

presence of 12 equivalents of Me-

fuc (Kd ~0.6 mM
5
) eluted at ~75 

mL (Figure 4.2.). This elution 

volume was higher than expected 

(the ~31 kDa DNase eluted at ~65 

mL) and suggests that the RSL 

weakly interacted with the 

Superdex resin. In the presence of 

Fuc-PEG, elution was observed at 

~55 mL, which corresponds to 

proteins of ~66 kDa (as indicated 

by a BSA standard). This higher-

Figure 4.2. SEC of RSL in the presence of 12 

equivalents of Fuc-PEG (red) or Me-fuc (blue). The 

elution buffer was 20 mM potassium phosphate, 50 

mM NaCl, pH 6.0. 

Figure 4.3. Native gel electrophoresis in 5 % 

polyacrylamide (top) or 2 % agarose (bottom panel) 

of RSL in the sugar-free or polymer bound form. The 

equivalents of Fuc-PEG, the buffer pH and the 

electrode locations are indicated. 
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than-expected mass is 

characteristic of PEGylated 

proteins as the random coil nature 

of PEG occupies a larger volume 

than a corresponding mass of 

folded protein.
49,210,211

 The peak at 

~43 mL, corresponding to the 

void volume, suggested the 

presence of high molecular weight 

aggregates.
121

 

The conjugate was further 

characterized by native gel 

electrophoresis. Samples of sugar-

free RSL or RSL in the presence 

of Fuc-PEG were analysed in both 

polyacrylamide and agarose gels 

(Figure 4.3.). Consistent with the 

theoretical pI of ~6.5, RSL and the 

conjugate migrated towards the 

anode or cathode at pH 8.3 or pH 

6.0, respectively. In the sugar-free 

form a diffuse protein band was observed. With increasing amounts of Fuc-PEG the 

migration distance was decreased. This observation suggests that noncovalent 

PEGylation produced larger particles that were more effectively retarded by the gel.  

 

NMR Characterization. 

15
N-labelled RSL was titrated with µL aliquots of Fuc-PEG (10 mM stock) and 

monitored by 
1
H-

15
N TROSY-HSQC spectroscopy. The TROSY was necessary to 

improve spectral quality, consistent with the increased molecular mass and longer 

tumbling time of the conjugate (Figure 4.4. shows a comparison of the HSQC and 

TROSY-HSQC spectra of RSL bound to Fuc-PEG). The protein-polymer interaction 

was in slow-exchange on the NMR timescale consistent with an equilibrium 

dissociation constant in the micromolar range.
70,165

 Considering the overall similarity 

of the spectra of RSL bound to Me-fuc and RSL bound to Fuc-PEG (Figure 4.5.) it 

Figure 4.4. Two dimensional 1H-15N HSQC 

watergate258 (top) and TROSY-HSQC218,219 (bottom) 

spectra of 0.5 mM RSL bound to Fuc-PEG. Sample 

conditions were 20 mM potassium phosphate, 50 mM 

NaCl, pH 6.0 at 303 K 
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was evident that the highly-stable 

RSL structure
5
 was unaltered by 

interaction with the polymer.  

Figure 4.6. shows spectral 

regions of the superposed 
1
H-

15
N 

TROSY-HSQC of sugar-free RSL 

and RSL in the presence of Fuc-

PEG or Me-fuc. Recently, we 

assigned the backbone resonances 

of RSL in the sugar-free form and 

in the presence of fucose-like 

sugars including Me-fuc.
165

 
 

Numerous resonances assigned to backbone and tryptophan indole nuclei in the 

sugar-binding sites had similar c
 
hemical shift perturbations (ȹŭ) in the presence of 

Fuc-PEG or Me-fuc (Figure 4.6. C). The similar pattern of shifts for each ligand 

indicated that Fuc-PEG binds to RSL in a fashion similar to Me-fuc. Interestingly, 

only two backbone resonances showed substantially different Dd due to Fuc-PEG 

binding. The Ddavg for Lys34 and Asn79 in the presence of Fuc-PEG were >2 times 

larger than in the Me-fuc form (Figure 4.6. C). Lys34 and Asn79 are structurally 

equivalent residues located in loops that flank the inter- and intra-monomeric sugar 

binding sites, respectively.
5,165

 The backbone N atom of these residues is within 7.8 

Å of the methyl substituent of Me-fuc in the RSL crystal structure (PDB 2BT9).
5
 

The large Dd observed for these resonances (relative to the Me-fuc data) is evidence 

that the bulky Fuc-PEG polymer interacts at these sites. Note that the adjacent 

residues (33, 35 and 78, 80) are glycines and no amide resonances were observed for 

these either in the sugar-free form
165

 or in the polymer bound form.  

Figure 4.5. The overlaid 1Hī15N TROSY-HSQC 

spectra of RSL bound to Me-fuc (navy contours) and 

RSL bound to Fuc-PEG (red). 
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The Ḑ50% increase in 

molecular mass of the RSL 

conjugate was expected to result 

in increased line widths of the 

NMR signals. In the presence of 

Me-fuc, the average 
1
H

N
 

resonance line width of RSL was 

19.8 (±2.3) Hz. In the presence of 

12equiv of Fuc-PEG, the majority 

of the resonances demonstrated 

increased line widths and the 

average was 28.6 (±4.1) Hz 

(Table 4.1.). This line broadening 

indicates an increased rotational 

correlation time consistent with 

the higher molecular weight of the 

complex with Fuc-PEG. The 

average broadening increase of 

Ḑ8 Hz due to six PEG chains 

(each Ḑ2 kDa) contrasts with the 

Ḑ1 Hz broadening observed for a 

monoPEGylated protein with 5 

kDa PEG.
49

 Considering the 

possible contribution of 

aggregation (Figure 4.2.) to the 

NMR data, a sample of RSL and 

12 equiv of Fuc-PEG was 

analyzed by TROSY NMR before and after purification by SEC. The pre- and post-

SEC samples yielded similar NMR spectra and the average line width was 26.0 

(±4.4) Hz for the purified complex. Therefore, it can be concluded that the observed 

line width changes were due to noncovalent PEGylation (rather than aggregation). 

  

Figure 4.6. Spectral regions (A) and (B) from the 

overlaid 1H-15N TROSY-HSQC spectra of sugar-free 

RSL (black contours) and RSL bound to Fuc-PEG 

(red) or Me-fuc (blue). (C) Plot of the average 

chemical shift perturbations (ȹŭavg) upon interaction 

of RSL with 12 eq. of Fuc-PEG (red) or Me-fuc 

(blue). The Me-fuc data were reported previously.165 
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Residue 

1
H

N
 line-width (Hz) 

Residue 

1
H

N
 line-width (Hz) 

Me-fuc Fuc-PEG Me-fuc Fuc-PEG 

V3 16.0 26.1 G45 17.3 25.9 

Q4 21.6 34.3 D46 22.1 32.9 

T5 22.3 34.8 N47 20.6 25.4 

A7 22.0 31.4 V48 20.9 30.0 

T8 19.6 29.1 S52 17.7 24.6 

S9 18.2 29.5 W53 20.2 30.9 

W10 19.5 38.2 V55 20.7 28.2 

G11 17.8 31.4 S57 24.3 31.1 

T12 20.3 22.3 A58 19.8 23.7 

V13 20.0 27.8 I59 18.6 31.0 

S15 22.2 32.2 R62 21.0 27.4 

I16 25.2 25.9 Y64 21.1 33.4 

R17 18.7 27.5 A65 20.2 34.1 

Y19 23.6 29.5 G68 16.5 38.4 

T20 24.7 30.0 T70 20.0 25.0 

A21 22.8 23.3 T71 21.1 26.6 

N22 18.7 29.5 T72 20.1 30.2 

N23 17.2 23.3 E73 19.8 30.8 

G24 16.9 26.3 C75 19.7 33.5 

K25 19.0 22.9 W76 21.8 30.9 

T27 21.7 24.4 N79 20.5 25.2 

E28 17.9 28.4 T82 21.4 23.5 

W31 18.8 32.3 K83 15.6 21.1 

Y37 20.6 28.1 G84 21.2 30.5 

T38 16.4 28.3 A85 17.7 25.9 

G39 22.8 30.7 T87 13.1 35.0 

F41 19.3 25.8 A88 19.3 30.8 

N42 19.4 27.9 T89 18.1 21.4 

E43 19.3 32.0 N90 16.7 20.9 

Average line-width (Hz) 

