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Thesis Abstract

Ralstonia solanacearums a bacterium which auses 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 RSiathat
recently characterized B¢-ray crystallography Here we presenthefirst studies of
RSL by NMR spectroscopy.

The NMR assignments and dynamic studies of sirgar andi bound RSL
were the first milestone in our study of leetarbohydrate interactions in aqueous
solutions (ChapteR).? The NMR results providesaluable and unique information
about anomericecognition effects that were not reporfgéviously. This study also
presented new insights that complement the RSL crystal stricfime abundance
of tryptophan residues provided useful probes in the HS@EZtrum-? With this
broad background information we screened numerous carbohydrates and could
interpret their binding events usi@BSP(Chapter3).

The recent interest in noncovalent protpalymer conjugates sparked our
imagination to test the congewith 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 RS obtained by small
angle Xray scattering experiments. Using ITC the affinity of the complex was
assessed (Chaptéy’

In the last part of this thesis we demonstrate studies of RSL in physiological
and crowded environments. In cell NMR spectroscopg wot eligible to obtain a
spectrum of RSL in native conditions. Instead, ktedular mimicry was achieved
using protein crowders, gelatin and agarose gels. Using NMR spectroscopy,
significant differences in the interactions of suffae and-bound foms of RSL
were demonstrated. The studies were supported by native agarose gel electrophoresis

and SDSPAGE revealing the aspect of confinement related to pore size (Cbapter

(1) Kostlanoveet al.J. Biol. Chem2005 280, 27839 27849
(2) Antonik etal. Biochemistry2016 55,1195 1203
(3) Antonik et al. Biomacromolecule2016 17, 2719 2725
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BSA
CSP
DMSO
HSQC
ITC

NMR

PDB

PEG

RSL
SAXS
SDSPAGE
SEC

SPR
TROSY

bovine serum albumin

chemical shift perturbation

dimethyl sulfoxide

heteronucleasingle quantum coherence
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nuclear magnetic resonance

protein data bank
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Introduction

1. Lectins

Lectins are known from the end of*18entury when the first sugdinding protein

was isolated from seeds of the castor trieeciQus commun)sand named ricin.
Firstly, lectins were called hemagglutins due to their feature to agglutinate the red
blood e@lls. The name lectin, from the Latiectus (the past participle okegere
meaning to pick, choose, or select) was proposed in*195dn the abilityof plant
agglutinins to distinguish between erythrocytes of different blood types was shown.
The isolation of pure crystalline protein from jack be@ar{avalia ensiformislater
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 Xay crystallography.

Table 11. Lectin specificity groups.

Carbohydrate Source Lectin
Mannose Jack bean ConA®
Lathyrus ochrus LOL
N-acetylglucosamine Wheat germ WGA
Agrocybe aegerita AAL23
Galactose Ricin RCAII
Human GAL1*
Fucose Ralstonia solanacearum RSL®
Burkholderia ambifaria  BambL®
Sialic acid Influenza A virus Hemagglutin H3N2

Proteins interacting with carbohydrates are commonly found in nature, in
numerous organisms like bactenaruses, plants or animals. Amongst biological
research of carbohydrate binding proteins we find enzymes, antibodies and mainly
lectins® 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 wéak- (

e MmM) but highly selectivé.
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Cell Virus

Glycolipid

Membrane

Cell

Figure 1.1. Cell surface lectircarbohydrate interactiongigure adapted fronSharon & Lis,

The main function that lectins possess is to recognize molecules inside cells, on cell
surfaces, or in physiological fluids (Figure 1A .Jhe involvement of lectins in
recognition events implies that thegke part in many biological processes such as
cell-cell communication, cell growttf, cell signalling, adhesion and apoptoSis.
They also play key roles in host regition and infectiort? The examples of lectin
specific roles are listed in Table 1.2.

Table 1.2. Functions of lecting

Lectin Role
Microorganism
Bacteria Infection, hostpathogen attachment
Virus Infection
Plants
Legumes Symbiosis with nitrogedffixing bacteria, defence
Animals

Collectins  Innate immunity

Galectins Regulation ofcell-growth, apoptosis

L-selectin  Lymphocyte homing

Siglecs Cell-cell interactions in the immune and neural system

1.1 Fucose

Of all the sixcarbon sugars present in mammals fucose is the only one with the L
configuration and it lacks a hydroxyl groum the C6 positiohi (i.e. 6-deoxyL-
galactose, Figure 1.2. A). Fucose is a common component of maanyd\O linked
glycans consequently it is coesponsible for numerous functiolid-ucose can be a
carbon source for some bactétidbut can also play fundamental role in cell
adhesion, celtell communication and immune deferiée® Fucose is present in the

placenta of many species including huffaand as part of the Siatlewis® moiety
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Figure 1.2. Structures of (A) L-fucoseand(B) Sialyl-Lewis®, an example of th&icose containing
glycan.

(Figure 1.2. B) it has roles in functioning of erythrocytemd in fertilization.® On
the other hand, fucose is irlved in pathological recognition evefitsinvasion of
viruses or bacteria, metastasis and progression of tufhoursancer?

1.2 Ralstonia solanacearunbectin (RSL)
Ralstonia solanacearums a Grarnegative plant pathogen that causes the common
disease lethal wilt in over 200 plants including economically important crops such
as potato, tomato, tobacco, banana and flowering plantsPkiargoniun?* R.
solanacearumis a soitborne pathogen that enters the plant rooéswounds or
secondary roots and spreads throughout planthe xylem vessel§:?® Ralstonia
solanacearum s -peotedbacterium and therefore belongs to a group of bacteria in
which the genomic organization is still poorly characterizeédalstonia
solanacearumis the second representative of this group for which the complete
genome sequence was determined and descfited solanacearunproducesl4
haemagglutinirtype proteins (class of surface molecules containing variable internal
repeats that are structurally related to haemagglutinins) and 13oadtitdRFs
coding for proteins which are responsible for adhesion and attachment to th% host.
R. solanacearumuses two lectins to bind to fucesentaining xyloglucan
oligomers>?’ RS IL binds toL-fucose but has a higher affinity formannose. RSL
is a fucose binding lecticharacteized in this thesis.Host celtwall carbohydrates
constitute specific attachment sites for pathogen protein @séptectinmediated
attachment to target celMlalls enables cell destruction by bacterial virulence factors.
RSL has been identified as a receptor for pfathogen interactiorss.

Inhibitors, which block the active site of RSL could reduce or eliminate the
interaction betweerRalstoniaand plant hosts. Thereforéhye discovery of RSL

inhibitors is a necessary step towards the development of effective pesticides for
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Ralstonia The availability of such pesticides will help comBatistoniawilting and

thus prevent agronomic and economic losses. However to design such ighibitor
detailed studies of ligand / sugar binding n@dee necessarylhe first steps were
done by Xray crystallography (Table 1.3.) but solution state research was not
available untithe workpresented in this thesis.

RSL has pM affinity towards L-fucose and fucoseontaining
oligosaccharide3.RSL is formed by trimerization (Figure 1.3 A) with three active
sites set between adjacent monomers @mtenomeric) and three in the monomer
bet we e rsheetsyiotrarfonomeric)> RSL belongs to a small family of fucese
bindi ng pr o-prepellersfoldwthat i& catagoribed by six binding sites
oriented for binding to glycoconjugates on membrarié&*° 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 bingipplar am
CHLLL" stacking interactions (Figure 1.

Figure 1.3 (A) Cartoonrepresentation of the RSL trimer bound to metbykfucoside (PDB
2BT9)>° Carbohydrates are shown as sphei@sTwo Trp side chains from RSL intenonomeric

binding site responsible for binding metiyl -fucoside.

Structural characterization of RSL is relatively new with the first crystal
structure obtained by Kostlanoea al. in 2005. To date, RSL was primarily studied
by X-ray crystallography resulting in eight sugarund RSL structures deposited in
the Protein Data Bank (PDB) (Table 1.3.). In addition to experimental studies some
computational modelling was performed quantify the role of the CHp
interactiori” or usingin silico mutagenesis and docking to calculate saccharides
binding®? Also, the free energies of RShonosaccharide complexes were
evaluated®** The NMR spectroscopy experiments reported in thisishare so far
the only NMR studies of RSL.
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Table 1.3 The 8 structures of RSL deposited in the PDB.

PDB | Ligand Notes
2BT9’ | methytU-L-fucoside Atomic resolution (0.94 A)
2BS5 | 2-fucosyllactose
2BS6 | xyloglucan fragment D77G / G84S
5AJB® | Lewis®

5AJC” | Sialy-Lewis" tetrasaccharides
3218%° | UL-fucose, (4RR-methylpentane,4-diol | R17A

416S* | UL-fucose W36A, domainswapped
4CSD' | methytU-L-fucoside, glycerol 6Monomericb

Many pathogens use lectins for multivalent attachmentoligosaccharide
epitopes on human epithefaThe modular architecture dhe RSL fold is well
adapted for multivalent presentatiand molecubr recognitionof cell surfaces? In
recent years, RSL became a new interesting model to study membraneasyrami
instance Arnauct al. used RSL to design neolectins with modified valeticyhe
combination of synthetic systems and thedified forms ofRSL led to new insights
in therole of lectin multivalency. The location of all carbohydrate binding sites on
the same face of RSL promoted strong avidity for memlsroe was not always
sufficient to induce bendng 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 surfaéodified RSL (neolectinyvas
usedto show thathe distance between twsugar binding sitesmustexceed 27 A, to
facilitate lectin binding to glycolipids. However, when two binding sitase
separated by 15 fhe neolectin could bend the membraiie.

Another noteworthy feature of RSL is its close similarity tBurkholderia
ambifarialectin (BambL)® Burkholderia ambifariais an organism with dual action
that from one side protects plants against fungal infection but also has ability to
cause infectionsin human, particularly problematic for patients with cystic
fibrosis?®*! RSL and BambL share ~ 80% sequence identity, both are a fucose
specifictrimmers. Theone key residuéhat differs is in the intraamonomeric binding
sites where Tri{responsible for stacking interactigridigure 1.3.B) is replaced by

Tyr. The close relation of RSL to BambL may impact future studies as BambL is the
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first fucosebinding lectin with a b-propellerfold to have been identified in a human
pathogen genonte.

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-ray Xrystallography,

NMR spectoscopy, electron microscopy or sraatigle scattering methods. Each
method has its advantages and limitations, therefore, the best results are obtained

when these technigues are combined.

2.1X-ray Crystallography
Since 1958, when the structure of myoglotias obtained, ay crystallography
has become the main tool to derive protein structfréoday, Xray crystal
structure determination of proteins is a common method that can determine-atomic
resolution structures. However;rdy crystallography has its limitations that are not
simple to overcome.

Firstly, to obtain any structure the samplestnhbe crystallizedThis step is
still the least understood and remains the bottleneck in structure determination.
Secondly, the Xay structure is based on the protein in the crystal lattice and so any
dynamics or multiple conformations may not be obsgrvaother limitation is the
fact that the electrons of the atoms scatter thays, so observation of light atoms

such as hydrogen is difficuff.

2.2 Small Angle Scattering (SAS)
Smallangle Xray scattering (SAXS) and small angle neutron scattering (SANS) are
the two methods that have been applied to deterntne structural features of
proteins in solution, with particular utility for flexible systeffit is also popular to
use smatlangle scattering data for structure validati&homic models obtained by
crystallography or NMR can be insertietio the molecular envelopes determined by
SAS method$®

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

measure flexible molecules directly $olution. For example, SAXS and SANS have
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been used to study PEGylated prot&lf§ while the first PEGylated protein
structure determined by-Kay crystallography was just recently published by the
Crowleylab*® Small angle scattering has its limitations as well. Firstly, the obtained
models are low resolution (~10 A) and show mostly the overall shape of the
structure,e.g. relative domain orientation8.Also sample preparation is a critically
important step. Smalingle scattering patterns can be obtained from any quality of
sample. It means that the sample to be measuredbadsghly pure.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 restilts.

2.3 Structure and Dynamicsby Nuclear Magnetic Resonance Spectroscopy
The first globular protein structure was solved by NMR in 198which was
relatively late as Xay 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 questior®dDespite the initial problems, NMR spectroscopy
alongside Xray crystallography has become osiethe most important techniques
used to determine bimacromolecular structurés. 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 posSifleis stategy
is useful for membrane proteins that are challenging to crystallize as well as proteins
with large intrinsically disordered regiofs>> NMR as a solution method has
limitations including the tumbling timef 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 protein¥ *® In addition, NMR data collection and analysis can be
time-consuming, and it can be difficult to assessaghality of the final structures, in
particular for novel folds>

NMR is an ideal tool to probe protein dynamigfe atomic resolution and
sensitivity to motion on a wide range of time scales provides information that is not
as forthcoming from other expmental techniqueDifficulties occur in the specific
interpretation and quantification of the dynamic proce3s€kere are many reviews

which deal with the theory and applications of relaxation dispersion experiments.
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The theory of biomolecular dynarsicwas described by Palni@rThe general
application of NMR relaxation dispersion experiments was reviewed by Mittermaier
and Kay° while Loria et al focused on using these measurements to characterise
enzyme motion&! Ishima presnted an overview ofN relaxation experiments to
characterise protein dynamits.

NMR experiments such as the G&urcellMeiboomGill (CPMG) is
capable of detecting protein motions in the time scale of miramillisecond.
These experiments allow characterization of conformational exchange rate constants,
the equilibrium populations of the relevant conformations, and the chestfigal
differences between the conformations, for example, domain and loop nfdfidns.
Classical NMR relaxation RR, and heteronuclear NOE map motions in the pioo
nanosecond timeatkes® NMR relaxation dispersion experiments have been
successfully uskto characterize internal protein moti¢ng® protein folding*®’and
proteiri ligand interaction§®

Perhaps the most consistent conclusion from the many dynandes 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 siteln addition to influencing the stability of proteligand
complexes, there is evidence that changes in fast backbone dynamics can affect the
stability of the folded proteif?

2.4 NMR Techniques to Investigate ProteirlLigand Interactions.

NMR spectroscopy is a uniquely powerful technique to investigate piro¢gind
binding from weak (transient) to strong (lefiged) interactions. Four most frequent
methods include chemical shift perturbation studies (CSBjturation transfer
difference NMR (STD NMRY)} transferred nuclear Overhauser effect (TrNOE),
and standard nuclear Overhauser effect spectroscopy (NOBSY)SP 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 proteindaligand. 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 eventwststal 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 botliKavalue and a bindingtse from the same set
of measurements but it must be used with caution beCaDS® is not as precise as

other biophysical techniques such as ITC. To obtdfq walue, the system must be

in fast exchang&®"°
Slow Exchange Fast Exchange
QDO
'H

Figure 1.4. The relationship between 2D NMR resonances and the exchangdLreiit}. Slow
exchange: the free peak (blue) decreases in intensity as the bound peak (red) irf{Bigades
Fast exchange: peaks move smoothly from free (blue) to bound FHiedye adapted from
Williamson 2013.°

The exchange rate is defined on the NMR timescale by considering the
lifetimes of the free and bound state rigfatto the difference in the chemical shift of
these two states. Typically, strongs< 5 € M) and weak | igand bind
to slow and fast exchange, respectively. During an NMR titration (monitoredgby
a 2D HSQC experiment, Figure 14 3jhe slow exchange liinis 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 statesappears to shift

from the free to bound positidh.”®

2.5 Protein-Carbohydrate Interactions by NMR.

NMR has proven particularly useful to stulégtins. 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 threonineli®ked TF antigen inding to galectir3.”” Miller et

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

investigated structural aspects of galedtin b i n d i n-jnket digalactesidesU
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and melibiosé® Examples of binding and NMR dynamics studies for other galectins
like galectin7’® or galectin9®*®* have also been reported.

NMR spectroscopy has been used to study othpes of lectins and
carbohydrate binding domains. Combined NMR experiments anerégghution %
ray structures were implemented to clarify the interaction of the bacterial adhesion
FimH lectin domain with antagonistéThe Gtype lectin DGSIGNR that promotes
infection of pathogens such as HIV was characterized by NMR in the {igam@nd
-bound states of a variety of glycdtisThe significant effect of decreasing pH on
structural rearrangement of BEIGNR was also present&d.

Simpsonet al. using NMR structure determination have shown the ligand
specificity of enzymatic, ncnpatalytic carbohydhtebinding 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 frolmass to xylarf®
Propsteret al. used NMR structure determination to elucidate the molecular basis of
how Siglec8, a human immunghibitory receptor selectively recognizes sulfated

carbohydrate&

2.6Noncovalent Interactions in ProteinCarbohydrate Complexes

The main aspects of protetarbohydrate interactions derived fromustural
studies were summarized in recent reviews. Marcledttal. tackled the joint
approach of NMR and molecular modefihgvhile Asensioet al. elaborated the
recognition of carbohydrateromatic interaction® FernadezAlonso et al. showed
how the knowledge of molecular recognition between sugars and lectins can be
translated into drug desigh.

CHLLL" stacking i nt er act i-carbghydraté ay a
molecular recognition processes. A quantitative assessment of the interactions made
between protein side chains and the pyrandsrms of the mostommon
monosaccharides was provided. A comparison across aHlréggitution structures
of proteinicarbohydrate comP Aeexerssivei n t h
analysis of CHLLL"® i nteract i onMorenoet wat er
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 andp acceptor unité! In a recent study Hset al. found that the free energy
dervedf om sugariaromatic interactions 1s
stereochemistry of the hydroxyl groups on the sugag. glucose versus galactose
versus mannose) or by hydroxyl group deletiery (glucose versus cyclohexarié).

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
potertially used.

3.1 Lectins as Therapeutic Tools

Most cell surface proteins and many lipids in cell membranes are glycosstaded
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 moleculegeto ta
drugs to diseaseelevant cells and tissués.

Lectins can be used as igiag agents that recognize tumours. The lectin can
be attached to a fluorescent probe and play a recognitioti ¥ode the lectin can be
fluorescent itself and have dual roles of attachment and m&rkeras also shown
that lectins can be &d to protect drugs from hydrolysis and proteolysis by stomach
acids and enzymes. Leomg al. proved that lectins can be a part of novel improved

carrier for the oral delivery of insulifi.

