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[I. Abstract

Multivalent proteincarbohydrate interactions are crucial in many aspects of biology as
they initiate the first contact between pathegs and hostellswhich ultimately leads to
infection. Developing an understanding of the structures and binding modes used for
these interactions will help develop specific, potent multivalglycaninhibitorsthat can

block such interactions, therebyrgventing infection This work focuses on two closely
related tetrameric @ype lectins, DEIGN and DSIGNR, diectively abbreviatedis DE
SIGN/R. These proteins are known to bind multivalently to multiple glycans, specifically
mannose, found within thesurface glycoproteins of many viruses, such as human
immunodeficiency virus (HIV), Ebola Virus and West Nile ,Vand facilitate their
infections.Despite significant research over the past 20 ydarswledge o the binding
characteristics and structat mechanismof these proteinsremains limited because
their tetrameric structures remain unknown. This projecaims to develop novel
glyconanoparticle probes to establish a valid structural model of the binding domains
with theseproteins and to reveallte mechanisms behind the multivalent glyca G
SIGN/R interactions. Thibjectivehas been achieved through the development of two
aSYyariAodS Ftd2NBaOSyd olFaSR laalreaz C NREUGS
fluorescence quenchingisingpolyvalentglycan coated gantum dots (QDsand gold
nanoparticles (AuNP$)y exploiting their unique strong fluorescence and fluorescence
guenching properties respectivelin particular, the biocompatible, lowytotoxic AUNP

saccharide conjugatemake thenpotentially suitablefor in vivo studiesn the future

This thesis has specifically designed a seriesmaftifunctional glycan ligands for
nanoparticle surface coating. Each ligand consistareke unique functional domains, a
dihydrolipoic acidDHLAYor strong nanoparticle capping, an oligo(ethylene gly&ah)
linker forpromotinghydrophilicity and reducing nespecific adsorptionsanda terminal
mannosesugarmoiety for specificDGSIGN/Rbinding Both the monosaccharide and
disaccharide forms o& manmose sugarwere investigatedOur grouphas previously
found that the monemannosecapped QDs havauchweaker affinity for DESIGNRhan
that of DGSIGN,suggestingthat the binding sites in DCSIGN/R odnt differently,
although their exact binding modes remain unclear asSDEGNR binding is too weak to
be distinguished from monovalent CRDthis thesis, by displaying the dimannose ligands
on the QD surface to increase monovalent binding affinity and devwsy a novel
multimodal readout strategy consisting of FRET and TEM imaging, the kixdutg

modes of DGSIGN/R hee beenrevealed The four carbohydrate recognition domains in
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DGSIGN face in the same direction and bind tetravalently to a single giyawhile
those in DESIGNR are split into a pair of baokback dimers and bind bidivaently with
two different saccharide®Ds. Furthermore, QBsaccharides capped withvd different
ligand series have begirepard and theirbinding affinites ks, with DCSIGN/R have
been investigatedinitialstudies using QIEG- Saccharid¢where n = 3 or 11Saccharide
= a-Man and Mana-1,2-Man) to study their DESIGN/R interactions revealed that
dilution of the surface saccharide ligand using an inert zwittécidigand resulted in a
decrease in binding. So second dendritic glycan liganseries, DHLA(EG-Glycany,
(wheren=1o0r2; m=1, 2, or 3 and GlycasMan and Mara-1,2-Man) was synthesised
to further increase the nanoparticle surface glycan dersityiwvestigate how this affects
DGSIGN/R binding.

Significant results were observed using these ligand series and the different scaffold
materials.In general, reducig the ethylene glycolinkerlengthand usingDiMan ligand
capped nanoparticles led tenhanced binding affinitwith DGSIGNFor example, DE
SIGN binds more strongly @D-EG-DiManthan QD-EG:-DiMan(Ky: 0.61+ 0.07v.s. 2.1
+ 0.5nM) andits monosaccharidequivalent QDEG-Man (k= 35+ 7nM). Interestingly,
further increasing theglycandensity on the nanoparticlesurfaceusing dendritic sugar
ligands weakened thelindingwith DCSIGNout enhancedhe bindingwith DGSIGNR.
The K values forDGSIGN binding tQ DEG-DiManand QD-(EGDiMan}ywere 1.7+ 0.1
and 159 + 0.2 nM, while those for DEIGNR were 89 + 0.2 and 0.49+ 0.6 nM
respectively. Theame binding affinity trend aflasalsoobserved forAuNPapped with
such glycan ligands, which gave one of sineallest reportedk; values forDGSIGN/R
interactions. Finally the potency of these materi@#hibiting DESIGN mediated Ebola
virus glycoprotein driven viral infection of target celgere invedigated, giving
impressivdy low 1Go values,e.q.0.7+ 0.2nM for QDEG-DiMan and 0.2 0.04nM for
AuNREG-DiMan These 1§ valuesmake these materiald4o be the most potent glyce

nanopatrticle inhibitors.
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Figure A.6.1Fluorescence Measurementstheeen 605¢ 800 nm for(A) AUNR(EG-Man), (2.4¢ 70 nM) +
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LS U] T L3 PRSP 18
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Figure A.6.6Fluorescence Measurements @) AUNR(PEGsc-OMe) (0.4 nM) + DSIGN (0.5 nMJC)AuNR
( PE@&o-OMe) (0.8 1.8 nM) + DESIGN (L 2.25 nM),(E)AuNR( PEGrOMe) (2.4¢ 70 nM) + DESIGN (g
87.5 nM),(G)AuNR(PEGs-OMe) (105 nM) + DSIGN (131.25 nM) ar{@), (D), (Fland (H) Control DGSIGN

was used at the same concentrations and MAaching SEtHNYS...........cvveerrriirrriiee e 23

Figure A.6.7:Fluorescence Measurements f@A) AUNR(PES;50-OMe) (0.4 nM) + DEIGN (0.5 nM)C)
AUNPR( PEGsc-OMe), (0.8¢ 1.8 nM) + DESIGN (X, 2.25 nM),(E)AuNR( PEGsc-OMe) (2.4¢ 70 nM) + DE
SIGN (& 87.5 nM),(G)AuNR(PEGs-OMe), (105 nM) + DEIGN (131.25 nM) arfB), (D), (Fand(H)Control

DGSIGN was used at the same concentrations and machine Settings.........cccccovcvvvvieeeeeiiciiiieee e, 24
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Figure A.6.10: Fluorescence Measurements between 60800 nm for(A) AUNR(EGMan) (4.8 nM) +
labelled DESIGNR (24 nMJC)AuNR(EGMan); (19.2¢ 40 nM) + labelled DSIGNR (96 200 nM) and(B)
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Chapterl

Introduction

The field of nanotechnology is a mixture of science and engineering which is dedicated to
working with materials which range in a size af 100 nm.* Nanotechnology simply refers to

the technology which is used at a nanoscale and has wide applicatiothe ireal world.
Nanoparticles are unique materials and they possess many features which differ significantly
from those of larger scalésSome of these properties include quantum size effects and large

surface to volume ratios.

1.1 Quantum Dots

Over the pasttwo decadss, fluorescence semiconductor nanocrystals, also knowqguasitum
dots, QDs, have beeansignificant research focdisie to thar multiple advantageous properties
which include sizeguneable emission spectra, broad absorption spectra, highntum vyield,
easily achievabliarge Stokes shift and a great resistance to pHalaching® FurthermoreQDs,
depending on size, can be twenty timedgghter and one hundred times more stabégainst
photobleaching in comparisoto organic dyesas repoted by Charet al.* QDs have been
further developed and used for mapping and imaging biologissalies, cells and live animals.
They have been widely used for biosensing and-didgnositics applications including
immunoassays specific sensing/detectiorof both small and macromolecule targetnd
multiplexoptical barcoding. Synthesis ofDscan be achieveth manydifferent ways using a
wide range of materialsQDs consisbf highly crystalline inorganic colloidal semiconductor
particles. Semiconducte made from groups 2 and 6 8rand 5elements are ofterused to
synthesiseQDs.® As the particles sizes are reduced to physical dimensions smalleithban
excibn Bohr radiusR/ the mean distance that separates an electfoole pair, strong
confinemen of exciton is observed, turning the nanopatrticle into a QD. R caraloalated by

using(Eqg. 1 below:
Y Y - — (Eq. D
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weight of an electron and p is the reduced mass of the exciton.




The propertiesof QDsare dominatedby quantum confinement in three dimensignas their

sizes becomemaller than the excitoBohr radiitypicallyl ¢ 50 nmfor differentsemiconductor
materials® This quantum confinement effect is observed when the size of the particle decreases
into the nanoscale causing the widening of the band gap as a result ofndrgyespectrum
becoming discrete for that material meaning it becomes numerical and categdidas effect

in relation to band gap is shown iRigure 1.1.1. The optich and spectrgcopic properties
expressed by QDs are determined by tredfective bandgapwhere the smaller the size of the

particle the bigger théandgap’

Bulk Band Quantum Dots

Structure
P

Conduction I | I I —

Band
Y
Band Gap
A 4

Valency

pno E—

Energy .

Decreasing Particle Size

Figurel.1.1: A Schematic showing the quantum confinement effect observed for QDs and the resulting effects on

band gap size and band gap energy as a change in particle size is witnessed.

1.1.1 Quantum Dots as Fluorophores
Due to thdr sizedependentbandgap structure, QDgsaideal fluorophores, as theemitting
energy matches the bandgapsd. 3. The emission wavelength can be tuned by manipulation

of the particle siz¢hrough the following relationshif?
O 06wE QQwnN (Eq. 2

As a result of quantum confinemenDs possess a broad absorption and narrow symmetric
emission as shown iRigurel.1.2. This means that a singleavelength can excite a number of
different sized QDsimultaneously to exhibit an extensive range of codml crystals, as shown
below inFigurel.1.3. QDs can be excited to any wavelength as long as it is shorter than the
emission peak wavelength.The following equationEg. 3 describes the rough relationship

between the bang gap of QG&hd their size in relation to quantum confinement:




o o — (Eq. 3

Where kpis the band gap of the QDg 5 the band gap of the bulk material, h is Plancks
constant, 1 is the reduced mass of the exciton and D is the diameter of th&@Dluorescent
properties of QDs can be further manipulated by coating the QD with a material that possesses
a larger bandgap to create a core shell structure to enhance the quantum confinement effects.
Furthermore, capping the QD with organic ligandshsas PEGylated compounds can also be
done to trap any surface defects causing fluorescence inconsistencies. QDshigbwj@antum

yield, ranging from 40% 100% another useful advantageous property for being a good
fluorophore® The fluorescence proptes of QDshas opened up many areas of research, for
example QD based solar cells and light emitting diodes (LEPm)d alsoQDscan be useds

labelling reagents for biological applicatioh&:

Decreasing size

N

0.8+

0.6+

0.4

Absorbance / a.u.
PL Intensity /a.u.

024

0.0

400 500 600 700 500 600 700 800
Wavelength / nm Wavelength / nm

Figurel.1.2: A schematic showing the absorption spectra and emission speatrdiffering QDs as a decrease in

particle size occurfkeprinted from referencé

Figurel.1.3: Ten easilyistinguishable emission colours of (CdSe)ZnS quantum dots ranging from blue to red, with
emissions located at 443, 473, 481, 500, 518, 543, 565, 587, 610 and 655 nm respectively excited by a single light

source.Reprinted from referencé?




1.1.1.1 Core Shell QDs
Conventional core only QDs have limited stability and relatively low quantum yield. In order to

improve these optical properties of simple QDs the core is coated with a shell of a higher
bandgap material to form a coghell structure, such as CdSe/2h8n extensive review on
core-shellQDs has been published by Chaudhetral., highlighting some of thekey properties

and the wide range of practical usésThe presence of a flexible band gap between the two
materials,as well as th photoluminescence propertieare tuned in relation to the size of the
QDmaking these materials of great interesAn advantage to usingpre-shell materialss that
coatingthe inorganidluorescentcorewith a higher bandgap shelan increasés quantum yield

via the removal of surface defectsFigure 1.1.4 below showsthe transmission emission
microscopy,TEM images of two types of core onlye.g. CdTe, CdSadtwo types of coreshell
(CdTe/CdSe and CdSe/znTis. A clealy larger particlesize can beobservedfor those

containing a core shedtructure.
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Figurel.1.4: Bright field TEM image of core and cesteell QDs.A) 32 A radius CdTe QB) 22 A radius CdSe QD) (

32 A radius core with 11 A shell CdTe/CdSe QDrzR(A radius core with 18 A shell CdSe/ZnTeR@printed from
referencel4

Despite multiple advantages fo QD fluorophores, one disadvantage observed is the
LIKSY2YSy2y (1Yy26y | detaard Stgnlsdviedehaibhaverzpoied thigé | y
"Blinking" is a process in which a single QD loses its fluorescence and then regains it
intermittently. An apparent minor flaw, this fluorescent change is seen to switch between on
and off in an unpredictable time scale ranging from-gubiseconds to an hour hisaffects the

results in that sample saturation occurs during the off time which ultimately reduces sample
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Currently the dark state of the materials is untraceablgisproblemcanbe overcome using a
range of methods but is most commonly correctedbgting the surfaces with short thiol chains

or a thickmultilayer shelf®

1.1.2 Synthesis of Quantum Dots
QDssynthesiswvasfirst publishedby Murrayet al. 2’ it requirespyrolysis of an organometallic

complex through injection into hot coordinating solvent to produce kighlity, nearly
monodisperse CdS, CeSe add€NCdrigurel.1.5(A)shows a TEM image of the NCs produced.
¢tKS RAFFSNBYOS 06SGs6SSy b/ a FyR I The@sekhbit G KI
sharp adsorption and emission features at room temperaftrelineset al.'8 presented a new
method for synthesising corghell QDs. Starting again with an organometallic starting material
but uses a twestep-singleflask method, involvingrstly producing the core and then adding a
zinc and sulphur solution to overcoat tlwore. Figure 1.1.5(B) shows a TEM imagef the
particles synthesised in thmmethod. The advantage dhis method over the previous pyrolysis

method is that a smaller amotiof NCs can be produced over a faster turnover timestimore
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Figure1.15: TEM picture of a range of different (CdSe)ZnS nanocrystals that have been synthesised in a range of
different ways, (A) Murray et ak’ synthesised these using pyrolysis of an organometallic, (B) Hines &t al.
synthesised these using a tvatep singleflask method with organometallic starting material and (C) Peng é# al.
synthesised using a CdO starting matedédllreprinted from corresponding references.

A newer method byPenget al. *° shows the synthesis of @Dwithout the need forthe
organomedtllic starting materiallnstead aone-pot synthesiss used starting with an air-stable
cadmium precursqrcadmium oxide, CdQOrhey repored that this synthetic method worked
significantly better than other strategies reportethe advantageare thatthe results are more

reproducible, the method itself is easier aaldohasgreatpotential to be scaled up for industrial




production® QDs prepared in this manner can be seen in the TEM image dfiguegl.1.5(C)
Penget al. identified that loading CdO, trioctylphosphine oxide, TOPO, aitieér the ligand
hexylphosphonic acidr tetradecylphosphonic acigroduced a homeogenous solution in which

the non-metal precursorscould be added to yield high quality CQRs (where X=S, Te or S).

An important aspect to consider in the synthesis of QDwhether theyare being used for
biologicalapplications, aor this purposethe QDs must be hydrophilic and watssluble!! This

is determined by the type of ligand used during further modificati@®iace most high quality
QDs are prepared by the organometallic route, they are naturally coated with hydrophobic
ligands and therefore watensoluble. Previously reported methods of making QDs hydrophilic
and watersoluble involve the use of PEGylated phospholipid or amphippititymer
encapsulation, however the resulting QDs have relatively large hydrodynansdiszean limit
their applications’ One wayto producecompact,water-solubleQDsis to simplydisplace their
original hydrophobic ligands with hydrophilenessuch as dithiothreitot® dihyrolipoic acid!
oligomeric phosphine& peptideg®and crosdinked dendronstc.?* Also the addition of ailica
coating is another wato producewater-soluble QDs and further modifications with different

functionalities?® The methods of producing hydrophilic QDs are showFigurel.1.6.

-

Hydrophobic
interaction

Figure 1.1.6: QD water solubilisation strategies including ligand interaction, hydrophobic interaet silica

encapsulationReprinted from reference?

1.1.3 Quantum Dots Bioconjugates

More research is being carried out into the use of QDs as bioconjugateteithara of different
applications because of theincredible optical properties which make them outstanding
fluorescence probes for long termtracellular imagingnd trackingIn comparison to organic
fluorescent dyes, QDs do not have the problems of pH dependent fluorescence, a high
susceptibility to photobleaching and a narrow excitation hwibroad emissioR® Many

publications have used a range dfifferent QDbioconjugates includng: QD-peptide




conjugate$, QD-protein conjugate¥, QD-DNA conjugate, QDantibody conjugate®¥ and QD
enzyme conjugate¥ The major challenge with these materials is their safe removal from the
body after potential in vivo applications. A targeted delivery is often neddembnsiderhow

the QDwill pass through the cell membranes and become internalized within theAcathple
solution by Derfuet al3!is to conjugate QDs with cell penetrating peptides. The removal of
these conjugates must then not casue any adverse effects on cells. One major problem is that
most QDs contain toxic cadmium, after being broken dowrl¢hkage of the cadmiunons can

casue major toxic effects on cells causedhsyoxidation of CdSe either by air or UV ligfihe

use of a core shell structu@an reduce cadmium oxidation but not completely stog-iirther
research by Derfust al. showsthat QDtoxicity isstronglyrelated to the processing parameters

during synthesis, exposure to UV light and the surface coattngs.

Two majorapproachego produce QEbioconjugates have incledi crosslinking chemistry and
direct linkage to the QD surface via functional interactithélthough QBbioconjugate
synthetic methods are reported, a major challerigeellular application of these materialkss
reported by Derfugt al,, is the lack o& delivery system for intraellular detection, which would
allow us to inject cells with these markers and get+t@ak results®! Different forms of delivery
systems for cell internalisation need to be explored. The delivery is highly dependent on the
specific application in which the Gidnjugates will baised In the case oin vitro sensing a
RSt AQOSNE acdadsSy Aa dzyySOSaalNEo {AyOS 5SNFdz
in this area by Bijet al, which examines different delivery sgms3* Theneed forimprovement

in the development andharacterization oflifferent delivery schemes are highlightétA major
investigation that is needed is targeting strategies for these materials for subcellular regions. A
great review byBregeret al. looks at theresearchprogression of delivery systems of @ver

the pastfew years3® They define three categorical methods to whigtost of the delivery
systemsusedfit into. Theseinclude passive, in which the QD material is utilized within the
delivery; facilitated, which relies on the association of the QD with the biological polymer; and
active, which is the direct approach with manipulation of the €dlh order to specify delivery

the QDbioconjugates have specific biomacromolecules on thiéase that can enhance specific

interactions targeting.




1.1.3.1 Quantum Dot- Protein Conjugates
Amain focus for the use of Qprotein conjugates is to try to achieve clear intracellular labelling

to characterize longerm in vivo/in vitro biological functions without causing adverse effécts.
The main focus lies on producing a -QiDconjugate that cotains a protein to probe the
function of interest, and the QD acts as a fluorescent marker. Applications include, the imaging
of cargo transport of cell penetrating proteins (CPRBElective intracellular delivery for labelling

different cell organelledand QD immunoassay$

The use of Qioconjugates for imaginigtracellularprotein cargo transport has been reported
many times for exampleMedintz et al. has specifically used C#iR promoting the effective
delivery of QD cargos which theyuse both a small ana large fluorescentQD-protein
bioconjugate agrotein cargo?’ Results have shown the successful passing of the protein across
the cell membrane via the CPP mechanishinis comes as a breakthroughuetil this pointthe
literature has relied on intracellular delivery by receptoediated or nonspecific endocytosis
where the specific binding with cell surfageceptorsleads to enhanced cell uptake of QD
bioconjugates’ This shows thaCPR can k& usedas a method for an intracellular deliveigr

the imaging of cell§’ Figurel.1.7 shows the successful cellulgstake of the different modified
largeand small protein cargos via CPRewever the CPP mechanism is rgpecific so although

shows successful uptake of QD into cells it cannot be used fax ¢l OA FA O Gl NBSGA y!

differentiate the differentcell types.

QD-CPP QD-YFP QD-CPP-YFP

HEK-293

Figurel.1.7: Cellular uptake of different fluorescent modified @idconjugates. The Qbioconjugtes used were
QDCCP, cefpenetrating peptides, QIYFP, yellow fluorescent proteiQD-CPPYPD, a combination of the two
previousbioconjugates The QDs were incubated with HE®3, human embryonic kidney cells. Scale bar ir X0®
Reprinted from reference’

Another method of producinguorescently active Qipeptide conjugatess repated by J. B.
Delehantyet al. whichdoesnot require the use of any CPPjust usesthe molecule itself as the
probefor cellular labelling® Figurel.1.8 showscells have been successfully labelled, usinty

the QD-conjugate as the probing material where a ser@@scross sectionatonfocal imaging




slices appearing from (a) below to (e) above the, ablbugh this method can be further

enhanced by using mulieptide labelled QDs.