  Me-fuc = 19.8 (±2.3) 

Fuc-PEG = 28.6 (±4.1) 

 

Table 4.1. Line-widths of 1HN resonances extracted from the TROSY-HSQC spectra of RSL 

bound to Me-fuc or Fuc-PEG. Line-widths were measured in CCPNmr for non-overlapping cross-

peaks (~65 % of total). Six resonances with line widths Ó 40 Hz were considered outliers and were 

excluded from the analysis 
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To assess whether the 

PEG alone contributed to the 

observed chemical shift 

perturbations control experiments 

were performed using PEG 2000 

(the starting material for the Fuc-

PEG synthesis). There were no 

appreciable effects on the NMR 

spectrum of RSL (Figure 4.7.) 

indicating that PEG 2000 did not 

bind at this concentration (3 

mM).
212

 This result confirmed that 

the L-fucose cap was necessary 

for interaction.  

Competition binding 

experiments were used to assess 

the binding affinity of RSL for 

Fuc-PEG. The pre-formed 

complex of 0.25 mM RSL in 

presence of 6 equivalents (1.5 

mM) of Fuc-PEG was treated 

with 1.5 mM of Me-fuc or L-gal. 

Examination of the tryptophan 

indole resonances (Figure 4.8.), 

which are excellent reporters of 

sugar binding,
165

 indicated that the 

Fuc-PEG appendages were 

displaced by Me-fuc (Kd ~ 0.6 µM
5
) but not by L-gal (Kd ~ 9.0 µM

5
). The indole 

resonances of RSL bound to Fuc-PEG were shifted upon the addition of Me-fuc 

(compare Figure 4.6. B). Interestingly, the structural equivalent W31 and W76 had 

split resonances (Figure 4.8., blue contours) suggesting that the Fuc-PEG was not 

completely displaced. In contrast the spectrum of RSL bound to Fuc-PEG was 

completely unchanged by the addition of the weaker binding L-gal. These 

Figure 4.7. Spectral region of overlaid 1H-15N 

TROSY-HSQC spectra of sugar-free RSL (black 

contours) and RSL in the presence of 6 (magenta) or 

12 (cyan) equivalents of PEG 2000. 

Figure 4.8. Spectral region from the overlaid 

TROSY-HSQC spectra of RSL in the presence of 6 

equivalents of Fuc-PEG (red) and after the addition of 

6 equivalents of Me-fuc (top) or L-gal (bottom panel). 
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experiments proved the noncovalent / reversible nature of the interaction between 

RSL and Fuc-PEG ITC was used to further characterize the complex of RSL with 

Fuc-PEG (Figure 4.9.). The fit parameters matched previously published data,
5,37

 and 

the measured Kd (1.3 ±0.3 µM) was consistent with the results of the competition 

experiments. 

 

 

Small angle X-ray scattering.  

RSL samples, at a maximum 

concentration of ~10 mg/mL, 

bound to Me-fuc or Fuc-PEG 

were characterised by SAXS. 

Data collection was performed 

using both the automated sample 

changer and the online SEC at 

BM29. The online SEC was used 

to remove high molecular weight 

aggregates (>150 kDa, Figure 4.2.) 

immediately prior to data collection. The molecular mass (MM), the radius of 

gyration (Rg), the Dmax, and the volume (V) of RSL bound to Me-fuc were estimated 

Figure 4.9. Isothermal titration calorimetry of RSL (24 µM) binding to Fuc-PEG (1.5 mM) in 0.1 

M Tris-HCl pH 7.5 at 25° C. The fit parameters were Kd = 1.3 ±0.3 µM, n = 2.5 ±0.2, -ȹG = 33.7 

±0.5 kJ/mol, -ȹH = 38.1 ±0.8 kJ/mol and TȹS = -4.4 ±1.1 kJ/mol. 

Figure 4.10. SAXS data and model fits for RSL 

bound to Me-fuc (lower curves) and RSL bound to 

Fuc-PEG (upper curves). 
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at 27 ±3 kDa, 1.8 ±0.1 nm, 4.8 ±0.2 nm, and 42 nm
3
, respectively. These parameters 

coincide, within error, with those computed from the RSL crystal structure (PDB 

2BT9). The predicted scattering curve (CRYSOL) from the crystal structure fits 

neatly to the experimental data (ɢ = 1.97, Figure 4.10.). Ab initio models calculated 

in DAMMIF
213

 (with P1 or P6 symmetry, Figure 4.10.) matched the protein crystal 

structure (Figure 4.11.). All of these data confirmed that RSL is a trimer in solution.  

Samples of RSL bound to Fuc-PEG resulted in a significant change to the 

scattering pattern (Figure 4.10.). The parameters MM, Rg, Dmax, and V increased to 

42 ±5 kDa, 2.9 ±0.1 nm, 10.0 ±0.2 nm, and 72 nm
3
, respectively, consistent with the 

formation of the protein-polymer conjugate. The difference in molecular weight 

between RSL bound to Me-fuc and RSL bound to Fuc-PEG was ~15 kDa in 

agreement with the expected mass difference of 13.8 kDa. Ab initio models 

generated in DAMMIF
213

 had six, three or one elongated protrusions that fit the 

experimental data with ɢ = 3.5, 2.8 or 2.4 for P6, P3 and P1 symmetry, respectively. 

The fit and corresponding envelope for P6 are shown in Figures 4.10. and 4.11. B. As 

the resolution of the ab initio modelling was insufficient to determine the locations 

Figure 4.11. Top down and side views of the SAXS models of (A) RSL bound to Me-fuc and (B) 

RSL bound to Fuc-PEG. The models are color-coded to match the fits in Figure 4.10. The 

DAMMIF models of RSL generated with P1 or P6 symmetry are colored magenta and cyan, 

respectively. The DAMMIF (P6) or CORAL (PEG chains only) models of RSL bound to Fuc-PEG 

are colored green and blue, respectively 
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of the PEG chains, constrained rigid body modelling was performed in CORAL.
214

 

Chains of 22 dummy residues, based on Svergunôs approximation,
46

 were used to 

model the Fuc-PEG. The fuc-PEG appendages were constrained to the known 

fucose-binding sites (at residues Trp31 and Trp76 of the inter- and intra-monomeric 

binding sites).
5,165

 The resulting model gave good fits to the scattering data (ɢ = 2.4) 

and overlaid neatly with the P6 ab initio envelope (Figure 4.11. B). Irrespective of the 

modelling strategy and in agreement with earlier studies
46,48,49

 the Fuc-PEG chains 

were observed to extend away from the protein core in random coil conformations, 

rather than interact with the protein surface. Therefore, the SAXS data were 

consistent with the proposed ñMedusa complexò.  

RSL and Fuc-PEG are an interesting model system in the context of the 

ñgrafting distanceò (DG) and the Flory dimension (RF) of the polymer.
46,49

 The 

fucose-binding sites in RSL have a hexagonal arrangement with an edge length of ~2 

nm (distance between the methyl substituents in Me-fuc crystal structure, PDB 

2BT9). PEG 2000 has a RF of ~3.4 nm, which is ~1.7-fold the grafting distance 

(nearest neighbours). As DG < RF the tendency is for the PEG to adopt an extended 

ñbrushò conformation and thereby reduce steric interactions between the polymer 

chains. This model is well-represented by the SAXS data (Figure 4.11. B). 

