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ABSTRACT

Understanding proteinarbohydrate interactions is essential for elucidating
biological pathways and cellular mechanisms but is often difficult due to the prevalence
of multivalent interactions. A better understanding of the basic behavior of protein
carbohydrate interactions is critical for controlling cellular proliferation andgreton
processes for novel therapeutic methods to be succeb&dnly procedures that exist for
evaluating proteitarbohydrate interactions are often limited to monovalent interactions
or small polymers. Given that many cellular processes, such asattokuted to the
immune system, aenhanced multivalently or aeggregatiordriven,there is a neetb
reveal the behavior and basic requirements for multivalent binding and aggregation.

Evaluating these interactions on large, multivalent scaffolds assynthetically
controllabledendrimers provides an important tool towards accurately determining the
role of glycosylation in biological systemslere, different approaches to measure the
interactions of proteins with glyceddrimers are describe@nging from simple
gualitative assays to novel quantitative methods of assess@eahtitative methods
such as Isothermal Titration Calorimetry and Surface Plasmon Res@rarsaverely
limited when used with multivalent systems, and do not provide@sate results as
monovalent systems. When dealing with multivalent systems, inhibition assays often
provide more reproducible results.

Through these experiments, it has becameeasinglyapparent that aggregates
play a significant role in multivalésystemsand current methods to evaluate these
interactions leave much room for improvemeAgssay design is important both for basic
identification and understanding of any interaction, especially higitiar interactions
involving multivalency. Endgoup patterning and presentation was explored to determine
their role in multivalent affinity enhancementdsing a novel fluorescence lifetime
method, glycodendrimenediated aggregatiomas successfully characterized. The work
here evaluates the effaaness of assays used for carbohydrate interaction, translated to
a multivalent scaffold, with special consideration to langder aggregates.

Keywords:Dendrimer,Glycodendrimer, @rbohydrateProteinCarbohydrate
InteractionsMultivalency,Aggregaion, Concanavalin AAssay DesignFluorescence
Lifetime



CHAPTER 1

INTRODUCTION

Cell Surface Glycosylation

Carbohydrates play an integral role in biological systems and come in a variety of
forms such as glycoproteins, glycolipids, polysaccharideand monosaccharides.
Glycosylation ighe mosttommonposttranslational modificationwith more than half of
all proteins estimated to have one or more glycan sHaiGlycosylation serves a
multitude of functions such as promoting correct protein figidind conferring stability
upon a proteii Additionally, many cells surfaces are heavily glycosylated which
presents a first line of information about the cell to the outside world.

Cellular carbohydrates are mainly presented as glycoproteins ofigigsdhat
are able to recruit carbohydrate recognizing proteimss surface glycoconjugatete
carbohydrates are involved in a variety of processes such as fertilizatiosigonaling
inflammatory responses, cancer metastasidthe glycoconjugiesserve as attachment
sites for infectious bacteria and viruses, toxins, and hormdf@smany pathogens, this
recognition event is the first step in infectiand communication with other cefisThe
ABO blood group system uses sugars on the erylecgurfaceas the antigens to
promote agglutination when paired with an incompatible blood type, which formed the

basis for the development of safe transfusigiigure 11).* °
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Figure 1.1. Structures of A, B, and @d&d type determinants

The field of glycomics is rapidly growing and is rife with complexity and
analytical challenges.Because of their numerous responses and the fact that many
different structures can encode a single function, developing a strfichuotéon
relationship model for complex glycans is importanet@luating theglycome.® This
will allow for an approach in many ways similargooteomic and genomic efforts he
amount of possible glycans and glycan linkages make creation of a glyliorary a
daunting task. Analysis of carbohydrate interactions is further compounded by
heterogeneous glycosylation patterns present throughout biological systems, and is made
even more complex by further modifications to the sugar such as methylation,
phosphorylation, sulfation and acetylation, all of which are important to proper cellular
signaling.