Figure 1.1.8: Laser scanning fluorescence images of csesdional slices of the internalised modified QD cell
assemblies uag HEK 392T/17 cells. Panel (a) shows underneath the cells and the images work through to panel (e)

which shows the effects above the cells. Scale bar is Y®eprinted from reference

A more receny discoveredmethod of producing Qfprotein conjugags is to modify the QD
and proteinwith complementary functional groups that can bitagether via a simpleclick
chemistry. This method has beesed to produce QBransferrin conjugates by Schiebetral 2
Transferrin is a glycoprotein that specificatiinds to ironthat is present within theblood
plasma. They use an azideodified coreshell QD and a cyclooctyne moidtyctionalized into
the protein.Figurel.1.9 shows the successful uptake of the Qidtein conjugate into the cells
viathe QDfluorescence. This methodvsrsatile anchasscope forfurther development in that
you can control the azide surface modification to suspacificpurpose It canalsobe applied

to other functional groupsuch as the extremely rapid tetraziTeCO click reactior?§




30 min

Figurel.1.9: Fe-transferrin uptake into cells using A5&&Tf (A1A3), QD10&eTf (B1B3) and QD100 (&13) at a
15, 30min and 2 hr interval at 37°Reprinted from referencé8

1.1.3.2 Quantum Dot¢ DNA Conjugates
As DNA can be used as a tool for probing gene functions and holds excellent potential as a

treatment for a wide range of diseases the area of@A cojugates has shown large promise.
Many papers have outlined the formation of (@INA conjugates formed by both covalent or
electrostatic interaction$? Zhouet al. ¢ “°demonstrates the successful synthesisobmpact
QD-DNA conjugataising seHassembly between thiolateBNAand a mercaptopropionic acid
(MPA) capped QD, where extremely high fluorescence energy transfer efficiency of >80% was
achieved at a DNA:QD molar ratio of 1:1. However, the DNA was fourn@versibly absorb
onto the QD surface making hybridization to complementary strands hard to achiewe. T
overcome this problema tri(ethyleneplycol, TEG, linkewas introduced between the QD
surfaceligandand DNA which improvestabilityand prevented the nosspecific DNA abrption

on the QD surfac& Zhouet al. further demonstrated that QIDNA conjugates can be used for
label and labefree detection of the complementary DNA target using the schematic procedures
shown inFigurel.1.10. It also demonstrates hothe optical properties of QDs can be harnessed
to detect a labelledDNAtarget and also in labdtee DNAdetection usng the intercalated

ethidium bromide.
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Figurel.1.10: A schematic representation of the principles for hyksadion and labefree detection of DNA probes
coupled to a QD conjugate using a FRET detection syBtepninted from reference?®
Further work in this area has used the above concept to build and create DNA dendrimers to
coat the surface of the QDs. Samaatal.*! utilize this and in the presence of fluorescence dyes
have created an energy transfer based system to explore attachofemistry through using
light harvesting properties. Through the attachments of fluorescence dyes upon the DNA strands
present on the QD surfac&igurel.1.11. Thiscreates a whole new area of scope for these
materials away from the biosensor, bioimaging approaches as it could be used as a nanoatenna.
There is potential however to further improve the concept through adding florescence
guenching materials for use ash@sensor. As the DNA could have target specific recognition

and then direct the energy transfer upon binding to its target.

Figurel.111: Schematic of the QBendrimer structures and linkage chemisttiye circles illustrate the dyes at their
estimated locations while each of the DNA strands are presented with distinct colours. For clarity only one dendrimer
is shown appended to the QD, but ideally there should be six of them centrosymmetrically aeayed it.

Reprinted from reference!
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1.1.3.3 Quantum Dot¢ Antibody Conjugates
Antibody conjugated Q&have excelled in the research area of-QiDconjugates as they are

able to give highresolution specific labelling of biological systeth3hey are used for the
immunofluorescent staining of cells and tissd&ghe production of these conjugates has
provided an excellent milestone for the integration of Qo clinicalandin vivoexperiments?®

This is down to the specificithat antibodieshave for theirtarget cell receptors. The first
example is adhering avidin, a highly positively charged tetrameric protein, to the QD surface and
using it as a bridge toonjugate a biotinylatecntibody onto the surfaceria the extremely
strong biotinavidin interaction, highlighted iRigurel.1.12.4* A similar approach can be achived
through using a protein callestreptavidin, also a member of the avidin famiyt with the
protein surface glycans removed to makeoughly neutral, and this then greatly reduces the
non-specific binding experienced by avidMost papers describe these methods as having a
higher sensitivity on readut for immunostaining other classical techniques due to the excellent

fluorescentbrightness of the QDs.

A
Avidin —@
&K ap

Biotin Antibody

MBP-zb

Figure 1.1.12: Schematic of a QBntibody conjugate in which avidin bridges are harnessed for the interaction

between the nanocrystal and the biotin modified antibo&®eprinted fran reference 3

A recent problem that has been highlighted with these conjugates is that the antibody
orientation upon the QD surface is often random which hampers their sensing perforrffance.
These materials are often used in immunoassays so a display of the correct antibody orientation
is highly important. A heavily reported immunoassay which utilisesa@Dody conjugates is

an energy transfer assay which involves terbium complexe®, THe.immunoassay involves the
detection of the prostate specific antigen (tPSA) which is known to have strong links to prostate
cancer. Annio et al. shows the problem of antibody orientation can simply be corrected by
increasing the conjugation ratio whiclhas led to significant improvements in the

immunoassay*
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1.2 Fluorescence Resonance Energy Transfer
Fluorescence, or Forster, resonance energy transfer (FRET) is an analytical technique which is

used to measure the separation distance between two fluoropppmmmonly known as the
donor and acceptof® The mechanisms behind FRET come from the intermolediplale-dipole
interactions between fluorophoresThe excitation energy of the donor is transferred non
radiatively to the adjacent acceptor, leading t@rbr guenching and acceptor emission
simultaneously. The FRET efficiensystrongly dependent on the centte-centre donor-
acceptor separationdistance, allowing for accurate measure of nanometer distanttes
named afterTheodor Forsterthe German sientistwho established the theory behinitl® He
proposed the quantitative theory of molecular resonance energy transfer and derived the
kinetics required for the theoretical basis of FRE® The aplications of FRET has expanded
significantly in the last 30 years, ranging across bioladpemistry public safety and
environmental protection Figurel.2.1 highights the areas in which this mechanism can be

used

S -_ =
e — Y S—
s W E—— I Acceptor
1 Donor 1
I | Fluorescence
hv 1 Fluorescence e — ——
W, === e e e it —t—
S L — Acceptor

Donor

Figurel.2.2: Aschematic which shows fluorescence energy transfer between the dorbeeceptor present within

FRET experiments.
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The FRET process can be described Isymmle modified Jablonski diagramkigure 1.2.2,
showing the electronic states of molgdes*® Nonradiative energy transfers in the process of
FRET are seen as intersystem crossings or internal conversions in which the energy from the
excited state donor is transferred to the excited state of the accepftdhese norradiative

energy tranfers are represented by the black arrows within the simplified Jablonski diagram.
The donor electrons energy from returning to ground state must match the energy required to
excite the acceptotr! The efficiencyof this energy transfer is calculatedingthe Forster theory

(Eqg.4), showing the dependency on the distance between the two fluorophores.

Where lgris the rate of energy transfer; is the radiative decay rate of the donor andite the

rates of and other relaxation pathways which exclude energy transfers to the acceptor. FRET
efficiency is the quantum yield measurement of the energy transfer which is the fraction of
energy transfethat occurs per donor excitation. In order to witness the energy transfer there
should be a notzero spectral overlap between the donor emission and the acceptor absorption
spectra, an example of this can be seeRigurel.2.3.° Both species, acceptor and donor, must

0S NBtFGSR 08 CSNX¥AQA D2f RSYy wdzZ Sz GKS NI @GS
between two states, for interacting dipeé in order to undergo FRETCSNXYA Qa4 D2f RS\
applies to a wide range of optical and electronic processes in which both the initial and final
states are described as wave functions it is calculated from the probabilities from transition
matrix elemerns as part of quantum mechanié$.Taking into consideration the extra
dependencies, donor and acceptor distance and orientation and spectral overlap the fret

efficiency can be calculated usirigg 9 below.

o — (Eq.5)

Where E is the effiency of the energy transfer, r is the distance between the acceptor and the

donor and Ris theFdrsterradius under which the FRET efficiency is 50%.
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Figurel.2.3: The spectral overlap andicated by the grey area is determined by the spectral overlap between the
emission spectrum of the donor (blue line) and the absorbance spectrum of the acceptor (yelloRépented from
reference®

QDs have been widely used in FRET based stud@sige of their highly attractive spectral
characteristics such as broad absorption and narrow symmetric emission. As a result, a broad
range of excitation wavelengths can be selected to minimize the dedtation of the
acceptor, thereby reducing theackground signal. bstcommonly in QEFREExperiments QDs

are the donor and an organic dye as the acceptor. However QDs canaititeaghe donor or
acceptor® The role of donor is preferred due to the broad adsorption spectra of QDs makes
direct exciation unavoidable. QDs are reported as great acceptors when combined with
luminescence lanthanide labels as donors via time gated detectidfigurel.2.4 (A) shows

how QDconjugates have been us¢aldetermine the separation distance between the acceptor
and donor, highlighting the energy transfer between them. The relationship between the
acceptor and donor is shown Kigurel.2.4 (B), which also illustrates moleculestgigin close

proximity to each other, within FRET the donor and acceptor are usually fluorescence materials.

DHLA

@~ FRET
& Bt AN 38 cy3
H n AR Ui
h% T
N 7 (YEHK),, hv,,

Figurel.2.4: An example of QIFPREBystem (A) A schematic of a type of @fdnjugate that can be applied for use
with FRETP? (B) Excitation light is absorbed by donor éDj transferred by norradiative transferto acceptor (A)
resulting in acceptoemission if donoracceptor is in close proximity (scenario 1), however if they are separated too

far, then no FRET will happen (scenarid®printed from referencé.
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1.2.1 FRET in Biodetection
FRET has important applimmns in areas such dabelling biological molecules, cellular labelling,

tissue imagingnd developing immunoassay$FRET is a powerful technique aséh provide
accurate measure over small separation distances (d# Am). It can themprovidean insight
into in-depth complicated biological processes, such as prepeitein interactionsandligand
receptor bindingas well agn imaging changes in protein and oligonucleotide structure and
conformation as a result of a known biologicaihatlus *° P. Babuet al® has shown the
successfulracking and deteabn of theinteractions of carbohydratdinding proteins by using
modifiedglucoseQDs, through showing that using a thiol functionality is key irsghmehesis of
glucose modified)Ds by the addition & oligosaccharides to the @DThe modifiedQDs were

seen to successfully agglutinate together in the presence of the carbohybiradéng proteins.

Other FRET based techniquebich do not just use QDs and organic dyessaeglable Examples
include bioluminescence resonance energy tran3fahemiluminescence resonance energy
transfer®® HomoFRE® and fluorescent proteirbased FRE®® In each of these cases the
fluorophore used is different to that of the standard FRET experiment. The diffelmtesen
homo-FRE®Ndregular FRETalso known as heterBRETis thatin homo-FREThe donor and
acceptor are the same fluorophardll other principles remain the samluorescat protein
based FREAarnessedluorescent proteis where a cyan fluorescent protein are oftarsed as

the donorand a yellow fluorescent protein used the acceptor?

1.3 Gold Nanopatrticles

In addition to QDs, gold nanoparticles, AuNPs, have been useddghout nanoscience for
energy transfer application§! AUNPs are also known as colloidal gold because they are made
from tiny colloidal suspension of gold particles. They have been used throughout history from
staining glass in windows to treating a widage of disease¥.They also possess some unique
optical properties which makes them useful for energy transfer stutdiésiNPs are effective
fluorescence quenchers due to strong localised surface plasma absotpiiba.size, shape and
surface properties of the AuNPs can be widely changed in a similar way t&-Qi&1.3.1
shows the effect of AUNP size on the colour of the nanoparticles, NPs. AuNPs exhibit unique
properties such as surface plasmon resondhcgurface enhanced Raman spectrosépyd
fluorescence quenching effects A full review of the properties of gold nanoparticles and their
applications in Biology and Nanotechnology has been published and reviewed by M.dDaniel

al.s8
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Figure1.3.1: Optical colour of a rangef gold nanoparticles showing the colour change over increased particle size.

Reprinted from reference?®

A major advantage of AuUNPs over QDs is that AUNPs are more biocompatible and do not contain
toxic heavy metal ions, hence they are more suitable iforvivo applications’® Another
advantage is that they possess high extinction coefficients and have a broad absorption
spectrum in the visible part of the spectruthAlso the separation distance that fluorescence
quenching can measure is much larger{I8 nm) than that of FRET (<10 nm). These distances
were confirmed by an experiment by Samastaal.in which a DNA origami structure is used to
control the distance between the donor and the quenckeFhis is because the energy transfer
now has an inerse d dependency rather than an inverséakependency, found in FRET, where

d is the distance between the interacting dipoles. This comes from the differences in the energy
transfer equations for both processés(Eq.6) shows the interaction for energy transfer rate
within FRET an¢Eq.7) shows the energy transfer rate for the AuNP fluorescence quenching

behaviour also known as surface energy transfer, SET.

Q S — (Eq.6)
Q S (Eq.7)

These differences come from the difference in materials in which the energy transfer comes and
goes too. Both interactions within FRET are dipoles so have the same contribution where in
AuUNP quenching is surface energy transfer, SET, which is a dipetgy transfer to a metallic

surface mechanism. This is the difference that comes into play, causing the larger separation

distances that can be measured by the AuUNP quenching mech&hism.
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1.3.1 AuNPs as Fluorescence Quenchers
AuUNP are known to be strong fllescence quenchers when paired with fluorescent dyes or QDs

showing a high quenching efficiency (up to 99’9&imilar to that seen previously in the FRET
experiments using glyca@Ds’® AuNPs use a similar method of energy transfer from a donor
but instea of transferring the energy to enhance acceptor fluorescence, the donor is quenched
without producing acceptor fluorescence. This method is also known as dynamic quefiching.
The quenching efficiency with AUNPs has many dependencies which include dee sasmon
resonance, particle size and shape and the distance away from the fluorescent’éiditbough

this is a significant advantage of AuNP quenching method as it can extend to beyond the
conventional FRET distancecaf <10 nnmf! This method cabe used as another way to quantify

the binding between glycans and multivalent proteins using modified polyvalent ligands
functionalised to enhance binding affinity and specificity. In this case the percentage quenching
efficiency is calculated using thategrated fluorescence intensity with and without the

quenching material.

1.3.2 AuNP Synthesis
AuNPs can be easily synthesised with high precision and purity for a large range of diameters

between 2 nm and 100 nm. The first synthesis of AUNPs was introduckatksvitchet al.”” in

GKS SIFENIe& mMppnQa dzaAy3a I OAGNIdGS NBRdAzOGAZ2Y Y
making AuNPsFigure 1.3.2(A) below shows the origal electron micrograph image form
showing the production of the gold nanoparticles using the citrate reduction method. This
method utilizes the redox properties of gold and uses sodium citrate to reduce a chloroauric
acid, HAuG]J in water. The limitatin of the method is that it produces a polydisperse solution

of AuNPs which means the NPs are of various shape and size which can affect the accuracy of
their average size calculation. Further improvements to this method have been made and new
protocols hae emerged which results in a specific size or shape of AUNP being synthesised by
varying the molar ratio of the sodium citrate: goldThe resulting NPs are capped with weak

ligands which can be exchanged for specific materials for particular applications.
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Figurel.3.2: (A) Electron microscope of the gold sol using the citrate reductiethod from the original synthesis in

G§KS mdp n Qaetal®and @N&nSitidni elzétron microscope image of thiol derivatised AuNPs by the Brust

¢ Schiffin method by Brusit al. Reprinted from referencé&

Another common method for synthesisidgiINPs is the BrugtSchiffin Method which was first
NEBLE2NISR Ay (KS etlNiistmetog i ha®eil ondadwo pHadizdiglidaid
system which involves growing metallic clusters, starting with gold chloride, in which thiol
monolayers e attached to the surface of the growing nuclei, forming particles that are then
thermally stable and air stable. Within this method Au@ transferred to toluene using
tetraoctylammonium bromide, a phase transfer reagent, and the gold ions are tlieiced by
sodium borohydride in the presence of dodecanethiol. This reduction can be seen through a
colour change of the solution from orange to brown. The AuNP size can be controlled by the
thiol to gold chloride ratio® A recent review published by Hechiet al. highlights a vast array

of methods that have been further developed for the synthesis of AuNPs including an
electrochemical methof and also a biological methédnd the seeding growth methadt.

1.3.3 AuNP Bioconjugates

Gold nanopatrticles provide a good scaffold in which a wide variety of molecular species can be
capped onto the surfacé? This is highlighted below iRigure 1.3.3 showing the variety of
biological scaffolds that can be capped onto the surface of NPs. A review by Sapsdbtd
highlights some of the methods used to create these materials in which nanomaterials have
been created to further bridge #hgap between nanotechnology and biology. Gold is an inert
material meaning that it can easily be used forvino studies and is much less toxic in
comparison to QDs. As well as their facile preparation and modification and the liable use for
various senisig methods®* These properties have led to the formation of many different AUNP

conjugates with such materials as peptides, proteins, DNA and antibodies. These materials can
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be further combined with another material such as a lanthafider imaging agets or a

fluorescent labelled protefit for sensing applications.

antibody \ ,
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Figurel.3.3: Nanomaterial bioconjugate multifunctional NP assembly: A representative NP decorated with multiple

disparate functional moledes (e.g., nucleic acids, proteins, drugs, peptides) is depicted. Reprinted from ref&ence.

1.3.3.1 AuNP¢ Peptide Conjugates
The functionalization of AUNPs with peptides allows them to be used as intercellular drug and

gene delivery nanocarriefS. The targeting properties of peptides can be used to deliver
materials to specific parts of the body for potential use asiw sensors. A recent review by
Zong et al. highlights the range of different uses that pepfidectionalized AUNPs have ranging
from detection agents of metal ions, enzymes and antibodies, targeted drug delivery and cellular
uptake to a more specific delivery of atincer peptide$® Figurel.3.4 shows some of the ways

in which peptide/protein functionalised NPs are used. The detection of metal ions was first
reported by Set al. in which they detected mercury ions, #gvia a shift in the UWis spectra

as well as slight colour change in froadrto purple®” A common enzyme that is detected by
these materials is thrombin, a serine protease, which hydrolyses peptide bonds so the
functionalised AuNPs aggregate after cleavage of some peptide chains. This work was first
published by Zhert al® Cell penetrating peptides can also be conjugated to the surface of
AuUNPs, as these are short peptide chains that assist in cellular uptake of various cargo materials,
ranging from small chemical molecules to nanosized parti€ld2eptide functionalised AP

that has shown potential as cdlirgeting agents by allowing the specific detection of the cell
nucleus and endoplasmic reticulum using bright field microscopy has been developeddty Sun
al. ® They use a AuNP functionalised with the arginine rightide CALNN and its derivative

CALNNg&and show their capability to cross the membrane by endocytosis.
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Figurel.3.4: The features imparted by the peptide/protein functionalisation of NP surface and howvittfleence

NP behaviour. Reprinted from referenéé.

1.3.3.2 AuNP- Protein Conjugates
Proteingold bioconjugates are key to studying important roles found within biological

systems’? AUNP¢ protein conjugates are formed due to the interaction between the acef

and proteins. This can be achieved in 3 different ways through a surface adsorptiodirdaogs

and electrostatic absorption. For example the presence of cysteine residues within the protein
can directly chemadsorb to the surface of the AuNPggahatively charged proteins can absorb

to oppositely charged AuNPS electrostatic&llyProtein ¢ nanoparticle interactions can also

lead to the formation of a protein corona, a biological coating that forms around NPs within
biological media first showlny Monopoliet al.** The corona consists of an inner shell of proteins,

hard corona, in which the proteins have a high affinity to the NP and an outer shell of proteins,
soft corona, which has a low affinity to the RIPA predominant example of protein corona
formation with AuNPs has been the Human Serum Albumin as shown by Caretvardisese

blood proteins high affinities for AUNPs especially within biological media due to their high
abundance”

1.3.3.3 AuNP¢ DNA Conjugtes

Over the past three decades DNA has been used to design a wide range of facilitating materials
such as DNA nanostructures, DNAzymes and DNA aptamers which combined with AuNPs further
enhances their propertie¥. These DNA functionalised AuNPs allowrfmiecular recognition

YR RANBOGSR aaSYote OAF 5b! Q& dzyjekd) kzfihel YR &
way of AuUNFDNA conjugates studies who created the first bioconjugate assembly using
thiolated DNA capped AuNPSA recent review by uiat al. highlights some further examples

of preparation methods for these materials and their application as powerful diagnostic’tools.
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1.3.3.4 AuNP¢ Antibody Conjugates
AntibodyAuNPs provide an essential part to new biosensing technologies as they pifowide

specificity of the antibodyantigen interaction as well as showing the unique properties of
nanoparticles®® This makes them great tools for immunosensing which relies on the specific
recognition between biosensor and the biomolecule. These biocotgsgaan easily be formed
through the direct adsorption of antibodies onto citrateapped AuNPs. However this method
can lead to orientation issues with how the antibody is presented on the AuNP séffdibere

are three main ways reported in the literaiito present antibodies on the surface of AuNPs.
Simple hydrophobic interactions between the hydrophobic structure of the antibody and the
metal surface?® lonic interactions can also play a key role in attachment of antibodies to AUNPs
as the surface ltarge of the AuNP is negative so the positively charged amino acids-and N
terminal groups can interact. The final method is to provide a linker material that covalently
attaches to the AuNP through coordination to the gold surfdéigure 1.3.5 depicts these
different conjugation methods and shows the corresponding orientations. AantiBody
conjugates have been used in two different ways as biosensor materials and tasfpar
competitive immunoassays. Rayavaragual. have used ionic interactions to create AuNP
antibody conjugates for binding to the Human epidermal growth factor receptor 2, HER2, in
which the materials have then been used as contrast agents for the ighafjioreast cancef®*

A competitive immunoassay for malaria antigen detection based on a fluorescgeeehing
mechanism by Cavadasal. has been developetf?An IgG monoclonal antibody recognises the

antigen,Plasmodium falciparugrwas used in malaidiagnostics.