3.2 PEGylation

Proteirbased 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
interactionswith the immune systeffi. 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 pharmacokittetics.
192 Since the first appearance of a PEGylated drug, (Adagen®) on the market in

1990, about ten PEGylated drugs are currently abtt’® However, PEGylation

21
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can also reduce drug recognition and in consequence hinder biologicalefi{iti
This disadvantage led to the idea of noncovalent PEGylation. A possible route to
creae 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
machnes 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 system$®'% The composition ofE. coli is relatively wekknown,
making it a useful model for studies of molecular bioldYyThe total concentration
of protein, RNA and DNA is in range of 3@MO0 g/L, which makes most of the cell
volume unavailable to other molecules. This physical property is important as the
bulk of biochemical activity occsrin the crowded cytoplasm. In addition the total
concentration of inorganic ions and metabolites ofEheoli cytoplasm can reach up
to 300 mM %1% Fundamental protein properties like charge, stability or diffusion
are influenced by the surrounding environment. Thus, the proteins behaviour in
complex, physiological environmés can vary significantly to simplén vitro
conditions. Alteration of protein structure, changes to diffusion rates and thermal
stability of a protein are a few of the crowding effects that could below&ed in
simple buffer systems? ! The need for physiologicalselevant measurements led
to the development of inell NMR** Though incell NMR is limited due to
inability to detect most globular prins by standard HSQC measureméttgo
overcome such an issue mimicry of the intracellular conditions (confined/crowded
envionments) has been developed by usirggpolyacrylamide gel$'® proteins and
polymers as potential crowders '?° RSL appears as great model for NMR study. It
has high thermal stability and despite of relatively large moleculas ir&® 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****?2Also, RSL is almost neutral (p-6.5) protein that should not
be much affected by chargdarge interactions that can alter detection protein in
cells}®*'?2 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, smadingle Xray scattering, or isothermal titration calorimetry.

Chapter 2 presents theMR 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
sugarfree, L-fucosebound andbD-mannosebound forms. Tl assignment ot-
fucose bound RSL revealed an anomeric recognition effect that was not previously
reported. Split resonances corresponding to bdtltose anomers were observed in
the 2D'H-"N HSQC spectrum for-fucose bound RSL. This chapter also pres
relaxation data of sugdree 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 continuatioof the story about RSkugar 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 basedrog s t a | structure an
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 titrationaddition to
monosaccharides, studies of the interactions between RSL aneclmgpansugar
alcohols such as glycerol andfucitol were performed revealing the adaptations of
flexible molecules to the lectin binding side. Also the studies of RSL ietabte
extracts resulted in the binding oFfructose, 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 fucosyla®&ds 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 el ectrophc
and six PEG chains waketermined by using smadingle Xray 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-gel NMR experiments to study RSL inside. 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. Teheeriments were followed by
encapsulating RSL (in both sugfaee or-bound forms) in gelatin or agarose gels.
Using NMR spectroscopy and electrophoresis the effect of molecular confinement
on sugaifree and bound RSL was elucidated.
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Anomer-SpecificRecognition and Dynamics in RSL

This work was published as Antonit al. AnomerSpecific Recognition and Dynamics in a Fueose
Binding Lectin.Biochemistry2016 55, 1195 1203.

The NMR assignment and dynamics data were acquired alete Jeener NMR ddtre, 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 singarand.-fucose bound
forms of RSL were fully assigned IB/M.A. The dynamics analyses and figures were prepared by Dr

Volkov and Dr Crowley.
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NMR Characterization of RSL

Abstract

Sugar binding by a cell surface ~29 kDa lectin (RSL) from the bactdRialstonia
solanacearumwvas 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 thefrsegar
form and when bound to-fucose orb-manrose. RSL was found to interact with
bot h-damde HHomerdif ucose and t he MHdrabinosese | i keo
andL-galactose. Peak splitting was observed for some resonances of the binding site
residues. The assignment of the split signals tdJtlee r -anbmer was confirmed by
comparison with the spectra of RSL bound to methytfucoside or methyb-L-
fucoside. The backbone dynamics of RSL were sensitive to the presence of ligand,
with the protein adopting a more compact structure upon bindibgucose. 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 perturbationsuggesting that tryptophasignals are a

sufficient probe of sugar binding.
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Introduction

Carbohydrate recognition is a topic of -faaching importanc¢é® that
continues to challenge the protein sciefti& *’ and the synthetic chemiét ***
alike. The principal challenge lies in understanding the balance of noncovalent
interactions that favour receptor binding over solvation in w&emplex formation
in the case of monosaccharides has the a
the b anomeric for ms. NMR spectroscopy o
perturbation (i) a n aligand birglingt Here, wentmvea c t e r i
applied this technique to study the fucdeding lectirt (RSL) from the bacterium
Ralstonia solanaceam. Knowledge of fucose recognition by lectins is expected to
aid the development of new strategies to combat bacterial disease. For example,
hostpathogen interactions may be mediated by lectins that bind to fucosylated
oligosaccharides present in plall walls or mammalian epithelial tissti&.In the
case ofR. solanacearum extracellular fucoseinding lectins likely contribute to
infection and progression of wilt disease in potato and tofato.

RSL is a ~29 kDa trimer with a6 | a d-grapelldr fold> Each monomer
comprises two blades, cosmonding to thé\- and C-terminal halves of the protein,
which share ~40% sequence identity (Figre A). There are two sugdrinding
sites per monomer. Site 1 is infmnomeric and is nestled between Nieand C-
terminal blades of the monomer. SiteasZntermonomeric and occurs between the
blades of adjacent monomers (Fig@é. B). Each site contains a MGXGWi.s
motif. The indole ring of Wforms CHp bonds*® with the monosaccharide while
the indole of Ws donates a hydrogen bond to hydroxyl O3 of fucbSehe
occurrence of two almost identical binding sites makes RSL an interesting model
protein for @u analysis. J=B6°Cpnrthetugarn i s
free form)>® which favours NMR studies. There are numerous crystal structures
(including PDB 2BT9 at 0.94 A resolutipof RSL> and related lectifi$®3¢*33in
sugarfree and -bound forns. Furthermore, ligand binding to RSL has been
characterized by isothermal titration caloriméfly and computational
methods’ 343

The interactions of RSL with four monosaccharides and four fucosides were

investigated by chemical shift perturbation studies OWN-labelled RSL.
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Figure 2.1. (A) The primary structure of RSL comprises nand C-terminal half, which share

G84/39 4/

~40% sequence identity. Colons and dots indicate identical and similar residues, respecti
revealed by(B) a structural alignment. Residues belonging to the -irdral intermonomeric
binding sites are showim grey and lack, respectivelyThe panel on the right shows how tt
methyl substituent of the sugar is exposed to the solvent. Side chains shown as sticks

Thr82) make at least one nonvalent bond with the sugar.

Remarkably, we observed anonsgrecific effects with resonance splitting in the
presence of-fucose or related monosaccharides. While many lexmohydrate

complexes have been characterized by HSQC spectrd&¢dfrps126:127.18240

we

have not found evidence of such anoseecific effects in the literature. NMR

bi ndi ng -d a dnethyt o itrdphenyiL-fucosides together with analysis

of the RSL crystal structure suggdabit a Tyr side chain that flanks the intra
monomeric site may act as a-L-futcosdes. Thei mpedi mer
backbone dynamics of the su¢eee and sugabound forms of RSL were

characterized in the ns to s timescales. Our data indacatecreased rigidity of the

RSL structure upon sugar binding, consistent with a ligaddced fit. We show

also that the tryptophan indoleNH resonance is an excellent probe of ligand

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

specific signtures were obtained.
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Results and Discussion

Backbone Resonance Assignments.

The 'H-"N HSQC spectrum, with a total of 105 wedisolved crospeaks,
confirmed that RSL isa symmetric trimer in solution (Appendix Bespite the
relatively high molecular weight (29.2 kDa) the protein yielded an excellent HSQC
comparable to that of a 10 kDa protein. Almost complety N, njpd ¢C
assignments were determined for sufyae RSL. Figure 2. shows the assigne#i-

>N HSQC spectrum. Pairs of homologous residues, due to the sequence and
structural similarity of theN- and C-terminal subdomains, had resonances with
closely similar chemical shifts and line widths (Figu2e.; S9/S52, 116/161,
R17/R62, W31/W76, D32/b7, W36/W81, and A40/A85, F41/Y86, see also Figure
8). Interestingly, no peaks were observed for the glycines that occur in the
W XGXGW,,s motifs (residues 3B6 and 7631, Figure 2.1.), suggestive of

exchange broadening for these turn residues.
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Figure 2.2. Assigned'H-"*N HSQC spectim of RSL in sugai#free form. Sample conditions wer

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 seghange on the NMR time
scale. The presence af-arabinose,L-fucose, methyl}L-fucoside, methyb-L-
fucoside, nitophenylU-L-fucoside, nitrophenyb-L-fucoside, L-galactose orD-
mannose (withKy values ranging from < 1 100 pMP?9, resulted in distinct
perturbations of the backbofid", >N resonances (Figu5). Complete backbone
assignments wergetermined for RSL bound tefucose omD-mannose (see Figures

2.3. and2.4. , respectively for the assigned HSQCSs). In the case of the other sugars,
only the'H-*"N HSQC spectrum was assigned.

The sugars D-arabinose, L-fucose, and L-galactose have idengl
stereochemistry and differ only in the nature of the C5 substitulnt, CHs andi
CH,OH, respectively (Figur@.7). In the crystal structure of RSL bound to methyl
U-L-fucosidé the C6 methyl is inserted into a shallow hydrophobic pocket formed by
the side chains of Trpl0, 1le59, lle61, and Trp76 in the -mosmomeric site or
Trp53, Prol4, llel6, and Trp31 in theer-monomeric site (Figur2.1.). 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 accessibilisyggests a molecular basis for the broad specificity
of RSL. In the case ob-arabinose the absence of the C6 methyl is likely
compensated by the insertion of a water molecule (Fig@eB). WhenL-galactose
binds, its hydroxyl substituent can orienwirds the solvent and there are no
unfavourable clashes. The tolerance of this hydrophobic pocket to polar substituents
is evidenced by the binding bfmannose. By virtue of their similar stereochemistry,

L-fucose and-mannose can bind to the saleetins(Figure 3.2.)%2°
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Figure 2.5. Plot of chemical shift perturbations for RSL backbone resonances in the prese
L-fucose, methyl}L-fucoside, methyb-L-fucoside, nitrophenyl}L-fucoside or nitrephenytb-
L-fucoside. In the-fucose complex some resonances were split in two (riedpdénts) due to the
pree n c e odn dmofemets.

Specifically, the proteksugar contacts mediated by hydroxyls 02, O3 and
04 of L-fucose can be established likewise by the O4, O3 and O2 groups of

mannose (Figur@.7). Consequently, wheb-mannose binds to RSL its\@meric
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RSL bound ta_-fucose (red), to methd-L-fucoside
(navy) or methyb-L-fucoside (orang). (A) An
example of structurally homologous residues, k
and R62, with resonances of similar chemical st
(B) Example of a resonance, A85, that is sensitive
both anomers of-fucose.(C) The seven tryptophar
indoles are useful reporters of sugarding (refer to
Figure2.8).

+129

hydroxyl is inserted into the
hydrophobic pocket. And
considering the stereochemistry of
C5 in L-fucose it is apparent that
RSL mu s {D-mannosed 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 ofD-
arabinose, L-fucose or L-
galactose, the number of
resonances in théH-">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 Lifutose, whicheispresebt sofution imaratio éf

0. &-f Uc os e -Lfucoset> When bound to RSLL-fucose is positioned with

the anomeric hydroxyl exposed to the solv&fitT h u s , the U and b

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

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

(PDB 416S), where both anomerstofucose were bountf.As such RSL is suited to

binding fucose¢ er mi nat ed ol

f c

i gosacchar i ahengr Whi |

discrimination or selection is known for lectifis->3'*we have not found NMR

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

binding of the U and

36
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Figure 2.7. qplg plots of RSL in the presence of 2 equivaseof different monosaccharide:
Bl ack t h-atn dandomee

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

bars indicate resonances

free or-bound RSL. The strugte of each sugar and th&ig values*?are indicatedo-mannose is
oriented to show how hydroxyls 02, O3 and O4 match the stereochemistfyaufse.

in complex with methyl}L-fucoside or methyb-L-fucoside (Figure2.6). There
was good overlap between the fucepdit resonances and the single resonance in
the fucoside complex. Note that the complex of RSL wiimannose did not result

in peak splitting in the HSQC. Only te -D-Mmannose can bind for reasons already
discussed.

Pronounced ( opu

c he mi g 0.406Ippnf) wereaneasureyl éos
the resonances of equivalent residues Ala40 and Ala85 (Fiydne These large
effects can be rationalized by comparisontwitie Xray structur€. The amide NH
of Ala40 and Ala85 donate a hydrogen bond to hydroxyl O2 of méthyfucoside

(N---02, 2.9 A) in the intraand intermonomeric binding sites, respectively.

Tryptophan Indole Probes of Sugar Binding.

The pattern of backbone chemical shift perturbations was similar-#vabinosel -
fucose,L-galactose and-mannose (fgure2.7). Despite the differences in chemical
structure, the main interaction®.g. hydrogen bonds and Cpl bonds) were
maintained by each sugar and the backbone resonances of RSL sensed similar
changes to the chemical environment. In contrast, itRel resonance of the
tryptophan indole was a more sensitive repadftel*?and a unique pattern of shifts

was observed for each monosaccharide. There are seven tryptophans in RSL, three in
the intramonomeric site (TrplO, Trp76 and Trp8l), and three in the -inter
monomeric (Trp53, Trp31l andrp36). The seventh tryptophan (Trp74) does not

contribute directly to either site.
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Figure 2.8 (A) Plot of chemical shift perturbations for the tryptophan indole resonance i
presence of four monosaccharides (refer to Fi@uré-illed and open circles correspond to t
'HN and™®N data, respectively. Some resonances were split inéwpL(fucose data) due to th
pr esen c ea nodandingn(B) ABimplified representation of the binding site showing 1
homologous pairs (refer to Figufiel.) of tryptophan side chains as sticks and celmded to
match panel A. The methifL-fucoside is shown as lines and the protein backbone is repres
asa ribbon. Two crystallographic water molecules are indicated by red spheres. Dashe

indicate the distances between the Tﬂamms and C6 or O3 of methyh.-fucoside.

Figure 10A showshe indolei NH 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 casebahannose, Figur@.7). In the crystal
structure, the methyl C6 ofethy+U-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
indoleT NH in the Trp31/76 pair (Figur.8.B). Therefore, it could be expected that
these indole resonances wikh\e the largest differences in perturbation when the
various sugars bind. This was clearly the case (FigueA, yellow bars). The
Trp36/81 pair is furthest from C5, and the indbH of these side chains makes a
hydrogen bond to hydroxyl O3, which lkely to dominate the chemical shift.
Consistent with this structural interpretation, the Trp36/81 resonances had similar,
large perturbations irrespective of which sugar was bound (F&y8rd\, red bars).

The Trp53/10 pair had similar perturbations fofrarabinose,L-fucose andL-
galactose, while shifts of similar size but opposite sign were observeeniannose

(Figure 2.8. A, blue bars). Finally, the indole resonance of Trp74 had negligible
chemical shift perturbations as this group was not invoilvesdigar binding. As with

the backbone amide resonances, some of the indole resonances were also split due to
t he bi noin-ficose {Fige?2.6.C and2.8 A). Again the assignment of

the split signals was confirmed by comparison with the data for mbtioyl methy#

b-L-fucoside.
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Considering the sugapecific signatures observed for the indole resonances
(versus the similar pattern of backbone amide shift®, use of*°N-tryptophan
labelled*! 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 distinctamrdapdmerscd! shi ft |
L-fucose and methyl-fucoside prompted further analysis of this effect. In the

atomic resolution crystal structure of RS(PDB 2BT9) the methyl substituent of
methytU-L-fucoside is solvent exposed (Figu?el. B, right panel). The solvent

exposure oft he anomeric S ubst-li-fucaselest cani bep | i es t h
accommodated. However, the side chain of Tyr37 adjacent to thamotrameric

binding site may i mp eLdueosideh &he borresponding o f bul |
residue in the intemonomeric site is Ar82 (Figure2.1. B). Figure 2.9. shows

overlaid spectral regions of RSL bound to nitrophdiytucoside, nitrophenyb-

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

shift perturbation (with respect to sugar ee RSL) was -amgderbved for
methyt or nitrophenyL-f ucosi de. For o4-flueosidesgaveoseances, t
to perturbations that differed significanflyr o m -Ltfutasidel$hifts. For example,

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

the equivalent R17 inthe inlmono mer i ¢ si t e wa-anomems.t shifted
While it is difficult to pinpoint chemical shifchanges to specific structural effects

(due to the proximity of the intraand intermonomeric sites) it seems reasonable to

assume t hat st er i c -substituent and the Dyn3% sidd eéhdirve en t he
(and the lack of such an interaction at Thr&&ults 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®'?" Perhaps, the singlByr37 serves to modulate the binding affinity

of the three intranonomeric sites in RSL.
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Dynamics of Sugarfree and Sugarbound RSL.

The dynamics of the RSL backbone on thenpgimescale were assessed by using
the residuebased squaredrder parameter ¢5**°> With an average 3= 0.82 + 0.08,

the sugaffree RSL backbone was rigid, except for the homologous loop regions
comprising residues82-35 and 7780 (Figure 2.10, upper panels and compare
Figure2.1.). These considerably flexible {S 0.75) loops contain two glycines (no
amidetryptophans in the intraand intermonomeric binding sites. The flexibility of

Sugar-free L-Fucose-bound / D-Mannose-bound
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Figure 2.1Q Squared orer parameters (% fast dynamics N R./R; profiles), and exchange

contribution to the transverse relaxation rateg,JRf RSL in the sugafree and-bound forms <’
values were calculated in R from the backbone amide secondary chemical shifts. Note
flexible ($ < 0.75) loop regions comprising residues3®and 7780. The dashed lines are th
averages for the suglee data. The RSL secondary structure is indicated.

41



Chapter Il

Figure 2.11 The RSL monomer (PDB 2BT9yoloured by
Raex Values (see scale bar) in the sufyjae (upper), B
mannosebound (mddle) and.-fucosebound (lower panel)
forms. The residues for which,& data could not be
obtained are grey. The intraonomeric binding site
residues are shown as sticks, with the backbone nitrc
shown as spheres. MethylL-fucoside is shown as stigk
these loops was not affected by binding to either
fucose orbD-mannose. Residues 4@ and64-72
exhibited minor changes in the order parameters
( | ¥p<S0.05), while for the rest of the backbone
remained constant. These data suggest that sugar
binding did not affect the RSL backbone dynasnic
on the pms timescale.

To complement the “Sanalysis,*®N R; and
R, relaxation parameters were also measured.
Governed by the rotational diffusion of a molecule,
the R and R relaxation rates can provide
information on the hydrodynamic properties of the
protein. A small, unform decrease in the ;/R;
ratios was observed for the sudmrund forms of
RSL compared to sugéree RSL (Figure2.10,
middle panels). Quantitative analysis of thgRR
profiles yielded isotropic diffusion tensors with
rotational correlation timeé. = 12.42 or 11.75 ns
for the sugaffree and-bound RSL, respectivefy.