Currently the list of known glycan contains over 2000 structuresd is
constantly growind. This variety provides the cell with an ability to encode rivass
amounts of information, but also poses significant analytical challenges to understanding
the role of carbohydrates in biological systemsGlycomic analysis by mass

spectrometry; lectin microarrayy and metabolic labeling of cellular glycdhare atthe
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forefront of mapping the glycoemand have been successfully used to identify sugar
based biomarkers of diseaSesHowever, a basic understanding of cell surface adhesion
and binding is still neededs are analytical methodso elucidate theequirenents for
cellular carbohydrate bindingparticularly from a multivalent and aggregation

perspective

ProteirCarbohydrate Interactions

Proteincarbohydrate interactions on the cell surface play key roles in many
cellular processes. The recruitment aadtivation of cells for mechanisms of
inflammation and for the mounting of an immune response, for example, are protein
carbohydrate mediated even®roteincarbohydrate interactions are also critical in other
processes such as the infection of hostsdeyl viruses and bacteria, the adhesion and
metastatic spread of cancer cells, and even cellular differentiation and §rdwth.

Reports of pecific interactions between sugars and proteins can be traced back to
Emi | Fischer, who ¢oroposlkdta fe¢bek bodehkery
specific carbohydrate$.’® One of the first crystal structures to demonsttagspecific
recognition of glycans by enzymegas lysayme, a highly specific endoglycosidase
capabl e of s pe c4 linkagea inlbgcteriall peptidoglyodty!’ @His
eventually led to the 1945 Nobel prize received by Fleming, Chain, and Florey for their
discovery of the antibacterial activity lylsozyme and penicillin.Since then, many other
carbohydratévinding proteins have been ideigi, such as Concanavalin*fAand the

Influenza Virus Hemagglutiniti,
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The energetics ofproteincarbohydrate bindingis the product of several
contributing fators, such as the preferred conformation of a ligand or -shoge
interactions between the sugar and the residues in the bindikg itthe surface of a
protein is complementary to the structure of the binding carbohydrate, water present in
the protéen binding pocketis displacedand rearranged around the bound complex
Solvation energies due to entropy are very large and cannot be reliably calculated for
compoundsthat are as hydrophilic as sugars. Thus, everen the energetic
contributions of varder Waals and hydrogen bonding interactibase beerestimated,
estimations of solvation energies can result in large errors, making overall energy
calculations imprecise.

A consensus binding pattern of glyebound proteins has been solved byay
crystallography, showing that sugars are generally bound weakly in shedtkgtsclose
to the protein surface, wittypical K4 binding affinitiesin the millimolar to micromolar
range. In some cases, however, the glycan isdmside a cleft of the prein that is
essentially inaccessible to the bulk solvearid these carbohydratean interact with
hydrophobic residuesiisplaying K binding affinities ranging from 10M i 10%° M.%*
Cholera toxin is a pentameric adhesion protein which binds togh@&htasaccharide in
this fashion, with threeesiduesmaking contact with the protein (Figure 1?2)® The
hydrophobi c f ac elinkea fgalattdse restdeerateo imtardcts with an
aromatic side chain of the protein (¥88), and this interacatin istypical of many glycan

protein complexes.



(b)

o oH
o Gle o

Figure 12. Gy pentasaccharide bouma cholera toxirf? (a) View towards the binding
surface® (b) View perpendicular to the-fold axis, with the binding surface downward.
(c) Simplified structuwe of Gy, binding to cholera toxifcf. Reference 20)

Lectins

Lectins are prains that recognize and birgpecific carbohydrate epitopes.
Lectins are defined as carbohydrate binding protéas werenot generated by the

immune systemand thatlack enzymatic activit’” They have been described as
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interpreters ,as$carbohyratéssane gbieto far sughasHamino acids and
nucleotides in terms of information storing capacity and serve as ligands in
biorecognitior?® Like the fields ofgenomics and proteomics, the teglycomicshas
been coined as an analogous term to describe the systematic study of the glycan
structures of an organism.Studying proteircarbohydrate interactiongsing lectins
provides a valuable tool to understandihg surface patterning and modes of interaction
of the glycans which can in turn provide important information abaoformation
transfer, recognition, and infection.