Figure1.3.5: Hydrophobic and ionic interactions between antibody and gold nanopatrticle surface. A) Hydrophobic

interactions, B) ionic interactions and C) covalent bond is formed due to dative binding. Reprinted from reféence.
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1.3.3.5 AuNP¢ QD Conjugates
As AuNPs showept quenching properties a large amount of research have used them as part

of FRET in order to quench donor fluorescence over larger separation distances then average
FRET® These QBPAUNPSs conjugates energy transfer mechanism is known as a nanometal
surface energy transfer, NSET. The energy donor within the mechanism is usually a simple
organic dye but has been modified to include QS he combination of the QD and AuNP, into

a single system can further enhance the excellent optical properties aireaeh individually

and even lead to new propertie¥* Using a QD and AuNP pair, an inhibition assay was created
that could be used as a high throughput screening method of inhibitorsetGth utilized a
streptavidinbiotin interaction and the assay wks through monitoring the photoluminescence
quenching of QDs conjugated with streptavidin. This quenching is caused by the biotin modified
AUNP binding to QBteptavidin, which can be competed off by the free avidifrigurel.3.6

shows schematically how the inhibition assay works.

Biotin-AuNP

Figurel.3.6: Schematic illustration of the inhibition assay by @lal. based on the phaluminescence quenching of

StreptavidinQDs by BiotirtAuNPs. Reprinted from referenc@.

1.4 Click Chemistry

A common methodised to produceNPbioconjugate based fluorescence prolieshe highly
efficientclick chemistry reaction also known as a4 @polar cycloaddition occurring between
an azide and a terminalkyne.1% This technique can be done in two wajhe first isa copper

() catalysd reactionwhichforms a highly stable triazole lindenolecule along with a limited
amount of byproducts This method wafirst reported bySharples®t al. in 20011% Scheme
1.4.1 below shows the scheme in which copper catdtyare harnessed for use during click
chemistry.It also highlights how the conjugation occurs and the formation of the cyclic product.
The copper (1) is usually generatedsitu with the use of a stabilizing ageniThe reaction is
highly powerful and ersatile due to its abilityo offer excellent functional group selectivity and
high yield” This process has been identified for use in producing a large variety of
bioconjugatesfor example: silica, gold and magnetic nanoparticles, carbon nanotabesell

as synthetic polymerd¢dowever, his process has a major disadvantage in that the cojmreis
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found to quenchQD fluorescenceélue to reacting with the zinc ions present within the core

shell QD structure
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Schemel.4.1: A reaction scheme for copper catalysed click chemistry in which metallic copper can be used.
This on the other handhas been found to be an advantage in thesn of sensitive cation
detectors. For example &t al. modified the QD surface with a cadmium ion detector using click
chemistry to achieve binding, which is then used to detect the presence of cadmium ions, a
chemosensot®® Beauneet al. manages to sccessfullygive the reason fothe quenching and
how to overcome it® They suggesthat the problem can be overcomeéy adding a thick
negatively charged shelisquenching occurs du® copperions reacting tdhe core shellCu
catalysed click chemistis not suitable foQD-conjugatesdased fluorescence probes when used
directly in the ligand exchangBernardiret al.actually hypothesises reasons why the quenching
is observed; the first hypothesis being electron transfer between the semiconducitarial,
the QD, and the copper ionand the second being that a chemical reaction may be occurring
between the QB surface and the coppgesuggesting displacement of the zinc by copper,
forming CuScausing damage to the fluorescent doriét This is further confirmed from the
simple solubility product point of view as the solubility constag, #r CuS is ~18 where as

it is ~10?%for ZuS therefore it is favorable for €to replace the Zft surface!!®

The second method is the coppleee click chemistry reaction, which is essentially the same as
that used previously, but without the needf a coppercatalyst It is usually referred to as strain
promoted azidealkyne cycloaddition, SPACC, whinlolves a 1, Qlipolar cyclocadditionThe
reaction is driven by the high ring strain in the cyclooctyne ring systich favours the
formation of the triaple species as shown 8chemel.4.2 below. Thereaction itself is highly
flexible and can be done between any strained alkynes and azide that are present on two

molecules at room temperature and pressure. This method is being harnessed especially for
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producing conjugates for use im vivostudies,avadingthe apparent toxicity effects of copper.
The disadvantages of this method is that it can sometimes be slow and low yielding with bulkier

ligands.

R
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Schemel.4.2: A reaction scheme to show the 1-dgolar cyclocaddition reaction mechanism between the strained

alkyne and an azide as part of the copper free click chemistry mechanism.

1.5 Nanoparticle Characterisation Techniques
Characteisation of NPs is highly important in the nanotechnology field especially for

understanding the toxicity effects of the particlé$.The main two parameters that must be
determined for any NPs used for understanding interactions with living systems rdiepsize

and size distribution. Determination of the particle size is key for any work using biological media
especially for invitro and in vivo studies so that you know what you are putting into the
cell/body. The use of poorly characterised NPs Htended to confusing and misterpreted
data!! Two techniques that have been widely used to determine these two parameters,
dynamic light scattering and transition electron microscopy, are outlined below.

1.5.1 Dynamic Light Scattering

Dynamic light scatténg, DLS, is a technique that is used to determine the size distribution
profile of the particles found within a suspension. This is achieved by using a light source to hit
all the particles, the light is then diffracted in different directions and analyge simple
schematic of the basic DLS instrumentation is showkigorel.5.1. NPs that are dispersed in a
solution scatter light proportional to the'Bpower of theirnucleus radii and the scattering can

be done through three mechanisms, elastic scattering, Mie Scattering and Rayleigh scéttering.
The mechanism chosen is dependent on the size threshold of the partidesy light in this

way the structure and statef motion of the particles can be measured® The scattering
intensity of particles fluctuates over time due to Brownian mogothe random motion of
particles within a suspensiprcausing constructive and destructive interferenc&esults
observed fom the light scattered experiments are manipulated using 8tekes¢ Einstein

relationship(Eq.8) below to give the hydrodynamic sizes of the particles within the solution:
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0o — (EqQ.8)

Where Dy is the hydrodynamicdiameter of the particles D is the translational diffusion
coefficientke A & G KS . 2 (1 'VYdtheyydamic Gigcgsiyidll istiieXemperature.

The hydrodynamic size s the diameter of the hard sphere particle that diffuses at the same
speed as the péicle and is a hypothetical measurement calculated in DLS. The hard sphere does
not exist in most colloidal dispersions as this is dynamic and fluctuates withtiffieus DLS

OF t OdzAt F 1S&a Iy @SN 3IS O2ff 2ARI f addartdgSto thids R2 S
technique is that it can measure a large number of particles in comparison to other methods of

calculating particle size such as TEM which requires a small sample.
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Figurel.5.1: Schematiof Dynamic Light Scattering, DLS, instrumentation.
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1.5.2 Transmission Electron Microscopy
Transmission electron microscopy, TEM, is widely used for the characterisation of nanoparticles

with sub-nm resolutions'!* This technique uses a powerful finely focuségteron probe which

can help identify specific structural characteristics of nanoparticles down to the atomic
resolution!!* It is used widely as a major analytical technique in all areas of science, physical,
chemical and biological. This technique wastfiounded by Knoktal® Ay G KS S| NI &
This means that you can get good atomic resolution forspake imaging of nanoparticles. The
working principle for TEM is based on that of a simple light microscope but instead of using light,

a focused high energy electron beam is used to probe thesire, Figurel.5.2. Given that the
KAIK SySNBe St SOGNRY KIa F YdzOK &aK2NISNI g1 &
resolution. This comes from the De Biegirinciple of electrons in that electrons are charged
particles that act as waves. The electrons are produced and emitted by the electron gun through
thermionic emission from either tungsten cathodes or dals. *'® Most modern microscopes

use a fieldemission gun which includes a tungsten tip with a layer ob@nCan emitter. The
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samples are placed in a vacuum and hit with electrons, which interact using elastic and inelastic

scattering and then an image recorded using the multiple lenses presdninlite microscope.
Imaging mode Diffraction mode

Electron Gun

System of condenser lenses
Condenser aperture

Specimen

Objective Lens

Objective aperture

Selected area aperture
Intermediate Lens

Projector Lens

Screen
Image Diffraction Pattern

Figure 1.5.2: A schematic showing both the imaging modes and diffraction mode of Transmission electron

microscopy, TEM. A simple Fourier transform is used to convert the diffractiterpatto an image.

1.6 Multivalent Protein¢ Ligand Interactions
In order to prepare the Qonjugates used in FRET analysis and the AwdMRigates for

fluorescence quenching analysipecific ligands must be designed and developed that can
easily bind to botithe N and the biological macromolecu8ynthesis of QDs usually leaves
them coated in hydrophobic ligands making them unsuitable for biological purposes this is
different for AUNPs as they are usually already hydrophilic. The surface coatings of the NPs are
key for developing materials suitable to size, shape and specific functiordiiyivalent
interactions are used throughout biology and are important because of two fsdtmr strength

and for providing the basis to biological mechanishsSuggesting that ligands used for this
purposemust contain multiple binding sites attached to the surface of NReAs manyproteins

are multivalenf meaning that they have multipldinding sites,it is important that we
characterize them using materials that containltivalent ligands*’ The ligands must also form
stable coatings on the NPs and alsorbsistant to norspecific interactionsThe mechanisms
behind how multivalent iteractions are formed are currently poorly understood due to the

nature of multiple interactions at oncg?

27

—
| —



A wide range of ligands showing multivalency have been synthesized and can be used to explore
multivalent interactions'!’”- 11 122Example ligads that show all the specific properties required

for probing multivalent protein interactions consist of: a chelative dihydrolipoic acid group that
can bind strongly to both QDs and AuNPs, and one or cemt@oxylic acid groupshich can be

further modified with specific functionalitie$?® The structural design of these ligands can
further splitinto ananchor segment, a hydrophilic segment and a functional grasghown in
Figurel.6.1. 22 Each specific sectiothen specificallenhances the properties of the ligarfior

probing multivalent interactions

Hydrophilic Functional
Anchor Segment Group
OH
l 1 1 NH,
COOH
_:"“*vo‘-f("o’);’ oA Biotin
Glycan

f Al
! A}

,/ Bidentate ‘\
+ thiol group
, B pO \

DI

SH SH

Figure1.6.1: DHLAbased multifuncibnal ligand are used as a linkingroup between the protein and N&sing
different terminal groups.

The properties provided by each section will in turn make the ligand more specified to its
function as a NP bioconjugatedithiol groupis preferredas the anchobecause itanchelate
strongly to the NP surface toroduce compactnd stable NPsasily and cheaply? The di
thiolate provides a stronger binding affinity for the NP surface over a monodendate thiolate
ligand.The functional group is to promote the linkage to the target molectd®A compound
which is widely used is dihydrolipoic acid, DHLA, based ligands as they are shown to have a
greater enhancement of colloidal stability over a wide variety of biologiagaditons which is

also further!? This enhancement of colloidal stability in biological media is further stabilized
through the addition of oligoethylene glycol, EG, linkers, or a zwitterionic section to the ligand.
These materials are also biologicatigrit when not in the presence the functional grotfpThe
polymer chain is there to help separate of the functional group from the NP surface, and further

works to promote watessolubility and resistance to nespecific adsorption of biomolecules.
A dendron, hyperbranched organic molecules cmtted toa central point is a type of ligand

that has been commonly used to achieve multivalency prutluce NPbioconjugates?® The

surface densities of specific functionalities can be enhanced through usihdigands multiple
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from one anchor point known aschelating dendritic ligand, CDLhis now included the dhiol

function to chelate to the metal surface of the NPfgjurel.6.2 shows a CDL taken by Zhetu

al?l¢ KSasS YIUSNRFf&A R2y Qi RATFTFSNI 22 YdzOK FNERY
as the dendron has been further modified to chelate to NPs. These materials are widely used

part of a NFbioconjugate surface functionality research for specific multivalent interactions.

HO
e}

(Ko

A
Figurel.6.2: Molecular structures o& chelating dendritic ligand, CEAL
1.6.1 Glyconanoparticles
Current esearchis being undertakemo understandthe structural mechanisms of multivalent
interactionsbetween c-type lectinsand glycansparticularly the spatial arrangement of their
carbohydratebindingdomairs with specific proteins!?® Oneway to nonitor this interaction is
by using modified nanoparticledNPs. Nanoparticles include gold, iron oxide or semiconductor
nanoparticles. These NPs almund to sugar moleculesand thus are given the name
glyconanoparticles.These materials are known to be good mimics of carbohydrate
presentation upon the surface of different cells making them great tools for glycobiology and
biomedicine researck’ This is de to their large srface area tosolumeratio in comparison to
other types of related compoundsrabhdy used within this fields we can place a large amount
of functional groups upon the surface for high loading efficie¢dtiany reviews have been
published in this area highlighting the importance of these materiddmet al. summarieshe
synthess of many different types of glyconanoparticles and how they are being use

biosensind?® as well as a review by de la Fueeteal'?’ Cunhaet al. have published a review

highlighting the biomedical applications of quantum dot based glyconanopaiti€le

There is a range of papers in the literature showing many NP scaffold examples of
glyconanoparticles.Park et al. synthessed a glyconanoparticleusing silica containing
rhodamine B isothiocyanateto over-coat cobalt ferrite nanocrystalsvhich integrated two
properties within one, fluorescence and magnetjsfhalsoknown as a duamodal fluorescent

magnetic nanoparticle, FMNPLhese materials were then successfully used to block the
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adhesion of the infectioust@emach bacteriaHelicobacter pylorion mammalian cellsy
expressinglifferent carbohydratebinding proteinst?® Yang et al. prepared a lactose CdSeS/ZnS
guantum dot conjugates to further study specific carbohydsatetein interactionst3!

1.7 Gtype LectinBased ViraReceptors

All mammalian cells are covered by a dense array of carbohydrates called the gly&Gdaigx.
carbohydrates within this bind to proteins and lipids creating glycoproteins and glycolipids
respectively. These biomaterials play keyesolwith the human biological system in such
processes as cetell signalling and cedinvironment interactions3 Singular carbohydrate
interactions are weak and biologically rimctional so to overcome this, nature has created a
unique multivalent reeptor ¢ ligand presentationMultivalent interactions can increase the
binding affinities and further enhance the biological functions. Increasing the valency of
carbohydrates can positively enhance the protearbohydrate interaction by positive €o
coopeaativity. Whereas, the weak iatactions can be of negativeooperativity leading to
decrease in binding efficienéy. This is further highlighted by some basic thermodynamics as
highlighted inFigurel.7.1.
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Figurel.7.1: The proposed names for multivalent interactions and the thermodynamic relationships of the Gibbs free
SySNHe& 2F 0AyRA Edahstaitp (B Of thesy iRterdctoic AREpridited frof referented.

In which the singular bond becomes enhanced through multiple of the same bonds. These
multivalentg ligand interactions occurs withintgpe lectin proteinsGtype lectirsare calcium
dependent carbohydrate binding proteirié* They play important roles in many biological
processessome of which includeell ¢ cell adhesioninnate immunity and serum glycoprotein
clearance!®*® A major characteristic of a-tgpe lectin is the presence of enor multiple
carbohydrate recognition domain@CRDswithin their structure®® Gtype lectins binding
domains attach together to make a multivalent arrays forming dimers, trimers and tetramers in

which the different multivalences are presented in a npl#iorientations ¥’
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Figurel.7.2: Schematic representation of nanoparéslshowing the interactions different types of carbohydrates

with different types of lectinReprinted from referencés8

These molecules are primarily used in the body for detecting high mannose oligosaccharides
F2dzyR 2y |yeliKAYy3I FNRY ODANMzZASEAQ aAdz2NFIF OSa (2
Feinberget al. has looked at the specific binding of mannose oligosaidba to ctype lectin
carbohydrate recognition domains (CRES)4lt was found that high mannose oligosaccharides

bind to the etype lectin receptorsiaprincipal calciunion via the vicinal hydroxyl groups on the
pyranose ring of mannosé® Figure1.7.2 below represents nanoparticles containing different
types of carbohydratethat can interact withdifferent lectins (erythina C, concavalin A, ulex
europaeous’. It shows multiple nanoparticlesre bound to each of the lectingnearing each

lectin has multiple binding sites.

Two examplesf ctype lectinsare DESIGN and DSIGNRhey are found within the peripheral

immune system of the bod{#* 4* DGSIGN, dendritic ce#lpecific intercellular adhesio
molecule grabbing nonintegr and DESIGNR, DSIGN related, both contain four CRDs. A
common primary structuréor them contains a short Nerminal tail, a transmembrane anchor,

a tetramergation domain and also aterminal CRD?° The schematic shown iRigure1.7.3

highlights some of the key characteristic sections of these praotwirikis case the schematic of

a DCSIGN. In addition to thikere is also a calcium ion sitimgthin the stucture. This is known

as the principal Ga whichis the distinctive feature of the carbohydrate binding site as it
undergoes coordination with the hydroxyl groupfsthe sugar*® The two binding hydroxyls are
LINBaSYyGdSR Ay Iy Slidzr d2NAFEf FNNI @& G G§KS o0Q I
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Figure 1.7.3: A schematic of the predicted domains for 8GN and DSIGNR showing the @onon features.

Reprinted from referencé*?

1.7.1 DGSIGN

DGSIGN first sequenced in 1992 after it was found for its properties in binding to the
glycoprotein, gp120, found upon theuman immunodeficiency virysHIV}#® It is atype I
membrane protein found irdendritic cells, DCsand macrophages but are more specifically
present in the lamina propina of mucosal tissues found in the rectum, uterus and ¢&iTive
protein contains an extracellular domainristing of a tetrameric stallEurther details abou

the tetrameric stalksuch asts structural propertiesare yet to be determined. As well as being
found to bind to mannose containing oligosaccharides;SD@N has also showa bind with
fucosecontaining sugars. Due to its affinity for high mannobgosaccharidegdDCGSIGN can act

as a receptor for different infectious viruses such as HIV, hepatitis C virus and Ebolaugrus.

to it being a DC it has thus been associated with acting as an intercellular adhesion midfecule.
Part of its function is@ sense any unknown invading pathogens, which then leads to a signaling
pathway of a specific response in which T cells are differentiated in order to provide the immune

response against the found foreign entity.

DGSIGNR DGSIGN

e a e W P
M " )
3 §
® = A
(A) (B) (C) (D) (E)

Figure 1.7.4: Best predicted models of the extracellular domain of$IGN and DSIGNR, best fitting to the

g

g o S

experimental data obtained by Feinberg et al., (A) single tetrameric stalk madBIGSIGNR, (B)-&haped dimer
model for DESIGNR, (C) and (D) two single tetrameric stalk model #8188 and (E}shaped dimer model for BC
SIGNReprinted from referencé*
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Figurel.7.4 (C), (D) and (E) shows the most plausible models that have been presented for the
extracellular segment of DEIGN by Feinberg al. based on their hydrodynamic experiments.
The model suggesta non-sphericalkhapedue to the values of the sedimentation and diffusion
coefficient being lower than expected for spherical molecules. They also found a lack of flexibility
between the repeateccoiled-coil neck, which suggests a structure more like those pictured

above!**The CRD is located within the neck region that sits above the surface of the cell.

Although these proteins specially bind to high mannose oligosaccharidesarch has
suggested bindinbas been found to other suganr example, inthe case of DGIGNfucose
binding has been found. This is highlighted in a pap&rabyLiempet al. showing the specificity
that DGSIGN has for both sugar$.In terms of sugar specific bindingeinberget al. showed
that the CRD selectively recognises the internatiporof the carbohydrate moiety. Specifically
the proteins were also found to bind to the outbranched trimannose unit that were unique
to the mannose typeused for this particular study?® The binding mode between the
oligomannose, GlcNAMans;, and CR of DGSIGN, is shown below in the crystal structure
Figurel.7.5, with the sugar shown in yellow and the protein in blue. It also shows how calcium
plays a large role within the specific binding for thesicular proteins. Within this interaction
two mannose sugars can be seen to interact with the preteiding sie. Binding with the
fucose sugar occurs in a different mannerthe binding seen withmannose It was found to

bind at a galanin residue via binding of the essential calciurtffon.

maM3 Mz G

Figurel.7.5: Structuie of CRD of BSIGN bound to sugar GlcN®an; ¢ Ribbon diagram of the BSIGN CRD (blue)
with bound oligosaccharide residues shown via a single lettering system G for GIcNAc and M for mannose. Calcium

ions are also shown in cyan and the dusulfide bondsshown in pinkReprinted from referencé*°
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1.7.2 DGSIGNR
DCSIGNR, DSIGN related, also known asSIGNis again another type || membrane protein

consisting of a-type lectinviral receptor. They are closely related @8% ofthe amino acid
sequencsein DCSIGNRand DESIGN aradentical, suggesting that similarities and differences
can be seen between each of theype lectins!*® The major similaries between the twoare

that they have the same overall tetrameric structuregth bind to highmannose containing
oligosaccharideand are bothclassed as a-tgpe receptos. DGSIGNR has the ability to bind to

the same viruseas DESIGNdue toits affinity for mannose sugaré’ A significant difference
between themis the locationin whichthese types of cells can be found within the boB\G

SIGNR is commonly found in the endothelial cells in the liver as well as the lymph nodes and the
placental*’ Despite such close resemblance, distinct multivalent ligand binding specitéities

as well as virus transfection properties have also been reported.

Smilary to DCSIGN there is currently no published detailed structuf DCSIGNRbut
predictedmodels of the extracellular domain have been hypothesigegurel.7.4 (A) and (B)
above. These are taken from the same published paper that developed the mod&<SIGN

based on hydrodynamic size values by Feinkegd!**It has been proposed that BEIGNR has

the same structure as BEIGN in terms of fitting to the same model approaclieshatoneis

with the tetrameric stalk andhe other hasthe y-shapel model. This is becausthe binding

affinity between a singular CRD and glycan molecule was worked out to be the same for each of
the proteins. Tk individual binding between a mannose containing glycan an@IBBRCROs

shown in the crystal structuredbow, Figurel.7.6. Similarly to DEIGN, they propose that in

DCSIGNR the neck region sits on top of the cell surface where the tetrameric binding site lies.