 

Conclusions 

 

We have demonstrated the possibility of noncovalent PEGylation in a protein-

polymer conjugate based on the hexavalent lectin RSL and a fucose-capped PEG. A 

variety of biophysical techniques were used to characterize complex formation. By 

using NMR spectroscopy it was confirmed that the glycopolymer interacts with the 

fucose-binding sites of the protein. The chemical shift perturbation plot was 

consistent with previously obtained data for the binding of ñfucose likeò sugars.
165

 

The ~1.5 fold increase in NMR line widths and the necessity of the TROSY pulse 

sequence were indicative of an increased molecular weight (slower tumbling time) of 

the conjugate. The Kd for Fuc-PEG binding was estimated at ~1.3 mM by ITC 

measurements and the reversible nature of the complex was demonstrated by 

competition experiments. The Fuc-PEG appendages were displaced by the tighter 

binding Me-fuc (while the weaker binding L-gal had no effect). Small angle X-ray 
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scattering was used to elucidate the structure of the conjugate. The scattering data 

were consistent with a protein-polymer ñMedusa complexò in which the PEG chains 

were extended from the protein core. In terms of broader applications, noncovalent 

PEGylation could involve target proteins with an engineered sugar-binding site and a 

glycol-PEG with appropriate sugar functionality and PEG size.  

 

Experimental  

 

Materials:  Methyl-Ŭ-L-fucoside (Me-fuc) and L-galactose (L-gal) were purchased 

from Carbosynth and Sigma, respectively. L-fucose-capped polyethylene glycol 

(Fuc-PEG) was synthesized via a copper catalyzed azide-alkyne cycloaddition
215

 

(Scheme 4.1.). Alkyne terminated PEG (Alk-PEG) was prepared according to an 

adapted literature procedure,
216

 by using PEG monomethyl ether (Ḑ2 kDa, Sigma 

202509) and propargyl bromide. The 
1
H NMR spectrum of Alk-PEG included peaks 

at 2.42 and 4.18 ppm, assigned to the alkyne proton and the adjacent CH2 protons, 

respectively. 2-azidoethyl Ŭ-L-fucose was synthesized as described.
217

 For the click 

reaction, stoichiometric amounts of Alk-PEG and 2-azidoethyl Ŭ-L-fucose were 

combined in t-butanol/water (5:1) in the presence of copper sulfate (0.1 eq.) and 

sodium ascorbate (0.2 eq.) at 50 °C for 24 h. The product was purified by flash 

chromatography and formation of the triazole was confirmed by 
1
H NMR  and ATR-

FTIR spectroscopy. 

 

 
Scheme 4.1. Synthesis of fucose-capped PEG (Fuc-PEG) via click chemistry. 
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Protein samples: RSL was  produced in E. coli BL21, transformed with the plasmid 

pET25rsl, and purified by mannose-affinity chromatography.
5
 The 

15
N-labeled 

protein was prepared as described recently.
165

 

 

Size exclusion chromatography: SEC was carried out at 21° C on an Äkta FPLC 

equipped with an XK 16/70 column (1.6 cm diameter, 65 cm bed-height) packed 

with Superdex 75 (GE Healthcare). Filtered, degassed buffer (20 mM KPi, 50 mM 

NaCl, pH 6.0) was used at a constant flow rate of 1.5 mL/min. The samples (800 µL) 

contained RSL (250 µM) with 12 eq. of Fuc-PEG or Me-fuc. Sample elution was 

monitored at 280 nm.  

 

Electrophoretic characterization of noncovalent PEGylation: Native 

electrophoresis was performed using 5% polyacrylamide or 2% agarose gels (6.0 cm 

x 7.0 cm) in horizontal mode. The samples (15 mL) contained 100 mM RSL and up to 

12 equivalents of Fuc-PEG. Acrylamide gels were run at a constant voltage of 150 V 

in Tris/Gly buffer at pH 8.3 for 30 min. Agarose gels were run at 100 V in 20 mM 

KPi at pH 6.0 for 20 min. Visualization of the protein migration was achieved with 

Coomassie staining and a flatbed scanner.  

 

NMR characterization:  
1
H-

15
N TROSY-HSQC

218,219
 spectra were acquired at 303 

K on an Agilent 600 MHz NMR spectrometer equipped with a HCN cold probe. The 

samples contained 0.25 or 0.5 mM 
15

N-RSL in the sugar-free form or in the presence 

of 1-12 equivalents of Fuc-PEG, methyl-Ŭ-L-fucoside or L-galactose. The buffer (20 

mM potassium phosphate, 50 mM NaCl, pH 6.0) was identical for all samples. The 

data were processed in NMRPipe.
147

 The differences in chemical shifts (ȹŭ) between 

the sugar-free and bound forms of RSL were measured in CCPN
148

 and the average 

perturbations were calculated as ȹŭavg = {[ȹŭH
2
 + (0.2 Ĭ ȹŭN

2
)]/2}

½
.
70,165

  

 

Isothermal titration  calorimetry: Experiments were performed at 25 °C using a 

Nano ITC (TA Instruments) and conditions similar to those previously published.
5
 

Samples of protein (24 µM) and ligands (1-2 mM) were prepared in identical buffer 

(0.1 M Tris-HCl, pH 7.5). Ligand solutions were added in 30 injections of 3 µl at 

intervals of 3 min while stirring at 300 rpm. A control experiment was performed by 
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injecting Fuc-PEG into buffer, which yielded negligible heats of dilution. The data 

analysis was performed in NanoAnalyze. 

 

SAXS characterization: Small-angle X-ray scattering experiments were performed 

at the ESRF BioSAXS beamline BM29 equipped with a Pilatus 1M detector 

(Dectris).
220,221

 RSL bound to Me-fuc or to Fuc-PEG was characterized at four 

different protein concentrations (10, 5, 2 and 1 mg/ml) using the automated sample 

changer.
222

 Data were collected also on a sample of the conjugate that was pre-

treated via an online SEC at BM29.
223

 All of the samples were prepared in the same 

buffer, identical to that used for the NMR experiments. 55 (automated sample 

changer) or 100 (SEC) ɛl volumes were exposed to X-rays for 10 individual frames, 

each 1 second in duration. Individual frames were processed with the automatic 

processing pipeline
224

, to yield individual radially averaged curves of normalized 

intensity versus scattering angle s = 4ˊsinɗ/ɚ. Additional data reduction in EDNA 

utilized the automatic data processing tools of the EMBL-Hamburg ATSAS 

package
214,225

 to combine timeframes (excluding any data points affected by 

radiation damage), yielding the average scattering curve for each exposure series. 

Matched buffer measurements taken before and after every sample were averaged 

and used for background subtraction. Merging of separate concentrations and further 

analysis were performed manually using the ATSAS package.
226

  

The forward scattering I(0) and radius of gyration Rg were calculated from 

the Guinier approximation.
227

 The hydrated particle volume was computed using the 

Porod invariant
228

 and the maximum particle size Dmax was determined from the pair 

distribution function computed by GNOM
229

 in PRIMUS.
230

 An estimate of the 

molecular mass (MM) of each construct was made from the I(0), with the partial 

specific volumes of RSL and PEG taken as 0.74 and 0.83 cm
3
/g, respectively.

46 
 Ab 

initio models were calculated using DAMMIF
213

 and then averaged, aligned and 

compared in DAMAVER.
231

 CRYSOL
232

 was used to calculate the scattering of 

RSL based on the crystal structure coordinates
5
 (PDB 2BT9). In CORAL, 6 x 22 

dummy residues with random coil conformations (P1 symmetry) were added to 

account for the six Fuc-PEG chains. The assumption of 22 residues per Fuc-PEG 

was based on the molecular weight (~2.3 kDa) and Svergunôs demonstration that the 

electron density of PEG (~0.4 e/Å
3
) is comparable to that of protein.