Lectin activity was firsdocumentedn 1860 from the coagulation of red blood
cells by attlesnake venom fione drop of venom was put on
from a pigeond6és wounded wing allowed to f
Within three minutes the mass had coagulated firmly, and within ten it was of arterial
r e d n2 ¥ Hendagglutination activity was also instrumental to the discovery of the
cell-bridging capacity of proteins in plant extractgen the toxic extract of the castor
bean Ricinus Communjscaused the agglutination of red blood c#lislt was this
discovey that plant extracts are a rich source of hemagglutitinad led to the
purification of Concanavalin A (Con A) by crystallization and its subsequent role in
glycomics?®®

It was later found that several plant and animal hemagglutinins react with
erythracytes of different blood groups, displaying antibditte selectivity, which led
Boyd to introduce the term filectind in 195

as to whether a substance not produced in response to an antigen should be called an
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antibody even though it is a protein and combines specifically with a certain antigen only.
It might be better to have a different word for the substances and the present writer would
like to propose the workkctin from Latinlectus the past principle degeremeaning to
pick, c h o &°5 le itsresert @efinigian t the derfactin has been expanded to
include other proteins based on structural and functional similarities. Some toxins and
monomeric carbohydrate binding proteins have been indludeshift away from the
experimental focus on agglutination, which requires at least bivalency to crosslink cells.
Currently, there are three criteria for a protein to be considered as a member of the lectin
family?®:

1) Carbohydratébinding activity

2) Distinction from immunoglobulins

3) Lack of enzymatic activity

Concanavalin A(Figure 1.3) as the first lectin to be successfully purified and

crystallized from the jack beagnis the most commonly used plant lectin and is
commercially available. As such, numerousresearch experiments have used
Concanavalin A as a benchmark protein for carbohydrate binding studiedectin is a
homotetramer at biological pH with a molecular weight of 26500 g/mvih each
monomer uni@able tospecifically bind mannose or glus® residued’ Concanavalin A
requires both Ca and Mrf* metal ions for carbohydrate binding, classifying it as-a C

type lectin.



Figure 1.3. CdandMf'dependent Conc anBmethytnannog€’? bound

Lectins were first classified based ohiah carbohydrates they bind, then later on
sequence homology and evolutionary relatedfe$8. One group of lectins required
calcium to bind and was therefore calledy@e lectins, while another group required free
thiols for stability and was called-tgpe lectins (these were later renamed galectins, as
not al |l of them wer e t hgalactosidabesp dypedlectng b u't
were found by sequencing homologous two lectins that recognized m&giphssphate.
Although Rtype and Sype lectins seem to recognize only a single class of sugars, others

like C-type lectins are able to recognize a variety of sugars. Through information
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obtained from crystal structures, it has turned out that several groups of plant lectins have
structural or sguence similarities to animal lectins.

Some biologically relevant lectins have been found in recent years, including
Cyanovirin N, a lectinwith a molecular weight of 11 kDagriginally isolated from
cyanobacterid?  Cyanovirin N is able to prevent infesti from the Human
Immunodeficiency Virus (HIV) by binding gp12@, heavily glycosylated HIV envelope
protein. GalectifB is another important lectin, found in humand is a 31 kDa
monomer with a 14 kDa carbohydrate recognition domain which is ablgtonerize at
higher concentrations through use of its-ti&# domain®> Galectin3 has been found to
play significant roles in a number of disease processes, suchllagrowth, cancer,
immunity, and inflammation, including the promotion of fibrosi&> *" Scarring is a
natural consequeee of injury or inflammation; @ectin3 activates fibroblasts
responsible for the formation of connective tissue involved in the healing process.
However, higher levels of galeciBhave been reported in tumor celladehave been
linked to higher metastatic rates in cantet.

Among the many classes of lectins, the defining feature of many lectihatis
they bind carbohydrates reversibly and fwowalently with weak affinities typically in
the millimolar to micromlar rangeé’? Since many biologically relevant interactions
occur in the nanomolar range niight seem at first that lectinarbohydratenteractions
are not biologically significant; however, lectins often increase thearbohydrate

bindingaffinity through multivalent interactions.
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Multivalent Binding

Sugars generally bind in shallow grooves close to the protein surface with
dissociation constants in the millimolar to micromolar range. Because protein
carbohydrate interactions are of greaportarce formany biological events, multivalent
interactions are often used by nature to overcome weak interactiorte imcdease the
binding avidity*> ** Many lectins provide an excellent systeior the study of
multivalent interactions, as they generallgvh multiple binding sites relatively distant
from each other (3 nm), and bind carbohydrates with a high specifitity.

Presenting a carbohydrate ligand in a multivalent fashion to a protein often
enhances bindingoeyond what could be expected from thecrease in ligand
concentration. Thiphenomenon s cal |l ed the fAclustef® effec
* There are two requirements in order to get such an affinity enhanceimgmtthe
lectin has to have more than one binding site, and se¢badligand must present
multiple glycoside ligands in the correct orientation and spacing.