In canparison to DESIGN, DGIGNR does not bind to fucose containing sugars as reported by
Guo et al., who comparel the distinct ligand bindingroperties for both DCGSIGN and DC
SIGNR?¥ Mannose sugars also bind to f3GGNR in a similar way to that shown forEIGN in

Figurel.7.6.
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Figure1.7.6: Iy i S NI O A 2-§linkedfbraficK & the molecule GINAWan, with DGSIGNRThe remaining
mannose residueare drawn schematically. Again the calcium ion dependency can be seen due to the black lines

showing the C#coordination.Reprinted from referace 140

1.7.3 Pathogeninternalisation Via @&ype Lectins

Pathogeninternalisation, the transport of pathogeinto the cell, occurs via thetype lectins

that are found within the body and even more specifically theS)XGN/R. These particular
proteinsare pattern recognition receptors that are used to sense the invading pathogens leading
to immune responses ouaaing as a result This includesprotein cell signaling and the
differentiation of Fhelper cellsi* There are many viruses and bacte(éag. Mycobacterium
tuberculosisand HIVL andHelicobacter pyloyithat are internalised into the cell via ERTIGMR

due to their high surface sugar conterithe process is very highly dependent on tletin
extracellular domain of the DCs, which is known to bind to HIV surface glycoprotein 120, gp120,
for both DGSIGN and DSIGNR* Research by Chungt al. has faund that DESIGN can
recognise and transmit somarusesbetter than DCSIGNR and vice versaSome examples
include someHIV strainsvhichare recognised by DEIGN while west Nile virus is recognised by
DGSIGNR?

There has been a wide range of resgainto the internalisation mechanissmand the most
commonone is HIV internalisation. Auwerat al. showed that this internalisationccurredvia

the capture of the virus molecules by {3G5N expressing cell$hey successfully used a
carbohydratebinding agent, CBAs, to block thapture® The same conclusiohas been
shownby both Balarani®*and Truvilleet al.*>> There are two proposed mechanisimichow DCs

bind and internalise HI¥s suggested by Wet al. These are the trans pathway and the cis
pathway which are highlighted below Figurel.7.7.% There are two differing trans pathways

The first includes transport aoss the infectious synapse, a e@ltcell junction formed when a

HIV virus is captured. The second trans pathway is achieved using both mature and immature
cells crossing the synapse via exocytosis. The cis pathway is shown to play a key role in the long
term infection of HIV transmissiowhichleads to replication and production of naw\Vwithin

the cell membrane.
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Figurel1.7.7: Schematic showing the mechanism of dendritic cell mediated HIV transmiS$iown here are two

Dendritic cell

different proposed pathways: (a), (b) are two different mechanisms for tmafestion and (c) is the method of eis
infection. Reprinted from reference53

Infection can also be caused by DCs interacting with the glycoprotein 12@isshuated on

the viral surface. This causes a conformational change of the protein structure, which means
that it is recognised and further internalised via cell signalith@lthough these models have
been proposedthere is still key structural anchechanistic information missing in regards to
how the proteins differentiate between different targetss well as exactly how the C&dlt and

flex upon viral binding. This informatiavill be keyfor future researchespecially in developing

an effectivevaccine that targets DCs to fight the infectious dise&4dn drug development for
treating these infections that are internalisB8land in designing specific targeted inhibitors

against these proteins.
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1.8 Conclusion
Nanomaterials such as QDs akaNPs both show a variety of different properties that showcase

how they can be used as potential {d®conjugates when functionalized with various biological
macromolecules such as DNA, peptides and proteins. These nanomaterials have shown so much
promiseacross a wide range of areas from use as biosensors, nanocarrieisidgimg agents

and as part of immunoassays. Due to the significant optical properties of both QDs (size
dependent bandgap structure) and AuNBsdng localised surface plasma absaopdithey can

be useful as part of a highly sensitive fluorescence basedgatdtrategies. These materials

can now be synthesised through relatively simple-po¢ methods. Ligand exchange can then

be used to introduce specific functional groups. Glygemparticles can easily be synthesised
using these materials when a glycan is placed as the surface functionality. An apparent
knowledge gap in the literature is found on how the viral receptorsSIEN and DSIGNR,
binding domains are presented on thergace of cells which control the nature of their
multivalent interactions with glycoproteins. Although the literature has provided key
information on the binding affinity of the monovalent interactions of the CRD with different
glycan materials. Glyconamaterials show great potential as multivalent probes for these
interactions due to the surface being coated with the functional glycan material of the
interaction. These functionalised glycaliPs can also be characterised in a variety of different

ways toreveal useful structural information on the glycprotein interaction.

1.9 Aims of this Project
The major objective of this project is to produce a wide range e$iNfr conjugates, which will

be used to further understand and elucidate the structural anadthamistic properties of the-c

type lectins, and more specially BB0IGN and DSIGNR. Currently little is known about their
structure and CRD spatial arrangement, which is key to the multivalent binding nature of these
proteins. These proteins are also afjh interest due to their involvement in the viral infections

of diseases such as HIV, West Nile Virus and Ebola. The investigations will be done using QD
saccharides conjugates as FRET probes and usingsagblirarides as fluorescence quenchers.
The fluoescence based reaolut strategies will be developed into a rapid, sensitive method to
deduce the binding affinities and thermodynamics of the multivalent NP ppwbesin
interactions, Figure1.9.1. By systematically tuning the QD/GNP surface saccharides valency,
inter glycan distance and flexibility, we expect to see that the binding site and sugar spacing
distance match, leading to a greatly enhanced affinity and dpégifvia the formation of

simultaneous multivalent binding.
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(A) Fluorescence Resonance Energy Transfer (B) Fluorescence Quenching

h\"‘ Fluorescence
Quenching

Figure1.9.1: Schematic of the fluorescence based readt strategies used within this projectA) Flourescence
resonance energy transfer anb)(fluorescence quenching.

This work will continue on from the recent successful work by &ad'>* Two NP scaffolds will

be investigated, QDs and AuNPs, capped with both monosaccharide and disaccharide mannoses
to study the apparent binding affinity, K, and the binding dissociation constantsidg the two
sensitive fluorescence energy transfer mechanisms. QDs will dxb fos their advantageous
optical properties such as strong size dependence fluorescence, high qguantum yields, however
they can be cytotoxic due to potential cadmium ion leakage. This is why AuNPs are also
investigated as they are great fluorescence quemshout do not contain toxic heavy metals.

They can also offer a larger range of sizes over QDs which can be manipulated to help calculate
the distances between the CRD groups found within the proteins. Both materials can efficiently
capexchange with cusim ligands designed for binding with 305N/R. The sugar ligands
series, LAAG-Mar® (where n= 3 and 11 and s = 1 and 2) andE@-Man®),, (where n = 1 or 2,
s=1and 2 and m = 1, 2 and Bigure1.9.2, will be synthesised using two different click
chemistry methods. The mannose functional group will be spaced by a defined oligo(ethylene
glycol) linker from the NP surface anchoring groumidipacid, LA. The specificity of the-NP
glycan protein interaction will be quantified by competition experiments using free sugar as well
as unlabelled proteins to calculate the respective binding inhibition constanfTHis also
confirms the binding spmEficity between the saccharidgrotein interactions.

LA-EG,-Man®: LA-(EG,-Man®),:

Glycan %ONOVN N 0
0 J\ Glycan .~ -~ O~
N o R N
N=y n H S-g
m

Saccharldes o

HOZ
%g ”ﬂ*\
Dlsaccharlde Monosaccharide

Figurel.9.2: The proposed ligand structures of the ligand series used throughout this projeEiGGEMans (where
n= 3 and 11 and sEand 2) and LAEG-Mar®), (wheren=10or2,s=1and2and m=1, 2 and 3).
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Figure1.9.3: Specific binding between the proteins I36GN/R and the novel multivalent €daccharides based viral

inhibitor. Schematic based on predicted structures of these materials.

Different characterisation techniques, such as DLS and TEM, will also be used to elucidate a
structural binding model for the dimensions of the CRDs found within both the proteose
1.9.3shows the intended specific binding of the gly€@Ds to the proteins DSIGN/R. The mian

aim is to try and develop a further understanding of the geometrieth®fCRD head groups in

both proteins, as this is still unknown. There is a clear knowledge gap within the literature for
DCSIGN/R regarding their structural and mechanistic which is critical for designing more specific
treatments for the viral infectionsn which DESIGN/R are involved. Once a valid structural
model is revealed, investigations into the use of thesegN®©an probes as novel multivalent
anti-viral inhibitors can be conducted to inhibit viral infections by blocking the initial-egdhl

interactions.
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Chapter 2

Probing Multivalent DCSIGN/RSaccharide Binding Affinities usigD-

EGnSaccharide Conjugates

2.1 Introduction

Qugar binding proteins play a key role in many viral infections, such as Human Immunodeficiency
virus (HIV), Ebola virus diseagebola) and West Nile VirtisThe multivalent protein
carbohydrate interactions which initiate the first pathogbost contact are responsible for
infection. 2 Monovalent binding is weak and hence biologically inactive, the formation of
multivalent interations can dramatically enhance the binding affinity, making them biologically
functional® Multivalent glycoconjugates that can potently block, or inhibit these interactions
can thus be harnessed as entry inhibitors to prevent such infections. The cleaiteogercome

is that to make the binding specific these multivalent partners should have their binding
orientation and spacing between the partners match but this is difficult without knowing the
lectin structure. Due to the multivalent nature of the bind, crystal structures are hard to
determine. Multivalent proteircarbohydrate interactions are also important in other significant
biological events such as ce#ll communication and host immune response regulation so it is

key that we develop furtheknowledge of these interactions.

These interactiosaremost commonly found in-§/pe lectins, also known as calcium dependent
carbohydrate binding proteins, which bind to sugars presented on the glycoproteins found upon
the surface of a variety of viras3 Two Gtype lectins of special interest here are the tetrameric
DGSIGN and DGSIGNR (abbreviated collectively as E®RIGN/R) which play a key role in
facilitating viral and bacterial infections by specific binding to array of glycans found on the
glycoproteins of virus surfaces. Despite extensive research, their overall tetrameric structure
and hence CRD spatial arrangement are currently unknduwgure2.1.1 below shows the

similarities and differences in the previously proposed structures of both proteins.
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(A) (B)

DGSIGN DCSIGNR

Figure2.1.1: Schematic structuramodelsof the Gtype lectirs (A) DGSIGN andB) DGSIGNRroposed based on our

own results.lt shows the key difference in the layout of the four CRD groups between the two proigdiich may

account for the difference in binding specificity

Many synthetic glyconanoparticles have besdgveloped to block and inhibit the multivalent
lectin-glycan interactions responsible for virus infectiénsThe inhibition efficiency depends
critically on matching the relative spatial distances and orientations of the two binding partners.
Many revievs have been published decribing the types of glyconanoparticles and how they are
used in biomedicine by modulating specific carbohydmatgrotein interactions®° As many
multimeric lectins are highly flexible and complex membrane proteins, this creates a major
challenge to determine their structural information. Although multivalent glycans built upon
nanoparticle scaffolds have been developed to study multivadgytanlectin interactions by
isothermal titration calorimetry, IT&, and surface plasmon resonance, SPRluorescent
semiconductor nanocrystals, guantum dots (QDs), can be harnessed to dissect these multivalent
interactions because of their unique grerties which include sizeineable emission spectra,
broad absorption spectra, high quantum yield and resistance to photoblea¢hihbgese
properties make QDs a powerful tool to develop fluorescent resonance energy transfer (FRET)
based assays to probeuttivalent interactionsFRETan provide an accurate measure of small
separation distances (ca-1D nm) which is useful terovide an insight intocomplicated
biological interactionssuch as protetprotein andligandreceptor interactionsThis technige

can also be used to quantify the binding affinity between glycans and the multimeric proteins.

In order to use the QIFRET mechanisms to probe multivalent protgiycan interactions
probes containing both monosaccharide and disaccharide mannosesswgae designed. The
major challenge to develop effective €HRET probes was the inability to produce stable

compact, polyvalent saccharide QDs, which are essential for strong multivalent binding and a
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sensitive FRET readout strategy. The published liteeatcapexchange methods lacked
efficiency and so they required a large excess of the ligands (e.qg. typical ligand: QD molar ratio
>10%, making it impractical for precious sugar ligandg his problem has been overcome by

the development of a highly efient capping method recently published by Gataal,'®in our

group, making it possible to determine thending affinities Ky, via a sensitive FRET readout
strategy for the first timeFigure2.1.2 below shows a schematic of experimental strategy used

to probe these interactions.

g DT oo " HEY EIL 1'L-J--,
[ Gl Oﬂﬂ@ﬁrw ). 'Ji.;..,

Glycan PEGN DHLA Man e
n=3,10, 13 Man 1, 2Man

Figure2.1.2: A schematiaiagram toshow probing of multivalent saccharideprotein binding via FRETJsing a QD
capped with different DHL-Based saccharide ligands aadceptor dydabelled lectindDCGSIGN/R.

2.2 Polyvalent Saccharide Quantum Dot Design

In order to probe how multivalent binding sites are presented withir9)GN/R we needt
design and construct a @&njugate that can specifically bind to the protein. First, there must
be a sugar ligand that can bind to both the QD and the proteins. Second, the resulting QD
conjugate must be stable and water soluble for biological usehilndase, a multifunctional
ligand containing three unique functional domains is designed and shown schematically in
Figure2.2.1. A dihydrolipoic acid, (DHLA), group fobust QD capping via a chelative binding
mechanism; a flexible oligo(ethylene glycol), (EG), linker for introducing water solubility, stability
and resistance to nospecific adsorption as well as tuning the intgycan spacing on the QD
surface; and d@erminal functional sugar for specific protein binding. The production of the
polyvalent saccharid®D includes three key steps, synthesis of functiongEGAigand and its
glycosylation via strain promoted alkyne azide click chemistry, ligand reductida DHLA

equivalent and finally capxchange with commercial hydrophobic QDs.

49

——
| —



Functional Group

'd N\

| o o) NN
Y/\u /{/Oz i\SNh\_O
Hydrophilic \_\0—\_

CnAanmant

Sacc
J

+

Figure2.2.1: A schematic of a CdSe/ZnS core/shell QD capped viitHlatbased multifunctional ligandontaining
three different functional domainsan anchor, hydrophilic segment and functiosabar terminabroup.

2.2.1 Ligand Synthesis

The synthesis dipoic acid (A}EG-cyclooctyne(where n=3 and 1jlas shown ilscheme2.2.1
is based on the published protocol by Susuetal® It has been replicated easily and used in

other publicationsrom the Zhou group, e.dpy Zhanget all” and Guoet al’®. The synthesisfo

these ligands are given @hapterb.

”\/éo/\%o\/\wz

DCM (\/\/\)OL
DCC/DMAP | §.J OH
N3 \/\60/\>/O\/\H
n

1294 % 1b 65 % $=s

[o}

PPhy/ Hzol THF

HoN \/\60/\2/0%”

2a86%2b35% O $—¢

DCM 20 Aok
DCC/ DMAP

o

Oj/“\/foA%O\/\H\/\/\Q

~s
3a26 % 3b 43 %

[e}

/ (@an=3
(b)n=11

Scheme2.2.1: A reaction scheme showing the formation of special designed ligarB@-Byclooctyne (where n=3

or 11). A) DCC, DMARA and dry DCMB) PPhB, O and dry THF an@€)(DCC, DMAP, Cyclodeyn-3-glycolic acid
and dry DCM.
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2.2.2 Ligand Reduction and Exchange

To chelate to the QD surfac& A must be reduced to its DHLA equivalexst,the literature
suggests thagfficient QD cagexchangecan only be achieved using DHb#sed ligand, and not
the disulphide LA forn®f Moreover, the binding between the QD surface?Zions and
deprotonated thiolate is much stronger than that with ndeprotonated thiol Tris (2
carboxyehyl) phosphine (TCER)used athe redwcingagent. Scheme2.2.2 below shows the
outline of the reduction using TCEP. The resulting NMR spectra for both the startingainate
and the product is shown i@hapter 5.6.

(0] (0]
Where R =
R R
TCEP -OH
H20 -EG-Saccharide
S\s HSHS

Scheme2.2.2: The reduction of the L-Based ligand to its DHEgquivalent usingTris (2carboxyethyl) phosphine
(TCEPn HO.

After reduction the LA-EG-cyclooctyne(where n=3 and Ljlwere purified by silica gel column
chromatography, deprotonated with NaOH and theadded to commercial hydrophobic
CdSe/ZnS core/shell 5 05680 nm)at a ligand:QD molar ratio of 800:1 in a homogenous
solution (EtOH/CH@I Full experimental details can be found@hmapters. Figure2.2.2 shows

the schematic process of the ligand exchange. The commercial QDs are coated with
trioctylphosphine oxide (TOPO) ligands, which are displaced by the hydrophilic sugar ligands.
Addition of wateris used taest if the capexchangeeaction has occurreds the resulting QD
saccharide conjugates are hydrophilic and so should form a stable solution in water with no

aggregation.

Ligand /
Exch 0O
> xchange \\/Sj’\/\,u

/“/\/_J\ S NXO,. O
Q- @ T
x —

Figure2.2.2: Theschematic ofigand exchange reaction farepare QD-saccharideconjugates from the commercial

TOPO ligand coated CdSe/ZnS ®kere R= mannose or dimannose

After ligand exchange, the resulting water soluble QDs are edrbfiy washing with water to
remove any unbound ligands in a centrifugal filter as outlined in the experimental procedure.

The stock QD concentration is calculated by the Beenbert Law using the absorbance of the




QD at its first excitation peak of 546 in¥ 2 NJ v.5= 560Anih)Kand<an extinction coefficient,

¥ ¥ 2 F °Mi'em! asprovided by supplieEigure2.2.3 shows the absorption spectra o)

QD-Mannose andE) QDDiMannose conjugates respectively.

(A) 1.00- (B) 1.0,
0.754 0.75 4 ——QD-EG, -DiMan
° 3 —QD-EG S—D\M an
e — QD-EG,-Man g
S 0501 —— QD-EG-Man & 050
s o
8 w
< =]
0.00 0.00
T T T 1 T T T 1
450 500 550 600 650 450 500 550 600

Wawvelength (nm)

Wavelength (nm)

Figure 2.2.3: U\-Vis spectra of theA) QDMannose and §) QDDiMannose conjugates used to determine the

concentration of the particles after ligarekchange.

2.1.1 QD(EG-Man)n Characterization

2.1.1.1 Dynamic Light Scattering
The hydrodynamic sizesydof freshly prepared QBaccharide conjugates are determined by

dynamic light scattering, DLS. The resulting hydrodynamic diametdkdume populations) in

HO for the QDEG-DiMan and QEEG:-DiMan are shown irFigure2.2.4. A single Bsize
distribution ofca.6 and 13 nm for QIEG-DiMan and QEEG:-DiMan areobtained. Such P

sizes are consistent with the expected values of the QD core plus the suagr ligand length,

suggesting that the ligand exchange has occurred and the QDs are not aggregated. A summary

of the D, sizes and fitting parameters are seermiable 2.2.1
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Figure2.2.4: The hydrodynamic size histograms for (A}B®-DiMan and (B) QEG;-DiMan in HO.
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Table2.2.1: Summary of the hydrodynamic sizes of the-§@charides after ligand exchange.

Full Width at half maximum
Capping Ligandc  Hydrodynamic Sizénm)
(nm)
LAEG-DiMan 7501 45+0.2
LAEG:-DiMan 12.8+0.2 9.8+0.6

2.1.1.2 Quantum Yields
Quantum yield, QY, is a measurement of the number of defined events occurring per photon

absorbed by the systemused. Inddtt 8 S G KS v, Aa RSaONKROwhieh I a
measureghe ratio of the number of photos emitted, tinoseabsorbed.The Q¥of the QB are
determinedl 3+ Ay ald wK2RFYAYS c De=A490 nB)) &slthe Xdferencer , T
standard!® The integrated fluorescence spectra of multiple concentrations against the
absorbancdor boththe QD andeference materiad are measured first and th@Yis calculated

by (Eq9) based on the methodirst published by Williamst al..’

c-
o
c-
€

pTITT (Eq.9)

Where QDQY is the QD quantum yield, Gradigand Gradientnodscare the linear fitting
gradients of the integrated. The methodology used here is slightly different from that of Williams
method although it is still a comparative model in which they directly compare the areas of the
fluorescence emission spectra. This method calculates the gradients by performing absorption
measurements on a range of different concentrations and noting therasnce at 480 nm.

This is then used as the excitation wavelength to collect a fluorescence spectrum at the same
concentrations. The area of fluorescence curve is plotted against the maximum absorbance at
480 nm for each of the QDs as well as the referenigedamine 6G. A linear plot is then fitted
through and the gradient is calculated from that. The absorption spectra of the QDs and the
reference are shown ifigure2.2.5 and Figure2.2.6 respectively. The fluorescence emission
spectra of the QDs are given in tA@pendix The resulting integrated fluorescence intensity

versus absorption plots are shownkigure2.2.7.
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Figure2.2.5: U\-Vis (background corrected) spectra of the QDs after ligand exchange with the functional ligands.
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Figure2.2.7: Integrated fluorescence intensity v.s. absorption plots for different QDs fitted by linear relationship.

Table 2.2.2 summarises the mults. A significantly lower QY for (3-Man is seen in
comparison to the literature (e.g. Guat al®* shows a 33% and 24% QY for-B®-Man and
QDEG-Man respectively). The difference may be caused by different batwhiée QD which

may have diffegnt original QYs.