These data are consistent with an RSL trimer in

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

RSL dynamics were probed further by CRurceltMeiboomGill (CPMG)

relaxation dispersion spectroscdPy?® In this experiment, protein groups that

undergo confo mat i onal e X c-rhsatimgseale give ride Hoerelagasion

dispersion curves, which provide an exchange contributiog)(R the transverse

relaxation rate R In sugaffree RSL, ~40% of residues experiencegiR 0 (Figure
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A 1315 4 2.10, lower panels), suggesting

that the protein was in
132.0 o
conformational exchange between
132.5

8("°N), ppm

two or more lowlypopulated

133.0 1 species. The clustering of these

exchange effects suggests the

possibility of concerted motions.

Mannose binding  moderately
altered the distribution of the,R

terms, with a reduction in the

number of residues with SR

contributions. In contrast, fucose

binding abolished the R terms
for most of the protein (Figures

= ] 2.10. and 2.11). Such a drastic
67 ° decrease in Ry values suggests
0.3 1 o that the conformational dynacs
0.0 observed in sugdaree RSL were
o0 o2 °f4time:osf6 08 10 quenched upon fucose binding.

Figure 2.12 Slow dynamics of RSL bound to- These data, together with the

fucose. Selected spectral regions of #fi zz- results, indicate an increased
exchange experiments acquired withst= 0 s rigidity of the  sugabound
(black), 0.23 s (blue), and 0.5 s (red) showing - protein.123'134'139

resonances dfA) W81 and W36 (indoles) an()

Finally, by using™N zz-
A85. Dashed rectangles connect the four excha

46
crosspeaks. Note the intensity decrease of the-al exchange SpeCtm()py} we

peds (AA, BB) and the concomitant increase of t Studied the slow dynamics of RSL
crosspeaks (AB, BA) at longer mixing time$C) b o u n d {aon danumer di -

Quantitative analysis of the buildp curve for the f,cose. In this experiemt

exchange crosgeaks of A85. See Methods for tF o .. .
magnetlzatlon arising from species

in slow exchange (15O k0 3 0

s') gives rise to symmetsielated crospeaks. The buildip of the crospeak

fit parameters.

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

used to extret the kinetic parameters. At long mixing times (G.5L s), the
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resonances o f-oR$-ficodedeatoredistina crddgpeaks (Figure
2.12), indicating that the two bound forms were in exchange. Only the A85
resonances were resolved sufficiently for quantitative analysis (FQyu2eC) and
an exchange constanik 2.22 + 0.25 $ was obtained (see Methods). Consistent
with the uM bindingaffinity°t he NMR dat a s aggefdfibpset hat t
bound forms of RSL undergo very slow exchange.

The dynants of sugabinding proteins have been assessed in numerous
studies, some of which have pointed to a role for conformational erftrégy3 8
In some examples, it was found that the stigarnd form was more dynamic than
the sugarfree form, with the entropy gain being thermodynamically favorable for
ligand binding®*® In the case of RSL, the protein dynamics were reduced in the
sugarbound form.Upon binding toL-fucose the protein became more compact
(decreasetl;) andmotions on the ans timescale were frozen out. Interestingly, the
fast dynamics analysis revealed flexible loops<®.75) adjacent to both the intra
and intermonomeric binding sites. Here, the flexibility was not affected by binding
to monosaccharas. 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

t heamd tatomer 6fL-f ucose and #fAfucosespedifickeodo s
chemical shift perturbations were observed for metagd nitrophenykubstituted
L-fucosides. A°N ZZ-e x change experi ment comf-i-bmed t
fucose, which exchange on the second sicaée.This appears to be the first example

of such anomespecific interactions measured by NMR. Analysis of the atomic
resolution crystal structure suggests further that the accessibility of the antta
inte-monomeric binding sites is different. A Mgide chain (Tyr37) adjacent to the
intramonomeri ¢ may act as a st aducosideswilpedi me
bulky substituents. The relaxation data reveal that RSL adopts a more compact
structure when bound to-fucose, suggesting a ligamduced fit. The protein
compaction due to sughinding was accompanied by decreased backbone motions

o n t-metimessale. Finally, in addition to the conventional analysis of backbone
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amide chemical shifts we show that the tryptophan indole resonanceeiscellent
reporter of Iigand binding, with characteris

Experimental

Materials: Carbohydrates were purchased from SIGMAafabinosel-fucose,L-
galactosep-mannose) or Carbosynth (metfyl-fucoside, methlyb-L-fucoside, 4
nitrophenytU-L-fucoside and <itrophenyib-L-fucoside). *C-labelled p-glucose

and™(NH.)2S0, were bought from Cortecnet.

Protein Production: °N- and*C/**N-RSL samples were producedEn coli BL21
transformed with the plasmid pET25rsCultures were grown to mitbg phase on
LB and then transferred to mimal medium (supplemented with 75 mg/ml
carbenicillin). For'®N-labeling the medium contained 1 gfi(NH,),SQ; as the sole
nitrogen source. FOFC/*°N-labeling 2 g/f*C-labeled glucose was added as the sole
carbon source. RSL was purified by affinityrematography @-mannoseagarose
resin, SIGMA) on an AKTA FPLC, as described previoddBxtensive dialysis was
requred to removeD-mannose. The protein concentration was determined by UV

spectroscopy using an extinction coeffitiesgo 244.6 mM'cm™.

NMR Chemical Shift Assignments:The samples contained 2 mWC/*°N-RSL in
20 mM potassium phosphate, 50 mM NaCl pH 6.1 and 6@ fr the lock. The
sugarbound samples were prepared by the additiop-ofannose otr-fucose to a
final concentration of 24 mMi.e. two equivalents). NMR experiments were
performedat 303 Kon Varian NMR DirectDrive System 600 and 800 MHz
spectrometers, the latter equipped with a-adirant **C-enhanced PF@ cold
probe. All NMR data were processén NMRPipé*’ and analysed in CCPN® The
assignment of the backbone resonances were determined fsetno& 2D*H-"N
HSQC and 3D HNCACB, CBCA(CO)NH, and HNCO expnents (Appendix
A).**® The tryptophan indoleswere assigned from a combination of 2D
(HB)CB(CGCD)HD™® and 3D **N- and *C-NOESY-HSQC spectrathat provide
CP-H" correlationsand strong intraesidue AR NOEs, respectivelyFinally, the

side chain NHresonances of asparagine and glutamine residues were assigned from
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the CBCA(CO)NH spectrum by correlating with the correspondng:qusn) or
C® (GIn) chemical shifts The asignments for RSL(Appendix B) have been
deposited in the BMRB with accession numbers 25950 (bound-rt@nnose),
25951 (bound ta-fucose) and 25952 (sugaee).

Sugar Binding and Chemical Shift Perturbations: Samples contained 0.25 mM
>N-RSL in 20 mM potassium phgzhate, 50 mM NaCl pH 6.0 and %0 D,O.
Monosaccharides or fucosides were added to a final concentration of 3 mM. Spectra
were acquired on pure RSL and subaund RSL sampleat 303 Kon an Agilent

600 MHz NMR spectrometer equipped with a HEdId probe. The differences in
chemical shifts D ¢l between the pure and sugmund RSL were measured in
CCPN*®*and the average pert urd=at{ijfop@2xwer e
P l;iz)]/z} %70

NMR Dynamics: Data were acquired on samples of stigee RSL and RSL bound
to L-fucose orb-mannose. The backboreN R;, R, CPMG R relaxation
dispersion, and™N ZZ-exchange experiments were recorded on a 600 MHz
spectrometer at 303 K. TH&N R; and R relaxation rates were obtained from a
series of 2D experiments with coherence selection achieved by pulse field
gradients->! The relaxation paraners and corresponding errors were extracted with
CCPN!*®and the transverse relaxation rates were corrected for.thedRtribution
(see below). The diffusion tensors of the free and bound RSL were obtained from the
experimental RR; values using the programme r2rl_diffusion (A. Palmer).
Residues \th a >N R, higher than one standard deviation from the average <R
(obtained for the entire set of the backbone amides) likely exhibit significant internal
motions>? and were excluded from the analysis. The model selection was performed
usingF statistics as described elsewh&re.

The CPMG relaxation dispersion experimértavere 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 NES®¥gviding the Rey

values and their errors.
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The'™N Zz-exchange experimenit§ were acquired as a series of interleaved
2D spectrawith mixing times of O (in duplicate), 20, 50 (in duplicate), 90, 150, 230,
340, 500, 720, 1030, and 1500 m¥e ZZ exchange intensity builtp curves were
analyzed using a composite ratio of four peak intensities (twopm#eks, AA and
BB, and two crospeaks, AB and BA) according to Eq™Y:

O 00 o LA
O 00 o6 000 0

h o

where If) is the corresponding peak intensity at the mixing tina@d kon and kost

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

process. A good fitf?eq = 0.00069) was obtained for the A85 data, veith 1.235 +

0.022 €. Forasysteminatwet ate A Zz B equilibrium, the egqg
given by K = [AJ/[B] = ki/k.1, where k and k; are firstorder association and

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

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

intensities in the fullyrelaxed HSQC spectrum’ With K = [A]J/[B] = k1/k.1 = 0.90

N 0.12 for the A85 Dbackbone aoni-ahemersesonances
of L-fucose and = kyk1 = 1.235 + 0.022°§ we obtain k= 1.05 + 0.16 $and k; =

1.17 + 0.20 3, yielding the final value of the exchange rate constant k; + k =

2.22+0.255.
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Chapter 111

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 solanacearuntectin  was characterized by NMR spectroscopy in the
presence of fifteen carbohydrates including twelve monosaccharides, one
disaccharide, one opamain sugar and glycerol. Chemical shift perturbation
analysis revealed a relationgshbetween 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 methy&-L-fucoside bound to RSL. Wertiner revealed the importance

of stereochemistry and type offucChs es ulbisktel
scaffold is the most favoured for binding to RSL. Also, the binding affinities- of
galactosep-glucose, glycerol, and-fucitol were estimatetfom NMR titrations.L-

fucitol was found to bind RSL with a ~1030ld lower affinity thanL-fucose,

suggesting a large entropic contribution due to preorganization of the ligand.
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Stereochemistry and Chemical Shift Changes

Introduction

Lectin-carbohydrate interactions is a topic of broad inteee®sl crucial to
under st andi ng *?thCarbobysrates ane the modtalfundant type of
biomolecule in nature and are involved in numerous biological processes as
polysaccharides, oligosaccharides, glycopeptides or glycoprdteifss a
consequence, carbohydrdii®molecule recognition has attracted the attention of
both carbohydraté® *®* and protein scientist§**?"*%?At first glance, sugars can be
tricky to analyse due to features such as stereochemiatrygmerization or
isomerisatiort?**>®
Lectins are carbohydrateinding proteins (including carbohydrate
recognition domains) t hat can be considered
fencodeodo the message provided by sugars. Le
specificity to one type of monosawaride, often exclusively to one anomer but
sometimes they can interact with structurally unrelated monosaccharides at the cost
of binding affinity® Lectins can bind sugars witbmmon structural features like
mannose andL-fucose or N-acetylneuraminic acid andN-acetytglucosamin®
involving variousweak forces likevan der Waals interactions, hydrogen bonding
and CH’ i nt e Bhis complexisy .of interactions implies specialization in
recognition of a specific epiméf’
NMR spectroscopy is a powerful technique to monitor proteins at the atomic
l evel . I n particul ar, chemical shift pertur
into proteinligand interactionsCSP is highly sensitive to structural changes and can
be measured accurately by using relatively simple 2D HSQC experinterttse
'H >N HSQC experiment, one cross peak for each amide is observed; therefore
upon the addition of a ligand, changes in cleainshifts belonging to residues of the
receptor can be monitor€d.This type of experiment enables screening multiple
ligands to obtain rapidly (in contrast tordy crystallography) comparative binding
data. Moreover, in some cases both the binding site identity arunitieg affinity
can be obtained from one set of experiméhfBhese features have resulted in the
wide application of NMR spectroscopy lectiarbohydrate investigatidti*4°631%4
Here, the question we addressed was whethemibssible to explain chemical shift

changes based on sugar stereochemistry and knowledge of the binding site structure.
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As the model lectin we used RSL, a well characterised protein with a high
resolution crystal structure (0.94 A), biophysical studies a range of
carbohydratesand NMR assignments for sugiaee and-bound forms (Chapter
2).1° RSL has two almost identical intrand intermonomeric binding sit&(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.
Analysis of only the tryptophan indole resonances can confirm binding and help to

understand the effect of the sugar stereochemistry.
< >
A T e 7B
W81/36 NE 1\

2
Y/ -
\\74 | W53/10 4 .
! O4 ’,.2‘6

W81/36

A40/85 02 . _R17/62 :
| Y \ N .
48, \ 30 \ 28 26 'i528/73
|
/ 27 N\
D32/77 /

R17/62

Y37/T82 ) /

Figure 3.1 Model of methytU-L-fucodde (sticks) inthe intra-monomeric binding site of RSL
(PDB 2BT9)° Non-covalent interactiondetween RSL residues @rmethytUL-fucodde are
indicated(dashed linedistances iid) andmatch the colour scheme thfe ¢p tplotsin Figure3.4

Numbers of homologues residues are indicated as-iamd intermonomeric binding site,
respectively. The grey dashed lines show interactions between R17, D32 and Y37.

The interactions oRSL with fifteen carbohydrates were studied by chemical
shift perturbation analysis; despite the specificity towardscose, chemical shift
changes were observed for RSL in the presence of all fifteen tested carbohydrates.
Previously, lectins have bestudied with a variety of saccharides by P X-ray
crystallography***®” and NMR®°4*3% pyt 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 anslar study involving a small, designed
glycoprotein with different monosaccharides was published rec&nSyructural
models of each sugar bound to RSL were built based on both modelling and NMR
experiments. Thus, we were able to generalize how the substiimntand
stereochemistry can enhance or decrease thecdaflohydrate interactions. We

show also chemical shift perturbations for RSL in the presence of glycerol or
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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 RStarbohydrate interactions was used to characterize
content of vegetable juice that resulted in determinatiob-ffictose ine.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*>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 fob-arabinosel-fucose,L-galactose anth-mannose were presented

in Chapter2. The data are shown here also for ease of comparison.

The crystal structure of RSL shows methylL-fucoside K4~ 2 € M) bound ir
energetically favourabl&C, conformation (Figuré.1.).” In principle, D/L pyranoses
prefer the®C; / 'C4 chair conformations, respectively with-arabinose being an
exception that favour’C;.*°® As shown in Chapte2, D-mannose is &C; sugar with

Af ueldaske 0 st e D-enanooseecan ke riented sucht thgdroxyls 02,

O3 and O4 correspond tofucose hydroxyls O4, O3, and O2. Consequently the
anomerid OH of D-mannose replaces thefucose C5 methyl (Figurg.2. A).

The tLdrum o e lintrddeced towraisatenonosaccharides that
have the same ring conformatiotC{) and stereochemistry asfucose butwith
different substituerd at C5 (e.g.L-galactose).Sugas that can mimicL-fucose
stereochemistryas inthe case ofb-mannosewereincluded int h e-fucbe | i ke o
group.

The tested pyranoses (Tal#el. and Figure 3. revealed two different
binding regimes. Sugars that bind tightly to RSL (Figuf, 3eft column:L-fucose,
L-galactosep-arabinosep-fructose,D-mannosep-lyxose,L-gulose) were observed
in slow exchange while weakly binding sugars (Figut8., 3right column: L-
rhamnosep-altrose,D-galactosep-glucose D-xylose) were in fast exchange on the
NMR time scale. Upon binding to sugiaee RSL, the strong or weak binders
resulted in largéFigure 33. left) or medium/small (Figure.3. right) chemical shift
changes. Furthermore, the CSP pattern was similar for all strong binding sugars
(Figure3.4., left column), while weak binders (Figugs4., right column) presented
more diversity €.g.L-rhamnose) and / or resonance broadereng p-altrose).

The indole spectral region for all of the sugars (Fidg®e revealed a similar
magnitude of CSP for homologous residues. Those indoles with strong specific

interactions €.g.hydrogen bond atrp86/31, Figure 1) had larger CSPs compared to
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weakly involved groupse(g.Trp53/10 indoleNH is remote from sugar). The indole

of the nonrbinding Trp74 was least affected by the presence of the different
carbohydrates. Figurd6. s h o ws t h e r tigglindote Iresdnances. blere, the
analysis is limited to only seven resonances (compared to ~85 backbone resonances),

which aids the initial prediction of sugar binding.

0
A .2 , (o i
@) 0 )
0 0
M Col~ O Lo
00 ©

OO
L-Fucose D-Mannose
B
1 ?
Iy o Q)
O
4
00O
D-Mannose D-Glucose

Figure 3.2 (A) b-mannose mimicry of-fucose andB) possible reorientation af-glucose to
mimic D-mannose.

L-fucose, the tightest binding monosaccharide to RSL (Taklg 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 fR§armodels described
in Method$ revealed that monosaccharides can mimic the conformation of RSL
boundL-fucose.In Chapter2 we have shown how-mannose obtains almost perfect
mimicry of L-fucose. For clarity, this feature ofmannose is shown in FiguBe2.
A. Figure 3.2. B presents two from six possible orientationsbeglucose in RSL
binding site. The probablemodel was picked based on NMR data and structural
comparison with other monosaccharides. The detailled NMR data analyses are

described in the following sections.

55



Chapter 1l

Table 3.1. Summary of all carbohydrates mentioned in this chapter. Carbohydrate stractur
shown inFigures3.3. and 3.21.