Multivalent interations can occur in a variety of binding motifs (Figure 1.4).
Simple multivalent enhancement effects candbscriled by a statistical or proxity
effect arising from when multiple ligands acsely clustered around a receptoin
response to this, receptor clustering may occur. Bivalent and higher interactions occur

when multiple binding sites are occupied by a madintate ligand Under he right

circumstances, igher order aggregates and crosslinking can occur in cases where
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multivalent ligands are able to span receptors locateshudtiple carbohydratéinding

proteins, depending on the concentration and binding strength of the ioteracti

v HF

Monovalent Binding Statistical Effect

e

Receptor Clustering

58 Stn TR

Bivalent Binding

Figure 1.4. Binding modes involved in multivalent interacti@uapted from reference

45).

Designing synthetic multivalent ligands requitess emphasis on determining the

optimal binding ligandfor a proteinthan would be required for optimizatn of a
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monovalent interactian This greatly reduces the amount of synthetic explordhianis
required such as the synthesis of deoxy analogs. Instead, emphasis is placed on
designing the proper presentation and flexibility of the ligdhdSelection of both the
scaffold andhe spacer is importagrnénd affects solubility of the multivalent ligand. For
biologically relevant interactions, theompound must be water solubss well as
nontoxic to the cell. Cytotoxicity of the compound can be markedlgcreased by
selection of an appropriate spacer compound; for example, polyamidoamine (PAMAM)
dendrimers have been shown to display a marked decrease in cytotoxicity after
functionalization with a polyethyleneglycol (PEG) spdter.

Spacer length influencethe ability of a compound to undergo multivalent
binding and can have influences on the binding behavior of the redigpaioad
interaction. Several studies have found tbampounds with their ligands optimally
distributedallow for better inhibition, geatly influencing the strength of bindifg*® A
coumpound whose ligands deeatedtoo closely cannot undergo multivalent binding,
and ligandsthat are that arspaced too far apamduce a larger entropic cost upon
binding.

As with spacer length, thealency of the system also has an optimuepending
on the presentation of the ligands and the nature of the carbohpdrdieg protein
used, maximum binding potency can be achieved as a trivalent ¥lustemay require
as many as0 repeating unit® bean effective inhibitat'. As the size of the multivalent
display changes, its optimal binding properta®l optimal ligand valencghangeand

can be further customized using multiple ligand ty}3&s. This allows for a large degree
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of tunability when using multivalent ligandshat isfar beyond whatan be achieved
usingmonovalent ligands.

Because multivalency plays such an important role in biological recognition
events, understanding multivalent biological systems on the molecular level castsugg
strategies for the design and application of novel drugs. Synthetic multivalent molecules
can be specifically designed to inhibit or promote biological processes, greatly improving
the current scope of drug design.

Artificial scaffolds are often funminalized with carbohydrates to stugyotein
carbohydraténteractions an@re characterized using lectin$.However, quantitation of
these interactions has been difficult, and additional assays are needed. Cuapdimg
carbohydratanteractions toa readily quantifiablaneasurementsuch as fluorescence,
would allow for researchers to fistene synthetic compounds for maximum efficiency.
Furthermore, characterizing protesarbohydrate interactions at the membrane level
would provide biologically rare relevant data than interactions occurring in free
solution. Once the parameters necessary for protgioohydrate binding are elucidated
and quantified, interactions such as bacterial and viral adhesion can be efficiently
controlled and understoods avell as other cell processes such as cell growth and
differentiation. A thorough understanding parametergjoverning proteircarbohydrate
interactionds necessary if therapeutic agents relying on pratarbohydrate interactions

are to be developed.
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Dendrimers

Dendrimers are a class of branched macromolecules with verydefeied
chemical structures. They are created in a cascade synthesis of reactions which allows
for precise control of the dendrlingnthe s6 si
number and nature of the tethered functional groups, the solubility and reactivity of the
molecule can be customized to suit biological conditidnsUnlike other polymers,
dendrimers have a low polydispersity, though higher generations argeriettly
controlled; with more iterations, a branch may draitted leading to fewer than the
theoretical active chemical groups on the surface. Nevertheless, dendrimers are ideal
probes of components involved in prote@rbohydrate interactions due to itheell-
defined characteristics. Using dendri mers
enables us to probe multivalent effects, as well as other biologically relevant events.