46
 The averaged 

and filtered model was used to visualize the protein-polymer assembly and 
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SUPCOMB
233

 was used to optimally orient the RSL crystal structure (with minimal 

spatial discrepancy) into the final model. Fits of the models to the experimental data 

were prepared in SAXSVIEW (http://saxsview.sourceforge.net). 
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Chapter V 

RSL Interactions in Physiological and Crowded Environments  

 

Antonik et al., manuscript in preparation 

 

All of the NMR and electrophoretic experiments were performed by the author. The gelatin section 

was part of the final year project of Michael Cleary who prepared all of the gelatin and agarose NMR 

samples.  
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Abstract 

Protein characterization in the native cellular environment is a challenge that protein 

scientists are still trying to overcome. An alternative strategy is to mimic the cell 

interior by using cell extracts or macromolecular crowders such as proteins, 

polysaccharides or synthetic polymers. Here, we report studies of RSL (pI ~6.5) in 

physiological and crowded environments. In-cell NMR spectroscopy proved to be 

ineffective to study RSL so we shifted our focus toward crowded and confined 

environments. BSA (pI ~5) or lysozyme (pI ~10) were used as protein crowders. It 

was observed that high concentrations of crowder (300 g/L) resulted in completely 

broadened spectra of sugar-free RSL, suggesting that the protein formed high 

molecular weight assemblies, either homooligomers or complexes with the crowder. 

Addition of the tightly binding methyl-Ŭ-L-fucoside recovered partially the spectrum 

of RSL in the presence of BSA but not in the presence of lysozyme. This suggests 

that the more flexible, sugar-free form of RSL is more susceptible to crowding 

effects while the lysozyme data suggest additional involvement of complementary 

charge interactions. To explore the contributions of confinement and electrostatic 

interactions, RSL was studied in cationic bovine-, anionic porcine-gelatin and in 

neutral agarose gels. Additional data in polyacrylamide gels provided further insights 

into the relationship between pore size and confinement effects.  
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Introduction   

 

To date, the majority of protein studies have been carried out in buffered 

aqueous solutions.
234,235

 As the nature of macromolecular organization within the 

cell has gained more attention in recent years, protein studies are shifting towards in-

cell experiments.
236ï240

 The concentration of macromolecules in the cell reaches 

hundreds of grams per litre, limiting the cell volume available to other 

molecules.
239,240

 This crowded environment raises the potential for the formation of 

transient complexes that may not to be observed in dilute, aqueous solutions.
110,111,113

 

For instance, crowding and confinement can lead to protein aggregation, due to 

changes in kinetics or protein stability.
241

 

NMR spectroscopy is a unique technique that allows the observation of 

protein structure in solution at the atomic level. In-cell NMR can provide 

information on how the crowded intracellular environment affects protein structure 

and dynamics.
114,236,242ï244

 Nevertheless, this method has limitations. It was shown 

that many globular proteins are undetectable in E. coli cells by NMR 

spectroscopy.
114,245,246

 This technique also requires careful sample preparation to 

avoid the protein leakage problem.
247

 

The generation of an artificial cell interior provides a solution for these issues 

and presents a straightforward method to examine proteins in physiologically-

relevant environments. Cell mimics such as macromolecular crowding/confinement 

agents have been used to study biological macromolecules in physiological 

environments.
120,241

 To replicate the in-cell environment potential crowders like 

proteins
118

, polysaccharides
248

, and synthetic polymers
119

 have been tested.  

The model protein RSL
5
 is a ~29 kDa symmetric trimer with a low net charge 

(Asp × 3, Glu × 3, Lys × 3, Arg × 3 and His × 1, theoretical pI ~6.5). RSL has small 

positively and negatively charged patches evenly distributed on the surface (Figure 

5.1.) making it an interesting molecule to examine against differently charged 

proteins (including gelatins) as charge-charge interactions should be weak. Also RSL 

is relatively large for in-cell NMR but the lack of strong electrostatics can be an 

interesting feature to investigate. 

Here, we present NMR studies of RSL in physiological and crowded 

environments. RSL is anionic at physiological pH 7.6 such as in human 
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serum. We tested RSL using in-cell NMR but the spectrum was not detectable. We 

decided to mimic the intracellular environment and test RSL in the presence of 

protein crowders. pH 7.6 was chosen for our experiments to be consistent with 

physiological conditions. BSA and hen egg white lysozyme are standard proteins 

used as crowders with the size of ~66 and ~14 kDa, respectively. Values of pI ~5 

and ~10 for BSA and lysozyme, respectively make these two proteins negatively or 

positively charged at physiological pH.  

We used agarose and gelatin gels to encapsulate RSL in confined 

environments. Bovine and porcine gelatins have different physicochemical 

properties. Bovine gelatin is anionic with a narrow pI of 4.7-5.4 while porcine 

gelatin is basic with a broad pI of 7.0-9.0.
249

 Bovine gelatin (at 100 mg/mL) has 

pores size of 5-20 nm.
250,251

 Experiments on RSL encapsulated in gelatin or agarose 

were carried out at pH 6, which makes bovine and porcine gelatins anionic and 

cationic, respectively. In contrast to gelatin that is a network of charged peptides, the 

agarose gel is a network of neutral polysaccharides. To investigate aspects of gel 

pore size on confinement we performed additional electrophoresis experiments in 

2% agarose and 15% polyacrylamide gels, with pore sizes of 130-170 nm and below 

20 nm, respectively.
252,253

 

 

Results and Discussion 

 

In -Cell / Extract  NMR. 

Sugar-free RSL in aqueous solution yields a well resolved 2D HSQC 

spectrum (Figure 5.2. A and Chapter 2). The in-cell 
1
H-

15
N HSQC (Figure 5.2. B) 

Figure 5.1. Electrostatic surface representations of RSL (PDB 2BT9), where positive and negative 

potentials are coloured blue and red, respectively. 
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showed that RSL was undetectable in E. coli cells.
114,245,246

 The observed peaks were 

due to mobile side chain amides and 
15

N-labelled metabolites.
236

 Typical over 

expression of 
15

N-labelled RSL yields ~50 mg/L concentration. The high expression 

level (above the detection limit of ~50 µM) suggests that the lack of an in-cell 

spectrum was caused by interactions between RSL and macromolecules in the E. coli 

cytosol. A cell extract, prepared by a standard freeze-thaw procedure of the in-cell 

sample, yielded a well-resolved 
1
H-

15
N HSQC spectrum. Interestingly, the extract 

spectrum revealed chemical shift perturbations relative to sugar-free RSL in buffer 

(Figure 5.2. C). 

 

 

As presented in Chapter 3, the weakly binding sugars have similar, small CSPs. 

Therefore, it is hardly distinguishable which exact sugar in the cell extract was 

bound to RSL. Panels D and E of Figure 5.2. show spectral regions from overlaid 

Figure 5.2. 
1H-15N HSQC spectra of (A) sugar-free RSL in 20 mM KPi, 50 mM NaCl, pH 6.0 (B) 

a suspension of E. coli cells containing over-expressed RSL (brown) and (C - E) Overlay of RSL 

in extract (yellow) and RSL in the presence of 30 mM D-glucose (red) or D-galactose (blue). The 

black dotted circle indicates where the Trp36 indole typically resonates.  
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HSQC spectra of RSL in a cell extract and in the presence of 30 mM D-glucose or D-

galactose. In general, the regions presented similar CSPs. Distinctive differences in 

ȹŭ was observed for Glu73 (Figure 5.2. D) and the indole of Trp31 (Figure 5.2. E) 

suggesting binding of D-glucose instead of D-galactose. Bennet et al. have shown 

that the E. coli metabolome contains mM concentration of glucosides.
109

 The overall 

spectra of RSL in extract and in the presence of 30 mM D-glucose are similar but not 

identical, suggesting that RSL could be bound to glucosides found in E. coli. Tyr64, 

Thr71 and Lys83 in the presence of D-glucose presented similar CSPs as RSL in cell 

extract while the cross-peaks of Arg29 and Asp32 were clearly different (Figure 5. 2. 

D). 

 

RSL in the Presence of Protein Crowders or Human Serum.  

2D 
1
H-

15
N TROSY-HSQC experiments were acquired on 0.25 mM samples of 

sugar-free 
15

N-labelled RSL in the presence of BSA or lysozyme in 20 mM KPi, 50 

mM NaCl at pH 7.6. Samples were prepared at 100 g/L concentration of each 

crowder and adjusted to pH 7.6. After data acquisition, additional crowder was 

added to 300 g/L, the pH was readjusted and samples were remeasured. Spectra were 

acquired also after the addition of 2 eq. (3 mM) of methyl-Ŭ-L-fucoside to check the 

sugar-bound form of RSL in the crowded environment. 