Carbohydrates Ka(e N? Complex Structure | o8/ Exchange
N Crystal
L-fucosé SPR ~2 PDB 41655 large / slow
L-galactosé SPR~10 . Docking " large / slow
U /-Lgalactos®
Docking
D-arabinose SPR?~50 Me-b-D-arabinos# large / slow
b-D-arabinos¥
D-fructose SPR*~90 - Docking ¢ large / slow
U /-thfructopyranos®
_Docking
D-mannosé SPR?~100 Me-U-D-mannos#' large / slow
UDb-mannos&
D-lyxose N.D. N.D. medium / slow
L-gulose N.D. N.D. medium / slow
_ Docking "
U /-Lerhamnos .
L-rhamnose N.D. OL-rhamnos® medium / fast
D-altrose N.D. N.D. small / fast*
D-galactose NMR ~1500 . Docking small / fast*
U /-thgalactos&
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*

®The method andy are indicated”See Figure34.f o r
*indicates fast exchange with a few resonances in intermediate regime
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Figure 3.3 Strongly (left column) and weakly(right column) binding carbohydrates in theii
preferred conformation. The strong binders are rankel bffable 1). The substituents in re
(*C,) / blue (C,) differ from the topologically equivalent groups in-fucose/ D-mannose,
respectively

57



Chapter 1l

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
0.2 L-Fucose I L- Rhamnose 0.2
e e
-0.2 1 T -0.2
-0.4 -0.4
-0.6 -0.6
-0.8 > -0.8
0.2 L-Galactose p-D-Altrose | L t02
Lo b L ‘
0.0 at,,! ?_r‘.T. .T«....lTl ? g o ..,.‘I,;,lhv. ‘l‘ ‘r;r 0.0
0.2 1 -0.2
04 -0.4
-0.6 -0.6
-0.8 ! -0.8
0.2 D-Arabinose [-D-Galactose 0.2
j AN o ot i (U PO .T.
00 Ayl <yt gt Y S 1""‘1"“1""1*\'14 Jy, 00
-0.2 : 0.2
-04 -04
-0.6 -0.6
-0.8 -0.8
_~ 0.2 p-D-Fructose B-D-Glucose | 0.2
£ 0.0 afeaer TL'TT & «TR‘ ] 0.0
o "\[";N;‘. -T’ﬂb\.ﬁl‘. e Mo.-ﬁmlmql ’ i
L 02 . ‘ 0.2
I -04 l -0.4
—
“©O -0.6 -0.6
< o8 0.8
0.2 p(-D-Mannose p-D-Xylose } 02
o
0.0 ﬁqvo;“d J.-.n arw‘hql‘lj;vho. "’l\‘ w....glw. lw.l“ Jh 0.0
-0.2 4 -0.2
-0.4 -0.4
-0.6 1 -0.6
-0.8 -0.8
0.2 D-Lyxose L-Fucitol %02
Tis. .81
0.0 ool pudf fioes ‘l*’;*hh&l" i ..l. TP ‘T?\‘T‘Tﬂ:l&dfm' 0.0
-0.2 -0.2
-0.4 -04
-0.6 . -0.6
-0.8 -0.8
0.2 L-Gulose Glycerol
0.0 w ! R DY " 0.0
vt ) ‘l-M ‘k“l S "\J:b\ \-Tvs,.lf‘ﬁs
-0.2
-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

RSL Residue Number

Figure 3.4. Plots of *H" backbonechemical shift perturbations for RSL in the presenceauh
sugar The coloured lineshighlight residues thaform noncovalentbonds with methyta-L-
fucoside(see Figure 3.1.Dashed linemdicateresonancethatwere broadnedbeyond detection
or not assignedBlanks correspond to prolines (P14 and P44) and res{®2e$533, G35, G78,
G80), which lacked a resonance in the sufjae or-boundRSL. See Chapter 2 for detaitd the
anomer effect on CSP.
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Figure 3.5 Indole spectral regionfrom the overlaid'H-"°N spectra of RSL bound td5
carbohydrates. Bright and dark colezode corresponds to peaks frdime inter and intra
monomeric binding site, respectiveljhe colour scheme matchEgyure 2.8 B. Dashed contours
indicate resonances that were detectable down in the noise. Grey contours correspond to k
resonances.
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Figure 3.6. Plots of chemical shift perturbations faryptophan indole resonanciesthe presence
of eachsugar Filled and open circles correspond to ' and'®N data, respectively. Colour
code matches Figure 3.5.; bright and dark colours correspond to Trp side chains in ttaadh
intraamonomeric binding site, respectively. Trp74 is a-bording residueDashed linesndicate
resonancethatwere broadnedbeyond detection.
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Tight Binders / Slow Exchange / LargeD d

Protein sugar binding was analysed by HSQC spectfaNbfabelled RSL in the
presence of 2 eq. (3 mM) of each sugar. The tightlglibgn sugars resulted in a
similar pattern of backbone chemical shift changes in RSL (FBdreleft column).
The binding affinity of the tight binders is determined by the C5 substituent in the
order-CHz > -CH,OH >-H > -OH (Figure3.3.). This observation is based on g
values for L-fucose, l-galactose, Earabinose / Hructose and BEmannose (Table
31) . Thr ee e-fkmsapi les o Evhuthpsams ring conformation or
perfect mimicry ofstereochemistryyvere described iChapter2 (L-galactosep-
arabinose and-mannosg Here, we will focus on the other threefructose,D-
lyxose and._-gulose.

The analyses of each sugar model (Methods) were performed similarly. The
initial pick of the modredles (Figwsed.oh,avhichd on @i p
provide unique information about the binding event. For example, indoles of
Trp53/10 can sense accurately the presence eHCH8CH3, -CH,OH or-OH groups
(Chapter2) which helps to identify how a sugar binds. Further, moreilde
anal yses were elucidated from @u plots of RS
CSPs for residues that belong to the binding sites. For instance, the llel6/61 pair is
A D-Fikiclosa sensitive to the same environment as

OH

Trp53/10 indoles so it was used to
=0

a0 confirm initial pick. Diversity between

H——OH

the binding sites assists the deduction

H——O0H

of any steric effects observed by CSPs
at Tyr37/Thr82.

D-fructose is an example of a
Af uease o sugar . | n aqu
solution D-fructose is a mixture of
pyranose and furanose forms (Figure

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

D-Fructofuranose D-Fructopyranose 5 7 %D-fpy r a n o s eD;fura®de®% b
9% -DH ur anose, -B-n d 3% U

pyranose®® Structuraly D-

Figure 3.7.(A) Fischer projection ob-fructose
(B) The four conformations ab-fructose and
their % abundance atemical equilibriumin

solution?®®
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A T82 & . fructopyranose is like D-

G68 I arabinopyranose with a hydroxymethyl
S 119 substituent at the anomeric carbon
C75 — (Figure 3.3.). As D-fructopyranose has

; ; ; : -121 . . .
10.0 96 92 identical stereochemistry ta-fucose,

B R29 , the strength of RSL binding is likely to
e depend on the C5 substituerH( like

// 129 @ D-arabinose) and the steric effect of the
— C1 substituent. This analysis is in
w

130
©  agreement with the known binding

117 affinities for D-arabinose, D-fructose

andD-mannose, ~50, 90,

11 ,
8 respectively’®**

Interestingly, some of the
-119
backbone amide spectral clgas in

RSL were more similar fob-fructose

andD-mannose rather thamarabinose

Figure 3.8 Spectral regions from the overlai (Figure 3.8.) . However , t he
'H->N spectra of sugdree RSL (black ) o

contours) and RSL boundo bp-fructose Plots (Figure3.6.) were more similar
(magenty D-mannose (greendr D-arabinose
(light blug. Note homologous residue
lle16/61, Argl7/62, Cys30/75 and Tyr37/Thr8

for D-fructose and D-arabinose,
implying that the C5 proton is adjacent

to Trp53/10. This effect as also observed for the 1le16/61 resonances (Fig8re

C), residues which complete the C5 binding pockemannose like interactions,
were observed at resonances such as Cys30/75, Thr82 (Bigufg, or Argl7/62,
Glu73 (Figure3.8. B). The bulky-CH,OH group at the anomeric carbon Df
fructose (similar to theCH,OH at C5 inD-mannose) is expected to affect differently
the Tyr37/Thr82 pair. The former was shifted similarly but the latter had a smaller
i t han ofbmaanose dalndfRELr (FiguBsB. 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 Argl7 (Figuregrey
lines), cannot be formed by thercesponding Thr82, Glu77 and Arg62. The bulky
CH,OH substituents that interact with Tyr37 likely contribute to chemical shift
perturbations of Argl7 for botb-mannose and-fructose (Figure3.8. B). The

absence of this interaction in the intebnomericbinding site was suggested by the
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Stereochemistry and Chemical Shift Changes

same CSP for Arg62 wheb-mannose,D-fructose orD-arabinose was bound.

Structur al and NMR studies result-ed in the
fructopyranose that i's the moserisasoundant fo
energetically favoured due to a hydrogen bond with Tyr37, identified in a

computational study® Although, the NMR experiments did not indicate any

anomeric effect (split resances, see Chapt2y |, binding to the U anom
excluded*but is unlikely consi defruitopgandsd).e | ow abu
D-arabinose K4 ~ 5 0 e M) was t h e camvahyiate swith split ndi ng
resonances. Therefore, the anomeric effect might be less pronounced for

monosaccharides withy > 5 0 ¢ MD-BudctaséKza90 € M) .

A \ws30  RI762 Y37/182 B
cs "
W76/31 O—Tci e o
o Cc3 O~ % O
R17/62 o * A40/85 ca
0 9-.. 00
W81/36

E£28/73 D-Lyxose L-Gulose

Figure 3.9. (A) Simplified representation of-fucose bound to RSL based on 2BT9 crys
structure> Non-covalent interactiongdashed lines) between RSL residues arfdcose are

indicated andnatch the alour scheme athe g tplotsin Figures 3.4. and 3.8Residue numbering
is the same as Figuil. (B) Representation af-lyxose and.-gulose in the likely RSibound

orientation.

Both D-lyxose andL-gulosein complex with RSL (Figur&.9.) gave rise to
i plots that were simil ar34). dtlombldgeus t i g h't bi
resonancee.g. lle16/61, Argl7/62, or Cys30/75 had comparable®?€Suggesting
similar binding events (Figur8.10.). While D-lyxose was a tight binder (saturation
at 3 mM) the same concentration lefjulose resulted in two sets of peaks in the
HSQC, corresponding tb-gulosebound and sugdree RSL. At 30 mM sugar the
protein was saturate-lyxoseis similar tob-mannose without the C5 substituent
and because it better retains the overall topology-foicose (Figure3.9.) it binds
tighter than L-gulose. L-gulose is a C3 epimer oaf-galactose, (Figure .3).
Although, the axial Cdydroxyl 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 (Figur&.9.) is the likely cause of the lower affinity. Apart from C3

the remainingsubstituents may interact with RSL similantgalactose.
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T : .
' 8.8 86
D O~ A80
! - -
O -~ 121
Q@
@" )l 122
154 Z
w31:_@_ ] »
‘ @ 123
84 8.0
117
G68
e G56
" =y 119
Y37 B
L C30 |
9 © . -
. | | |
100 9.6 i
4
H (ppm)

*N (ppm)

Figure 3.1Q Spectral regions from the overldid-'>N spectra of sugdree RSL (black contours’
and RSL bound to-lyxose (orange),-gulose (blue)p-mannose (greeror L-fucose (red).

Weak Binders / Fast Exchange / Smab d

The five weakly binding sugarshare at least one difference

in

stereochemistryvith respect ta_-fucose orb-mannose (Figur&.3., right column).

L-rhamnose is a C2/4 epimeriofucose.D-altrose is a C3 epimer ofmannoseD-
galactose is the enantiomer of the tightly bindirgalactose and the C2/4 epimer of

D-mannose D-glucose and-xylose are C2 epimers a-mannose, anw-xylose

lacks the Csubstituent.
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A ws30  R17/62 O}@?/T&z B

. @)
e S 0 cs
W76/31 O—7e
c4 O c2
C3 T
R17/62 22 * A40/85 O
o) O 0 (0]

¢ w81/36
E 2.8 73 L-Rhamnose D-Altrose
o©
C1 Cc1
O ca OO o) O OO o)
C1 O O O
C4 c4
d o 0 0
D-Galactose D-Glucose D-Xylose

Figure 3.11 (A) Simplified representation af-fucose bound to RSL. Legend in Figure 3B)
Representation of-rhamnose,D-altrose, b-galactose,b-glucose andbd-xylose in RSkbound
orientations that best mimic thefucose interactions

The presence of 3 mM-altrose,D-galactosep-glucose om-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 wexXabkange on the
NMR time scale. In contrast, 30 mM ofrbhamnose resulted in RSL saturation,
indicating that it was the tightest binder of this group. With increasing sugar
concentration, larger CSPs were observed andwidéhs increased or were
broadeed beyond detection suggesting intermediate exchange effects for some
resonances. For example, the peaks of Ala40 and/or Ala85 were broadened beyond
detection inD-altrose, D-galactose,D-glucose andD-xylose. Broadening is not
always an indication that ¢haffinity is strong® In fact, the spectra of RSL in
complex with strongly binding carbohydrates had decreased line widths compared to
unbound RSL. For instance, metiyL-fucoside bound to RSL resulted in an
average ~3 Hz decrease in lw&th compared to the sugaee form. Tlkerefore,
the broadening with weak binders suggests some other events likegugiterium,
conformational change of the protein before binding or a structural rearrangement of
the proteirligand complex after bindind. The weakly binding sugars were ordered
from the strongest to @akest (Figur&.3., right column) based on the size of CSP in
the presence of 30 mM of each sugar.

saturation, hence stronger interactions.
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D-altrose  and D-galactose

8 resulted in sintar broadening effects
(Trp36/81) so should interact in a

119 similar mannerD-glucose and-xylose

showed almost the same CSP effects, as

expected considering their structural

similarity. The C5 substituent ob-

i glucose likely protrudes from the

-129 binding sie, as described forD-
130 g mannose.
9.1 89 87 85 §’ The initial analyses of the
L I— i ® indole i p36otight (Fi gt
. i;o 121 column) suggested that-rhamnose
L__;_—_—_—,;h_—_—_l‘—,-——----‘ binds in a simifié&aeomod
w31‘@:{_ \ J: 122 sugars. The pattern farrhamnose was
D B2 = @?'0 18 most similar toD-mannose suggesting
G68 [ insertion of a hydroxyl substituent in
€ G56 place of the C5 methyl in-fucose.
— D Usspl120 Perturbations  of the  1lel6/61
® © ; ; ; : resonances (Figure8.12. A) further
10.0 9.6 9.2

H (ppm) support this suggestion. Of the weak
Figure 3.12 Spectral regions from the overlai

'H-*N spectra of sugaree RSL (black for Arg17/62 (Figue 3.12. B), perhaps
contours) and RSL boundo L-rhamnose

(cyan), Dp-altrose (magenty D-galactose consistent withL-rhamnose being the

(green) D-glucose (orangedr D-xylose (blue) ) . )
at 100 mM of each sugar (excepthamnose at ONly sugar in which the substituents at

30 mM) C3, C2, C1 fully retain the.-fucose
topology at C5, C4, C3, respectively (Figié1.). The unusual CSP for Ala40/85
(Figures3.4. and 3.12 C) is likely cased by O5. The pronounced chemical shift

bindersL-rhamnose had the largest CSP

changes for Tyr37 (Figurg.12. D) is due to the equatorial C5 methyl group causing
similar steric effects as theCH,OH group in D-mannose orD-fructose. The
homologous Thr82 did not have as large a CSP.

D-altrose is a C3 epimer ob-mannose.L-gulose, the C3 epimer af-
galactose was shown to have the lowest affinity out of all of the strong binders due

to this single stereochemical difference. In the cage-alfrose, there are two other
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Stereochemistry and Chemical Shift Changes

features which make itweaker binder than-gulose. A D sugar,'C; conformation,
D-altrose inserts the Glydroxyl (same a®-mannose) into the binding pocket (In
contrast,L-gulose has a GbBydroxymethyl, with improved binding at this sit®-
altrose is also weaker thanrhamnose 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 CSR.tchamnose (Figur8.12. A).
D-galactoseis C2/4 epimer ofb-mannose. Th&gs of ~15 and ~8 mM for
D-galactose and-glucose respectively (see next section) show that despite two
epimers, D-galactose still binds twice tighter thabp-glucose. It may be
counterintuitive because -Blucose shares witb-galactose the same C2 epimer
(related tob-mannose). Therefore, this structural analysis suggested-tpgiactose
has to bind in alternative, less obvious orientation. In proposed orientation, D
galactose still breaks two hydroxyl interactions but, mamgortant O4 (in.-fucose)
was conserved by O1 that maintains the Obri
Argl7 (Figure3.l. B) . U showed similar plots for T
llel16/61 suggesting GRydroxyl insertion similar to C1 substituent lamannose
(Figure3.12 A).The | ack of ou 3.X2dD) excluged & pogsibilityg u r e
of steric interactions with the G&ydroxymethyl.
Lastly, D-glucoseandD-xyloseare both C2 epimers @-mannose and vary
only at C5 between each olounétoD-glucbtetlrr ef or e, ®
xylose are similar. Thed>-mannose like orientation result im+glucoseb-xylose
lacked-O2 mediated bonds (O4inf ucose) that distiuormsed t he 0
shown in Figure3.1. B. As the binding to O4 cannot be compensated as it was in the
case of Cahydroxyl (e.g.L-gulose) the affinity is significantly reduced.
Based on structural and NMR studies we observed a relation between
changes of stereochemmgtand 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 farfucose numbering. The anomeric
carbon (C1) stereochemistry is the teiagportant as this position is responsible for
anomeric recognition and the substituent points out of the binding site (Bdure
The anomeric effect was not identified for sugars with binding weaker han
arabinose (Tabl&.1.). Stereochemistry at C8 responsible for a hydrogen bond
interaction with the backbone NH of Ala40/85 and is therefore important (Rglure

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 (fFey8.1. B). Although, the Trp
NYatom 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 significandyg(L-gulose oiD-altrose)

but this site can be compensated by a water molecule as long as the O4 interaction
was sustained. Glu28/ 73 and Ar gvihdxial62 for
O4 (Figure3.1. B). If these interactions were abolished the binding affinity dropped
significantly like for D-glucose orD-xylose. The stereochemistry of the C5
substituent appears crucial for interactions with RSL. There is no example within the
tested twelve pyranosidewith an axial C5. Moreover, the C5 substitue@Hj, -
CH,OH, -H, -OH) was responsible for the affinity of strong binders (Ta&hle and

see Chapte2).
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Binding Affinity of D-galactose and-glucose.
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Figure 3.13 (A) Spectral regions from overlatth->N HSQCspectra 0f.25 mMsugarfree RSL

(black) and RSL irthe presence ofip to 320mM D-galactose (blue scale) or 300 novglucose

(red scale) (B) Binding isotherms for the RSh-galactose or RSD-glucose interactions
determined by NMR spectroscopy. Open and filled symbols correspond to residues in thi
and intermonomeric binding sites, respectively.

RSL-sugar titrations were performed blge addition of microliter aliquots ab-
glucose orb-galactose to"™N-labelled protein and monitored BYHi >N HSQC
spectroscopy. Increasing chemical shift perturbations were observed as a function of
the sugar concentration, indicative of fast exchaogethe NMR time scaleD-
glucose and-galactose are C2 and C2/4 epimer®ahannose, respectively so it
could be expected that the more simitaglucose would bind tighter to RSL as
stated in previous section. FigiBd 3. A shows regions of the HSQCesgira 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 (Figure8.13. B). The curves were fit to a 1:1 binding modeheTobtainedq

values are shown in TabB2.
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Table 3.2. Dissociation constant&{) of D-galactose ob-glucosecalculated for resonances in tt
inter- and intramonomeric binding site.