Table2.2.2: A summary of the QYs for the QDs after ligand exchange with differentBds$ied sugar ligands.

Surface Ligand | Quantum Yield (%)

DHLAEG-Man 7

DHLAEG-DiMan 25

DHLAEG:-Man 28

DHLA EG;-DiMan 24
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2.3 Protein Labelling

After the successful production of both EBIGN and DSIGNR via the protocol outlined in
Chapter 5.5.9abelling was donat a sitespecifiantroducedcysteineresidueusing a maleimide
modified ATTO594 dye. The labelling process consists of a simple nucleophilic Michael addition
reaction in which the lone pair on the cysteiresidue ofthe protein attacks the double bond

of the maleimide Scheme2.3.1 below outlines the process of the nucleophilic addition between

the dye and the protein via the free cysteine.

Maleimide- e
Atto-594
\ /@

Atto 594
Malelmlde
Atto 594

Scheme2.3.1: A schematic to show the Michael addition reaction mechanism used for labelling a protein with the

organic dye maleimidatto-594.

The concentration, c, of the labelled protein was then calculated usinglaedrert law The
dye absorptiormaxima is at &g and the protein absorption is at, this can be seen clearly
on the absorption spectra for a labelled protein samipigure2.3.1. The contribution of the dye
absorbance a280 nmis taken into consideratiom calculatinghe concentration of the protein
The extinction coefficients for the proteira 280 nmare 70400L mot* cm* for DGSIGN and
60890 L mot cm* for DGSIGNR.

0.51
0.44
0.3

0.2+

Absorbance

0.14

0.04

T T T T A
300 400 500 600 700
Wavelength (nm)

Figure2.3.1: A typical UV/Vis spectrum for labelled protein-BIGNR36uM)a K2 g Ay 3 YI 22NJ F 60a2ND I Y
dye ard protein at 280 and 609 nmespectively
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2.4 Differentiating QBDiMan-DGSIGN/R Binding Modes

2.4.1 FRET Studies between @DMan and DESIGN/R

FRET can be used to calculate the changes in separation distance between two fluorophores. It
is also a useful method to measure specific deacceptor binding interactions. Since FRET
occurs over a short separation distance (ca. < 10 nm), any unboectswill be too far away

to contribute to the energy transfer process. Binding of the labelleeSIEN/R (acting as the
acceptor) to the QBaccharide (acting as the donor) should result in a quenching of the QD
fluorescence and an increase in the dyeofescence simultaneously. In the case of our
experiment, eHis-Cys peptide is added to the solutions as previous group members have found
that it can significantly enhance the QD fluorescetiCEhe peptides can bind to the free Zn

ions on the QD surte and also help reduce the napecific adsorption of the QDs onto the
sample tubesFigure2.4.1 shows the resulting background corrected fluorescence spectra with
afixed amount of QD (40 nM) with varying amounts ofBIGN/R. The apparent binding affinity

can then be calculated by plotting the fluorescence intensity ratio between the protein emission
YFEAYEF é6< T cHc YYUO | yR (GKS v5ecStrsedithat®sf YI E.
increasing the protein concentration that the QD emission maxima decreases and the protein
emission increases. The work done on theEl&-DiMan was performed by Dr Yuan Guo, who
also performed another experiment with the @Bz-DiManusing a difference batch of QDs,

this can be found within théppendix The study has only been done with the-QDlans as
previously the binding constant has already been determined for theM@Bs with DESIGN.

For DGSIGNR, its binding affinity with Qan was too weak to measure at 40 nM &D.

Table2.4.1: Fitting parameters summary for QIDGSIGNR binding curves fitted using the Hill Equatiton (5
(Figure2.4.1).

QD + Protein Rmax K n R
QDEG-DiMan + DESIGNR 250 53+0.8 1.9+£0.9| 0.8957
QDEG;-DiMan + DESIGNR 26+0.9 17.2+6.1 1.5+0.1| 0.9984
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Figure2.4.1: Dye direct excitation background corrected fluorescence spectra eDi@@n (12¢ 752 nM) after
binding to labelled proteins, DEIGN/R, (40 nM) at varying protein: QD ratios whé&)eJDEG-DiMan + DESIGN,
(B) QDEG-DiMan + DESIGNRQ QDEG:-DiMan + DESIGN, D) QDEG:-DiMan + DESIGNR and the resulting FRET
ratio versus protein: QD ratio foE\ QDEG-DiMan and F QDEGs:-DiMan. Table 2.4.1 above shows the fitting
parameters for DGIGNR binding.

Significant quenching of the QD fluorescence is observed after incubating tHRINgHN
samples with DGIGN, similar to that found previously within the group with-Kd@n
conjugates®® On the other hand, using the @DiMan to replace QiMan greatly enhances the

FRET signals for binding to-BIGNR. The result contrasts significantly with that of thevig
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which showed weak and indistinguishable signals from the background=RE€ signal for BPC
SIGN binding is still higher than that of-BIGNR, suggesting that the two lectins may adopt
different binding modes. This result is significant as it matches well to our proposed binding
mechanisms for DSIGN and DSIGNR in that DEIGN binds to a singular QD and that DC
SIGNR binds to multiple QDs. The binding curves fe8IBE show a linear increase to the
maximum, then followed by a decrease. This result is also different from that observed
previously with QEMan'® which displaytypical binding curves toward maximum without
decrease this is due to light effects coming from fluorimeter and quenching effects from the

large concentrations of proteins. In contrast, bindingte{DCDbw 3IA3Sa 'y a{é

curve. Moreover, fil Ay 3 (GKS o0AYRAY3I OdzNBSa 6A0GK 10%xf f Q&

0.9 and 2.4 + O.&«hich are both > 1, indicating positive cooperativity in the-QiDlanDG
SIGNR binding, possibility due to-QBSIGNR crodmking.

2.4.2 Dilution of Surface Sugars

As part of these experiments we wanb control theQD surface sugatensityto reduce FRET
quenching observed at high protein/QD ratios for-BIGN In order to achieve thjs certan
amount ofaninert spacer ligandDHLAzwitterion, (DHIA-ZW, Figure2.4.2), ismixed with the
DHLAsugar ligands to perform cagxchangeGiven both ligands chelate to the QD via the same
DHLAunits, we expect they display veryrsiar binding affinities with the QD and hence the
ligand ratio used in capxchange may be transferred to the QD surface ligand coakimgl A

ZW ligand was reduced to DHLAZW using dithiothreitol, and deprotonated by
tetramethylammonium hydroxideDilution of the QD surface sugar ligands with the DIAMA
would increase the intesugar distance, allowing us to probe how this affects their binding
affinity with DGSIGN/R. Two different QD surface sugar densities are used QDs, 73% and 25%,
and the data areompared to those of the 100% sugar density ab&igure2.4.1. Experimental

details can be found withi€hapter 5
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Figure2.4.2: A schematic show of changing intargar distance, d, beforé\) and after B) diluting the QD surface
sugar ligands with the inert EAW ligand.
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2.4.2.1 FRET Analysis upon Surface Dilution

The resulting fluorescence spectra arep in Figure 2.4.3 and the corresponding FRET
efficiencyprotein/QD ratio relationship curves are shown kigure 2.4.4. The first major
difference observed is a significantly reduced FRET ratio for QDs with diluted surface sugar
density. Since the FRET ratio is linearly proportional to the amount of labelled protein bound to
the QDat the same distance, this result suggests a reduce® BBl binding capacity for the
surface sugar diluted QDs. This result is consistent to that of the earlier results obtained with
QDMan.
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Figure2.4.3: Dye direct excitation background corrected fluorescespectra of QEDiMan at a reduced surface
dilution after binding to labelled proteins, EEIGN/R, at varying protein: QD ratios wheXp@QDEG;-DiMan (40 nM,
100 %) + DSIGN (12 752 nM), B) QDEG:-DiMan (40 nM, 100 %) + ERIGNR (24 752 nM) () QDEG;-DiMan
(40 nM, 73 %) + DSIGN (12 500 nM), D) QBEG:-DiMan (40 nM, 73 %) + ERIGNR (24 500 nM), ) QDEG-
DiMan (40 nM, 25 %) + ERIGN (12 500 nM) and f) QDEG1-DiMan (40 nM, 25 %) + ERIGNR (24 500 nM).
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Figure2.4.4: The FRET ratio versus protein: QD ratio forEQ-DiMan with &) DCSIGN andB) DCSIGNR with 100

%, 73 % and 25 % sugar surface density. The binding¢ulNéd FA GG SR (2 GKS 1 Aff Q& 91 dz i

Table2.4.2: Fitting parameters summary for QDGSIGNR binding curves fitted using the Hill Equakigue2.4.4).

QD + Protein Rmax K N R

QDEG-DiMan (100%) + DSIGN - - - -
QDEG:-DiMan (73%) + DSIGN | 99+0.0 | 1.1+0.1 | 1.3+0.2| 0.9841
QDEG:-DiMan (25%) + DSIGN | 2.0+0.6 | 3.1+2.2 | 1.1+0.3| 0.9902

Dilution of the surface sugar has resulted in a change of binding curve Vii@&C with the
decrease phase after saturation being removed. This could be due to the proteins bound to the
QD surface being overcrowded with 100% density, causing the labelled dyes to be brought into
close proximity to each other, resulting in quenching because of the flexible nature of the neck
region of the protein® The quenching likely comes from crowdimgluced reorganisation of

the QDDGSIGN. This is supported further as when the surface sugar density is decreased, lower
FRET ratios are observed, suggesting a reduced binding capacity for the diluted surface but with
no observed quenching effects fronyes in proximity. To investigate this fully, a new ligand
series with increasing sugar density will be created to reveal the whole picture on how QD

surface sugar density affect the FRET readout signal upesi® binding.

2.5 FRET Analysis for QDGSIGN/Rbinding ky Determination

In order to determine the binding dissociation constant,a&kfixed QD: protein ratio of 1:1 was

used for DESIGN and 1:4 for BEIGNR meaning that throughout the experiment the
concentrations are simultaneously increased in sagpkparations. These ratios were chosen

as they represent the proteins concentrations as which showed the maximum efficiency of FRET

in earlier studies (Chapter 2. A larger ratio ofSIGNR was used to compensate the low FRET
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ratio observed when the Q[protein ratio is 1 Fluorescence spectra can be seen for both QD
EG-DiMan Figure 2.5.1 and Figure2.5.2) with DGSIGN/Randthe spectra forQDEG;-DiMan

with DGSIGN/R can be found within tiAg@pendix Dye direct excitation background corrected
fluorescence spectra reveal clear emission peBi&s NJ (i k.S 554 Bm) and in some cases
GKS 1 0SSt t.S626 ndRue Hiheg/largedifference of QD/protein concentratien
used, different setting parameters have been used to avoid signal saturation of the fluorimeter.
This only affects thabsolute individual fluorescence intensity, the FRET intensity ratio, in which
the Ky can be determined from, will not be affectedvhich isa significant advantage of

ratiometric analysis.

QD-EG,-Man + DCSIGN (1000PMT 10 nm em slit)
1507 250 QD-EG;-Man + DCSIGN (L000PMT 5 nm em slit)
> - .
b —— QD 0.25 nM Protein 0.25 nM > 200 83 ; Em g:g}[::g ; :m
$ 100 —— QD 0.50 nM Protein 0.50 nM @ QD 5 nM Protein 5 nM
€ QD 0.75 nM Protein 0.75 nM 51
= £ 150
S =
9 ]
2 504 2 100
o S
= o
[ =l
L 50
°] \J’/\ —r:
T T T T ) o P e S N
500 550 600 650 700 750 T T T T )
0 550 600 650 700

500 750

Wavelength (nm) Wavelength (nm)

(©)

QD-EG,-Man + DCSIGN (800PMT 5 nm em slit)
500 -

—— QD 10 nM Protein 10 nM
—— QD 20 nM Protein 20 nM
—— QD 40 nM Protein 40 nM
—— QD 60 nM Protein 60 nM
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=
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o
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Figure 2.5.1: Fluorescence spectra obtained for determination of the accuragttoKQDEG-Man +DGSIGN using a
standard protein molar ratio: QD ratio of 1:18)(Low concentration®f QDs and DSIGN (0.2% 0.75 nM)(; (B)
intermediate concentrationsf QDs and DSIGN (X 5 nM)and € high concentrationsf QDs and DSIGN (1@,
60 nM)
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(A (B)

QD-EG3-DiMan + DCSIGNR (9000PMT 5 nm ex slit) QD-EG3-DiMan + DCSIGNR (8000PMT 5 nm ex slit)

8004 400+

—— QD 5 nM Protein 0.05 nM
—— QD 10 nM Protein 0.1 nM ;

8D S prolen o o 2004 QD 60 nM Protein 0.6
—— QD 40 nM Prote:n 0.4 mv QD100 nM Protein 1M

225 4

150 4 2004

75 100 4

Fluorescent Intensity
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Wavelenath (nm)
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QD-EG3-DiMan + DCSIGNR (700PMT 5 nm ex slit)
200

150 .
—— QD 150 nM Protein 1.5 nM

100
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Fluorescent Intensity
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Wavelength (nm)

Figure2.5.2: Fluorescence spectra obtained for determination of @ecurate KK for QDEG-DiMan + DESIGNR
(where n= 3 or 11)ising a standard protein molar ratio: QD ratiol®1. (A) Low concentrationsf QDs (& 40 nM)
and DESIGNR (0.050.4uM); (B) intermediate concentrationsf QDs (6@ 100 nM) and DGIGNR (6.¢ 1 pM) and
(O high concentrationsf QDs (150 nM) and E€&IGNR (1.g6M).

2.5.1 Ratiometric Quantification of QEDGSIGN/R Binding Affinity

The apparent Kis the equilibrium dissociation constant that measures the concentration that
gives 50% binding. The smaller the te stronger the binding affinity and vice versghe
apparent FRET ratiagd/|ss4, is linearly correlated to the number of proteins ¢aptors) bound

to the QDs (donors) hence it is reliable signal for quantifying the proportion epr@@in
complexes in the QIDGSIGN/R mixtures. This relationship can be given through combiipg (
10andEq11) both used to calculate the FRET efficigii, for a single QD donor which interacts
through FRET with a numbé, of identical acceptor¥.

(o) (Eq.10)
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Where RA & (G KS C Na& i S-hiaglalHyR RREA pak @nds dhé& §onovcacceptor
distance. Efficiency can also be measured through the enhanced acceptor emissiofEgsing

11).

O (Eq. 1)
2 KSNBE ¢+ A& | O2NNBOGAYy3A TFI OliDNAsdumingthé shdpe A F T S
both fluorescence spectra are independent of the intensity, then the integrajgthye ratio
should be linearly proportional to the peak intensity ra¢ig. loo/loyel’  s34l626. A combination
of both (Eqg.10) and Eqg. 11) gives the following:

(Eq. 2)

Resulting in the following relationshi{gq. B):

rl|) — @ — (Eq. B)

This can then be rearranged to give the following relationsBigp¥) the linear relationship of

the FRET ratio with the number of acceptors if allip@tein interactions are the same distance:
— 6r 1 = (Eq. )

Where!>~ h Rylrg dll constant value§igure2.5.3, showsthe typicaltitration curves where
all the FRET ratios increase with concentration and finedgh saturatiorwhere thestronger
the bindingthe sharper the FRET ratio increa$beresultingKss are obtained fromfitting the

titration curveswith a nonlinear fitting plot based otthe Hill equation, Eq. B) below.
— — (Eq. B)

Where' is the fraction of the receptor (protein) concentration that is bound bylifgand which

is our case is the FRET ratio between the two emission maxtaiia), [L] is the concentration

of unbound ligand, Ks the dissociation constant and n is the hill coefficient. The FRET ratio was
then plotted against protein concentrations and fitted using the following form of the Hill

equation Eg. B) (OriginPro, Origin Lab).

(@) (Eq. ®)

Where Raxis the maximumieszd|lssa ratio, K is the apparentqdkn is the Hill coefficient and x is

the protein concentrationThe resulingfitting parameters are summarised Trable2.5.1.
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Figure2.5.3: FRET intensity ratiosg/ss4) curves shown as a function of the QD: protein molar ratio, 1:1 feS 3D
and 1:10 for DSIGNR A) QDEG-Man + DESIGNR) QBEG;-Man + DESIGN ) QBEG-DiMan + DGSIGND) QD
EG:-DiMan + DESIGN B QDEG-DiMan + DESIGNR andF( QBEG-DiMan + D§ LDbw® CA GG SR

equation.

Table2.5.1: Summary of the fitting parameterfsr calculating the apparentgising the Hill Equation to fit the QD
EG-Man™- DGSIGN/Rbinding curvesRigure2.5.3).

QD + Protein Rmax Apparent kK (nM) n R
QD EG-Man + DGSIGN 3.3+0.3 357 0.76 £0.02] 0.9999
QD EGi;-Man + DGSIGN 2.1+0.1 714 £ 18 0.81 +£0.03] 0.9991
QD EG-DiMan+ DGSIGN | 0.41 +0.01 0.61 £ 0.07 0.45 £ 0.03] 0.9982
QD EGs:-DiMan+ DGSIGN | 2.09 £ 0.09 2105 0.56 = 0.03| 0.9998
QD EG-DiMan + DGSIGNR| 1.61 + 0.06 62+8 1.2+0.3 | 0.9987
QD EGs:-DiMan + DGSIGNR  1.86 £ 0.31 780 + 330 0.88 £ 0.16] 0.9983

Table2.5.2: Key parameters calculated for the az-Man™ (where n= 3 or 11 and m=1 or 2) and their binding
affinities with DESIGNR.

Glycan Apparent k Apparent K Enhancement|
QD-Surface Ligands _ I Kb
Valency (N)] DGSIGN (nM)| DGSIGNR (nM)] CI Ou 2 N
DHLAEG-Man 33070 357 - 100, 000 ~ 300
DHLAEG:;-Man 222 + 62 715+ 18 - 4, 900 ~ 22
DHLAEG:-DiMan 369 + 38 0.61 +0.07 62+8 1, 480, 000 | ~ 4, 000
DHLAEG-DiMan 281 +25 21+05 780 + 330 430, 000 ~ 1,530

*DGSIGN/R affinity enhancement factor is calculatedf by:

Kd crepiMan= 0.9 mM 22
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The binding affinities and other important parameters (e.g. glycan valency, overall binding

F FFAYAGE SyKIyOSYSyil ¥-GlydandiNdng)arg shavd &obeTabey 2 I §
2.5.2 The results give three notable findings. First, using a QD displayed with a polyvalent array

of DiMan functional group greatly enhances the binding affinity witFID&N, where aglds low

as 610 pM is achieved with GB&-DiMan, whch translates into a huge affinity enhancement
FIOUZ2NE 12 2F 02dzi modp YAffA2Yy Z@®IMMEKS O:
Second, the level of enhancement afforded by mannose is significantly lower than that of the
DiMan, around 100 fold wer, even though the polyvalent binding significantly enhanced the
binding affinity for both of them. The difference could be due to the extended binding site of

the DGSIGN CRD which is known to contain primary and secondary mannose bindin§ sites.
TheQDMan may only bind to the primary site however, being a disaccha@iE)iman may

bind to both the primary and secondary sites, leading to a greater degree of affinity
enhancement. This also highlights the importance of the protein binding surface$ayring

different multivalent inhibitors. Finally, the ethylene glycol, EG, linker length also plays an
important role on the multivalent affinity, increasing the EG linear repeat length from 3 to 11
results in a lower affinity. This is likely to be doethe flexibility of the EG polymer chain. The
higher the flexibility the more disordered the terminal sugars will be, giving rise to a higher
entropy penalty upon protein binding. As mentioned previously, a suitable length of
oligo(ethylene glycol) groups essential for QD stability and water solubility in buffers, which is

also needed to minimise nespecific interactions.

2.6 Competition Studies

2.6.1 Protein Competition Studies

To confirm that the FRET signals observed between the QD and labelled proteingrege a
reflection of the native Qprotein interactions, a competitive binding using native proteins are
also carried out by adding an increasing concentration of-tyjig DCSIGN or wildype DG
SIGNR to each QDGSIGN (labelled) sample. We expect thainpetition of wildtype protein
(unlabelled) should displace the labelled protein binding to the QD, resulting in a decrease in
FRET effecEigure2.6.1 andFigure2.6.2 show the fluorescence spectra of the QD andS}GN
(labelled) mixture after adding increasing concentrations of WISIBIN and WT BEIGNR,
respectively. We expectfefctive competition to happen with WT E&ZGN and not with WT BC
SIGNR because EBBIGN binds to the QDiMan >100 fold stronger than E€&IGNR doed éble
2.5.1). The prelicted results are confirmed by the fluorescence spectra, where addition of WT

DCSIGN results in a decrease of the FRET effect, while almost no change is observed with WT
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DCSIGNR, suggesting no competition happened. These results are also shown withREMR
ratio curves for this experiment seen belowHigure 2.6.6. Figure2.6.3 shows the schematic of
the results, showing the competition betweeA)(labelled DESIGNand WT DEIGN andB)
labelled DESIGN and WT DEIGNR.

(A)
QD-EG,-man + Labelled DC-SIGN (B) QD-EG;-man (20 nM) + Labelled DC-SIGN (2.31 m)
800 +WT DC-SIGN +WT DC-SIGN
8004 ——Qponly
l ——WTonMm
2 6004 2 WT 0.6 M
2 2 600 —WT12mM
g g “ WT 2.6 M
= 400 = / — WT53mM
& $ 4004 T I WT 7.9 M
? 2
o g Il
S 2001 S 200
[ [
0 == r T T T — 0 — 7 T T —
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure2.6.1: Fluorescence spectra showing data for (A) labelleeSBENcompeting with wildtype DGSIGN using
QDEG;:-man and (B) labelled BEIGN comgting with WT DEIGN using QBEG-man.