In the presence of 100 g/L of BSA, RSL yielded a high quality HSQC 

spectrum (Figure 5.3. top) while in 300 g/L of BSA the spectrum of RSL was 

broadened beyond detection (Figure 5.3. middle). Upon addition of 3 mM methyl-Ŭ-

L-fucoside the spectrum was partially recovered (Figure 5.3. bottom). The sugar-free 

RSL is more flexible than sugar-bound RSL
165

 (Chapter 2). The addition of tightly 

binding monosaccharides such as methyl-Ŭ-L-fucoside decrease spectrum line width 

resulting in ~3 Hz sharper peaks (Chapters 2 and 5). The presence of 300 g/L BSA 

might prompt aggregation of RSL and hence causing severe broadening. Addition of 

methyl-Ŭ-L-fucoside increases RSL rigidity and also decrease the spectrum line 

width so resonances were again detectable. Both RSL and BSA at pH 6 are anionic, 

so charge-charge interactions between RSL and the crowder are repulsive. In 

contrast, only 100 g/L of lysozyme caused significant broadening. At 300 g/L 

lysozyme the spectrum of RSL was completely broadened beyond detection and 

addition of methyl-Ŭ-L-fucoside did not recover the spectrum. Possibly anionic RSL 

interacted with the cationic lysozyme to form large molecular weight complexes. 
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The crowding and attractive charge-charge interactions in 300 g/L of lysozyme may 

have caused RSL aggregation such that RSL was not detectable by NMR in either 

sugar-free or -bound forms.  

In serum, the NMR spectrum of sugar-free RSL was also broadened beyond 

detection (Figure 4B). The heterogeneous composition of serum and increased 

viscosity relative to water hinders molecular tumbling and prompts broadening. 

Small molecules such as lactate studied in body fluids showed broader 
1
H NMR 

spectra in serum and urine.
254,255

 The similarity of the spectra of RSL in serum 

(Figure 5.4.) or in the presence of BSA (Figure 5.3.) suggests that human serum 

albumin (HSA) (the most abundant protein in serum
256,257

) was responsible for 

spectral broadening. These results suggest complex formation (and increased Űc) in 

Figure 5.3. 1H-15N TROSY-HSQC spectra of 0.25 mM RSL in the presence of 100 (top) or 300 

g/L (middle) of the protein crowder. Samples with 300 g/L of the crowder were treated with 3 

mM (2eq.) of methyl-Ŭ-L-fucoside (bottom). The buffer was 20 mM Kpi, 50 mM NaCl at pH 7.6. 

The spectra are contoured identically.  
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serum. The role of charge-charge 

interactions on complex formation for 

RSL in either crowders or serum 

cannot be fully considered without 

additional experiments at different salt 

concentrations.  

 

RSL in Confined Environments ï 

Gelatin or Agarose  

To our knowledge, gelatin has not been 

used previously as a crowder or 

confinement agent in NMR samples. 

First, it was necessary to determine 

what gelatin concentration would be 

suitable for physiologicallyïrelevant 

experiments without impacting spectral 

quality. Bovine gelatin samples were 

examined by 
1
H-

15
N HSQC 

watergate
258

 spectroscopy at 

concentrations of 50, 75, 100 and 125 

mg/mL (Figure 5.5.). Bovine gelatin 

spectra revealed background signals in the proton dimension (7.8 - 8.8 ppm) and 

throughout the 
15

N dimension. The noise (7.8 - 8.8 ppm) is consistent with 

background signals from the amides of collagen, which is present at high 

concentration. This noise partly obscures the spectrum and makes gelatin samples 

more difficult to analyze and interpret. 75 mg/mL gelatin was selected for further 

experiments as this concentration was the highest, most physiologically relevant 

concentration which did not significantly affect the spectrum (Figure 5.2. B). Also it 

was found that concentrations above 100 mg/mL were difficult to prepare and 

resulted in heterogeneous gels.
1
H-

15
N HSQC experiments were performed for sugar-

free RSL and RSL bound to methyl-Ŭ-L-fucoside in 75 mg/mL porcine or bovine 

gelatin, or 0.5 ï 2% agarose gels. 

In porcine gelatin the spectrum of sugar-free RSL was broadened beyond 

detection with only side chain cross-peaks detected. In contrast, in bovine gelatin the 

Figure 5.4. 
1H-15N TROSY-HSQC spectra of 

(A) 0.25 mM RSL in 20 mM KPi, 50 mM 

NaCl, pH 7.6 (B) in human serum (C) and after 

the addition of 3 mM methyl-Ŭ-L-fucoside  
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spectrum was broad but detectable. 

Interestingly, the spectral quality 

improved in both gels when methyl-Ŭ-

L-fucoside was added. The experiments 

were also performed using the TROSY 

pulse sequence but this approach did 

not improve the spectral quality. 

At pH 6.0 RSL is slightly 

cationic. Crowding experiments 

suggest that RSL can interact with 

oppositely charged proteins (e.g. 

lysozyme, Figure 5.3.). Similar effects 

might be expected in the highly 

confined charge-rich environment of 

the gel. Interestingly, the results were 

counter-intuitive as cationic RSL was 

undetectable in the cationic porcine 

gelatin, yet detectable in the anionic 

bovine gelatin (Figure 5.6.). Perhaps 

one of the explanations is that the pores 

in porcine gelatin are smaller than in 

bovine, resulting in more confined 

environment at the same concentration. 

However, a literature value for the pore 

size of porcine gelatin was not found so 

this is just a deduction.  

More insight into this phenomenon was provided by NMR experiments in agarose 

gels (Figure 5.7.). Resonance broadening of sugar-free RSL was dependent on the 

concentration of agarose (0.5 or 2%, Figure 5.7. top). The decreased pore size in the 

more concentrated agarose gel has a greater confinement effect and more strongly 

influences the Űc of RSL. Similarly as it was in the case of experiments with 

crowders, the addition of methyl-Ŭ-L-fucoside improved the spectral line-widths. 

Figure 5.5. 1H-15N HSQC watergate spectra of 

bovine gelatin at (A) 50 (B) 75 (C) 100 and (D) 

125 mg/mL in 20 mM KPi, 50 mM NaCl, pH 

6.0 
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Figure 5.7. 1H-15N HSQC spectra of sugar-free RSL (top row) and RSL bound to methyl-Ŭ-L-

fucoside (bottom row) encapsulated in 0.5% (left) or 2% (right) agarose gel. The gels were 

prepared in 20 mM KPi, 50 mM NaCl, pH 6.0 

Figure 5.6. 1H-15N HSQC spectra of 0.1 mM sugar-free RSL (top row) or RSL bound to methyl-

Ŭ-L-fucoside (bottom row) in porcine (left) or bovine (right) gelatin. The sample conditions were 

75 mg/mL gelatin in 20 mM Kpi, 50 mM NaCl, pH 6.0 
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Difference in line-widths between the 0.5% and 2% agarose samples remained 

(Figure 5.7. bottom). A detailed comparison of the line-widths in agarose gels is 

presented in Table 1.  

The agarose gel is a polysaccharide network of D-galactose and 3,6-anhydro-

L-galactose repeat units.
252

 It could be expected that this sugar network binds to RSL 

and the resulting ñhigh molecular complexò could cause CSPs and/or severe 

resonance broadening. However, no CSPs were observed and there was only ~3 Hz 

difference in line-width between 0.5% and 2% agarose gels (Figure 5.7. and Table 

5.1.) suggesting minimal interactions between RSL and the gel. RSL binds to both 

galactose enantiomers (Chapter 3) that are the constituents of agarose so binding to 

the gel could occur. However, if we consider structure of the agarose, then 

interactions with the gel are impossible. Agarose is a linear polymer consisting of 

alternating D-galactose and 3,6-anhydro-L-galactopyranose linked by Ŭ-(1Ÿ3) and 

ɓ-(1Ÿ4) glycosidic bonds. In this case only the polymer termini could bind to RSL. 