Sugar *H" resonance

D-galactoseKy (mM)

D-glucoseKy (mM)

Inter-monomeric

Arg62 18 (£3) 28 (+6)
Cys75 15 (1) 32 (£2)
Gly84 16 (1) 42 (£2)
Intra-monomeric
Argl7 5 (1) 29 (+4)
lle61 14 (£2) 34 (£3)
Average 14 (£5) 33 (x6)

D-galactose and-glucose NMR titrations yielde#ys of ~15 and 8 mM,

respectively. No significant differences were observed between the anigtrintra

monomeric binding sites. Argl7 in the presenceDeajalactose was broad and

therefore

glucose.

U

was di f fi

cul t

t o

meabs ur e.

The tighter binding ob-galactose (in spite of the two epimer differences

with respect tab-mannose) suggested thagalactose can oriemtifferently to the

the D-mannose sugar group. This different orientation (Fig8idel. B) may be

responsible for the tighter interaction thadglucose.

70

T



Stereochemistry and Chemical Shift Changes

RSL Interactions with Sugar Alcohols.

LN N\

Figure 3.14. Representation of the molecular mimicrylattose (orange line$y glycerol plue
stickg bound to Galecti8 (PDBs 3ZSK and 3ZSJ3%° Protein is shown in cartoon representati
with side chains as lines.

Two sugar alcohols, glycerol andfucitol 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 cryopaotgcis 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

I 170

found. For example Serabaji al' "’ reported a 0.9 A resolution crystal structure of

Galectin3 bound to glycerdlFigure 3.14.).

A OCHs O

Figure 3.15. (A) Representation of the molecular mimicry ofethytU-L-fucoside by two
molecules ofglycerol (range shade, similar to-galactosg (B) Glycerol molecules (orange
were superposed onto methyl -fucoside (greypound to RSL (PDB 2BT9) Protein backbone
is shown as ribbons and side chains as lines.
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Figure 3.16 (A) Spectral regiorfrom overlaid*H-

>N HSQC spectra 0f0.25 mM sugarfree RSL

(black) and RSL irthe presence of -BO0 mM of

glycerol (red scalejB) Binding isotherms for the

RSL-glycerol interactions in inter(top) and itra

monomeric binding site determined by NM

spectoscopy.

Galectin3 is not structurally related
to RSL but theavailability of high
resolution crystal structurgsrovide
evidence of glycerol binding to
lectin (@lycerotbound PDB 3ZSJ)
and imply mimicry of carbohydrate
binding (lactoseboundPDB 3ZSK).

In contrast tahe studies reported in

| the following paragraphs, glycerol
| binding to Galectin3 was not
observedy NMR*"°

Based on crystal structuret o

| Galectin3 bound to glycerol or

lactose, (Figure3.14.), we modelled

- glycerol to match the GC&€6

- fragment of methyl}L-fucoside

(PDB 2BT9). A second glycerol

" molecule was positioned to mimic
- the CXC3 half of the fucoside. The

model suggests that two glycerol

molecules can be accommodated in

the binding site with a good match
to the methylU-L-fucoside bound to
RSL (Figure3.15.).

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 tlg was estimated (Figurg.15. and Table 3.) in a

manner identical to thadescribed fomb-glucose and-galactose. The averadé

was 25 mM. I nterestingly, although

was different

t o

the other strong bi

t he

nder

similar (Figures3.4. and 3.6.). Based on the model built for two glycerol molecules

(Figure 3.15. A), potentially the closest comparison could be observedLfor

galactose because of the closest structural mimicry. However, the chemical shift
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Figure 3.17. Spectral regions from the over|did-

5N HSQC of sugarfree RSL (black contours) an:
RSL in the presence of 300 mM glycer@range)
or 3 mML-galactosémauvs.
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perturbations were different from all
The
a

tested pyranosides. indole

resonances yielded pattern
suggesting that the pyranose ring
was mimicked (Figure3.6.). Also
the resonances of Argl7/62 and
lle16/61 presented matching patterns
and 3.17). The

difference was observed

(Figures 3.4.
essential
only for resonances of Ala40/85.
These resonances have large shifts
due to a hydrogen bond with the
equatorial TO2 in L-fucose. The
smaller chemical shift perturbation
in the presence of glycerol suggests

that thisinteraction was natetained.
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Figure 3.18. (A) Representation of the molecular mimicry mithytU-L-fucosideby L-fucitol
(blue). (B) Two possible models affucitol (blue) when bound to RSL made by superpositior

L-fucitol onto methylU-L-fucoside (greyy.
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Figure 3.19 (A) Spectral regions from overlait
'"H-"N HSQC spectra 0f0.25 mM sugarfree
RSL (black) and RSL ithepresencef L-fucitol
(blue scale)(B) Binding isotherms for the RSL
L-fucitol interactions determined by NMF
spectroscopy.

74

L-fucitol is another example of
a sugar alcohol,
flexibility (4 rotatable bonds) than

but with greater

glycerol. As an acyclic derivative of
L-fucose it can be expected adopt a
conformation that matches the-
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)""1" |n each of
these structures-fucitol adopts the
fully extended form suggesting that
this is the energeticallyfavoured
conformation.

Two hypothetical models for
closed ring and extended chain

fucitol were prepared to support NMR
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A

118 |

‘ data (Figure3.18). The same set of
T20'

NMR experiments as for glycerol was
performed for L-fucitol. Interestingly,

b e O) the binding affinity of L-fucitol (~35

86 85 mMM) was slightly lower glycerol (~25
mM).

9.0 89

w

Comparison of H-">N HSQC

120 T spectra for RSL bound to-fucitol and

N (ppm)

E73 L-fucose revealed that L-fucitol

90 ga o6 presented @i mostly for r

C T82 g5 the intermonomeric  binding  site.
Possibly, the more spacious inter
monomeric site (Thr82) allows entry by

120 | c75 the long chain sugar. It may be more

100 96 92 difficult to enter the intramonomeric
1
H (ppm) binding site (flanked by ¥¥37)
Figure 3.20 Spectral regions from the overlai
145N spectra of sugdree RSL (black therefore much smaller CSPs were

Eﬂzi?%ﬁs()bﬁg 553%&15 fﬁgiﬁ?rﬁff 320mN - ohserved. For example, chemical shift
perturbations of Arg62, Glu73 and
Thr82 in the presence affucitol were larger than those of homologous Argl7,
Glu28 and Tyr37.
The intermonomeric binding site can be bound byucitol in the linear
form as indicated by backbone CSPs but | ack

Trp81 presented CSP).

Table 3.3 Dissociation constantd§) of Glycerol andL-fucitol calculated for resonances in tt
inter- and intra monomeit binding site.

Sugar *H" resonance Glycerol Kq (mM) L -fucitol Kgq (mM)
Inte-monomeric
llel6 12 (+1)
Arg62 10 (x0.5) 28 (16)
Cys75 13 (+1) 32 (x2)
Gly84 37 (£3) 42 (x2)
Ala85 40 (1)
Intra-monomeric
Gly39 33 (£3)
Ala40 34 (£2)
lle61 15 (+1)
Average 24 (x13) 34 (£7)
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RSL Binding to a Disaccharide.
OH

HO
HO

Sucrose
O-a-D-glucopyranosyl-(1—2)-p-D-fructofuranoside

Figure 3.21 Sucrosestructure showing the-glucose (red) and-fructose (blue) units.

Sucroseis a disaccharide daf-glucose and-fructose linkedvia an acetal. It could

be expected that sucrose would interact with RSL. We and dthétsave shown
that RSL can bind a nge of pyranoses, but there is no evidence in the literature for
binding to furanoses. NMR studies Dffructose also indicated a preference for
bi ndi mdgructogyranose, therefore it is expected that sucrose carviairide

D-glucose unit only.

A A x/‘// B N % N \////
== / (S / (o /
A / /
;:i/_a A\ \ N
& \
N~

Y37\, N\, VY37 L N\ \Y37 N\

Figure 3.22 Mo d e | of p os s i bl-eglucosen(fing)randasticrosen(teaf) tner
intras-monomeric binding sitéPDB 2BT9)°

As shown in the weak binders sectiorglucose needs to reorient the pyranose ring
to favour its interactions to RSL (FiguB21. A). As theD-glucose unit in sucrose is
in U conformation t heusingsawsimilaoosientatoroas| d bi n
glucose (Figure3.22. B, left). In this case there should be no steric clashes with
Tyr37 and sucrose would bind both, intead intermonomeric binding sites.

NMR screening revealed that RSlcrose interactions are slari to the
weak complex formed witlb-glucose (Figure3.23) . The @i plot for
resonances showed almost no changes in the presence of 30 mM sucrose with
respect ta>-glucose at the same concentration (Fighig3. C). Detailed NMR data

analyses okucrose binding to RSL revealed significant CSP for resonances in the
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inte-monomeric binding sitee(g. Cy s 7 5, T82) but no (o o]V}
homologous residues (Cys30, Tyr37). Also perturbations of the indole resonances
(Figure3.23. B) were minor in lhe intermonomeric binding site (Trp36 and Trp53).
The homologous indole cropeaks for Trp81 and Trpl0 (intraonomeric) did not

show CSP. Lack of interactions in the intremnomeric binding site suggested that
the D-glucose unit binds in a different entation than theD-glucose
monosaccharide. The different binding mode may depend on steric effects of the
Tyr37 side chain. A possible conformation of sucrose is shown in Fgjage C.

Based on the similarity of CSP betweriglucose and sucrose it wassumed that

RSL does not bing-fructofuranose.

A C 10 20 30 40 50 60 70 80 90
=117 0.2
! . ? 0.0
118 *&ngﬁwml“;aN
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Y37 04 __
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(@)= . -0.6 %
C75 [ =2
o D-Glucose 0.8
C5) 8 -
| ‘ ‘ et 0.2 2
10.0 9.6 9.2 InZ <
128 ©
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Figure 3.23 (A-B) Spectral regions from the overlaiti->N spectra of sugaree RSL (black
contours) and RSL bound to-glucose (pink)or sucrose (teal(C) Plots of chemical shift
perturbatios in the presence of 30 mM-glucoseor sucrose Blanks correspond to prolines (P1
and P44) and resonandbatwerebroadenedbeyond detection in sugémee or-bound RSL.

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 pertibations. 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 wanslysasifomthd eatracts wéré masle bgséd on the

spectrum of RSL in the presence of carrot extract. Carrot juice comprises ~10%
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Figure 3.24 'H-"N HSQC spectra dd.25 mMsugarfree RSL (black) or RSL in the presence
D-fructose (blue) or extract afarrot (red) or parsnip (greer(A) Proof of Dfructose in carrot

extract.(B) Differences in CSP for RSL in the presence of carrot or parsnip extract.

sugars mainly glucose, sucrose, xylas® fructose/* Fructose is the strongest
binding sugar (~9@ M Table3.1.) of the sugars that occur in carrot. A comparison
of RSL in the presence of the extract or 3 nmMructose confirmed that RSL
interacted witlD-fructose in the extracts (Figai3.24. 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 &febecause-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-&fjar binding
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could help to prevent agricultural less 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 fikéato peels, marjoram,
rosemary, sage and oregaitese extracts were scneel to check if they consist of

any noncarbohydrate based compounds that can bind to RSL. \Wased extracts
yielded spectra that did not show any CSP suggesting lack of interactions with any
compound in the extracts. The crude apolar extracts wetly tiissolved 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 obh&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 residuesAir40/85 or Argl7/62 gave rise
to distinct chemical shift patterns because the 4raral intermonomeric binding
sites of RSL are not identical as it is usually assuttiéd.
RSL binding sites have evolved to recognise the pyranose framework
Changes in the topolodyith respect ta_-fucosg affect the strength of interactions
between RSL and a carbohydraliéhe equatorial position othe C5 substituent
seems to be crucial for interactions between RSL and ligand. The type of C5
substituent can chandeading to altered bding affinities, for examplapolar-CHs
(L-fucose Kq ~2 uM) versuspolar -OH (D-mannoseKq ~100 uM). Based on data
acquired for 14 monosaccharidelse timportance of sugar topological similarity to
L-fucose was assessed as C5>C3C2>C1 in order from he most to the least
important.
Strong binders were always observed in slow exchange binding mode and for
those withKy<50 €M t he anomeric effect was obseryv
showed common factors | ike smal/l i in the
and fast exchange regime. Also severe line width broadening (mostly Trp81/36

indoles and Ala40/85) for binding sitesonances was observed. The weakly binding
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sugars are often considered non binders liktvamnose and-galactosé. Here,
dissociation constants ofgalactose and-glucose were estimated with values of 15
and 3 mM, respectively.

Although, it was evident that glycerol can bind to protein and even mimic
sugar binding of galectiH® here we have shown the proof of interactions in solution
presented by chemical shift perturbatione \8howed that two glycerol molecules
can bind simultaneously to RSL mimicking pyranose scaffolflicitol, despite
close similarity ta_-fucose, binds with mM affinity at the intenonomeric site only.

It suggests incomplete mimicry bffucose ring by opn chain derivative.

Figure 3.25. presents all the strong and weak binders (Fi@.89 bound to
RSL in the intramonomeric binding site in the form elucidated from the analyses
above.

Lastly, RSL was screened with a range of plant extracts. Resuitatmd
binding of RSL toD-fructose, which is a major carbohydrate found in vegetables.
Screening of sugdrr ee extracts revealed no ol i
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 td8l$lowever, RSL promiscuity may
also be harnessed in therapeutic design. RSL binding to multiple sugars may be
advantageous in the case of poatsfined receptorgse. when celsurface consist
different carbohydrage In this casa.-fucose binding RSL could be used as a
transporter tab-arabinose oL-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 onlp-to
mannose terminated polysaccharides linkéal hydroxyl at C6 like synthetically
preparedD-mannose garose-’> Other physiologically relevant oligosaccharides
such as mannans (wher e s ugglcosidiglnkagey ar e
would nolonger interact to RSLThe same phenomenon applies to other glycans

terminated witH'C; sugarse.g.D-glucose oD-galactose.
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Figure 3.25 Models of each carbohydrate a possible conformation at thetramonomeric
binding siteof RSL. See Methods for modelling strategy.
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Experimental

Materials: Carbohydrates were purchased from SIGMA (Glycerol, Sucrbse,
galactose D-glucose,D-altrose) or Carbosynth_{fucitol, L-gulose, D-lyxose). D-

xylose, D-fructose and.-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 ®N-RSL was prepared as described previously (Cha)t&?
The typical sample conditions comprised 0.25 iM-RSL in 20 mM potassium
phosphate50 mM NacCl, pH 6.0 and 10%,D. Carbohydrates were added to a final
concentration of 3 or 100 mM. Titrations were performed using aliquots of 3 M
stocks ofb-glucose om-galactose, 2 M Hucitol or 5 M glycerol. Over the course
of the titration the proteiwas diluted 1.2old. The sample pH was checked and if
necessary corrected to pH 6.0 after each addition of the liganddifwemsionalH-

>N HSQC spectra were acquired on sampte303 Kon an Agilent 600 MHz NMR
spectrometer equipped with a HCN cgltbbe. All NMR data were processed in
NMRPipe!*” The differences in chemical shifts between the pure and -sogsd
RSL were measured in CCPI

Binding isotherms. Binding isotherms were obtained by plotting the magnitude of

the chemical shift changep(li as a function of the ligand concentration. The data

were fit (nonlinear least squares in Origin) to a-ee binding model, witlyp Gand

the ligand concentrationsahe dependent and independent variables, respectively,
and the dissociation constaits] and maximum chemical shift changp §.,) as the

fit parameters.

Models of RSL-sugar interactions. Sugars structures (ideal conformation) were
downloaded from PDBe Chem. Least squares (LSQ) superposition to 1bathyl
fucoside in RSL (PDB 2BT8)was performed in COOT. Manual modelling (rotation
and translation) was used to obtain the best match to réflagbsidei.e. when all

carbons and O5 fit pyranose framework (FigBi26.).
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A B

Figure 3.26 The examples of h e mo d-e-manno$eaniti(A)bgood and(B) bad match to
methytU-L-fucoside.

This type of modelling was limited to one of six possible orientations. If we assume
that the starting orientation matches metlbyl-fucoside as found in the crystal then
the first model would involve rotation such th@&t/C2/C3/C4/C5/0 of the fucoside
match the modelled sugar atoms C2/C3/C4/C5/0/C1 and so on. The final
conformation of the sugar (Figu@25.) was picked based on the chemical shift
perturbation analyses (Figurdgl. and3.6.).

The structure ob-altrose is not available in the PDB. A model bfaltrose was
made by combining theb-mannose and.-g u |l o s e s t-Lrfucase wase s .

modelled from the methylL-fucoside by deleting the methyl group.

Plant extract preparation: Vegetable extractsEach vegetdb (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 store2l @t e C.
Teagasc extractsPlant materials from five sources: potato peels, marjoram,
rosemary, sage and oregano were uskd.crude plant extracts were obtained using
methods described previousfy:*’’ The solid/liquid extracts were generated in four
different solvents (dichloromethane, ethyl acetate, methanol and water). Only the
water crude fractions were subjected to solvsalvent portioning using MeOH to
remove sugars. Fractions of each crude extract were subjected to further
fractionation by flash chromatography.All of the solvents were of analytical grade
and purchased from SIGMA.
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Preparation of NMR samples for extracts screening:Vegetable extractsThe

typical samplecomprised 0.15 mM sugdiree RSL, in 20 mM KPi, 50 mM NaCl pH
6.0,100DO and 50 €L of concentrated vegetab
adjusted to 6.0.

Teagasc extractsl 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 sdiggr RSL, 20 mM KPi, 50

mM NaCl pH 6.010% DO and 10 eL of 1 mg/ mL extract
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Noncovalent PEGylation of RSL

This work was published as Antonikt a. Noncoval ent PEGyl ation vi
InteractionsBiomacromolecul201§ 17, 271912725

The synthesis of a fucosapped polyethylene glycol (FRIREG) was prepared at Durham University,
Durham, UK by Dr Ahmed EissalThe smalangle xray scatering (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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Noncovalent PEGylation of RSL

Abstract

PEGylation, the covalent modification of proteins with polyethylene glycol, is an
abundantly usetkechnique to improve the pharmacokinetics of therapeutic proteins.
The drawback with this methodology is that the covalently attached PEG can impede
the biological activity €.9.reduced receptebinding capacity). Protein therapeutics

wi t h A di sEEonwdifiers dave @dtential advantages over the current
technology. Here, we show that a protpio | y mer A Medusa compl exo i :
the combination of a hexavalent lectin with a glycopolymer. Using NMR
spectroscopy, small angle-tdy scattering (SAXS)size exclusion chromatography

and native gel electrophoresis it was demonstrated that the fhrwBeg lectin

RSL and a fucoseapped polyethylene glycol (RIREG) form a multimeric
assembly. All of the experimental methods provided evidence of nonobvale
PEGylation with a concomitant increase in molecular mass and hydrodynamic
radius. The affinity of the proteipolymer complex was determined by ITC and
competition experiments to be in the uM range, suggesting that such systems have

potential biomedicahpplications.
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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'"® 8 PEGylation, the covalent attachment of polyethylene glycol, is a
versatile means to increase®8"YyPB8rhei nos
increased radius of protePEG conjugates leads to a reduction in renal filtration,
which together with decreased immunogenicity can result in longer circulation half
lives compared to the tige proteint®**®®Such improvements in pharmacokinetics
are crucial for the development of cedtective and patierfriendly protein
therapeutics. However, PEGylation can also interfere with theepses of
molecular recognition and lead to reduced biological activity. Steric hindrance of the
binding site by PEG can impede complex formation with the target rec&pt8h.