The worddendrimercomes from Greek wordendron meaning tree orrnch,
referring to the branched nature of the molecule. Although dendrimer chemistry first
emerged in 1978, it wasnot u nthe dumberofepublicati®n® inghe wh e n
research field dramatically increaséd>® ** Dendrimers distinguish themses/érom
traditional linear polymers in two critical wa§. First, they areformed from AB,
monomers, resulting in hyperbranched molecules, as opposed to AB monomers which
produce linear polymers (Figure 1.5). Sedgndiendrimers are synthesized in an
iterative fashionwhich incorporates a more controlled number of monomer units with

each successive step. For example, apgdB/mer would roughly double the number of
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monomeric units incorporated, whereas ans;Atlymer would roughly triple the
number. Each iterative step in the process leads to the addition of one more layer of
branches, or endgroups, to the dendrimer scaffold, called a generati@nefore, the
generation of a dendrimer is a measure of the number of repetition cycles performed, and

anindication of its size and number of endgroups present.

n

3AB, 6 AB,
—> —

Figure 1.5. AboveAssemblyof an AB polymer (linear polymer). Belowkssemblyof
an AB; polymer (dendrimer)Adapted from referencgl)

Dendrimers can be synthesizesing two main strategies: a divergent apploa
and a convergent approach. hetdivergent approach, pioneered by Newknaad
Tomali&® dendrimersare synthesized from the dendrimer core outward in a stepwise
fashion. Each cycle has a number of reactgreupsn which can react witln monomer
units, resulting in an additional layer/generation. In the next cyalesetive groups are
present for amAB, monomer, or B for an AB; monomer, dependent on the monomeric

uni tdés branch mulina gorvergent approachFthegparipreery af thé
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dendrimer is constructédist, and then coupled to the dendrimer cofdis reduces the
amount of reactions happening at any given time, as the outer dendritic structures are
coupled to less reactive s# on the focal point.In general, this results in a more
homogenous product than dendrimers prepared by a divergent approach, as defects begin
to accumulate with the large amount of coupling reactions inherent in divergent
syntheses A classic examplefcahis convergent approach is work reportedFréche?’,
where the synthesis of dendritic Awedgeso
This allows for more control per generation growth step while minimizing the possibility
of failed couplingsequencesttributed to each divergent step.

The high amount of control inherent dendrimer synthesis allows them to be
used ina wide array ofpplications. Dendrimers are able to adoptreore definedhree
dimensional structure as opposed to linear pels,which often assume a randesil
conformation. Higher generation dendrimers often adopt a sphericaldilhmeasional
form which closely resembles the structure of a globular protein. As such, dendrimers
can be used as highly controlled, synthghiotein mimics offering agood first
approximation to proteinghich are potentially difficult to isolateUsing a dendrimer as
a scaffold, elucidating molecular recognition events becamasch more controllable
process, and specific interactions canruee easily targeted.

A common way to use the unique architecture of a dendrimer is to functionalize
the outer endgroups with a molecule of interd3&éndrimers can contain a large number
of functional groups on their surface, making them an attraclirget for interactions

where a close proximity of a large number of ligands is import&etzeral groups have
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used this approach to study a numberapbplications Shinkai et al. have used
dendrimers containing boronic acids and anthracene groups asa &e report on the
binding events of carbohydrates (Figure £26)Upon binding of the carbohydrate to the
boronic acid moiety, the anthracene experiences a change in fluorescence, which can be

monitored.

Figure 1.6. Carbohydratgensing dendrimerThe boronic acids are able to bind to
carbohydrates, upon which the anthracene fluorescence ci{ahdesf ).

In our group this strategy of surface functionalizatibas beerextensivelyused

to investigate the binding behaviof carbohydrates witlwvarious proteins (cf. Chapters
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2-5). The multivalent nature of the dendrimer along with its high tunability allows for
elucidation of basic interactions which are not yet well understood. A synthetic scaffold
provides a means tdetermine the binding bakior of an interaction using a more
controlled environment, which may not be possible when probing complex biological
interactions.