(A)
QD-EG,;-man (20 nM) + Labelled DC-SIGN (2.31 tM) (B) QD-EGy;-man (20 nM) + Labelled DC-SIGN (2.31 mM)

800 - +WT DC-SIGNR 800 - +WT DC-SIGNR
—— QD Only l A\ —— QD Only
——WTOnM A
2 6001 wToemm 2 600 ‘\ WT 0.6 M
2 —WT12nM 2 “ —WT12nM
g WT 2.6 M 2 \ WT 2.6 v
c \
= 4004 ——WT5.3nM — 4004 ——WT53mM
g —WT79mM  § —— WT7.9mM
2 @
g o
O 2004 O 2004
S =
[ [
01 T T T T — 0 == T T T T —
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure2.6.2: Fluorescence spectra showing data for (A) labelleeBIEN competing i wild-type DESIGNR using
QDEG:-man and (B) labelled BEIGN comping with WT DESIGNR using @BG-man.
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Carbohy:ra"tadﬁef:ig;\tion Damain Carbohydrate Recognition
EjCRDJ Labelled with fluorescent Domain {CRD) unlabelled.
ye

Figure2.6.3: Schematic showing the expected labelled/unlabelled protein coitipatupon QD surface using QD
EGi-man with (A) DEIGN and (B) BEIGNR.

2.1.1.3 Truncated DESIGN

To investigate the basis of the different CBientation between DEIGN and DSIGNR,
competition between a labelled BEIGN and unlabelled truncated {3G5N is carried out.
Despite sharing 77 % amino acid sequence identity betweeBIBE and DSIGNR, a careful
analysis of the DSIGN sequence veals an extrasegment at the CRD/neck interface which is
absent in DESIGNR. We suspect that the extra segment may restrict the flexibility of the CRDs
in DGSIGN, contributing to the binding affinity. By removing this segment, this truncated DC
SIGN magct more likely to wiletype DCSIGNR because they are now structurally similar. This
hypothesis is shown schematicallyFigure2.6.4. The resulting fluorescence spextire shown

in Figure2.6.5 below.

Carbohydrate Recognition Carbohydrate Recognition
Domain {CRD) Lebelled with Domain (CRO) geneticzlly
fluorescent dye. modified.

Figure2.6.4: A schematic showing the expected results of the protein competitiawéen the labelled DSIGN and
the truncated DESIGNR.
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(A) QD-EG,;-man + Labelled DC-SIGN (B) QD-EG;-man (20 nM) + Labelled DC-SIGN (2.31 nM)

800 - + Truncated DC-SIGN + Truncated DC-SIGN
l —— QD Only 800
| ——WTO0nM
2 6004 wroem 2
2 —WT 1.21M 2 600
3 wr26mv 2
£ £
= 400 4 T WT 5.3 nM -
S —— WT 7.9 "M S 400+
(8] (8]
%] [%]
o o
g 2004 S 2004
[ \ o
01 T T T 0 — T — T T
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure2.6.5: Fluorescence spectra showing data for (A) labelleeBEENcompeting wih truncated DESIGNR using
QDEG;:;-man and (B) labelled BEIGN competing ith truncated DESIGNR using @BG-man.

2.1.1.4 Ratiometric Analysis and Determination of Inhibition Constant
A decrease in the FRET intensity ratiey/(ksq) is expected sithe number of labelled receptors

(acceptor fluorophores) bound to the QD is reducEigiue 2.6.6 show the resulting FRET ratio
as a function of unlabelled/labelled protein ratio for @%-DiMan and QEEG:-DiMan
respectively fitted byEq. 15 below.

0w — (Eq.17)
(A) Normalized FRET Ratios Using QD-EG_-man (B) Normalized FRET Ratios Using QD-EG,,-man
1.04 ¢ [] 1.04
| ]
.
0.8 0.8
=] o
T 0.6 T 0.6
o o
i i
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('8 ' <
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24 24 o X
gl modified DC-SIGN
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Figue 2.6.6: Graph to show the comparison of normalized FRET ratios when investigating unlabelled protein
competition using(A) QDEG-Man and (B) QIEG;-Man when increasing the concentration of tlw®mpeting

protein.
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Table2.6.1: A table to show the summary of the ¥alues for the unlabelled protein competition studies against
labelled DESIGN.

DCGSIGN DGSIGNR Truncated DESIGN
QD-Sample _ i }
Ki R Ki R Ki R
QDEG-Man 0.43 0.994 - 1.71 0.973
QDEG:-Man 0.83 0.936 - 2.07 0.966

The apparent FRET ratio decreases when both the WT and truncat8taCare introduced to
compete for labelled DSIGN binding with both QDs, suggesting the labelled proteins have the
same binding modality as wilgpe protein with the QDs. On the otherahd, this effect is not
seen for WT DGIGNR suggesting that WT-BIGNR is too weak to displace bound 3»GN.

This is not unexpected as its binding affinities are >100 fold weaker. Interestingly, the truncation
of DGSIGN also produces some degrees ahpetition, but its efficiency appears to be in
between DESIGN and DSIGNR, suggesting a reduced binding affinity with the QDs. This result
may suggest that its structure may lie in between&GN and DSIGNRTable2.6.1 shows a
summary of the Kalues calculated from the curve fitting. Evaluation of the results was done in

comparison to a simple competitive modetq 16.

0o — (Eq.18)

Where F is the normalized FRET ratio in the presence of WT proteian€Crare the WT and
labelled protein concentrations andsgRK in this case, is the molar ratio of WT protein: labelled
protein required to reduce F by 50 %. If theolR 1 this indicates that both WT and labelled
protein bind with equal affinity then if Br< 1 this indicates that the labelled protein binds more
weakly then the WT. Fitting the data gives us ag\Rlue of 0.43 and 0.83 for @BG-Man
(where n= 3 and 1) with DESIGN respectively. This shows that the-sjtecific mutation and

dye labelling has slightly weakened its affinity for QDs. The results are similar to those find for
the disaccharide ligands where thedRalues are 0.37 and 0.88 for ¢H%»-DiMan (where n= 3

and 11) with DESIGN respectively.
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2.7 Mannose Competition Studies

To confirm that the FRET signal is due to specific QD surfacemotgin binding, a further

binding competition study with free mannose is also carried out using figadentrations of

the QD and labelled protein (QD: protein ratio of 1:1 for&IGN and a 1:10 for EBEIGNR) with
increasing concentrations of mannosEable 2.7.1 showsthe sample make up. If mannose
competes with QBsaccharide binding to the labelled protein, then the FRET ratio will decrease.
Table2.7.1: A table to show the concentrations of the samples prepared forma@no®©2 YLISGAGA 2y aiddzRAS

to protein ratios of 1:1 and 1:10 was used for-DC Db 60 >a Dblw RO Mp/ >a 0 NBALISOGA @St
contains 5mg/mL of Hig-Cys peptide (final concentration) in a final volume of 400 pL in HEFES

Sample QDVolume | DGSIGN3 pM) | DCSIGNR (15 uM) Mannose
(uL) Volume (L) Volume (L) Conc (uM)
1 8 0 0 0
2 8 21.33 21.33 0
3 8 21.33 21.33 0.25
4 8 21.33 21.33 0.5
5 8 21.33 21.33 1
6 8 21.33 21.33 10
7 8 21.33 21.33 100
8 8 21.33 21.33 1 000
9 8 21.33 21.33 10 000
10 8 21.33 21.33 100 000
11 8 21.33 21.33 1 000 000

Figure2.7.1 shows the fluorescence spectra of the samples competing againSiGREA, B

and for DESIGNREG, B @ !y Ay ONBlFasS 2F v5 R2y2NJI AydSyaa
acceptor fluorescece is observed with the increasing mannose concentration, confirming that

free mannose effectively competes with I36GN/R binding to the Q&accharide, suggesting

that the FRET signal observed above is indeed due to specific psoigén interaction. No
competition could be recorded at higher mannose (<1 M) concentrations as problems occur to

viscosity of the solution.
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Figure2.7.1: Background corrected fluorescence Spectra®)fQDEG-Man +DCSIGN,B) QDEG;-Man + DESIGN

(O QDEG-DiMan + DESIGNR(D) QBEG:-DiMan + DEIGNR over the addition of an increasing concentration of
Mannose. A standard concentration of QDs was used and also a fixed QD: Protein molar ratio of 1-3IKiDa
1:10 for DESIGNR.

2.7.1 Ratiometric Determination of Mannose Competition

Figure2.7.2 shows the resulting FRET ratio as a function of mannose concentration for beth QD
EG-Man (where n= 3 and 11) with BERSGN and QEG-DiMan (where n= 3 and 11) with bC
SIGNR. The data are fitted Bg( 19 to derive the inhibition constant,,Kan indication of the
potency of a potential inhibitor. It is also known as the concentratidnich produces 50% of

the maximum inhibition.

0w — (Eq.17)
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Figure 2.7.2: FRET intensity ratioef/lse2) curves shown as &unction of mannose concentrationrMannose
competition curves are shown foA QDEG-Man (where n= 3 or 11) + E&IGN andB) QDEG-Man (where n= 3 or
11) + DESIGNR andC@andD) are the logo of mannose concentrations plots. Curve plotted in accordanc&tpl’)

above.

Table2.7.2: Summary of the inhibition constant;, Kbtained fromFigure2.7.2.

Kipcsien) Binding affinity Kipcsienr) Binding affinity
Qb (mM) enhancement factor* | (mM) enhancement factor*
QD-EG-Man 2.35+0.8 58750 - -
QD-EG:-Man 1.62+0.7 40500 - -
QD-EG-DiMan - - 261+1.2 65250
QD-EGs-DiMan - - 432+1.3 108000

* DGSIGN/Rbindingaffinity enharcement factor is calculated by/®qp.

As expected the apparent FRET ratio decreases when the mannose was introduced suggesting
that the FRET signal observed are due togpecific DESIGN/Rsugar interactions. When the

free mannose concentration equals that of the Ki the amount ofSD&N bound to the QD and

free mannose are the same, where a much greater Ki thgyc@nfirms that DESIGN binds

much more strongly to the QDban free mannose, the enhancement factors further confirm
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this. The binding #are confirmed here as the lower the e higher the Kmeaning a stronger
binding requires more free mannose to compete for the binding. Kinetic studies of the mannose
compdition experiments using conventional fluorescence spectroscopy without stofiped
attachment are also attempted, however, the competition reaction appears to occur too quickly
to be able to measure accurately. The binding enhancement factor has beethatadl to show

the degree of competition, the higher the enhancement the easier the competifi@blé
2.7.2).

2.8 Transmission Electron Microscopy

Transmission electron microspy, TEM, is used to confirm the structural model ofdGN/R
based on their distinct Qimannose binding properties initially proposed by Gatcal.’* The
hypothesis suggested that the CRD binding sites #8308 all face in the same direction, which
is upwards. In comparison, the CRD binding sites H8[BINR are facing outwards in opposite

directions. These predicted geometries can be sedfignre2.8.1 below.

w AV

DC-SIGNR
DC-SIGN

() 'gh ? /.&ﬁ ¢ N

m‘-‘ w
Individual QDs Assem led QDs

Figure2.8.1: Schematic showing the predicted tetrameric structure for the proteinsSDEN/R where (And G shows
the predicted multilinking structure of BEIGN and (Bnd D show thepredicted crosslinking structure of ERIGNR
in the assembled arrangement

The TEM images belowigure2.8.2, show the predicted sugdZRD interactions proposed from
the fluorescence data. Binding of the tetrameric-BIGN with the QD produc&ggure2.8.2(B),

isolated QDs without any observable aggregation/clustering, this is sitoithat seen for the
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pure QDsugar conjugate alondsigure2.8.2(A). This observation is fully consistent with the
expectation that all four CRDs in 305N are boundtsugars present on the same QD surface.
On the other hand, the QDs in the presence of$IGNR appear in clusters in the TEM image
Figure2.8.2(C) suggesting that DEIGNR has cre$isked with the QDs. We believe this is down

to two of the four CRDs binding to sugars on one QD while the other two bind to another QD.
Besides, each QD can bind to two or more proteins. As a result of both QD and protein cross
linking efect, the net result is the formation of clustered QDs. This is the first time that both the
fluorescence properties and the high TEM contrast of QDs have been combined to create a novel
multimodal readout strategy for multimeric sugay protein interactiors. Dynamic light
scattering measurements, done by Dr Yuan Guo, also confirm the distisizd3 between the
singular QEEG;-DiManDCSIGN binding, = 41 £ 0.5 nm, and the clustering @3;-DiMan-
DCSIGNR particlesy,B 138 + 2 and 217 + 12 nFiure2.8.3).

Figure2.8.2: TEM inages of A) QBDEG:-DiMan B) QDEG;-DiMartDGSIGN ad (© QDEG;:-DiMantDGSIGNR.

Scale bar 42 nm.
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Figure2.8.3: Hydrodynamic size (Phistograms ofA) QBEG-DiMan and B) QBEG:-DiMan in HO and then the P
histograms of QEEG-DiMan after binding with@ DGSIGN and¥) DCSIGNR in binding buffer. All measurements

performed by dynamic light scattering.
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2.9 Inhibiting Ebola Virus Host Cell Entry

Note:¢ KS 62NJ] A& LISNF2NXYSR o0& 2dzNJ O2f f 1 62N 42N
atthe GermanPrimate SY i SNE D GdOGAy3ISy> DSNXIyeéod ¢KS | dz

only interpreted the data and written her own account of the findings of the collaborators.

The binding affinity between DEIGN and QEBG-DiMan is very strong, suggesting that thB€)

may act as potential inhibitors for effectively blocking-BIGN mediated virus infections, e.g.

HIV and Ebola. To investigate this potential, a murine leukemia virus, MLV, is used as a vector
modified to express the Ebola virus glycoprotein, EPY o the surface along with a modified
genetic code which contains the luciferase gene. A model of the MLV used is bhmmnin
Figure2.9.1. Luciferase is an oxidative enzyme that produces bioluminescence in the presence
of ATP, oxygen and a substrdt&he virus particles can bind to the {36GN/R expressed on the

cell surface by the EBG3P and enter the target Human embryonic kidney c@@3T. The
luciferase gene can then be transfected into the cell and thus express luciferase. Luciferase
activity is then monitored from the lysate of the 293T cells. If the 293T cells ateepted with

QDs then its surface BEIGN/R will be occupied/tthe QDs, preventing them binding to the
virus particles and greatly reduce the uptake of viruses and the luciferase expression. A
simplified version of the inhibitory action of the QDs within this assay is sho®igure2.9.1.

To test that the inhibition is specific, a control viral glycoprotein is also usedvedbieular
stomatitis virus glycoptein, VSVG which does not use DSEIGN/R for cell entry. In addition,

cells transfected using an empty plasmid, pcDNA, which does not express luciferase activity is

also used as the background control as described in an earlier publication Bt &d

=g
Medified genetic Jf} “\f\
A

code to express.
Luciferase Gene

Ebols Glycoprotein
e (EVOV-GP) Endocytosis
blocked by

QD-binding

Human
Embryonic
Cells

Endocytosis ‘%€

Murine Leukemia Virus

(used as a vector) occurs Gene Transduction
Occurs

S

Luciferase Expression

Figure2.9.1: A schematic showingA) the murine leukemia virus (MLV) used as a vector for viral inhibition assays
bearing he Ebola glycoprotein (EB@3P)and @) the inhibition of DESIGN using QBEG-Man™ (where n=3 or 11
and m= 1 or 2) and how the luciferase actioocors via cellendocytosisof the modified MLV to express

bioluminescence
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Thecells are prereated with the QDs twice, washed and then treated with the MLV and the
control VSYG virus particles and incubated for 72 hours. The resulting luciferase activities from
the celllysatesare shown below for QIEG-DiMan,Figure2.9.2 (A and B and QBEG;-DiMan,
Figure2.9.2 (C and D). These initial results show thtte presence of the QDs greatly reduces
the luciferase activity, confirming the high inhibitory potency of these materials. This inhibition
is presumably due to the strong binding between the QD anSI[BIN/R which can effectively
block the EBOWILV entry.
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Figure2.9.2: Human embryonic kidney cells (293 T) were transfected with the identified plasmids and pre incubated
with (A and B QBEG:-DiMan and € and ) QDEG-DiMan and inoculated with Murinkeukemia Virus (MLV)
particles modified to contain the Ebola Virus Glycoprotein (EB®Y or a control, vesicular stomatitis virus
glycoprotein (VS¥5). The inhibitor concentrations were calculated after addition of particles. Luciferase activities in
celllysates were measured at 72 hrs patnsduction.

Finally from these results gene transduction of the control cells (pcDNA) and the transduction
driven by control of a vector bearing the V&Y which cannot bind to BEIGN/R for host cell

Sy i NBE fedwB lyy QEEGIDMan treatment. As the pcDNA does not express the gene for
the luciferase production and so only shows low luciferase activity. These results confirm that
the viral internalisation is blocked in the presence of the QDs. The normalisiitiorh data

are fitted using the standard inhibition model to calculate thg {@lues for each QDonjugate

and shownin Figure2.9.3. The 16 value is the QD conagration which gives 50% of original
luciferase activity. The lower the value the more potent the inhibitor. Thevi&ues for Qb

EG-DiMan and QEEG;-DiMan inhibiting DEIGN expression cells are calculated as 0.70 + 0.20
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and 1.42 £+ 0.09 nM, respectiye Such 1§ values are comparable against some of the most
potent glycoconjugate inhibitors reported in literature, €.6.667 nM for multivalent
glycofullerene moleculedunozet al.,”® and0.9 nM for glcodendrinanoparticleRibeireViana

et al® against virus infection of target cells.

144 © DCSIGH 1.4+ & DCSIGN
@ DCSIGHR (B) & DCSIGNR
12- ¥ DC-SIGN control & 121, ¥ DC-SIGN control
.‘E' DC-SIGNR control = 'y T _ DC-SIGNR control
= 10 T 104 RY ¥ l
< < .l i
03 I g 0 3
b &
® 06 ﬁ 0.6 4
©
E 04- § g 0.4
2 Z 02 IC5=1.4£0.1 nM
Z 024 1C5(=0.7£0.2 nM 507 =T
0.0+ . 0.04_ . . . —
0 50 20 0 20 40 60 80
[QD}nM [@D}/nM

Figure2.9.3: Normalised luciferase activities of the 365N or DSIGNR expressing 293T cells measured as a function

of the pretreatment (A) QD-EG;-DiMan and B) QBDEG-DiMan concentrations. The data shown in open circles
correlate to thevirus particles containing the EB@P and the triangles to the control glycoprotein (M&V Data

was fitted using a comparable competitive binding model

An interesting observation is that thesk®alues are very similar to that of the binding constant,

Kg, calculated previously using FREdble2.9.1 below shows the values for each and the values
are within the error of each other. These results suggest that the FRET based binding affinity
method could be potentially used as a way to predict the viral inhibition poteney @Cthe

QDs and other gbpnanopatrticles.

Table2.9.1: A summary of both the apparent;Kalues and the l§gvalues for comparison of the inhibition potency
of QBEG-DiMan (where n = 3 and 11) with EBOIGN.

ApparentKy 1Gso

QD Surface Ligands
DGSIGN (nM)| DGSIGN (nM)

QD EG-DiMan+ DGSIGN | 0.61 +0.07 0.70+0.20
QD EGi-DiMan + DGSIGN| 2.10 £ 0.50 1.42 +0.09
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2.10Conclusion

In conclusion, QDs displaying polyvalent DIHGASaccharidewhere n= 3 or 1 and Saccharide
=a-Man and Mara-1,2-Man) ligands are powerful probes for dissecting the multivalent protein

¢ glycan interactions using FRET techniques and TEM imaging. More significantly, we have
revealed that the different CRD orientation of 3GGN ad DCSIGNR determines the way they

bind to the QDs. DSIGN binds tetravalently to a single QD and3ID&NR binds divalently to

two different QDs. A new FRET based binding affinitym€thod has been developed and
revealed that DESIGN binds much stroegto the QDs than DESIGNR does, and is consistent
with their binding multiplicity difference. In addition, three other significant results are
obtained, first, displaying a manrdisaccharide polyvalently on QD greatly enhances the
binding affinity withDCGSIGN, giving an apparentdf 610 pM which is ~1.5 milligiold stronger

than the monovalent interaction, dgonovaleny= 0.9 mMM. Second, a polyvalent display of DiMan

on the QD gives a greater level of affinity enhancement than that of Man in bit@iDGSIGN

and DGSIGNR, possibly due to that both the primary and secondary binding sites of the CRD are
involved in the former but only the primary binding site is involved in the latter. Finally, the
length of flexible EG linker also plays a key roleletermining the strength of the binding

I FFAYAGED® LYONBFaAy3a tAY{SNI tSyadK FNRBY o (2
to the flexible nature of the linker which leads to higher levels of entropic penalty for binding to

occur.

More importantly, the QBsaccharides are found to exhibit very high potencies against Ebola
glycoprotein driven viral infection of BEIGN expressing cells with agoNalue as low as 0.7

nM, placing them among the most potent glycoconjugate inhibitors. Interestingly, thed@es

are comparable to their DSIGN binding affinity measured by our new FRET based method,
suggesting that the sensitive ratiometric FRETeddag measurement method developed in this
study could be potentially used to predict the viral inhibition potency of gly@amparticles.
Further work investigating different EG chain lengths and different surface sugar densities is to
be performed as dliting the density reduced the FRET readout. Also work on a more
biocompatible nanomaterial will be considered as QDs are cytotoxic to cells due to the presence
of cadmium within the core. To still exploit fluorescence energy transfer mechanisms gold

nangparticles, AuUNPs, are suitable to use.
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2.11 Experimental Procedures

2.11.1Ligand Synthesis and Preparation of QDs
All the relevant synthesis methods for the ligands and QDs used within this chapter can be found
within Chapter 5 All the ligands have been fullyaracterised using NMR, IM'S and TLC.