This effect may be elimited in poly(zwitterionpased conjugaté&! Furthermore,
reversible PEGylation strategies have been developed that take advantage of slowly
hydrolysable’®’*# light-sensitivé®® or thioksensitivé®™ linkers to release the PEG
component.

With the growing demand for tunable protgialymer macromolecules the
focus of attention is shifting towards noncovalent conjugdted® Examples
include polymer conjugatiomia: co-factor reconstitutiori?* the biotinstreptavidin

complex'®® supramolecular complexation with cucurbitdff,chargechargé® and

y919 interactions, as well as lectmediated complexatiof®2°%2%3

metal affinit
The advantage of noncovalent systems is that temporal control of conjugate
assembly and disassembly can besesed by the presence of competitor
molecules® In the context of protein therapeutics it is envisaged that the
biologically-active ligandreceptorcomplex 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 theraoof the proteirpolymer
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 receptiy nM-uM). Coupkd to this challenge is the

need for simple linker chemistries which are biocompatible, synthetically attractive
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A o-L-fucose MethoxyPEG Fuc-PEG

HaC

Figure 4.1. Simplified representations of (A) fucesapped PEG (FUPEG, see Scheme S1 fc
details) and (B) noncovalent PEGylation of RSL with ARG (~2.3 kDa) to yield a protein

pol ymer fAMedusa compl exo. Not e t h-abnonwes and |

three intermonomeric sugabinding sites

and inexpensive. Atthis point we note that the study of noncovalent preRe
assemblies is not new. Early applications were focused on protein purification by
phase separation in mixture$ dextran and dyeonjugated PEG**2% Figure 4 in
reference205 is startling in its originality and relevance to current developments.
Here, we have combined a fucdsieding lectin with a fucoseapped
polyethylene glycol (FU®EG) to produce a noncovalent protpiom | y mer A Medusa
c o mp |(Fgure 4.1.). RSL, a hexavkent fucosebinding lectin fromRalstonia
solanacearumwas chosen as the model protein for this study. RSa welt
chamecterized~29 kDa trimer withthree intramonomeric and three intenonomeric
binding sites for L-fucose and related sugdrs:"1®® Building on current
developments in the structural characterization of PEGylated prétéfisye have
used TROSY NMR spectroscopto demonstrate rpteinpolymer noncovalent
conjugation via the fucodeinding site. The formation ofigh molecular weight
proteinpolymer particles was confirmed by size exclusion chromatography (SEC),
small angle Xray 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 th®HBc
appendages could be displaced by methyifucoside (Mefuc) but not byL-
galactose (-gal). Together, these data indicate that reversible prptdymer

conjugates were formeidom the combination of a carbohydrate binding protein and
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a sugaifunctionalized polymer. This strategy of noncovalent PEGylation using
glyco-PEG may benefit the development of leatwediated drug delivery

systernsf)3,208,209

600.‘ —— Fuc-PEG

| —— Me-fuc
w00, Results and Discussion
400 |

< 300 . i2ati

. Preliminary characterization of
2°°—- RSL bound to FucPEG.
100] J The formation of a noncovalent

9 | : conjugate between RSL and Fuc

30 40 50 60 70 80 90 100
Volume () PEG was expected to vyield a
Figure 4.2 SEC of RSL in the presence of 1

particle of ~50% increased mass
equivalents of FU®PEG (red) or Mduc (blue). The

elution buffer was 20 mM potassium phosphate, (compared to RSL, ~29 kDa).
mM NaCl, pH 6.0. Assuming that all six sugar

binding sites are occupied by Fuc
PEG (~2.3 kDa) the conjugate will
have a massf ~43 kDa.

An initial characterization
of the conjugate was performed by
using e exclusion
chromatography. RSL in the
presence of 12 equivalents of Me
fuc (Kg ~0.6 nM°) 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

pH

Sugar 1 2 3 4 5 6 12 _ _
Free eq. eq. eq eq eq. eq eq weakly interacted with the

Figure 4.3 Native gel electrophoresis in 5 ¢ Superdex resin. In the presence of

polyacrylamide (top) or 2 % agarose (bottom par FUGPEG, eltion was observed at
of RSL in the sugafree or polymer bound form. Thi ~55 mL, which corresponds to
equivalents of FU®€EG, the buffer pH and thi
electrode locations are indicated.

proteins of ~66 kDa (as indicated
by a BSA standard). This higher
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. ' s  thanexpected mass IS
characteristic  of PEGylated

74 W, 110
0 b .
A proteins as the random coil nature

—115

1 of PEG occupies a larger volume
o4 LRV than a corresponding & of
’ " folded proteir:>*'%*!'The peak at

C, e o "L130 ~43 mL, correSpﬂding to the

void volume, suggested the

°N (ppm)

& 105

° - presence of high molecular weight
& 8 9 110 1

Y aggregate&’
* 2a® o e The conjugate was further

. L S ~120  characterized by native gel
.. s »s  electrophoresis. Samples of sugar

o £ 5. s free RSL or RSL in the presence

© : ° —130

kil T ' of FUGPEG were analysed in both

'H (ppm) polyacrylamideand agarose gels

Figure 4.4 Two dimensional *H-*N HsQc (Figure 4.3.). Consistent with the
watergat&® (top) and TROSYHSQC®?*° (bottom)  theoretical p of ~6.5, RSL and the

spectra of 0.5 mM RSL bound tucPEG. Sample conjugate migrated towards the
conditions were 20 mM potassium phosphate, 50 r

NacCl, pH 6.0 at 303 K

anode or cathode at pH 8.3 or pH

6.0, respectively. In the sugiee

form a diffuse protein band was observed. With increasing amofifiscd®EG the
migration distance was decreased. This observation suggests that noncovalent

PEGylation produced larger particles that were more effectively retarded by the gel.

NMR Characterization.

>N-labelled RSL was titrated with pL aliquots of FREG (10 mM stock) and
monitored by'H-'*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 (Figu#ed. shows a comparison of the HSQC and
TROSY-HSQC spectra of RSL bound to FBEG).The proteirpolymer interaction

was in slowexchange on the NMR timescale consistent with an equilibrium
dissociation constant in the micromolar rady&>Considering the overasimilarity

of the spectra of RSL bound to Miec and RSL bound to FtREG (Figure4 .5.) it
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o Wwas evident that the highistable
- RSL structurd was unaltered by

o . 110

iy interaction with the polymer.

115

o Mt m ~ Figure 4.6. shows spectral
e ": N *‘2°w‘z§ regions of the superposéti->N
oL ::; s ot 'l TROSY-HSQCof sugarfree RSL
cw. 2 ., o . and RSL in the presence of Fuc

PEG or Mefuc. Recently, we

! ° ” ° ! assigned the backbone resonances

'H (ppm)

Figure 4.5 The overlaid *H™N TROSY:HsQc Of RSL in the sugafree form and
spectra of RSL bound to Mec (navy contours) anc in the presence of fucodike

RSL bound to FU®EG (red). sugars including Méuc 165
Numerous resonances assigned to backbone and tryptophan indole nuclei in the
sugarbinding sites had similar kemical shift perturbationé gin)the presence of
FucPEG or Mefuc (Figure 4.6. C). The similar pattern of shifts for each ligand
indicated that FWUPEG binds to RSL in a fashion similar to Me. Interestingly,
only two backbone resonances showed substantially diff@eitue to FUEPEG
binding. TheD d,q for Lys34 and Asn79 in the presence of fREEG were >2 times
larger than in the Mduc form (Figure4.6. C). Lys34 and Asn79 are structurally
equivalent residues located in loops that flank the -rated intramonomeric sugar
binding sites, respectively°> The backbone N atom of these residues is within 7.8

A of the methyl substituent of Mfic in the RSL crystal structure (PDB 2BT9).

The largeD dobserved for these r@sances (relative to the Mac data) is evidence

that the bulky FU®EG 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 sugfree fornt® or in the polymer bound form.
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A The D50% increase in
molecular mass of the RSL

— ooF'18

RSL + Fuc-PEG T82 Gs4 © conjugate was expected to result
RSL + Me-fuc S =
8 | 148 in increased line widths of the
G68 .
) . NMR signals. In the presence of
. e ® 2 Mefuc, the average 'H"
@@ i R I resonance line width of RSL was
—122 =
o® § 19.8 (+2.3) Hz. In the presence of
T T ¥ 7 L L T L L T v T Seae
B 100 T ®0# 12equiv of FUPEG, the majority
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. . D1 Hz broadeing observed for a
Figure 4.6. Spectral regiongA) and (B) from the

overlaid 'H-">N TROSY-HSQC spectra of sugdiree
RSL (black contours) and RSL bound to REG kDa PEG! Considering the
(red) or Mefuc (blue). (C) Plot of the average possible contribution of
chemical shift perturbations(t,y upon interaction
of RSL with 12 eq. of FUPEG (red) or Mduc

(blue). The Mefuc data wee reported previoushy?

monoPEGylated protein with 5

aggregation (Figure4.2.) to the

NMR data, a sample of RSL and

12 equw of FucPEG was
analyzed by TROSY NMR before and after purification by SEC. Thegme post

SEC samples yielded similar NMR spectra and the average line width was 26.0
(x4.4) Hz for he purified complexTherefore, it can be concluded that the observed

line width changes were due to noncovalent PEGylation (rather than aggregation).
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Chapter IV

Table 4.1. Line-widths of *H" resonances extracted from the TRGBSQC spectra of RSL
bound to Mefuc or FuePEG. Line-widths were measured in CCPNfor non-overlapping cross
peaks (~65 % of total). Si X resonances Wi
excluded from the analysis

"HY line-width (Hz) "HN line-width (Hz)
Residue Residue

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
Gl1 17.8 31.4 S57 24.3 31.1
T12 20.3 22.3 A58 19.8 23.7
V13 20.0 27.8 159 18.6 31.0
S15 22.2 32.2 R62 21.0 27.4
116 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
W31l 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 N9O 16.7 20.9

Me-fuc = 19.8 £2.3)
Average linewidth (Hz)
FUGPEG =28.6 ¢4.1)
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Noncovalent PEGylation of RSL

B ! To assess whether the

O N | 116 PEG alone contributed to the

= observed chemical shift

» "32@ perturbations control experiments

® were performed using PEG 2000

o /@ o (the starting rr-laterial for the Fuc
PEG synthesis). There were no

a0 ds 82 appreciable effects on the NMR

"H (ppm)
Figure 4.7. Spectral region of overlaidH-""N
TROSY-HSQC spectra of sugdree RSL (black indicating that PEG 2000 did not
contours) and RSL in the presence of 6 (magenta bind at this concentration 3
12 (cyan) equivalents of PEZ®00.

spectrun of RSL (Figure 4.7.)

mM).?*2 This result confirmed that

RSL + FucPEG W7as the L-fucose cap was necessary
RSL + Fuc-PEG + Me-fuc @ wrss -129 . .
wios | 130 fOr interaction.
gs 131 Competition binding
—132 .
Wais 53 experiments were used to assess
ks 134 £ the binding affinity of RSL for
Q.
(=X
. Pon PG Wi4s > FucPEG. The  prdormed
RS ' '3?)\\ 129 © .
W76
o wis| 130 complex of 0.25 mM RSL in
@ .
Wats 131 presence of 6 equivalents (1.5
132
W81s - mM) of FucPEG was treated
® wass B ,
5 | 134 with 1.5 mM of Mefuc or L-gal.
a8 w6 dos 40n Examination of the trymphan
"H (ppm)

Figure 4.8 Spectral region from the overlai indole resonances (Figuré.8.),

TROSY-HSQC spectra of RSL in the presence of Which are excellent reporters of
equivalents of FWPEG (red)and after the addition o sugar bindingl,65 indicated that the

6 equivalents of Mduc (top) orL-gal (bottom panel). FucPEG appendages were
displaced byMe-fuc (Kq ~ 0.6 pM) but not by l-gal (K4 ~ 9.0 uM). The indole
resonances of RSL bound to FBEG were shifted upon the addition of {fle
(compare Figurel.6. B). Interestingly, the structural equivalent W31 and W76 had
spit resonances (Figuré.8., blue contours) suggesting that the fREEG was not
completely displaced. In contrast the spectrum of RSL bound tePE®& was

completely unchanged by the addition of the weaker bindingal. These
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experiments proved the noncdeat / reversible nature of the interaction between
RSL and FudPEG ITC was used to further characterize the complex of RSL with
FucPEG (Figuret.9.). The fit parameters matched previously published tand

the measure&y (1.3 £0.3 pM) was consistent with the results of the competition

experiments.
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Figure 4.9 Isothermal titration calorimetry of RSL (24 uM) binding to FREG (1.5 mM) in 0.1
M Tris-HCI pH 7.5 at 25° C. The fit parameters wige= 1.3 £0.3uM, n = 2.5 +0.2;qiG = 33.7
+0.5 kJ/mol,-gH = 38.1 +0.8 kJ/mol anddi =-4.4 +1.1 kJ/mal

Small angle Xray scattering.

RSL samples, at a maximum

100

concentration of ~10 mg/mL,

RSL + Me-fuc
CRYSOL

L et bound to Mefuc or FucPEG

l COR/\L

Log | Relative

10

were characterised by SAXS.
Data collection was performed

\ )/“‘ using both the automated sample
cos e o er s es et changer and the online SEC at

Figure 4.10 SAXS data and model fits for RSI BM29. The online SEC was used

bound to Mefuc (lower curves) and RSL bound t t0 remove high molecular weight
FucPEG (upper curves). aggregates (>150 kDa, Figu4e2.)

immediately prior to data collection. The molecular mass (MM), the radius of

gyration (R), the Dhax and the volume (V) of RSL bound to Mec were estimated
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Noncovalent PEGylation of RSL

Figure 4.11 Top down and side views of the SAXS models of (A) RSL bound tdudand (B)
RSL bound to FU®EG. The models are colopded to match the fits in Figu&1Q The
DAMMIF models of RSL generated with; Br Ps symmetry are colored magenta and cy:
respectively. The DAMMIF () or CORAL (PEG chains only) models of RSL boundrucPEG

are colored green and blue, respectively
at 27 +3 kDa, 1.8 +0.1 nm, 4.8 +0.2 nm, and 42, mespectively. These parameters
coincide, within error, \th those computed from the RSL crystal structure (PDB
2BT9). The predicted scattering curve (CRYSOL) from the crystal structure fits
neatly to the exper i MdhAbarlitiododelszalc@ladted = 1. 97,
in DAMMIF?*3 (with P, or Ps symmetry, Figuret.10.) matched the protein crigs
structure (Figuré.11.). All of these data confirmed that RSL is a trimer in solution.
Samples of RSL bound to FREG resulted in a significant change to the
scattering pattern (Figu#10.). The parameters MM, RDmax and V increased to
42 +5 kDa, 2.9 0.1 nm, 10.0 +0.2 nm, and 72 nmspectively, consistent with the
formation of the protewpolymer conjugate. The difference in molecular weight
between RSL bound to Mec and RSL bound to FHEEG was ~15 kDa in
agreement with the expected mass difference of 13.8 Iba.initio models
generated in DAMMIE"® had six, three mone elongated protrusions that fit the
experiment al dat a wigtPhandd? symmétry, fespecivel@ or 2. 4
The fit and corresponding envelope faraPe shown in Figure$.10. and4.11. B. As

the resolution of thab initio modelling was insufficient to determine the locations
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of the PEG chains, constrained rigid body modelling was performed in CGRAL.

Chains of 22 dummy residuesn®woraseddo on S\

model the FuePEG. The fudPEG appendages were constrained to the known

fucosebinding sites (at residues Trp31 and Trp76 of the dirded intramonomeric

binding sitesf*®*The resulting model gave good fit

and overlaid neatly with thesBb initio envelope (Figurd.11. B). Irrespective of the

modelling strategy and in agreement with earlier stdt4°the FuePEG chains

were observed to extend away from the protein @or@andom coil conformations,

rather than interact with the protein surface. Therefore, the SAXS data were

consistent with the proposed AMedusa com
RSL and Fud’EG are an interesting model system in the context of the

Agrafting c)dandstte &org dimensio® (B of the polymef®*® The

fucosebinding sites in RSL have a hexagonal arrangement with an edge length of ~2

nm (distance between the methyl substituents infiMdecrystal structure, PDB

2BT9). PEG 2000 has agPf ~3.4 nm,which is ~1.7#old the grafting distance

(nearest neighbours). AssX Rethe tendency is for the PEG to adopt an extended

Abrusho conformation and thereby reduce

chains. This model is wetepresented by the SAXS data (Figdrgl. B).

Conclusions

We have demonstrated the possibility of noncovalent PEGylation in a protein
polymer conjugate based on the hexavalent lectin RSL and a foapped PEG. A
variety of biophysical techniques were used to characterize complex formation. By
using NMR spectrapy it was confirmed that the glycopolymer interacts with the
fucosebinding sites of the protein. The chemical shift perturbation plot was
consistent with previously obtain®d dat a
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 conjugat. TheKy for FUGPEG binding was estimated at ~In®1 by ITC
measurements and the reversible nature of the complex was demonstrated by
competition experiments. The FREG appendages were displaced by the tighter

binding Mefuc (while the weaker binding-gal had no effect). Small angle-rdy
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Noncovalent PEGylation of RSL

scattering was used to elucidate the structure of the conjugate. The scattering data

were consistent with a protemo | y mer fAMedusa compl exo in whi
were extended from the protein core. In terms ohtes applications, noncovalent

PEGylation could involve target proteins with an engineered gnigding site and a

glycolPEG with appropriate sugar functionality and PEG size.