Surface functionalization of dendrimdras great potential in the medical field as
well, with potential applications in @as such as targeted drug delivefyhe surface of
the dendrimer can be decorated to bind to specific recognition domains, directing the
molecule to specific sites in the bodBecause of the large amount of endgroups on the
dendrimer, a drug can be ated to the dendrimer, delivering the drug to only the
specific sites targeted A further advantage is that otherwise insoluble drugs can be
delivered in this way, as the surface and the interior of the dendrimer can be modified to
solubilize otherwise hyrophobic molecules.

In addition to having unique surface properties, the interior of the dendrimer has
been used ia wide range of applications as well. The interior of the dendrimer is often
its own microenvironment, protected from the bulk solventtie dendrimer surface.

This imparts the dendrimer with additionaefulqualities. Instead of coupling a drug to

the exterior surface of a dendrimer, the interior of dendrimers often have ample space to
accommodate guest moleculesVhen a dendrimersi comprised of a hydrophobic
interior and charged surface functional groups, its overall structure resembles that of a
micelle® As opposed to normal micelles, these dendrimers possess concentration

independent micelle properties and do ditassembleéoelow a characteristic critical
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micelle concentration. Several exampbésuch hosguest interactions exist, exhibiting
the monomeric nature of the created dendrimers as weheds ability to effectively
encapsulate a guest molecule at a wide rangerafentration§® °’

The core of a dendritic structure can have as nufchn effect as the interior
branchesand is just as versatile. Mooe¢ al. synthesized conjugatetendrimersystems
containing a pefgne core and investigated their fluorescemuperties® The branches
were found to absorb the energy from light, then transferred the energy to the perylene
core. The energgascade ability of these dendrimers increased with the number of
peripheralsites which were augmentdoly increasing the delrimer generation. In a
similar experiment, this approach was used to cause photoisomerization of a central
azobenzene unit by absorbing lenergy photons channeled to the cSre.

Although unfunctionalizedpolyamidoamine RAMAM) dendrimers have been
shown to be cytotoxic, these properties can be controlled through choice of linker
compounds and functionalization of the dendrimer endgroups. In addition to controlling
the physical properties of the PAMAM dendrimers, its biochemical properties such as
immunogenicity can also be controlled by surface functionalizafioBecause of the
dendri merd6s highly tunable physical and
PAMAM dendrimers serve as excellent tools for elucidating biologically relevant

multivalent interactions.
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Protein Aggregation

One prominent issue in studying multivalent interactions is the problem with
extensive crosBnking and aggregationCrosslinking occurs when a multivalent ligand
canbind totwo different proteins with multigl binding sites. If these proteins then bind
to another multivalent ligandollowed by anotherarge complexes can form which may
become insoluble and form a precipitatEhis makesaccuratedetermination okinetic
and thermodynamic binding events fifilt, as precipitation and complex formation
contribute to the overall energetics of the systemcorrectly reflecting aggregation
phenomena

Given that a large number of biological events are mediated by multivalent
interactions,multimeric assemblyis important for biological function as well. Many
systems induce multimerization of their receptdesading to biologically relevant
processesuch assignal transductiot Some crosdinking interactions lead to unique
macranolecular assembliesuch assignaling apoptosi;nduced by the clustering and
separation of receptaf$

Hydrophobicity plays a large role in protein aggregatiand clustering
phenomena.In general, proteins contathese assemblgromotingresidues not sprea
out over an entire equence butathercontainedn well-defined regions of a sequen@e.

In this respect, proteinsaemblyis different from protein foldingwhere residues
responsibldor forming the folded protein structure are relatively distant from each other

in the segence”™
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During folding, proteins thatre only partially folded can leavenwanted
hydrophobic domains exposedeadng to inappropriate associations and protein
aggregation. Protein aggregation is toxic to celésd interferes with the ability of
polypeptides tdfold correctly, especially in cases where the high cytosolic concentration
of macromolecules causes a significdnt r o wd i n'g Thefeffeets of dprotein
aggregation are amplified by the fact that the entire protein needs to fifstilype
synthesized before stable folding can occur.

Ultimately, a protein either becomes correctly foldedaggregates. This is
dependent on a number of factors such as pH, temperature, ionic strength, redox
environment, mutations, or simply translational erforsBecause misfolded proteins
cannot be entirely avoided,elts have adapted various mechanisms nimimize
misfolding and eliminate misfolded proteibsfore they aggregaf@.