2.11.2Protein Production and Purification
All the details to produce and purify the proteins (BIGN/R) used within this chapter can be
found withinChapter 5

2.11.3Viral Inhibition Studies®

The experiments were performed using human embryonic kidney 293T cells. Target 293 T cells
seeded in 96well plates were transfected with plasmids encoding®IGN, DGIGNR or control
transfected with empty plasmid (pcDNA). The cells were washed at 16 h post transfection and
further cultivated at 37 °C,5% €0y 5dzf 6 SO02Qa Y2RAFASRING103IE S VY
% fetal bovine serum (FBS). At 48 h post transfection, the cells were exposed to twice the final
concentration of QEEG-Man™ inhibitor in DMEM supplemented with 10 % FBS for 30 minutes

in a total colume of 50 pL. Thereafter, the cells with ino@datvith 50 L of preparations of

MLV vector particles encoding the luciferase gene and bearing either-5BQ@V the VSG as
control. Binding of QEG-Man™to DGSIGN/R on the surface of 293T cells can black the
interaction of these lectins with the EBEBP on the particle surface, reducing the cellular
uptake of vector particles and thus reducing transduction efficiency. At 6 h post inoculation, 100
uL of fresh DMEM culture medium was added, and the cells were incubated for another 72 h.
Thereafter, luderase activities in cell lysates were determined using a commercially available

kit (PJK), following the instructions as described by G **
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Chapter3

Hfect of Quantum Dot Surface Glycan Density upon-BIGN/R Binding

3.1 Introduction

Glycodendrimers or glycopolymers over the last few years have been synthesised to study the
interactions between carbohydrates and proteinghese ligands are designed to increase the
glycan concentration; as a dendron ieygperbranched aganic moleculeomected toa central
point.? These usually have peptide linkages attaching multiple glycan moieties to a central
chelation point, a simplglycodendrimer is shown below KFigure3.1.1. These materials show
unique recognition properties as they can be synthesised to have controlled lengths, specific
compositons and architecture$.Such molecules over recent times have provided solid
foundations for constructing densely packed glycan arfaylycans play a crucial role in many
biological interactions. Many papers have been published showing positive effems
improving binding affinity constants when the glycan density is increased through using a
branched systen.® However, their potentials have not been harnessed by displaying them on
a nanoparticle scaffold they have instead been used on their own.r@titential scaffolds have

been used such as fullererfesimple organic based amine framewdr&ad sugar moleculées.
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QDs, AuNPs and magnetic nanoparticles make good scaffolds for glycodendrimer ligands as they
possess a unique set of properties. Such astaizeable emission spectra, high quantum yield,
broad absorption spera and great resistance to photfoleaching that can be used to dissect
further the binding modes between glycans andlype lectins. These materials have been
designed to have a greater contact surface area for measuring the key multivalency effects of
lectin type proteins. The fluorescence propges of QDs will be combined using a fluorescently
labelled protein in a FRET based assay to probe the multivalent interactions. A recent study by
Linet al. 1 shows the importance of glycan density for multivalent binding affinity between
glycan and lem. However a key point in relation to this type of ligand is that just because
singular carbohydrate protein interactions are weak, changing to a high density of ligands may
not correlate with an increase in binding affintyincreasing glycan densitidnas already shown

a positive impact on the interactions between the glycan (mannose) and the lectif&IENR).

These are highlighted in a review by Johannsgeal.?

Our previous work has shown diluting the QD surface sugar density that resuleddar FRET

ratio indicative of weaker bindintj.In order to compensate for the loss of signal the next step

is to use a new series of glycodendrimer like ligands to increase surface glycan density on QDs
by using branched multivalent glycans attacheai® LA surface anchoring group. The sugar
ligand series designed would still contain the same functional segments Gisajpter 2 an

anchor, hydrophilic segment and functional group. Copper click chemistry will be used to create
the smaller triazole, k&s sterically hindered than the cyclooctyne; previously used for creating
the more densely packed surfaces. An example of the branched ligand to increase sugar density
has been done by Ribeiianaet al* The QDs schematic design is outlinedrigure3.1.2

highlighting the different anchor to glycan ratios as well as the designs for the ligand series.
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Figure3.1.2: A schematic of the QDs used to investigate the effects of increasing glycan densitS¢@N& binding
by increasing the number of glycans conjugated to each LA anchor group using a lipoic acid, LA, to glycan ratio present
in the specially designedjind serious ranging from 1:1 to 1:3. The ligand series for the monosaccharide mannose is

also shown to show how the number of glycans is increased.
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3.2 PolyvalentQuantum DotMannoseDesign

3.2.1 Ligand Exchange with QDs

The ligands were deprotonated fbgand exchange in the same way as before, using NaOH and
added to commercially available hydrophobic gradient alloyed CdSe/ZnE &8 f f em366 & 0 <
nm) using a ligand: QD molar ratio of 2000:1 in a homogenous solution of/ MEOE/HO).

Full experimetal details are available i@hapter 5.Figure3.2.1 below shows the chelation of

the dithiol functional group of the ligands to the QD surface. The commercial @{s dn
octadecylamine (ODA) coated surface, making them only dispersible patan organic

solvent and not suitable for biomedical applications. The ligands are replaced to make the QDs

water dispersible through ligand exchange.

Ligand
Exchange

X

Figure3.2.1: The ligand exchange reaction undertaken witttamlecylaming ODA) stabilized QDs by glycan ligands
[LA(EG-Glycan) (where n =1 or 2, m=1, 2 and 3 and GlycasMan and Mara-1,2-Man)].

The concentration of the hydrophilic QDs dissolved in water can be calculated usivig UV
absorption and the Bedrambert Law. The absorbance, A, was obtained using the QD
F0&a2NLIiA2Y LISH{1 Y EA ¥%B60 hni) ang ancextigetio® F 8 NF i @S5Sy §

1.2 x 16 M1 cm™ to calculate the concentration.

3.3 QD(EG-Man)n Characterization

3.3.1 Hydrodynamic Size Determination of QDs

The hydrodynamic sizeB, of freshly prepared Qiglcyan conjugates were determined by DLS.
The resulting volume population versus hydrodynamic size graphs for each of the QDs before
and after ligand exchange HOare given irFigure 3.3.1Afull summary of the of the Pralues

for each of the QD conjugatesdithe relevantfitting parameters cabe seen iffable3.3.1. a

small change in size ig@ected for the QDs after they have undergone ligardhangeOne

key difference to be noted is that using gecommercialQDs in comparison tthose used in
Chapter 2their initial size is larger so even thoughEG,-Mannose is smaller in lengthen LA

EG-Mannose the overall size is still larger due to the Q®s-shdl size.
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Figure3.3.1: Histogram of the hydrodynamic diameters (@) QDs before ligand exchang®) QD-PEGs-OMe, (C)
QDEG-Man, (D) QD(EG-Man),, (E)QD-(EGMan), (F) QD-EG.DiMan,(G)QD(EG-DiMan} and finally(H) QD(EG
DiMan}.
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Table3.3.1: A table to show a summary of the hydrodynamic sizes of the QDs before and after ligand exchange as

determined by Dynamic Light Scattering, DLS.

Surface Ligand Hydrodynamic FWHM
Diameter (nm) (nm)

ODA 11.5+0.3 8.1+0.9

DHLAEG-Man 12.3+0.2 6.8 £0.5
DHLA(EG-Man), 15.0+0.2 8.3+0.7
DHLA(EGMan); 151+0.3 9.1+0.8
DHLAEG-DiMan 21.9+0.2 125+ 0.6
DHLA(EG-DiMan), 18.2+0.2 10.3+04
DHLA(EGDiMan) 23.4+04 18.3+1.2
DHLAPEGs¢-OMe 43.0+£0.2 15604

The change isize of the quantum dots suggests that ligand exchange has been carried out
successfully along with the stability in water. A key observation is the difference in the size of
the particles between the monosaccharide series and the disaccharide series)aypisome

from the fact that the disaccharide ligands are much bulkier, creating a larger hydrodynamic size
in solution. The large size of the control QD suggests minor of aggregation or clustering of
particles is occurring which may be due to the diffarein ligand exchange methods. Although

a larger hydrodynamic size is expected for the control QD due to the much longer polyethylene
glycol units of the ligands and hence extra contributions from the Flory radius which calculates

the size of the polymerichain when its stretched out at its longed£q19).1°

0 | & (Eq. B)

2 KSNBE C Aa UKS Ct2NEB NIYRAdzAX h Aa (GKS fSy3adk
n is the number of repeating units (~ 17 here). So it would have an eotaibution of 35.7 A

for PEGso.

3.3.2 Quantum Yields

QY, defined earlier, were calculated for the (E3-Mans)n against the same reference
standard, Rhodamine 66v | T «cd#p0nm). As before the integrated fluorescence spectra
over multiple concentrabns against absorbance for the QDs and the reference are measured.
Initial UV/Vis measurements are done at a higher concentration to give more reliable results
due to the linear relationship between absorbance and concentration. The absorption spectra

of the QDs and reference are shownHigure3.3.2 and Figure3.3.3 respectively Fluorescence
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emission spectra can be found within tA@pendix The QY is then calculated usif(9),
defined previouslyChapter2, for each QD in this chaptérhe resulting integrated fluorescence

intensity versus absorption plots are showrFigure3.3.4.

03+ UV-Vis Spectra for Quantum Dots

— QD-EG,-Man
QD-(EG,-Man),
—— QD-(EG-Man),
QD-EG,-DiMan
—— QD-(EG,-DiMan),
—— QD-(EG-Man),

o
[N}
N

Absorption (a.u)

0.14
—— QD-PEG,,;OMe
0.0
400 500 600 700

Wavelength (nm)

Figure 3.3.2: U\-Vis (background corrected) spectra of the QDs before lightatK) exchange and after ligand

exchange with the functional ligands.
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Figure3.3.3: (A) UM-Vis spectra for Rhodamine 6G sam§®) Fluorescence spectra for a range of concentrations
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Figure3.3.4: Fluorescence area verses absorption linear plots to determine the quantum yield for the QDs.
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Table 3.3.2 shows a summary of the results. Tirew alloyedcommercialQDs used in this work

were alreadybrighter in comparison to ones used previoulsfore ligandexchanggChapter

2), it is therefore expected that the quantum yield would be higher for these ligands exchanged
QDs. This is shown in all the cases as the QY is either maintained or slightly weakened by the
ligand exchange reaction. Usually the longer the reaction timentbaker the QY becomeAs

the maximum QY recorded for the@saccharides i@hapter 2 wa28% incomparisonto the
maximum of 68% in this case.i§mew batch otommercialQDs was actually purchased for

their higherQY values for more efficient seltsfor the FRET masurements.

Table 3.3.2: A table summarising the Quantum Yields for the Quantum Dots before and after ligand exchange.

Surface Ligand | Quantum Yield (%)
ODA 66.0 + 2.0
DHLAEG-Man 21.2+7.0
DHLA(EG-Man), 22.9+3.4
DHLA(EGMan)s 68.5+ 1.8
DHLAEG-DiMan 63.7+5.7
DHLA(EG-DiMan), 32.8+0.8
DHLA(EGDiMan) 34.0+2.1
DHLAPEGsc-OMe 49.1+2.5

3.3.3 Transmission Electron Microscopy and Scanning Transmission Electron
Microscopy

Scanning transmission electron microscopy, STEM, was used to confirm the core size of the QDs
to be 3.5 nm with further confirmation of the stability of singular partickEgure3.3.5 shows

the STEM images of the QDs that have beenedahanged with the LEG-Man. Energy
dispersive xay spectroscopy, EDX was used to determine particle composition and the resulting
spectra show the presence of the CadmiuSelenium, Zinc and Sulphur, confirming that they

are indeed the QDs and then the Copper and Silica of the sample grid. Carbon and Oxygen are
also present from the surface ligands as well as the grid. Further TEM images of the QDs after
capexchange withLAEG-DiMan show that they exist as individual particles despite a much
bigger hydrodynamic size. The QD core shell size remains about the same, Bigure8.3.6

below shows the image of the cluster of QDs.
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Figure 3.35: (A) Transmission Electron Microscopy image showing a cluster é8GMan with (B) showing a
Scanning Transmission Electron Microscopy (STEM) image of the same area. (C) An Energy {RapeiEBDX)
spectra taken of the cluster of GEG-Man confirmingd KS St SYSy il t O2YLRaAridrzy (2 068

Figure3.3.6: Transmission Electron Microscopy image showing a cluster éi@DiMan. Scale bar 10 nm.
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3.4 FRET Analysis for QBlycarDCGSIGNBinding

To determine the apparent binding affinityy, Kor the multivalent interactions between the QD
glycans and DSIGN, fluorescence spectra have been recorded across a range of concentrations
using a fixed ratio of 1: 1 for QD: {3G5GN. The QD and 365N concentrations were increased
simultaneously, as described@hapter2, in order to maintain the fixed ratio. The samples were
made up as before in binding buffer containing 1 mg/ mL bovine serum albumin, BSA, to reduce
QD and Protein surface absdign as well as the addition of the short cysteimstidine. Dye

direct excitation background corrected fluorescence spectra reveal clear emission peaks for the
V5 e < ppM YYUO YR (5626 dmpasS seendniprevidhsBvirs Klybease<
spectra have been shown for both ¢H%-Man (Figure3.4.1) and QBEG-DiMan Eigure3.4.2)

with the rest of the QDs data in thppendix

QD-EG»-Man + DC-SIGN [1:1 ratio concentrations] QD-EGo-Man + DC-SIGN [1:1 ratio concentrations]
800+ (1000 PMT 10 nm ex slit) 800+ (900 PMT 5 nm ex slit)
7004 —— QD 1nM Protein 1 nM 700 QD 20 nM Proterin 20 nM
—— QD 2 nM Proterin 2 nM .

> ) > — QD 40 nM Proterin 40 nM
5 6001 QD 5nM Proterin 5 nM 5 6004 —— QD 60 nM Proterin 60 nM
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9 500 9 5004
£ £
2 400 = 400
(] [9]
& 3004 & 3004
o 2
S 200+ S 2004
[ [

1004 100

0 04
T T T T 1 v v v v 1
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

©
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300 4
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Figure3.4.1: Background corrected fluorescence spectraB®-Man + DESIGN at different protein concentrations
using a QD molar ratio of 1:1A)(Low concentrations of QDs (110 nM) and DEIGN (X 10 nM) B) Intermediate
concentratons of QDs (2Q 80 nM) and D&GIGN (2@ 80 nM) and © High concentrations of QDs (16200 nM)
and DGSIGN (10Q 200 nM).
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(A) (B)

QD-EG5-DiMan + DC-SIGN [1:1 ratio concentrations] QD-EGy-DiMan + DC-SIGN [1:1 ratio concentrations]
10004 (900 PMT 5 nm ex slit) 1000 (800 PMT 5 nm ex slit)
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Figure3.4.2: Background corrected fluorescence spectra obtained for determination of the appasdéat RDEG-
Man + DESIGN using a protein QD molar ratio of 14).L{ow concentrations of QDs {20 nM) and DESIGN (% 20
nM) and ©) High concentrations of QDs (4®0 nM) and D&IGN (4@ 60 nM).

A controlQDsample was then made to show thahy energytransferthat wasexhibitedwas
coming from thebinding interaction between thesugar and theprotein. This was done by
performing the ligad exchangewith an inert igand that is noknown to bnd to DCSIGNThe
ligand used was BEGylatedigand LAPEGs-OMe,as hese shouldhot bind to the protein In

this case ithe proteins are not bound to the Qbdy will be not ircloseenough prximity to

the QD for energy transfer toccurresultingin the spectra only showing one emission xiraa

from the QD &m= 551 nn). The raulting spectra for IPEGsc-OMe with thelabelled DESIGN

is shownFigure3.4.3. The samples were prepared in exactly the same way as that for the sugar
QDs.The resulingdirect excitation backgrawd corrected fluorescencespectraonly shows oa
emission maxima so this suggebighly that thelabelledprotein dye emissiortomes fran the

energy transfer aa resultsof the sugar protein interaction.
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(A) (B)
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Figure 3.4.3: Background corrected fluorescence spectra for -BBzsc-OMe + DESIGN mixture A) Low
concentrations of QDs (@2 nM) and DESIGN (X 2 nM), intermediate concentrations of QDsq3.0 nM) and DC
SIGN (& 10 nM) @ Highconcentrations of QDs (20200 nM) and DGIGN (2@ 200 nM). No apparent dye FRET

signal is observed.

3.4.1 Ratiometric Quantification of QEDGSIGN Binding Affinity

The apparent Kvalues have then been calculated from the apparent FRET ratio of the two
intey & A (1 &  Yebo/Eesh Whke 1@siilfing fitration curves for each of the QDs bound teSDEN

can be seen ifigure3.4.4. The curves are fitted by a ndinear Hillequation function as done

for the QDProtein accurate kdetermination in the last chapter. The calculated binding affinity
constants are summarised Trable3.4.1 along with the different fitting parameterfor both the

glycanQDs and the control.
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Figure3.4.4: FRET intensity ratiosf}/Iss1) curves as a function of the EBIGN concentrationsA) and D) QDEG-
Mare + DCSIGN, B) and & QB(EG-Mars), + DESIGN and@ and ) QD(EGMan®); + DCSIGN (where s = 1 and 2).
Fitted using the Hill Equation.
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Table3.4.1: Summary of the fitting parameters for calculating the appareniding the Hill Equation to fit QIEG-
Man)»-DGSIGN binding curgégwhere n= 1 or 2 and m= 1, 2 andR@y(re3.4.4).

QD + Protein Rmax Apparent K (nM) n R
QDEG-Man + DESIGN 19+0.2 15+7 0.70 £ 0.08 | 0.9956
QD(EG-Man), + DGSIGN 16+0.2 78+ 34 0.56 + 0.03 | 0.9993
QD-(EGMan)z + DGSIGN 1.5+0.0 273 +28 0.47 £ 0.02 1
QDEG-DiMan + DESIGN 0.5+0.0 1.7+01 0.77 £ 0.07 | 0.9999
QD(EG-DiMan), + DCSIGN 0.6+0.0 3.9+05 0.34 £ 0.03 | 0.9994
QD(EGDiMan) + DGSIGN 0.8+0.0 43x0.2 044 +£0.01 1

The results give two notable findings. First using dendritic style ligands to increase glycan to LA
ratio decreases the binding affinity with EBIGN. This may suggest that the uselerfidritic

ligands may not increase the overall glycan density due to steric hindrance caused by the packing
of glycan moieties around the diameter of the QD. Secondly, we see further confirmation of the

stronger binding affinity that DSIGN has for the miannose.

3.5 FRET Analysis for QBlycanrDGSIGNRBinding

As carried out previously, fluorescence spectra were recorded across a range of concentrations
using a fixed ratio of 1: 10 for QD: 3G5NR, as used previouslimapter2. The samples were
prepared h the same way as above for the @ESIGN investigation&igure3.5.1 and Figure

3.5.2 shows the fluorescence spectra for H®-Man and QEEG-DiMan receptively. The rest

of the data can be found in th&ppendix As high ratios of mannose are required for binding
with DGSIGNR a reduced amount of points are shown here due ttotheoncentration level

as ideally no binding should be seen.
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Figure3.5.1: Background corrected fluorescence spectra forE)®-Man + DESIGNR mixture at a fixed protein: QD
ratio of 10:1. A) Low concentrations of QDs {5 nM) and DESIGNR (16 50 nM) and B) High of QDs (260 nM)
and DESIGNR (20600 nM).
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Figure3.5.2: Background corrected fluorescence spectra forBBERDIMan + DESIGNR mixture at a fixed protein:
QD ratio of 10:1. (A) Low concentratiosfsQDs (X, 40 nM) and DEIGNR (1400 nM)and (B) High concentrations
of QDs (6@ 80 nM) and DEIGNR (600800 nM).

The samecontrol sample run as before witlabelled O>-SIGN was run with labelled EBIGNR
again using the same parameteas the QD-glycanexperiments As before weonly see one
emisgon peak suggestinthe same that thedye emissionis a results of thepecificsugarDG
SIGNRinteraction The resulting dye direct excitation background correctdtliorescence
spectrafor QDPEGs-OMe with DESIGNR is shown Figure3.5.3.
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Figure3.5.3: Background corrected fluorescence spectra forBB&sc-OMe + DESIGNR mixture at a fixed protein:
QD ratio of 10:1.4) Low concentrations of QDs 110 nM) and DGIGNR (1100 nM) and B) High concentrations

of QDs (2@ 80 nM) and DESIGNR (20800 nM)
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3.5.1 Ratiometric Quantification of QEDCGSIGNR Binding Affinity
The resulting titration curves for each of the QDs tbto DESIGNR can be seerHigure3.5.4.
The binding affinity constants are summarised able3.5.1 along with the fitting parameters.

This was doa using the samenethods aghat seenpreviouslyin this chapteras well as in the

last chapter.
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Figure3.5.4: FRET intensity ratiosf/1ss4) a function of the QD: Protein molar ratio 1:4 for-BIGNR A) and C) QD
EG-Mars + DGSIGNR,B) and D) QD(EG-Mars), + DESIGNR and( QD(EGMar#); + DESIGNR (where s = 1 and
2). Fitted using the Hill Equation.
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The results show an opposite trend to that found for the-RGSIGN for the disaccharide series

in that whenyou use the trimeric glycan ligand you get an increase in binding affinity over the
monomeric ligand. This could be due to the orientations of the CRDs found withB1GENR
fitting around the dendritic style of glycan layout of the ligands. There is alsignificant
enhancement (around 40 times) of the binding affinity with this ligand series compared to that
of the synthesised using strain promoted click chemistry as shieéteases from 62 + 8 to 1.59

*+ 0.6 nM for QEEG-DiMan and QEEG-DiMan, respetively. Unfortunately issues were also
found with the less hydrophilic nature of the cagxchanged QBEGMan) which often resulted

in aggregation in water so some experiments could not be performed. Thexxdange was
attempted with various QD: ligaratios and also performed removing the TCEP after reduction
without significant improvement. The resulting QDs were also found to be aggregated after
increasing the time used for the ligand exchange reaction. The results show the importance of
the EG liker length on the water solubility of the cagxchanged QDs. In contrast, @BG
DiMan} was easily formed as the more hydrophilic nature of the disaccharide can compensate
the loss of the EG linker group. Further optimisation of-eaghange conditions arnecessary

to make it robust for QREGMan).