Otherwise, we would not be able to observe migration of RSL in agarose gels as it 

would stick to the gel. Also CSP would be observed in spectra of sugar-free RSL 

acquired in agarose unless the complex was too large to detect by NMR (>100 kDa).  
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Residue 

1
H

N
 line-width (Hz)  

Residue 

1
H

N
 line-width (Hz)  

0.5% Agarose 2% Agarose 0.5% Agarose 2% Agarose 

Sugar 

Free 

Me-

fuc 

Sugar 

Free 

Me-

fuc 

Sugar 

Free 

Me-

fuc 

Sugar 

Free 

Me-

fuc 

V3 21.8 19.3 29.6 24.5 V48 24.1 24.1 28.1 28.1 

Q4 22.8 25.6 29.1 23.3 S49 27.5 28.6 33.4 33.6 

T5 27.2 25.9 32.9 27.2 S52 19.6 21.1 28.7 31.4 

T8 26.6 20.4 34.0 29.2 V55 25.2 25.5 32.4 31.6 

S9 24.3 22.1 26.1 24.6 A58 21.6 18.4 22.4 20.9 

W10 24.5 26.5 34.6 30.5 I59 26.1 24.3 30.6 30.4 

G11 26.6 21.2 15.9 24.0 R62 30.1 18.6 16.7 32.2 

S15 29.0 30.1 47.9 29.7 Y64 25.4 24.2 27.5 42.2 

Y19 26.6 26.8 24.9 43.4 A65 28.2 21.8 20.1 33.5 

T20 21.8 23.5 32.2 23.1 G68 23.8 25.6 31.3 26.9 

A21 31.2 21.3 36.3 26.4 T70 21.3 21.3 31.0 21.0 

N23 26.6 22.6 31.2 37.1 T71 25.6 21.0 35.3 29.3 

G24 20.6 20.6 26.5 26.6 T72 25.7 28.6 31.8 30.5 

K25 20.9 21.7 28.1 21.9 E73 22.2 22.7 26.2 30.5 

T27 25.8 23.9 34.2 35.8 W74 24.7 25.6 27.8 38.0 

D32 31.1 23.3 20.1 19.6 C75 30.8 23.9 17.4 35.4 

Y37 21.9 24.4 33.5 21.2 W76 36.0 22.1 16.1 18.5 

T38 22.4 18.5 27.3 28.0 T82 25.1 27.2 20.7 25.8 

G39 21.3 27.9 20.4 28.5 K83 17.6 20.4 26.2 21.8 

F41 27.1 18.0 28.8 28.3 G84 27.3 20.0 31.0 24.6 

N42 22.0 27.8 27.6 25.3 A85 32.7 24.6 25.0 36.6 

E43 33.2 23.0 42.7 19.6 A88 25.3 26.8 22.5 25.3 

G45 21.4 20.7 33.9 20.3 T89 22.2 19.2 21.0 20.7 

D46 26.2 35.1 29.3 33.6 N90 17.7 17.3 20.1 18.9 

N47 24.8 24.2 25.2 21.4      

Average line-width (Hz) 

 0.5%, Sugar Free = 25.2 (±3.9) 

0.5%, Me-fuc = 23.4 (±3.5) 

2%, Sugar Free = 28.1 (±6.5) 

2%, Me-fuc = 27.8 (±6.1) 

 

  

  

  

  

 

Table 5.1. Line-widths of 1HN resonances extracted from the HSQC spectra of sugar-free RSL or 

RSL bound to methyl-Ŭ-L-fucoside in agarose gels. Line-widths were measured in CCPNmr for 

non-overlapping cross-peaks (~54% of total). 
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Electrophoretic characterization.  

To further investigate pore size effects 

in different types of gels, 

electrophoresis experiments were 

performed. RSL was characterized by 

SDS-PAGE and native gel 

electrophoresis. Samples of sugar-free 

or -bound RSL were analyzed in 15% 

polyacrylamide (vertical) or in 2% 

agarose (horizontal) gels.  

For native gel analysis, the 

agarose gel was prepared in KPi buffer 

at pH 6.0. Therefore, the migration of 

RSL (pI ~6.5) was towards the cathode. 

Samples of sugar-free RSL and methyl-

Ŭ-L-fucoside bound RSL migrated to 

different distances (Figure 5.8. A) in 

native agarose gels. Sugar-free RSL 

migrated the shortest distance (3 mm), 

but when bound to L-galactose (Kd ~10 

µM) or other tightly binding 

monosaccharides (Kd Ó 2 ÕM) the 

migration distance was increased 

(Figure 5.8. A). The largest migration into the gel was for the tightest binding 

methyl-Ŭ-L-fucoside (Kd ~0.5 µM). The diameter of RSL (PDB 2BT9) is ~5 nm, that 

is ~30 fold smaller than the pores of 2% agarose gel. In this case migration should 

not be hampered by the pore size but could be slowed down by weak binding to the 

gel. Methyl-Ŭ-L-fucoside bound RSL would lack interactions with the agarose 

network resulting in the greatest migration into the gel.  

SDS-PAGE experiments were performed using 15% polyacrylamide gels that 

have at least 10 fold smaller pores than the agarose gels.
252

 RSL is a ~29 kDa trimer 

in solution (confirmed by SAXS
259

, Chapter 4). SDS and boiling should unfold the 

protein resulting in a band in the gel at ~10kDa. If unfolding is unsuccessful, then 

the native protein could migrate into the gel as far as a typical ~30 kDa protein 

Figure 5.8. 2% agarose electrophoresis (A) and 

15% SDS-PAGE (B) of 0.1 mM RSL. (A) the 

migration of sugar-free RSL (1) and RSL in the 

presence of 0.2 mM of D-glucose (2), D-

galactose (3), D-mannose (4), D-arabinose (5), 

L-galactose (6), L-fucose (7), or methyl-Ŭ-L-

fucoside (8). (B) Unboiled and boiled (indicated 

with asterisk) sugar-free RSL (1) or RSL bound 

to methyl-Ŭ-L-fucoside (8)  
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would travel. Samples of RSL for SDS-PAGE analysis were usually boiled for 10 

minutes to completely denature the protein due to high thermal stability of RSL 

(Appendix D).
36

 The RSL diameter (5 nm) is ~3 times smaller than the pore size of a 

15% polyacrylamide gel. To investigate the role of the pore size, samples of sugar-

free and -bound RSL were compared. Interestingly, Figure 5.8. B shows that the 

native samples of sugar-free and -bound RSL did not migrate into the gel at all, 

suggesting that RSL forms assemblies larger than the pore size. The less dense 

stacking gel (5% polyacrylamide) resulted in ñtailingò of the sample. 

When the sample was boiled and the protein was denatured the monomer was 

observed for both sugar-free and -bound RSL. Interestingly, the boiled sample for 

methyl-Ŭ-L-fucoside bound RSL gave rise to two distinct bands on the gel. The 

lower faint band corresponds to the unfolded monomer. The upper band was similar 

to the band observed for unboiled, native samples. The methyl-Ŭ-L-fucoside bound 

RSL is extremely hard to denature with a thermal stability 96 °C.
36

 The standard 

SDS-PAGE protocol requires boiling at 95 °C so heating for 10 minutes was 

insufficient to fully denature the fucoside bound RSL. Consequently, the loaded 

sample contained both folded and unfolded species of RSL which were observed in 

the gel.  

 

Conclusions 

 

RSL, similar to other globular proteins,
121

 was undetectable by in-cell NMR 

spectroscopy. However, a well-resolved HSQC spectrum of RSL was observed in 

concentrated cell extract. What is more interesting, RSL was found to be sugar-

bound in cell extracts presumably to glucosides present in E. coli at mM 

concentration.  