Experimental

Materials: Methyl-U-L-fucoside (Mefuc) andL-galactose I(-gal) were purchased
from Carbosynth and Sigma, respectivelyfucosecapped polyethylene glycol
(FUGPEG) was synthesized via @apper catalyzed azidglkyne cycloadditioft®
(Scheme4.1.). Alkyne terminated PEG (AWPEG) wa prepared according to an
adapted literature procedy® by using PEG monomethyl etheiD2 kDa Sigma
202509) and propargyl bromide. Thé NMR spectrum of AIKPEG included peaks
at 2.42 and 4.18 ppm, assigned to the alkyrmdon and the adjacent Glgrotons,
respectively2-a z i d o e_{fubogewas Bynthesized as descritfétiFor the click
reaction, stoichiometric amounts of AIRREG and 22 z i d o eLtfutoséd wele
combined in tbutanol/water (5:1) in the presence of copper sulfate (0.1 eq.) and
sodium ascorbate (0.2 eq.) at 50 °C for 24The product was purified by flash
chromatography anfbrmation of thetriazolewas confirmed byH NMR andATR-
FTIR spectroscopy

A N e o

NaH / THF
Mn~ 2 KDa
CuS04.5H20/ HO OHOH
Sodium Ascorbate | N3
t-Butanol/water _\—0
50°C,24h
(o) HO
H3C/{ \/\}O/Y\N OHOH
n / _\_ (o)
N=p 0
Mwt ~ 2,272

Scheme4.1. Synthesis of fucoseapped PEG (FUBEG)via click chemistry.
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Protein samples:RSL was produced i&. coliBL21, transformed with the plasmid
pET25rsl, and purified by mannosaéfinity chromatography. The N-labeled
protein was prepared as described recéfily.

Size exclusion chromatography:SEC was carried out &1° Con anAkta FPLC
equipped with an XK 16/70 column (1.6 cm diameter, 65 cmHhmeght) packed
with Superdex 75 (GE Healthcare). Filtered, degassed b@®emM KPi, 50 mM
NaCl, pH 6.0wasused at constant flow rate df.5 mL/min. The samples @ pL)
contained RSL (20 pM) with 12 eq. of FUWPEG or Mefuc. Sample elution was
monitored at 280 nm.

Electrophoretic  characterization of noncovalent PEGylation: Native
electrghoresis was performed agi 5%polyacrylamide or 2% agarose gés0 cm
x 7.0 cm)in horizontal mode. The samples (ib) contained 100rM RSL and up to
12 equivalents of FUPEG. Acrylamide gels were run at a constant voltage of 150 V
in Tris/Gly buffer at pH 8.3 for 30 mirAgarose gels wre run at 100 \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: *H-">N TROSY-HSQC*®**spectra were acquireat 303

K on an Agilent 600 MHz NMR spectrometer equipped with a HCN cold piiciee.

samples contained 0.25 or 0.5 mMM-RSL in the sugaifree form or in the presence

of 1-12 equivalents of FUPEG, metll-UL-fucoside or.-galactose. The buffer (20

mM potassium phosphate, 50 mM NaCl, pH 6.0) was identical for all sanpies.

data were processed in NMRPi3éT he di fferences in chemic:

the sugaifree and bound forms of RSL were measured in C¢Pand the average
perturbations wegr e [Jegall( Ou DA€ dPlias

Isothermal titration calorimetry: Experiments were performed at 26 using a
Nano ITC (TA Instruments) and conditions similar to those previously published.
Samples of protein (24 uM) and ligandsZImM) were prepared in identical buffer
(0.1 M TrisHCI, pH 7.5). Ligand solutions were added in 30 injections of 3 ul at

intervals of 3 min while stirring at 300 rpm. A control experimens warformed by
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Noncovalent PEGylation of RSL

injecting FuePEG into buffer, which yielded negligible heats of dilution. The data
analysis was performed in NanoAnalyze.

SAXS characterization: Smallangle Xray scattering experiments were performed
at the ESRF BioSAXS beamline BM29 egped with a Pilatus 1M detector
(Dectris)?%*?' RSL bound to Mduc or to FuePEG was characterizeat four
different protein concentrations (10, 5, 2 and 1 mg/ml) utiegautomated sample
changer”? Data were collected also onsample of the conjugate that was -pre
treated via anmine SECat BM29.7% All of the sampés were prepared in the same
buffer, identical to that used for the NMR experimerS. (automated sample
change)y or 100 (SECE Wolumes were exposed to-rays for 10 individual frames,
each 1 second in duration. Individual frames were processed withutbenatic
processing pipelirfé®, to vield individual radially averaged curves of normalized
intensity wr sus scattering angle s = 4" sind/ &. A0
utilized the automatic data processing tools of the ENHmburg ATSAS
packag&*?® to combine timeframes (excluding any data points affected by
radiation damage), yielding the average scattering curve for each exposure series.
Matchedbuffer 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 packdge.

The forward scattering(0) and radius of gyration Rvere calculated from
the Guinier approximatioff’ The hydrated particle volume was computed using the
Porod invariarf?® and the maximum particle size,R was determined from the pair
distribution function computed by GNO¥f in PRIMUS?® An estimate of the
molecular mass (MM) of each construct was made from the 1(0), with the partial
specifc volumes of RSL and PEG taken as 0.74 and 0.8&cmespectively® Ab
initio models were calculated using DAMMI® and then averaged, aligned and
compared in DAMAVER®' CRYSOL**? was used to calculate the scattering of
RSL based on the crystal structure coordifa(E®B 2BT9). In CORAL, 6 x 22
dummy residues with random coil conformationg €ymmetry) were added to
account for the six FUPEG chains. The assumption of 22 residues perPE@
was based on the molecular weight (~2.3 kDa)
electron density of PEG (~0.4 €)fis comparable to that of proteihThe averaged

and filtered model was used to visualize the prepeilymer assembly and
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SUPCOMB* was used to optimally orient the RSL crystal structure (with minimal
spatial discrepancy) into the finaloghel. Fits of the models to the experimental data
were prepared in SAXSVIEWh({tp://saxsview.sourceforge.pet
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Chapter V

RSL Interactions in Physiological and Crowded Environmens

Antonik et al, manuscript in preparation
All of the NMR and electrophoretic experiments were performethéguthor. The gelatin section

was part of the final year project of Mich&@&earywho prepared albf thegelatin and agarose NMR

samples.
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Abstract

Protein characterization ime native celllar environment is a challenge that protein
scientistsare still trying to overcomeAn alternative strategy is tmimic the cell
interior by using cell extracts ormacromolecularcrowders such as protes)
polysaccharides or synthetic polymekrkere we reportstudies of RSL(pl ~6.5) in
physiological and crowdednvironmentsln-cell NMR spectroscopprovedto be
ineffective to study RSL so we shifted our focus toward crowded and confined
environmers. BSA (d ~5) or lysozyme (p ~10) were usedas proteincrowders It
was observed that higtoncentratios of crowder (300 g/L) resulted in completely
broadenedspectraof sugarfree RSL suggesting that the protein formed high
molecular weight assembliesither homooligomers or complexes with the crowder
Addition ofthetightly binding methylU-L-fucoside recoered partiallythe spectrum

of RSL inthe presence of BSAut not in the presence of lysozymiehis suggests
that the more flexible, sugafree form of RSL is more susceptible to crowding
effectswhile the lysozymedatasuggest additional involvement obmplementary
charge interactionsTo explore thecontributionsof confinement and electrostatic
interactions,RSL was studiedin cationic bovine, anionic porcinegelatin andin
neutralagarose gelsAdditional datain polyacrylamide gelprovidedfurtherinsights

into therelatiorship betweerpore sizeandconfinementeffects.
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Introduction

To date, themajority of protein studiewiave beercarried out inbuffered
aqueous solutiorf$*?* As the nature of macromolecular organization within the
cell hasgained more attention incent yearsproteinstudiesare shiftingtowardsin-
cell experiment$*®?*° The cacentration of macromolecules the cell reaches
hundreds of grams petitre, limiting the cell volume available to other
molecules**?**This crowded environment rais#se potential forthe formation of
transient complexes thataynot to beobserved in diluteaqueousolutions'*0+1113
For instance, owding and confinement calead to protein aggregationdue to
changes irkinetics or protein stabilit§**

NMR spectroscopy is a unique technique that alldhe observation of
protein structure in solutiorat the atomic level.In-cell NMR can provide
informationon how the crowdedntracellularenvironment affects protein structure
and dynamics!*2%02%¥244 Nevertheless, this method has limitatiott was shown
that many globular proteinsare undetectable inE. coli cells by NMR
spectroscopy *?**?**This technique also requires careful sampleparation to
avoidthe protein leakage problef’

The generatioonf an artificial cell interior provides a solution for these issues
and presentsa straightforward method texamine proteins in physiologically
relevant environment€dl mimics such as macromolecular crowding/confinement
agents have beenused to study biological macromolecules iphysiological
environments?®?*! To replicate the ircell environmentpotential crowders like
proteins'® polysaccharidé&® and synthetic polymets have beenested.

The model proteirRSL’ is a ~29 kDa symmetric trimevith alow net charge
(Asp x 3, Glu x 3, Lys x 3, Arg x 3 and His xtheoretical p ~65). RSLhas small
positively and negatively chargegatches evenly distributed on therface(Figure
5.1.) making it aninteresting molecule to examine against differently charged
proteins(including gelatingd aschargecharge interactionshouldbe weak Also RSL
is relatively large for ircell NMR butthe lack of strong electrostatics can ba
interesting feature to ingéigate.

Here we present NMRstudies of RSL in physiological and crowded

environments. RSL is anionic at physiological pH 7.6 such asin human
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Figure 5.1.Electrostatic surface representationfR8L (PDB 2BT9) where positive and negativ

potentialsare coloured blue and red, respectively
serum We tested RSlusingin-cell NMR but thespectrum was not detectable. We
decided to mimicthe intracellular environment and test RSh the presence of
protein crowderspH 7.6 was choserfor our experiments tde consistent with
physiologicalconditions BSA andhen egg whitdysozyme are standard proteins
used as crowders with the size of ~66 and ~14 kDa, respectively. Valués-Bf p
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 irconfined
environmers. Bovine and porcine gelatins have different physicogbam
properties. Bovine gelatims anionic witha narrow | of 4.7-5.4 while porcine
gelatin is basic witha broad p of 7.0-9.02*° Bovine gelatin (at 100 mg/mL) has
poressize of 520 nm?**?*!Experimentson RSL encapsulated in gelatir agarose
were carried out at pH 6, which makes bovine and porcine gelatins anionic and
cationic, respectively. In contrast to gelatin thad isetworkof charged peptideshe
agarose gel is aetwork of neutral polysaccharide To investigate aspexbf gel
pore size on confinement we performed additionatteophoresisexperimentsin
2% agaroseand15% polyacrylamidegels with pore sizes 0130-170 nm andelow

20 nm, respectivel§P??°3

Resultsand Discussion

In-Cell / Extract NMR.
Sugarfree RSL in aqueous solutioryields a well resolved2D HSQC
spectrum (Figuré.2. A and ChapteR). The incell *H-">°N HSQC (Figure 5.2. B)
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showedthat RSL wasindetectablén E. coli cells**?*2*°The observeceakswere
due to mobile side chain amides aht\-labelled metabolite§® Typical over
expression of°N-labelledRSL yields ~50 mg/L concentrationThe high expression
level (above the detection limit of ~5AM) suggestshat the lack of an Heell

spectrum was caused by interactibesween RSL anthacromoleculesitheE. coli

cytosol. A cell extract, prepared by a standard fretmev proceduref the incell

sample yieldeda weltresolvedH->N HSQC spectrum. Interestinglyjthe extract
spectrum revealed chemical shift perturbasioelative to sugarfree RSL in buffer

(Figure5.2. C).

A ..., 110D ©® *®
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SR AR 1120 )
B SO o o D
ETRA LY /2 D32 L
A 130 (©) 128
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Figure 5.2 *H->N HSQC spectra dfA) sugarfree RSL in 20 mM KPi, 50 mM NacCl, pH 6.(B)
a suspension d. coli cells containing oveexpressed RSL (brown) aii@ - E) Overlay of RSL
in extract (yellow) and RSL in the presence of 30 mHglucose (red) ob-galactose (blue). The

black dotted circle indicates where the Trp36 indole typically resonates.

As presented in ChapteB, the weakly binding sugars have similar, small €SP
Therefore it is hardly distinguishablevhich exact sugar in the cell extraovas

bound to RSLPanels D and E dfigure5.2. show spectralregiors from overlad
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HSQCspectra of RSL i cell extractandin the presencef 30 mM D-glucoseor D-
galactoseln general, theegiors presentedsimilar CSFs. Distinctive differences in
i was o0 bGuE3(Mgard5.2fD) andtheindole of Trp31 (Figure.2. E)
suggedng binding of D-glucose instead ab-galactose. Bennett al. have shown
that theE. coli metabolome contains mM concentration of glucostd&she overall
spectraof RSL in extract and ithe presencef 30 mM D-glucose are similar but not
identical suggestinghat RSLcould bebound to glucoside®und inE. coli. Tyr64,
Thr71 and Lys83 inthe presence ob-glucose presented similar CSPs as RSL in cell
extract whilethe crosspeaks of Arg29 and Asp32 were clearly different (Figura

D).

RSL in the Presenceof Protein Crowders or Human Serum

2D 'H-N TROSY-HSQC experiments weracquiredon 0.25 mM samples of
sugarfree 1°N-labelled RSL irthe presence of BSA dysozymein 20 mM KPi, 50
mM NaCl at pH 7.6 Samples were prepareat 100 g/L concentration of each
crowder and adjusted t@H 7.6. After dataacquisition additional crowder was
added to 300 g/lLthe pH was readjusted and samples wereeasuredSpectravere
acquiredalsoatfterthe addition of 2 eq. (3 mM) of methylL-fucoside to checkhe
sugarbound formof RSL inthecrowded environment.

In the presence of 100 g/L of BSA, RSyielded a high quality HSQC
spectrum(Figure 5.3. top) while in 300 g/L of BSA the spectrum oRSL was
broadenedbeyonddetection(Figure5.3. middle). Uponadditionof 3 mM methydU-
L-fucoside the spectrumaspartially recoveredqFigure5.3. botton). The sugarfree
RSL is moreflexible than sugabound RSE®® (Chapter2). The addition of tightly
binding monosaccharidesuch as methyllL-fucoside decrease spectrum line width
resulting in~3 Hz sharper peaks (Chapse2 and5). The presence of 300 g/BSA
might promptaggregabn of RSL and henceausing severe broadening. Addition of
methytU-L-fucoside increasesRSL rigidity and also decreasthe spectrumline
width so resonances weagaindetectableBoth RSL and BSA at plg are anionic,
so chargecharge interactions betweerRSL and the crowdeare repulsive In
contrast only 100 g/L of lysozyme causedsignificant broadening At 300 g/L
lysozyme tle spectrum oRSL was completely broadedbeyond detection and
addition of methylJ-L-fucoside did not recover the spectrum. Possilipnic RSL

interacted withthe cationic lysozyme to far large molecular weight complexes
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BSA Lysozyme
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Figure 5.3.'H-"N TROSY-HSQC spectraf 0.25 mM RSLin the presence of 10fop) or 300
g/L (middle) of the protein crowder. Samples with 300 g/L of the crowder were treated w

mM (2eq.) of methylJ-L-fucoside(bottom). The buffer was 20 mM Kpi, 50 mM NaCl at pH 7.

The spectra are contoured identically
The crowdingandattractive chargeharge interactions in 300 g/L of lysozyme may
havecaused RSlaggregation such that RSkasnot detectable by NMR ieither
sugarfreeor -bound forms.

In serum, theNMR spectrum of ggarfree RSL was alsobroadened beyond
detection (Figure 4B) The heterogeneous composition of seramd increased
viscosty relative to water hindes moleculartumbling and prompts broadening.
Small moleculessuch aslactatestudied in body fluids showed broad#t NMR
spectrain serum and urin€*?*° The similarity of the spectra of RSL in serum
(Figure 5.4.) or in the presence of BSA (Figufe3.) suggests thatuman serum
albumin (HSA) (the most abundant protein seruni®?% was responsible for

spectral broadeninglhese results suggesbmplex formation (and increaséd) in
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A . . 110 serum The role of chargecharge
. | interactionson complex formation for
Ll 120 RSL in either crowders or serum
. % " ' - cannot be fully considered without
- additionalexperimentsat different salt
B' ' ' | V | 110 concentrations.
€ _ | | )
120 - RSL in Confined Environments|
~  Gelatin or Agarose
130 &
———— " To our knowledge, gatin hasnot been
C . . 110 used previously as a crowder or
) ' confinement agenin NMR samples
-;‘__ R <120 First, it was necessaryo determine
LB ‘ N g 130 what gelatin concentration would be
, v , suitable for physiologicdlyirelevant
1 10 9 8 7 6 experiments withouimpacing spectral
'H (ppm) : . .
quality. Bovine gelatinsampleswere

Figure 5.4 'H-"N TROSY-HSQC spectra of ayamined by H-N HSQC
(A) 0.25 mM RSL in 20 mM KPi, 50 mM

NacCl, pH 7.6(B) in human serunfC) and after
the addition of 3 mM methyl}L-fucoside

watergaté® spectroscopy ~ at
conceitrations of50, 75, 100 and 125
mg/mL (Figure 55.). Bovine gelatin
spectra reveald background signalin the protondimension(7.8 - 8.8 ppm)and
throughout the®N dimension. The noise (7.8 - 8.8 ppm) is consistent with
background signals fronthe amides of collagenwhich is present athigh
concentration This noise partly obscure thespectrumand make gelatin samples
more difficult to analyze and interpret. 75 mmy/ gelatin was selected for further
experiments as this concentration was the highest, most physiologically relevant
concentration which did naignificantly affectthe spectrunfFigure5.2. B). Also it
was found that concentrations above 100 mg/mL wdffecult to prepare and
resulted in heterogeneous gits>°N HSQCexperiments were performed feugar
free RSL and RSL bound to methiL-fucosidein 75 mgmL porcine or bovine
gelatin or 0.57 2% agarose gel

In porcine gelatin thepectrum ofsugarfree RSL was broaegnedbeyond

detection with only side chain crepsaks detectedn contrast, irbovine gelatirthe
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Figure 5.5. *H-">°N HSQC watergatespectra of
bovine gelatirat (A) 50 (B) 75 (C) 100 and (D)
125 mg/mL in 20 mM KPi, 50 mM NaCl, pt
6.0

this is justadeduction

More insight into this phenomenon was

spectrum was broad but detectable

Interestingly the spectral quality
improved in both gels whemethytU-
L-fucosidewas addedThe eperiments
were alsoperformedusingthe TROSY
pulse sequence buhis approachdid
not improve the spectrguality.