Table3.5.1: Summary of the fitting parameters for calculating the apparentising the Hill Equation to fit QEG-
Man®)m-DGSIGNR binding curves (where ner2 and m= 1, 2 and 3Jfigure3.5.4).

QD + Protein Rmax Apparent k (nM) n R
QDEG-Man + DESIGNR 0450 74+ 10 0.6 £ 0.04 | 0.9954
QD(EG-Man), + DGSIGNR 03+0 120 + 8 0.6 £ 0.04 | 0.9991
QD(EGMan); + DGSIGNR - - - -
QDEG-DiMan + DESIGNR 0.52+0.01 1.59+0.19 2.2+0.8 | 0.9991
QD(EG-DiMan), + DCSIGNR | 0.67 + 0.01 0.88 £0.24 2.7+5.1 | 0.9981
QD(EGDiMan) + DGSIGNR | 0.80 + 0.01 0.49 £ 0.62 1.3£0.8 | 0.9990

3.6 Mannose Competition Studies

To further confirm the proteins affinity for the QBGlycans and the FRET signal was due to
specific proteirglycan interactions, a competition study with free mannose was carried out. This
is simiér to the experimental procedure i@hapter2.6.2, using fixed concentrations of QD and
labelled protein (QD: protein ratio 1:1 for EBIGN and 1:10 for BRIGNR). As before if we see
the mannose competing with the G@lycan binding to the labelled protethen the FRET ratio

will decreaseFigure3.6.1 shows the fluorescence spectra of the ®an competing against
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DCSIGN andrigure3.6.2 for QDDiMan competing against DEIGNR. An increase of the QD
ppmMm

Ftd2NBaoOSyoS 6< T

YYO FyR F RSONRpos S

increasing mannose concentration, confirming effective competition of mannose witB@D

SIGN/R binding. This confirms that the FRET signal observed is due to the specifiespgaein

interaction. The results also suggest that the-ROSIGN/R bindig is much stronger than that

2T

of the mannoseDGSIGN/R as major changes in FRET ratio are observed at high concentrations

of mannose (> 1 mM). This is further confirmed by the high values of;tkéglre3.6.3. This

data were fitted usindeq. 15 These reactions were due to be carried out with the@BMan)

+ DGSIGN but unfortunately these materials were aggregated when dissolved in water after

ligand exchange and a&ew batch of the same QDs was no longer available commercially. As

seen above iChapter3.4.4.
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Figure3.6.1: Background corrected fluorescence spectra ofEl@-Man (40 nM), A), and QE(EG-Man), (40 nM)

(B), + DESIGN (40 nM) respectively over the addition of increasing the concentration of Mannose (@Q30uM).

(O Normalized FRET ratio curve as a function of the logarithm to the base 10 of mannose concentration for each of

the QDs with DGIGN.
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Figure3.6.2: (A-C Backgrounatorrected fluorescence spectra of @z-DiMan (40 nM), QREG-DiMan) (40 nM)

and QDBD(EGDiMan) + DCSIGNR (400 nM) respectively with the increasing concentration of free Mannose;(0.25
10000pM). (D) Normalized FRET ratio as a function of the logarith the base 10 of mannose concentration for
each of the QDs.
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Table3.6.1: Summary of the inhibition constank, obtained fromFigure3.6.3.

_ o o _ Binding affinity
Kipecsien) Binding affinity Kipcsienr)
QD enhancement
(mM) enhancement factor* (mM)
factor*
QDEG-Man 0.76 0.17 19000 - -
QD(EG-Man), | 0.66 +0.01 16500 - -
QD-EG-DiMan - - 6.2+0.41 155000
QD(EG-DiMan), - - 0.01 £ 0.001 250
QD(EGDiMan) - - 4.7 +0.95 117500

* DGSIGN/Rvindingaffinity enharcement factor is calculated byy/®gp.

Theresults follow the prediction in that when the mannose sugar is introduced the FRET ratio
decreases. This shows that SGN/R has a higher affinity for mannose than thegljoans.
Significantly the monosaccharid@Ds have a Ki <1 mM which shows that @&s bind more
strongly to DESIGN over mannose. This shows that these materials may be useful as inhibitors.
This is in agreement with the binding constants for these materials as it an inverse
measurement of the K so the higher the value the lessmpetition. However, the result for
QD(EG-DiMan} appears to be anomalous and not fit the pattern predicted, by increasing
number of glycans the binding affinity increases forSdGNR based on the results of thalkso

the fit looks out of place orhis data so it will need to be repeated. These results will need to be
repeated to see if they are a true representation of what is occurring. The binding enhancement
factor has been calculated to show the degree of competition, the higher the enhancengent

easier the mannose can compete for the binding shab{e3.6.1).

3.7 Conclusion

In conclusion, we have successfully developed a new ligand series which changegtheabA:

ratio for both the monosaccharide and disaccharide mannose. We have then capped these
ligands to QDs and used FRET technology to determine the binding dissociation constant of the
QD-DGSIGN/R interactions for each QD. Further confirmation for roaaraffinity for DESIGN

over DGSIGNR has been shown using this ligand series. The trend of a decreasing binding affinity
with DGSIGN from the monomeric to the trimeric glycan ligand series was not expected as the
aim was to increase surface glycan dgngdne possible reason is that we may not be seeing an
increase in glycan density on the QD surface. However, for thBi@an DGSIGNR interaction

we do see that increasing the glycan number on each LA ligand the affinity becomes stronger

(>3 x). Moreoer, this strategy has significantly improved the binding affinities of gha@n
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SIGNR interactions over our previous gly€dans Chapter 3 from 62 + 8to 1.7 + 0.1 nM. Further

work to be done should investigate the cause of the improved binding affifitys due to the
shortening of EG linker or the change of type of click chemistry which gives the smaller less
sterically hindered triazole linker. As such positive effects have been seen for the binding
affinities with DESIGN/R, these ligands could bsed with gold nanoparticles, AuNPs. This is
because the QDs are highly cytotoxic, and so the use of much less cytotoxic AUNPs could make
the resulting glycan nanoparticles more biocompatible, allowing them to be used in potential in

vivoapplications.

3.8 Experimental Procedures

All the relevant experimental procedures for this chapter can be found @ittpter 5.
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Chapter4

Hfect of Gold Nanoparticle Surface Glycan Density[D@SIGN/R
Binding.

4.1 Introduction

Gold nanopatrticles (AuNPs) have many advantageous features for use as inhibitory materials.
They are no#toxic, good fluorescence quenchers and can offearge surface area to volume

ratio to display a large array of glycans upon their surfaéaNPs quenching potential allows
them to be used in an energy transfer based system over a much larger separation distance
compared to that of donor to acceptor witQDS> Figure4.1.1 shows the schematic process of
fluorescence quenching by exciting the fluorescence donor, the ATTO 594 label on the protein,
where the energy is trasferred to a glyca®AuNP in close proximity bound through multivalent

glycanprotein interactions.

hv ‘i Fluorescence
Quenching

oH
HO HO
G|y-§o/\°N°‘~/\N N o o~~~ Ho’ﬁh‘ Ho
= N HO
L‘-..o/fr \‘);\H §7s oo HOH‘&
HO
u\
PEGn DHLA Man Mana1,2Man
n=1or2

Glycan

Figure4.11: A schematic showing the probing of multivalent glyqgaiatein binding via a fluorescence epching
mechanism ligand using AuNPs capped with glycans.

The aim of the project is to look to further build a knowledge of the multivalent viral receptor
proteins DESIGN and DGSIGNRas currently there is no crystal structure available for these
tetrameric proteins. These proteins are found to be key in many important biological roles and
processes including innate immunity and serum glycoprotein cleafaasewell as viral
infections (e.g. Human Immunodeficiency Virus, HIV, Ebola Virus and Wesdtii)é ¥ These

two proteins share the same primary structure, and 77% amino acid identity and until recently

they were proposed to have the same binding moéietowever, recent work has found that
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the way they interact with glyca@Ds are very differet, Chapter 2.° DGSIGN possess a
tetrameric binding with a single QD, giving isolated QDs, where&®& GNER binds biglivalently

to two different QDs, leading to protein QD and intgpsslinking. This binding mode is
confirmed by scanning electron tramission microscopy, STEM, imaging of the resulting QD
DCSIGN/R assemblieBigure4.1.2).

QD+DCSIGN 7 QD+DC-SIGNR

100 nm . g G | 100 nm

.§; NP/ NG
> S S
-u.% ; w h%’ N w8
l:\?,/—u ; }E\?,f"&b&g 8
> 8= . & S
ooy % 23 S
wﬂ\\?" in . )
Q:,.,g'; o:\‘/f\‘,}
i 225
Individual QDs Assembled QDs

Figure4.1.2: STEM images of the @flycan bioconjugates after binding with I3GGN/R showing sigmiéintly

different binding modesTaken from referencé.

The focus of this part of the project is to develop a new biophysical method for the quantification

of multivalent lectinglycan binding by exploiting the unique fluorescence quenching property

of AuNPs. This is another fluorescence readout strategy that can be developed as a fast, sensitive
way to gather binding information using a small amount of material while using a less cytotoxic
material. A series of AuUNPs particles will be produced with inorgasurface glycan densities

using a monosaccharide and disaccharide mannose glycans. This will be achieved by producing
DHLAbased ligands each appending multiple (e.g. 1, 2, or 3) glycan units as descGbegier

3 to produce similar AuNP conjugates as shown schematicalygiure4.1.3. The apparent
binding equilibrium dissociation constant, Kvill then be calculated for #resulting quenching
efficiencyconcentration relationship. These glycAnNPs will then be further exploited as
novel inhibition agents against viral infections by binding to the cell surfac8IGR/R to block

virus binding®. The correlation between th&Govalues and binding«& will be investigated in a
similar way as the earlier QD work. By using AuNPs as scaffolds instead of QDs, the toxic
cadmium metal will be eliminated. The resulting Auflfzans may allow potential applications

in vival® Simila work done has been previously in this field by Martidedaet al.t
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AuNREG-Glycan AUuNR(EG-Glycan) AuNR(EGGlycany

LA : Glycan
Ratio

1.1

Figure4.1.3: A schematic of the AuNRBsat will be used to investigate the effects of increasing glycan surface density
using a lipoic acid, LA, modified with different glycan ratio ranging from 1:1 to 1:3.

The sugar ligands, DH{EG-glycan), (where n =1 or 2, m = 1, 2 or 3, and glycaMan or
Man-a-1,2-Man), as used itthapter 3, are synthesised by coppeatalysed click chemistry.
Ligand design is shown aboveFigure4.1.1 and mannose based glycandlve used as they
possess a high affinity for EEIGN/R. The linker length will not change across the series as the
focus is on changing the glycan density rather than the linker length. Moreover, a short EG chain
length (EG@ has shown to have highinding affinities in previous studiésThe specificity and
affinity of mannoseprotein interactions will be investigated and then compared using a range
of control ligands, with no functional mannose present, to check forsmecific interactions.

In addition, calcium dependency studies will be performed.

One of the reasons to increase glycan density came from the fact that we found toty D
binding with DESIGN/R was significantly weakened upon diluting thes@iface sugar density
using an inert BILAzwitterion spacer ligartths described iiChapter 2 We hypothesised that

a further increase in nanoparticle surface glycan density would further enhance its binding
affinity to DGSIGN/R. The glycoprotein 120, gp120, on the surface of HIV is demsetgdin
clusters ofN-linked mannose glycans, the virus has evolved to use these clusters as a way of
infecting humans via binding to thetgpe lectins DESIGN/R! Recent advances have shown
that mimicking these mannose clusters is valid a way of dgual potent carbohydratdased
antiviral materials? So far many approaches to create multivalent mannose clusters as
inhibitory materials for HIV using a range of different scaffolds have been successful. Moreover,
we also hope to use the glycaranopaticles to mimic the HIV surface gp120. In fact, it is gp120
DGSIGN/R interaction that mediates HIV virus infection of host £8fihe sizes of the glycan

NPs used here are also comparable to that of the gpERfufe4.1.4). MartinezAvila et aF?

has shown that AUNPs covered with multiple copies of-himgimnose clusters effectively mimic

the behaviour of the gp120 and the internalisation pathway. Thus they gjteat promise for
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development of HIV microbicides and vaccines. Increasing the glycan density has shown positive
effects with improving the binding using AuNPs as a scaffold. The hypothesis is that we may find

similar effect on the inhibition of the Ebolarus as that of HIV.

gp4l ﬁ B [7
Glycan- AuNngug‘g‘% Jd

e S ®
={ 133} \=
s e
& e

Human Immunodeficiency Virus, HIV

Figure4.1.4: A schematic of a HIV virus including NP bioconjugates to show the size matches and in comparison, to

the full virus size.

4.2 PolyvalentAuNRMannoseDesign

4.2.1 Ligand Exchangeith AUNPs
The ligands wereadded straight into the commercially available AuNiRsg with the TCEP

reduction agent using a ligand: AuNi®lar ratio of 2000:1 in #D. This is possible as there is no
need for deprotection as there is with the QBsll exerimental details are available @hapter

5. Figure4.2.1 below shows the chelation of the -thiol functional groupof the ligandto the
AuNPs surface. The commercially available AuNPs have a citrate ligand coated Jindace.
AuNPs are soluble inater before and after ligand exchange reaction. If any aggregation has
occurred, indicating an unsuccessful ligand exchange, the solution colour will change from red

to purple.

Ligand

Exchange
—_—

Figure4.2.1: The ligand exchange reaction undertaken with citrate stabilised AuNPs coated and stabilised with by

glycan ligands [LEG-Man), (where n =1 or 2 and m=1, 2 and 3)].

The concentration of the AUNPs was calculated usinyid\absorption and the Beérambert
Law. The absorbance, A, was obtained from the AUNP absorption peak maxima at 515 nm and
Ly SEGAYOGAzZY OZMEMivE ussdidicalculats thecdncemttidiFigurev n

4.2.2 below shows the UWis spectra for each of the successfully capped AuNPs with all the
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ligand series (LAEG-Man),, LA(EG-DiMan),, and LAPEGs-OMe),, where n=1 or 2 and m=
1, 2 and 3). For later results we used some AuNPs synthesised Wkdhath Uchangi
Satyaprasada postdoc within the group, based on a procedure by Piillall’ these were

citrate stabilised particles with a similar core siadttat of the commercial AUNPs.

(A) (B)

UV-Vis Spectra for AuNP-(EG,-Man),,, AuNP-(PEG,5,-OMe),

UV-Vis Spectra for AuNPs :
and AuNP-(EG,-DiMan),,

(Before Ligand Exchange) 0.6 1

0.44 —— Sigma —— AUNP-EG,-Man
' —— Synthesised | —— AUNP-(EG,Man),
d ’ AuNP-(EG-Man),

—— AUNP-PEG5,-OMe

o
3

o
N

e
0.3 8 0.4 AUNP-(PEG 155-OMe),
8 —— AUNP-(PEG,,-OMe),
% —— AuNP-EG,-DiMan
303 —— AUNP-(EG,-DiMan),
0.2 § —— AUNP-(EG-DiMan),
fe)
<

Absorbance (a.u)

=]
-
1
=}
-

0.0 0.0 T T T T T T A
- 350 400 450 500 550 600 650 700

T T T T T T 1
350 400 450 500 550 600 650 700 Wavelength (nm)
Wavelength (nm)

Figure4.2.2: UV-vis spectra ofA) the commercial AuNPs and the synthesised AuNPs before ligand exchnagethat a
used throughout this chapte(B)the different AUNREEG-Man), and AUNREG-DiMan), conjugate¢where n= 1 or
2 and m=L, 2 and 3) as well as AUNIPEGs-OMe), (where n= 1, 2 and 3) conjugates.

4.2.2 AuNR(EG-Man)m Characterisation

4.2.2.1 Hydrodynamic Size Determination of AUNP

The stability and the hydrodynamic sizes of freshly prepared Agijfan conjugates were
determined by DLS. The resulting volume population versus hydrodynamic size graphs for each
of the AuNPs before and after lighexchange in water are givenkigure4.2.3. Data was also
collected after the particles were left for a week in order to test stability. In order to determine
the dability of particles in biological relevant media the same tests were performed in buffer

solution (20 mM HEPES pH 7.8, 100 nM NaCl and 10 mb).CaCl
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Figure4.2.3: Histograms of théaydrodynamic sizefor the AuNPs (50 nM) iwater solution(A) AUNPREG-Man, (B)
AuNR(EG-Man), (Q AuNR(EGMan), (D) AUNRPEGs-OMe, (E) for AUNR(PEGs-OMe), (F AuNR( PEGse
OMe};, (G) AUNREG.DiMan, (H) AUNR(EG-DiMan), , (I) AuNR(EGDiMan); and (J) AuNPs before ligand exchange.

All samples run using 50 nM AuNPs.
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Table4.2.1: A table to show the summary of the hydrodynamic sizes of the AuNPs (50 nM) after ligand exchange as

determined by DLS both initially after and then after a week.

Ligand + Media Hydrodynamic FWHM Hydrodynamic Size | FWHMafter 1
Size Initial (d.nm)| (d.nm) after 1 week(d.nm) | week(d.nm)
Citrate 12.0+ 0.2 6.7+0.4 13.1+ 0.1 6.3+ 0.3
LA-EG-Man + HO 9.2+0.1 5.6+0.3 9.2+0.1 56+0.3
LA-(EG-Man)2+ H0 86+0.1 54+04 8.8+0.1 53%£0.3
LA-(EGMan)s+ H0 99+0.1 4.9+0.3 10.1+ 0.1 41+0.1
LA-PEGso-OMe + HO 10.5+ 0.1 5.6+ 0.3 10.5+0.1 5.8+0.3
LA-(PEGsc-OMe) + HO 10.5+ 0.2 6.3+ 0.6 10.8+ 0.2 6.1+ 0.6
LA-(PEGsc-OMe) + HO 15.0+ 0.3 10.3+ 0.7 16.3+ 0.3 14.1+0.8
LA-EG-DiMan + HO 10.4+ 0.1 5.3+0.2 11.6+0.1 5.9+0.3
LA-(EG-DiMan) + HO 10.3+ 0.1 55+0.2 10.4+£ 0.1 5.4+0.2
LA-(EGDiMan} + O 11.0+0.1 5.8+0.3 10.8+0.1 5.7+£0.3
LA-EG-Man + Buffer 10.3+ 0.1 5.3+0.3 94+0.1 5.5+0.3
LA-(EG-Man): + Buffer 9.4+0.1 54+0.3 9.6+0.1 4.7+0.2
LA-(EGMan)s+ Buffer 11.6+ 0.2 6.1+ 0.5 10.1+£0.1 5.3+£0.2
LA-PEGso-OMe + Buffer 11.3+0.1 5.1+0.2 11.4+0.1 +0.3
LA-(PEGso-OMe). + Buffer 10.8+ 0.1 5.3+0.2 11.1+ 0.1 5.3+04
LA-(PEGso-OMe) + Buffer 149+ 0.3 10.5+ 0.7 12.7+0.2 9.1+ 0.6
LA-EG-DiMan + Buffer 12.5+ 0.3 8.1+ 0.7 11.3+ 0.2 7.1+ 0.5
LA-(EG-DiMan). + Buffer 11.4+0.2 7.1+0.4 114+ 0.1 6.2+ 0.3
LA-(EGDiMan) + Buffer 11.3+ 0.2 6.8£0.4 11.5+ 0.2 6.5+ 0.4

A small change in particle size was observed after ligand exchange with the range of different
ligands indicating that ligand exchange has happened, although this does not fully confirm ligand
exchange has occured. This@s & K2gy o0& GKS LI NIAOfSQa ail
stability is not affected by changing water to buffer solution as little changes in hydrodynamic

size is observed. This confirms that ligand exchange has occurred as the citrate stabllige=d

readily aggregate in buffer. Furthermore, the particles show no sign of aggregation after storage

for one week and retain their initial sizes. A full summary of the results are givieabla4.2.1

and the full [y histograms can be found ippendix
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4.,2.2.2 TransnissionElectron Microscopy and Scanning TramssionElectron

Microscopy
TEM was used to confirm the core size of the AuNPs, 2 nm, with further confirmation of the

stability of the singular particlegigure4.2.4 (A-C) shows the TENtmages of the AuNPs that
have been coated with the EBG-Man. Scanning transition electron microscopy, STEM, was
used upon the cluster of particles shownHigure4.2.4 (D) and EDXigure4.2.4 (H) was used

to determine particle composition the results can be seen in below. It shows the presence of
Gold, confirming AuNPs, and th€opper and Silica found in the TEM grid. Carbon and Oxygen

are from the surface ligands and the TEM grid.

(A) (B) (©)

(H)

co

604

a
S

@
S

X-Ray Intensity
N P
S 8

o
1)

o
y

0 5 10 15
X-Ray Enerygy (keV)

Figure4.2.4: (A-OQ TEM images of AUNEG-Man. Scale bar 10 nmD{G) STEM images of the same AdBRIB-Man
as in A) characterised using EDX to show that they are the AuNPs M)itthowing EDX spectrum of the scanned

regionconfirmed presence of gold as indicated by the red.
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