The study of RSL in crowded environments revealed that protein crowders at 

300 g/L can lead to complete the loss of NMR signal. This result is likely a 

consequence of the increased sample viscosity and the aggregation of RSL. 

Remarkably, addition of the tightly binding methyl-Ŭ-L-fucoside reversed the 

broadening effect, but only for RSL in the presence of BSA. RSL in the presence of 

lysozyme revealed significant broadening already at 100 g/L of the crowder. Spectral 

broadening may suggest complex formation between anionic RSL (at pH 7.6) and 
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the highly cationic lysozyme via charge-charge interactions. However, this statement 

requires further experimental investigation such as NMR measurements at higher 

concentration of NaCl (100-150 mM) that may disrupt the electrostatic effects. 

Similar observations as for BSA experiment were made for RSL in human serum, 

presumably due to the abundance of HSA.  

Gelatin was examined as a potential macromolecular confinement agent 

using a procedure that relies on proteins that are stable at 40 °C. The HSQC spectra 

were impeded by background noise from gelatin. The results for RSL encapsulated 

in gelatin were firstly ambiguous. Bearing in mind results obtained for protein 

crowders it was hypothesized that RSL would not stick to either type of gelatin or 

just to the positively charged bovine gelatine. However, RSL encapsulated in either 

gelatin resulted in broad spectra. Upon addition of methyl-Ŭ-L-fucoside the quality of 

the spectra improved noticeably. RSL detection was also weakened with increasing 

agarose concentration. In 2% agarose gel the RSL spectrum was broad but no CSP 

was observed suggesting that RSL aggregates in the confined environment leading to 

impaired spectral detection. However, binding to agarose gel network could be too 

weak to be observed by NMR. The results for RSL encapsulated in a range of gels 

suggest that broadening detected in the spectra was due to different pore sizes that 

affected the rotational correlation time rather than electrostatics or strong binding 

effects between RSL and the gel network.  

To investigate the effect of confinement related to the pores size, the 

additional electrophoretic characterization for sugar-free and ïbound RSL was 

performed in polyacrylamide and agarose gels. Sugar-bound RSL migrated further 

into the agarose gel than sugar-free form suggesting weak binding of the protein to 

gel network. The experiments in polyacrylamide gel showed that RSL may create 

high molecular aggregates in either sugar-free or -bound form that cannot migrate 

into 15% polyacrylamide gel. Methyl-Ŭ-L-fucoside bound form of RSL is highly 

thermal stable that even extensive boiling was not able to fully denature the protein 

sample. 
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Experimental  

 

Materials:  Bovine and porcine gelatin, hen egg white lysozyme, BSA and DMSO 

were purchased form SIGMA.  

 

Cell Slurry Preparation for In -Cell NMR: Four hours post-induction, 50 mL E. 

coli culture expressing RSL was harvested (1500 rpm, 20 ęC, 15 minutes) and the 

pellet was gently resuspended in a final volume of 0.5 mL containing 20% D2O.
260

 

 

Cell Extract Preparation: Concentrated cell extract samples were prepared as 

previously described.
260

  

 

NMR Spectroscopy: 
1
H-

15
N TROSY-HSQC

218,219
 or HSQC watergate

258
  spectra 

were acquired at 303 K on an Agilent 600 MHz NMR spectrometer equipped with a 

HCN cold probe. The data were processed in NMRPipe
147

 and analyzed in CCPN.
148

 

 

Gelatin/Agarose NMR sample preparation: The procedure for preparing gelatin 

samples was adapted from the protocol used for the gelatin strength test
261,262

 and the 

methods of Leuenberger.
263

 The gelatin was weighed out and combined with NMR 

buffer and D2O. The mixture was left to stand for 1 hour to rehydrate the gelatin 

particles, and then heated in a water bath for 20 min at 40 °C to ensure complete 

solvation. RSL (or RSL plus methyl-Ŭ-L-fucoside) was also heated for 5 min at 40 

°C prior to transfer to the gelatin mixture. Samples were inverted several times to 

ensure homogeneity and transferred to a NMR tube using a Pasteur pipette. To aid 

sample transfer, the Pasteur pipette was incubated at 60 °C to prevent the gelatin 

from solidifying. The samples were incubated overnight at 4 °C to ensure complete 

gelation.  

A method similar to Crowley et al. was used to prepare agarose-gel NMR samples.
 

212
 The agarose was weighed out and combined with NMR buffer, D2O and NaN3. 

The suspension was heated until melting (90 - 95 °C) and maintained at 70 °C 

followed by addition of RSL. The sample was inverted several times and transferred 

rapidly using a pre-heated pipette to an NMR tube. The sample was incubated at 4 

°C overnight. 
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A typical NMR sample contained 0.1 mM RSL and 75 mg/mL of porcine/bovine 

gelatin or 0.5/2% of agarose in standard NMR buffer (20 mM KPi, 50 mM NaCl at 

pH 6.0, 10% D2O) and 0.04% NaN3 as a preservative. The pH of the protein-gelatin 

mixtures in the buffer was verified to be 6.0.  

 

Electrophoretic characterization: 20 ɛL samples containing 0.1 mM RSL and 0.2 

mM carbohydrate were analyzed by native gel electrophoresis. 0.5 or 2% agarose 

gels, 6.0 cm x 7.0 cm, were run at 100 V in 20 mM KPi at pH 6.0 for 20 min at 4 °C. 

SDS-PAGE (15% polyacrylamide) was used to analyze boiled or unboiled protein 

samples. Visualization of the protein migration was achieved with Coomassie 

staining and a flatbed scanner. 
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1. Overview of Main Results  

Chapters 2 and 3 presented analyses of RSL interactions with numerous 

carbohydrates. Chapter 1 was focused on NMR assignments of RSL backbone and 

Trp indole resonances for sugar-free and -bound forms (full list of assignments in 

Appendix B). Additional assignments were also provided for RSL at pH 4.0 and pH 

7.6 and in 20% DMSO. The assigned HSQC spectra of RSL were essential 

fingerprints for future NMR work on RSL. Additionally, the assignments of 

tryptophan side chains provided a useful tool to observe binding events and 

narrowed the analyses to only 7 cross-peaks. Chapter 3 is a continuation of the 

research on RSL sugar interactions. RSL was screened in the presence of 15 different 

carbohydrates and monitored by NMR spectroscopy. The screening included 

examples of monosaccharides (e.g. D-fructose, D-glucose, D-galactose), a 

disaccharide (sucrose) and sugar alcohols (glycerol, L-fucitol). Interactions and 

possible sugar conformations were analysed by using chemical shift perturbation and 

manual modelling of each sugar into the RSL binding site. This broad variety of 

sugars helped to create a library of RSL-sugar bound spectra. This knowledge was 

used to analyse e.g. the content of vegetable extracts. The data confirmed binding of 

RSL to D-fructose found in vegetable juice. Chapter 4 presented a possible route to 

noncovalent protein PEGylation. We took advantage of the lectin specificity to bind 

a certain sugar moiety. In our case, the PEG polymer was terminally modified with 

one L-fucose moiety, resulting in noncovalent attachment to RSL. The protein-

glycopolymer conjugate could be disassembled by competing interactions with 

tighter binding carbohydrates like methyl-Ŭ-L-fucoside. Chapter 5 is an initial study 

of RSL in physiological environments. Although, RSL was undetectable by in-cell 

NMR it raised the interesting suggestion of electrostatic interactions of the almost 

neutral RSL in highly crowded environment. All of the fundamental characteristics 

defined in this thesis give a good starting point to future RSL projects.  

 

2 Future Projects Developments and New Ideas 

2.1 RSL-Sugar Interactions 

There are many monosaccharides that could be tested to complete our knowledge on 

RSL-sugar interactions. For example, of the aldohexoses it may be worth to test D-

allose, D-idose and D-talose. D-mannose is the tightest binding to RSL among the 
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tested aldohexoses in D configuration. We have shown that D-galactose, C2 epimer 

of D-mannose, binds twice tighter than D-glucose, C2/4 epimer (Chapter 3). The test 

of D-talose, C4 epimer of D-mannose, could aid information about RSL preferences 

i.e. whether axial / equatorial hydroxyl group is more important at C2 or C4.  