The unfolded protein response pathway regulates proteins with the aid of the
endoplasmic reticulum (BRhroughER chaperonesvhich bind and stabilize exposed
hydrophobic residue€ Chaperones are less important for small, monomeric proteins,
but are critically important and often required for larger proteins to fold corresthER
stress response pathwagtivates once the amount of misfolded proteins exceeds the
folding capacity of the ERinducing ER chaperones to limit the protein synthesis to a
level manageable by the ER.

Proteins unable to fold properly are targeted fegrddation by the ubiquitin
proteasome systena multisubunit complex in the cytosol and nucleus which mediates

the degradation of proteins into smaller peptides Misfolded secretory and
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transmembrane proteiase retainedh the ER and are returnedttee cytosol, wheréhey
arecleaved by the proteasom&/hen the misfolded or unfolded proteins accumulate to
the point thathe proteasomelegradatiorpathwaycannot keep up, the incorrectly formed
proteins form aggregategich arethen targeted by theggresome pathway.

Proteins are generated by a polyribosomal system, reading the mRNA coding for
a given number of peptidesProteins not able to fold correctfyom the polysomeo-
aggregate to form aggresomal particles of a uniform siZénce formed,these
aggresomal particles are transporbgdthe microtubule organizing center (MTO®)a
| arge cel | ullarkedg &nowaas ¢ha dggresorie. The aggresome
could also be described as an aggregate of aggreghtesse moveents are amcive
process governed bgnicrotulules and a dynein motor Chaperones, ubiquitination
enzymes, and proteases are recruited to the aggresome, which facilitate the clearance of
the aggregated proteindJitimately, intermediate filaments reorganize to fornrba a g e 6
surrounding the aggresome andeisgulfed by autophagosomes, which then fuse to
lysosomes resultingin the degradation of the remaining protein matter by lysosomal
hydrolases( Fi gur e 1.6). I n a sense, the aggr
degra& o me 0 , an exaggeration of a nor mal cel |

are cleared by the degrasafme
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Figure 1.7 Aggresome formation model. Unfolded or misfolded proteins can originate

from translating polysomep,r ot ei ns failing the endopl as mi
control 6 mechani sm, or proteins damaged by
fail to fold correctly and are not degraded by the proteasome, they can form aggregates
throughout the cells. Tke aggregates are transported by microtubules to the MTOC in a
process dependent on a dynein motor complex. The intermediate filaments cytoskeleton
(I'F) reorganize to form a 0 drangperiégdtsther r oundi
lysosome for degradian.”

Cells possess cellular signaling mechanisms to promote the formation of
aggresomes, as the sequestration of aggregated proteins improves their cléaféece.
intermediate filament (IF) cytoskeleton rearranges to form a cage around the

aggresomé& Although the molecular requirements of IF rearrangement are not well

understood, dramatic changes in IF architecture l@en linked to neurodegenerative
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diseases. Aggresoms have been linked to numerous diseasaad mutant forms of
aggregatiorproneproteins such as superoxide dismutgsesyhucleif?, or huntingtoff’
leads to the formation of large aggregates in neuronsnanddegeneration.These
neurodegeneration pathways mimic the pathologyFamilial Amyotrophic Lateral
Sclerosis (FALS)Par ki nsonds di s e as eandtimacourse studiesn gt o n
strongly correlag aggresomeformation to behavioral abnormalities and cellular
degeneratiofi* ® It is the formation of aggresomes, not of aggregated protein, that
suggests cytotoxicity, and coincides witlotor neuron dysfunctioand cell deatf®

Although cell death in response to aggresome formation is not well understood,
several mechanisms have been proposé&te appearance of aggresomes may cause
cellular componentso coaggregate, resulting in reduced cell viabifity. Cellular
chaperones recruited to the aggresome to help in aggregated protein clearance may also
adversely affect cell viability, since sequestering these chaperones would lead to a
decrease in efficient folding for the rest of the &&lBince transportfathe aggresome is
microtubuledependent, cell death could be caused by inhibition of microtddaded
transport. Excessive association of the aggresome with the microtubules can override the
neuronds ability for move meaxtemied *®elmsent i a
general, accumulation of aggregated proteins and persistent aggresomes leads to an
induced cellular stress response, activating an apoptotic pathway. However, more
research is requirethb explore the pathogenic mechanisms involvedhi& correlation
between the appearance of aggresomes and the pathology associated with aggresomal