At pH 6.0 RSL is slightly
cationic. Crowding experiments
suggest that RSLcan interact with
oppositely charged proteins e.§.
lysozyme, Figures.3.). Similar effects
might be expected in the highly
confined chargeich environment of
the gel. Interestinglythe results were
counterintuitive as cationic RSL was
undetectable in the cationic porcine
gelatin, yet detectable in the anionic
bovine gelatin (Figures.6.). Perhaps
one of theexplanationss thatthe pores
in porcine gelatin aresmaller than in
bovine, resulting in more confined
environment at the same concentration
However a literature value fothe pore

size of porcineggelatinwas not foundso

providedNdIR experimers in agaose

gels (Figure5.7.). Resonance broadening of sudi@re RSL was dependent olmet

concentration of agarose (052%, Figure5.7. top). The decreased pore size in the

more concentrated agarose gel has a greater confinement effect and more strongly

influences thel} of RSL. Similarly as it

was inthe case of experiments with

crowders, the additiomf methytU-L-fucoside improved thepectal line-widths.
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Figure 5.6 "H-"N HSQC spectra dd.1 mMsugarfree RSL (top row) or RSL bound toethyk

U-L-fucoside(bottom row) in porcine (left) obovine(right) gelatin The sample conditions wer

75 mg/mL gelatin in 20 mM Kpi, 50 mM NaCl, pH 6.0
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Figure 5.7. "H-"°N HSQC spectra afugarfree RSL (top row) and RSL bound toethyFU-L-

fucoside (bottom row) encapsulated in 0.5% (left) or 2% (right) agagee The gels were
prepared in 20 mM KPi, 50 mM NaClHp5.0
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Difference in linewidths betweenthe 0.5% and 2%agarose samples remained
(Figure 5.7. bottom) A detailed comparison of the lingidths in agarose gels is
presented in Table 1.

Theagarose gel is a polysaccharide network-gfalactose and 3;&nhydre
L-galactose repeat unit¥ It could be expected thétis sugar network birsto RSL
and t he high snolécular cgmplei could cause CS3Pandbr severe
resonancédroadeningHowever, no CSPs were observed #mele waonly ~3 Hz
difference in linewidth between 0.5% and 2%garose geléFigure5.7. and Table
5.1.) suggesting minimal interactions between RSL and theRf@L bindsto both
galactoseenantiomergChapter3) thatarethe constituerstof agarose so binding to
the gel could occur However if we consider structureof the agarose, then
interactionswith the gelare impossible Agaroseis a linear polymer consisting of
alternatingbd-galactose and 3;@8nhydreL-g al act opyr an-04&3) i akdd
b-(1Y4) glycosidic Ihepotymmerterninncoutd bindto RSla s e o0 n
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-fnegaRSL
acquired in agarose unled®e complexvas too large to detect by NMR (X1@Da).
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Table 5.1. Line-widths of*H" resonances extracted from the HSQC spectsagéirfree RSL or
RSL bound to methyl+L-fucosidein agarose geld.ine-widths were measured in CCPNmr for
non-overlapping crospeaks (54% of total).

HN line-width (Hz)
0.5% Agarose

2% Agarose

4N line-width (Hz)

0.5% Agarose

2% Agarose

Residue Residue

Sugar Me- Sugar Me- Sugar Me- Sugar Me-
Free fuc Free fuc Free fuc Free  fuc
V3 21.8 19.3 29.6 24.5 V48 24.1 241 281 28.1
Q4 22.8 25.6 29.1 23.3 S49 27.5 28,6 334 336
T5 27.2 25.9 32.9 27.2 SH2 19.6 211 287 314
T8 26.6 20.4 34.0 29.2 V55 25.2 255 324 316
S9 24.3 22.1 26.1 24.6 A58 21.6 184 224 20.9
W10 24.5 26.5 34.6 30.5 159 26.1 243 30.6 304
G1l1 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 254 24.2 275 422
Y19 26.6 26.8 249 434 A65 28.2 21.8 20.1 335
T20 21.8 23.5 32.2 23.1 G68 23.8 25,6 313 269
A21 31.2 21.3 36.3 26.4 T70 21.3 21.3 31.0 210
N23 26.6 226 312 37.1 T71 25.6 21.0 353 293
G24 20.6 20.6 265 26.6 T72 25.7 28,6 31.8 305
K25 20.9 21.7 281 219 E73 22.2 227 26.2 305
T27 25.8 239 342 358 W74 24.7 256 27.8 38.0
D32 31.1 23.3 20.1 19.6 C75 30.8 239 174 354
Y37 21.9 244 335 21.2 W76 36.0 221 16.1 185
T38 22.4 18.5 27.3 28.0 T82 25.1 27.2 207 25.8
G39 21.3 27.9 204 285 K83 17.6 204 26.2 21.8
F41 27.1 18.0 28.8 283 G84 27.3 200 310 246
N42 22.0 27.8 27.6 25.3 A85 32.7 246 250 36.6
E43 33.2 23.0 427 19.6 A88 25.3 26.8 225 253
G45 214 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 linewidth (Hz)

0.5%, SugaFree = 25.243.9)

0.5%, Mefuc = 23.4 £3.5)

2%, SugarFree = 28.1£6.5)

2%, Mefuc = 27.8 £6.1)
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Electrophoretic characterization.
To further investigatgore size effest
in different  types of gels

electrophoresis experiments  were

1 2 3 456 7 8 performed RSL was characterized by

SDSPAGE and native gel
B “ ““' >150 kDa electrophoresis. Samples stigarfree
or -bound RSLwere analyzed in 15%
polyacrylamide (vertical) or in 2%
agarose (horizontal) gel
. ~12 kDa For native gel analysis, the
agarosegel wasprepared irKPi buffer
at pH 6.0 Therefore,the migration of
RSL (@ ~65) was towards the cathode.
1 1" 8 8 Samples of sugdree RSL andnethyt
Figure 5.8 2% agaroselectrophoresigA) and UL-fucoside bound RSLmigrated to
15% SDSPAGE (B) of 0.1 mM RSL (A) the  different distancegFigure 5.8. A) in

migrationof sugaffree RSL (1) and RSIn the native agarose gelsSugarfree RSL

resenceof 0.2 mM of D-glucose (2), D- . .
P g _ @ migratel the shorest distance(3 mm),
galactose (3)p-mannose (4)p-arabinose (5),

L-galactose (6),L-fucose (7), ormethykU-L- butwhenbound tol -galactose Kq ~10

fucoside(8). (B) Unboiled and boiled (indicatec UM)  or  other tightly  binding
with asteisk) sugarfree RSL (1) or RSL bounc  monosaccharidegKy O 2 )
to methytUL-fucoside(8) migration distance was increased
(Figure 5.8. A). The largest migrationnto the gel was for the tightest binding
methytUL-fucoside(Kq ~0.5uM). The diameter oRSL (PDB 2BT9) is ~5 nm, that
is ~30 fold smaller thathe pores of 2% agarose gel. In tluiase migration should
not be hampered by the pore size totild be slowed dowhy weak binding to the
gel. Methyl-UL-fucoside bound RSLwould lack interactionswith the agarose
networkresulting in the greatestigrationinto the gel

SDSPAGE experiments were performed usib§% polyacrylamidegels that
haveat leastlO fold smaller porethanthe agarosegels.>>> RSL is a ~29 kDa trimer
in solution (confirmed by SAX3® Chapterd). SDS and boiling should unfolkhe
proteinresulting in aband in the geat ~10kDa If unfolding is unsuccessful, then

the native proteincould migrate into the gel atar asa typical ~30 kDa protein
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would travel. Samplesf RSL for SDSPAGE analysisvere usually boiled for 10
minutes to completely denature the protdire to high thermastability of RSL
(Appendix D)*® TheRSL diamete(5 nm)is ~3 times smaller thathe pore sizeof a
15% polyacrylamidegel To investigate the role of the pore size, samples of sugar
free and-bound RSLwere comparedinterestingly, Figure 5.8. B shows that the
native samplesof sugarfree and-bound RSL did not migrate into the ga& all,
suggedng that RSL foms assemblies larger than the pore siZbe lessdense
stackinggel (5% polyacrylamidgresulted imit ai | i ngo. of the sampl e
Whenthe sample was boiled and the pnot@as denatured the monomer was
observed for both sugéiree and-bound RSL.Interestingly the boiled sample for
methytU-L-fucoside bound RSlgave rise totwo distinct bands on the gel. The
lower faint band corresponds to the unfolded monomer.upperbandwassimilar
to the band observed for unboiled, native samples. The mgthflicoside bound
RSL is extremely hard to denature with a thermal stability 96°°The standard
SDSPAGE protocol requires boiling at 98 so heating for 10 minutes was
insufficient to fully denature théucoside bound RSLConsequetly, the loaded
sample contained both folded and unfolded species ofi@8th wereobservedn

the gel.

Conclusions

RSL, similar to other globular proteiffé* wasundetectabldy in-cell NMR
spectroscopy.However, a well-resolved HSQC spectruof RSL was observeth
concentrated cell extract. What is more interesting, RSL was found suda
bound in cell extracts presumably to glucosida®sent inE. coli at mM
concentration.

The studyof RSL in crowded environmesitevealedhat protein crowderat
300 g/L can lead tocompletethe loss ofNMR signal This resultis likely a
consequence ofhe increasedsample viscosity and the aggregation of RSL.
Remarkably, addition ofthe tightly binding methytUL-fucoside reversed the
broadening effecthut only for RSL inthe presencef BSA. RSL inthe presence of
lysozyme revealedignificantbroadening alreadst 100 g/L of the cravder. Spectral

broadening maguggestcomplex formation betweeanionic RSL (at pH 7)6and
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thehighly cationic lysozymeia chargecharge interactia However, this statement
requires further experimeral investigationsuchas NMR measurementst higher
concentration of NaC(100-150 mM) that may disrupt the electrosatic effecs.
Similar observationss for BSA experimenivere made foRSL in human serum
presumablydue totheabundance of HSA.

Gelatin was examined as a potential macromolecular confinement agent
using a procedure thatlies on proteins that are stable40 °C.The HSQC spectra
wereimpeded bybackground nois&om gelatin. The results for RSlencapsulated
in gelatin were firstly ambiguous.Bearing in mind results obtained for protein
crowdersit was hypothesized th&SL would not stick to eithetype ofgelatin or
just to the positively charged bovine gelatirwever,RSL encapsulated in either
gelatinresulted irbroad spectradJpon addition of methyl}L-fucosidethe quality of
the spectra improvedoticeably RS detection was alsaweakened with increasing
agarose concentratiom 2% agarose ge¢he RSL spectrum was broad but no CSP
was observeduggeshg that RSL aggregates in the confined environnieading to
impairedspectral detectiarHowever,binding to agarose gel netwodould be too
weak to be observed by NMRhe results for RSL encapsulatedainange of gels
suggest that broadening detected in the spectra was due to differesizes that
affectedthe rotational correlatiortime rathe than electrostaticer strong binding
effects between RSL anthegel network.

To investigate the effect of confinemerglated tothe pores size, the
additional electrophoreticcharacterization for sugdiree andibound RSL was
performed in polyagiamde and agarose gelSugarboundRSL migrated further
into the agarose gel thangarfree 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 aufjee or-bound form that cannot migrate
into 15% polyacrylamide gel. MethylL-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 andporcine gelatin, hen egg white lysozymd&SA and DMSO
were purchased form SIGMA.

Cell Slurry Preparation for In -Cell NMR: Four hours posinduction, 50 mLE.
coli culture expressiniRSLwashar vested (1500 r pm, 20

pellet was gentlyesuspended in a final volume of 0.5 mntaining 286 D,0.?*°

Cell Extract Preparation: Concentratedcell extract samples were prepared as

previously describetf®

NMR Spectroscopy H-'>N TROSY-HSQCG®*°or HSQC watergafé® spectra
were acquirect 303 K on an Agilent 600 MHz NMR spectrometer equipph a
HCN cold probeThe data were processed in NMRPfand analyzed i€ CPN*®

Gelatin/Agarose NMR sample preparation The procedurefor preparinggelatin
samplesvas adapted from the protocol used for the gelatin strengtf*&8and the
methods of Leuenbergé? The gelatin was weighed oubch combined with NMR

buffer and DO. 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 plusmethytU-L-fucosidg was also heated for @in 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 p@ventthe gelatn

from solidifying. The samples were incubated overnight at 4 °C to ensure complete
gelation

A method similar to Crowlegt al was used to prepare agaragpd NMR samples.

12 The agarose was weighed out and combined with NMR buffgd, &hd NaN.

The suspension was heated umbiélting (90 - 95 °C) and maintained at 70 °C
followed by addition of RSL. The sample was inverted several times and transferred
rapidly using a préneated pipette to an NMR tube. The sample was incubated at 4

°C overnight.
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A typical NMR sample containe@®.1 mM RSL and75 mg/mL ofporcine/bovine
gelatinor 0.5/2% of agarosm standad NMR buffer 20 mM KPi, 50 mM NaCl at
pH 6.0, 10% BRO) and 0.04% Nablas a preservativeThe pH of theroteingelatin

mixtures in the buffer was verified to be 6.

Electrophoretic characterization:2 0 €L sampl es containing
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.
SDSPAGE (15% polyacrylamide) & 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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Discussion

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 sugaee and-bound forms (full list of assignments in
AppendixB). Additional assignments weresal 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 crpesks. ChapteB 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 monoseabarides €.g9. D-fructose, D-glucose, D-galactose), a
disaccharide (sucrose) and sugar alcohols (glycerdlicitol). Interactions and
possible sugar conformations were analysed by using chemical shift perturbation and
manual modelling of each sugar inlee RSL binding site. This broad variety of
sugars helped to create a library of R&lgar bound spectra. This knowledge was
used to analyse.g.the content of vegetable extracts. The data confirmed binding of
RSL toD-fructose found in vegetable juiceh&pter4 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 attaent to RSL. The protein
glycopolymer conjugate could be disassembled by competing interactions with
tighter binding carbohydrates like methyl-fucoside. Chapte5 is an initial study

of RSL in physiological environments. Although, RSL was undetectaplm-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

2.1RSL-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 B test

allose,D-idose andD-talos. D-mannose is the tightest binding to RSL among the
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tested aldohexoses in D configuration. We have showrptigatlactose, C2 epimer

of D-mannose, binds twice tighter tharglucose, C2/4 epimer (Chapt&:. The test

of D-talose, C4 epimer af-mannosecould 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 adaiptawhen a sugar alcohol binds to

a protein. We showed that the shorter glycerol binds tighter than the longer (more
conformationally flexible)_-fucitol (Chapter3). D-arabitol has an intermediate size

and its affinity could be lower / higher than glygkand L-fucitol, respectively.
Volemitol as the longest among the tested open chain sugar is predicted to be the
weakest binding or even ndrnding.

Proteinsugar interactions have their crucial role in nature as saccharides partake in
numerous biologidaprocesse$®® Considering the biological importance of such
recognition events an obvious continuation on the B&ar interactions is to study

the binding of complex carbohydrates. For example, Le(@®B 5AJB) ad Sialyt

Lewis® (PDB 5AJC) interactions with RSL have been characterized byyX
crystallography® 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€O{4D-glucopyranosyb-
glucose)or lactose 4-O-b-D-galactopyranosyb-glucos@ may give new ideas on
weak binders. Studies of RSL binding to weak sugars are practically impossible
using other experimental techniques. For instance, Kostlagtoakshowed thab-
galactose was classifies a norbinder while we proved that it is a weak binder
with Kq ~ 15 mM. Disaccharides composed of tight bindengld also be interesting

to characterize, for exampl e, the variou

linkages).

2.2PEGylation

PEGylation is a widely used modification to increase protein size, solubility and
stability.°°'%?|n Chapter4 we demonstrated noncovalent PEGylationstédy 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, propaitysaccharide 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
monomercontains 28 reactive side chains (Tyr x 4, Asp x 3, Glu x 3, Lys x 3, Arg X
3, Cys x 2, and His x 1), 7 tryptophans and théN@ermini, which can be
derivatized for conjugation purpose€! The two most common conjugation
strategies areia modification of cysteine or lysine residu@$Therefore, narrowing
target residues to just Cys and Lys, gives rise to a total of 18 potential modification
sites (including the Merminus) in the RSL trimer. The initial studyf 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 exposad lys
residues and the -derminus was successfully performed and further studies are

currently being carried out in the Crowley lab.

2.3Physiological 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 chafggrge interactions with the
catioric lysozyme at pH 6. For this reason measurements ofliR®lzyme mixtures

in different salt concentrations are required. RSL is a nhew model protein for studies
in physiological environments, therefore, many already developed systems can be
implemented. Fo instance, using synthetic polymers may provide a feasible
comparison with protein crowders. Crowlet al. showed the ability of high
concentrations of PEG to bind to hydrophobic regions of cytochmffeRSL was
tested in the presence of 3 mM PEG 2000 and at this concentration no iobsracti
were observed (Chaptet). At much higher concentrationise. 100 / 300 g/L
interactions might occur at hydrophobic sites in RSL (see Figurg. Another
widely used polymecrowder isFicoll70, a branched and cro$isked polymer of
sucrose and egiorohydrine that, due to its more spherical shapa mimic
globular proteins of ~70 kDa(g.BSA). This synthetic crowder is more interesting

as Ficoll70 canseemingly bind to RSL. It haa branched structurvith chains
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terminatedby sucroseWe showedhat sucrose, the main component~afoll70 is

the weakest binding sugar among all tested but in the cdSeodi7O, multivalency
plays a role Even if theterminal sucrosebinds in a different, lessfavoured
orientationcompared to the fredisaccharide, the interactions between RSL and
multiple Ficoll chains can occut high concentration of the crowdeesulting in
high molecular weightomplexesHere, the PEGwyted protein can be masked from
other molecules so new insight on crowdingl dnnding events can be elucidated
using PEGylated RSL in the presencdamoll70. Presumably, PEGylated RSL can
be protected from binding técoll.

2.4In Plant NMR

The uses of unusual crowders to mimic physiological environments have been
reported. For xample, Martorellet al. studied CyaY protein in hen egg whitg,

while Sarkaret al. prepared reconstituted cytosol to study chymotrypsin inhibitor 2
stability?®® In Chapter5 we have presented the method of using gelatin as the
confinement agent that is also quitevel 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 thee adlérplant NMR.

The transfer of sugdree 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 showlad) ko
D-fructose in the extract (Chapt8). Sugaffree 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 pid 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 ch@e a plant tissue that will be easy to work with. Here, the
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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 intdhe 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 materiafollowed 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 inteseng and surprising.

2.5 Plant Pathogen Inhibitors

Ralstonia solanacearuris 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 economitadses’* A pesticide that helps combat
Ralstoniawilting could be based on knowledge of RSL, which mediates plant
pathogen interactiorsSince 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 (Chapt@) but the attempts to obtain a positive hit will be continued.
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