D-arabitol and volemitol are other examples of short and long open chain sugars that 

could provide new insight on conformation adaptation when a sugar alcohol binds to 

a protein. We showed that the shorter glycerol binds tighter than the longer (more 

conformationally flexible) L-fucitol (Chapter 3). D-arabitol has an intermediate size 

and its affinity could be lower / higher than glycerol and L-fucitol, respectively. 

Volemitol as the longest among the tested open chain sugar is predicted to be the 

weakest binding or even non-binding. 

Protein-sugar interactions have their crucial role in nature as saccharides partake in 

numerous biological processes.
158

 Considering the biological importance of such 

recognition events an obvious continuation on the RSL-sugar interactions is to study 

the binding of complex carbohydrates. For example, Lewis
X
 (PDB 5AJB) and Sialyl-

Lewis
X
 (PDB 5AJC) interactions with RSL have been characterized by X-ray 

crystallography.
35

 Perhaps, useful information can be obtained by NMR, in 

particular, how the flexible carbohydrates might interact with parts of the protein 

adjacent to the binding site.  

Lastly, screening more disaccharides like maltose (4-O-Ŭ-D-glucopyranosyl-D-

glucose) or lactose (4-O-ɓ-D-galactopyranosyl-D-glucose) may give new ideas on 

weak binders. Studies of RSL binding to weak sugars are practically impossible 

using other experimental techniques. For instance, Kostlanova et al. showed that D-

galactose was classified as a non-binder
5
 while we proved that it is a weak binder 

with Kd ~ 15 mM. Disaccharides composed of tight binders could also be interesting 

to characterize, for example, the various mannobioses (dimannosides with Ŭ(1ŸX) 

linkages). 

 

2.2 PEGylation 

PEGylation is a widely used modification to increase protein size, solubility and 

stability.
100,102

 In Chapter 4 we demonstrated noncovalent PEGylation. A study of 

standard RSL PEGylation can be worthwhile as it would enable a direct comparison 

of line broadening effects caused by covalent or noncovalent modifications. Also, 
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the PEG chains attached to RSL can presumably shield RSL from other interactions. 

For example, if PEG masks the binding site, protein-polysaccharide interactions may 

be inhibited. The relevance to physiological studies is presented in the next section. 

The RSL trimer has 84 residues that can be targeted for modification. The RSL 

monomer contains 28 reactive side chains (Tyr × 4, Asp × 3, Glu × 3, Lys × 3, Arg × 

3, Cys × 2, and His × 1), 7 tryptophans and the C-/N-termini, which can be 

derivatized for conjugation purposes.
5,264

 The two most common conjugation 

strategies are via modification of cysteine or lysine residues.
264

 Therefore, narrowing 

target residues to just Cys and Lys, gives rise to a total of 18 potential modification 

sites (including the N-terminus) in the RSL trimer. The initial study of Cys 

modification in RSL was carried out by Leah Kearney (a BSc. project student). It 

was found that cysteine modification by maleimide was limited due to these residues 

being buried in the binding site. Instead, the modification of the well exposed lysine 

residues and the N-terminus was successfully performed and further studies are 

currently being carried out in the Crowley lab.  

 

2.3 Physiological Environments  

Our preliminary studies show that RSL, like many globular proteins, is undetectable 

by in-cell NMR. The studies in crowded / confined environment are preliminary but 

an obvious new starting point is to investigate charge-charge interactions with the 

cationic lysozyme at pH 6. For this reason measurements of RSL-lysozyme mixtures 

in different salt concentrations are required. RSL is a new model protein for studies 

in physiological environments, therefore, many already developed systems can be 

implemented. For instance, using synthetic polymers may provide a feasible 

comparison with protein crowders. Crowley et al. showed the ability of high 

concentrations of PEG to bind to hydrophobic regions of cytochrome c.
212

 RSL was 

tested in the presence of 3 mM PEG 2000 and at this concentration no interactions 

were observed (Chapter 4). At much higher concentrations i.e. 100 / 300 g/L 

interactions might occur at hydrophobic sites in RSL (see Figure 4.1.). Another 

widely used polymer crowder is Ficoll70, a branched and cross-linked polymer of 

sucrose and epichlorohydrine that, due to its more spherical shape can mimic 

globular proteins of ~70 kDa (e.g. BSA). This synthetic crowder is more interesting 

as Ficoll70 can seemingly bind to RSL. It has a branched structure with chains 
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terminated by sucrose. We showed that sucrose, the main component of Ficoll70 is 

the weakest binding sugar among all tested but in the case of Ficoll70, multivalency 

plays a role. Even if the terminal sucrose binds in a different, less favoured 

orientation compared to the free disaccharide, the interactions between RSL and 

multiple Ficoll chains can occur at high concentration of the crowder resulting in 

high molecular weight complexes. Here, the PEGylated protein can be masked from 

other molecules so new insight on crowding and binding events can be elucidated 

using PEGylated RSL in the presence of Ficoll70. Presumably, PEGylated RSL can 

be protected from binding to Ficoll.  

 

2.4 In Plant NMR  

The uses of unusual crowders to mimic physiological environments have been 

reported. For example, Martorell et al. studied CyaY protein in hen egg white,
241

 

while Sarkar et al. prepared reconstituted cytosol to study chymotrypsin inhibitor 2 

stability.
265

 In Chapter 5 we have presented the method of using gelatin as the 

confinement agent that is also quite novel approach. The effects of confinement can 

be developed further by encapsulating RSL in polyacrylamide gels that would 

provide direct comparison to the data in gelatin and agarose gel.  

Another alternative to crowded / confined environments is the idea of in-plant NMR. 

The transfer of sugar-free or -bound RSL into plant tissue could provide a natural 

confined environment. This idea can provide information about both crowding and 

binding effects. RSL screened in the presence of vegetable juice showed binding to 

D-fructose in the extract (Chapter 3). Sugar-free RSL transferred into plant tissue, 

could be observed by NMR and provide information on direct binding to the tissue. 

Presumably, if RSL binds to the tissue it will result in a high molecular weight 

assembly and therefore be undetectable by NMR. These interactions could be 

hindered by tighter binding monosaccharides (as in the case of assembly with 

fucosylated PEG, Chapter 3) and restoration of the RSL spectrum. On the other 

hand, the crowding in plant tissue may be higher than obtained in gels (Chapter 4) 

and NMR detection may be hampered due to the lack of motion (infinitely long 

tumbling time).  

This idea is wide open and might be tricky from the point of experiment design. 

Firstly, we need to choose a plant tissue that will be easy to work with. Here, the 



Discussion 

127 

natural candidate seems to be potato (cheap source) and RSL is from a pathogen that 

attacks potato (see Introduction and next section). Secondly, RSL needs to be 

transferred into the tissue, in a way which ensures that the resulting spectrum does 

not belong to RSL on the tissue surface. For example, protein can be injected into the 

plant tissue (rather than dipping the tissue into an RSL solution). Partial drying of the 

plant material followed by soaking in the RSL solution can be another practice. The 

other difficulty may be transfer of the plant tissue into the NMR tube and obtaining 

reliable shims. All of these disadvantages may be worth to overcome because the 

outcome can be interesting and surprising.  

 

2.5  Plant Pathogen Inhibitors 

Ralstonia solanacearum is a threat to hundreds of plants of agricultural importance. 

The bacterium causes fatal damage to crops such as potato, tobacco and banana 

causing major agricultural and economical losses.
24

 A pesticide that helps combat 

Ralstonia wilting could be based on knowledge of RSL, which mediates plant-

pathogen interactions.
5
 Since the fingerprint HSQC spectrum of RSL is available, 

every water soluble (or 80:20 water:DMSO) compound can be screened for binding 

to RSL. Additionally, extended studies on sugars can help to eliminate misleading 

results. The first effort to screen plant extracts was already performed without much 

success (Chapter 3) but the attempts to obtain a positive hit will be continued.  
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