diseases.
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Protein aggregation can come as a direct result of the increased production of
cellular proteins, and an overexpression of certain genes. Geae#iton between two
individuals is often the result of a difference in regulatory protein variants or copy
number of proteins, and is less the effect of coding seqif&ridewever, only a handful
of genes are pathological when overexpressed. Most dewesno severe effect on
growth when overexpressed, yet only a select subset of gethesagesensitive and can
cause a major phenotypic charleWith the overexpression of proteins, there is an
increased amount of misfolded proteins present in thewklth can lead to increased
protein promiscuity. Disordered regiom$ misfolded proteinsare prone to making
promiscuousmolecularinteractionswhen their concentration is increased, leading to
potentially lethal phenotypés.

As such, aggregated pemts provide an excellent marker for a multitude of
diseases. Controlling and identifying basic aggregation mechanisms however, is not yet
well understood andequires further investigationA number of amyloid diseases and
neurodegenerative diseasesariromaggregated proteinyetthese diseaseme at the
present difficult to diagnose, especially in early stagB8sveral genetic markers have
been identified to provida measurestatistical risk tandividuals, butthese markerdo
not provideinformation as to when or even if those at risk may expect the onset of
diseas€? Neuroimaging can be used to assesssatindividuals,and this techniqués
displaying a significant advancement the recognition ofelevant proteins. Generally,
the neurainaging marker must be hydrophobic enough to exhibit high Hboaith barrier

permeability and exhibit selecévbinding to amyloid aggregatgst not so hydrophobic
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as to cause aggregates themselveBlinical diagnosis of these diseases at an early stage
is typically very inaccurate and difficult, as early clinical signs caanobverlap with
normal signge.g. aging* In fact, significantneuroimaging and pathological changes
do not always occur untiater stages athe disease Biochemical markersaken from a
spinal tap or blood serum have been proposed but have not always been consistent or
have produced a low sensitivity and specifiéity™ %

Research into correctly diagnosing diseases, particularly diseases associated with
protein aggregatimm mechanisms, continues to be a major faaiuslinical therapeutics.
Protein aggregation and the misfolding of proteins can be linked to the origin of many
conformational diseases which can be either genetic or spontaneous. The proteins
involved can eiter have an unstructured or limaafolded form such as in Alzheimer's
and Parkinson's diseas®w Type Il Diabetes, or can be globular, showing a folded 3D
structure. The basicrequirements leading to the formation of aggregatestdraot well
undersood yetaggregatiorhas a large impact on the structure and function of cells and
cell signaling. For this reasostudying multivalentlyinduced aggregation behavior can
yield a deeper understanding of how diseases may proliferate, and can provide a

mechanisticallybased approach to underlying processes responsible to diseases.

Summary

Understanding multivalent protetarbohydrate interactions has implications for
elucidating the biological role of cell surface glycosylation. As a common post

trandational modification, glycosylation holdsnportant roles in complex biological
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processes. Many of these processgmove binding via multivalent interactions often
leading to additional binding modes such as chogsng and aggregation. The
following report provides insight into various methods of detecting these binding modes
using carbohydrat&unctionalized dendrimer

The first project focuses ohinding differences between two similar lectins.
Concanavalin Ais a tetrameiand pea lectins a dmer, butboth lectins recognize the
same carbohydrate ligandsnd pea lectin has a weaker affinity for its ligands. Several
techniques are described to elucidate the binding interaction differences, such as
isothermal titration calorimetry (ITC), hemagghation assays, and precipitation assays.

The next projecevaluates theseof surface plasmon resonance (SPR) as a high
throughput system to measure multivalent pretarbohydrate interactions through
inhibition assays. SPR allows for automated inigdstudies using a minimal amount of
materials over a carbohydrdtenctionalized surface. This enablascomparison of
solutionbased binding studies with presentation of ligands on a surface.

The third projectocuses orexaminng thepattern effects focarbohydrate ligands
for evaluating proximity and multivalent effects. The added synthetic control allows for
comparisons of clustdunctionalized dendrimers and randomly functionalized
dendrimers, evaluating the effect tighter clustering has on raldtivbinding.

The fourth project usefuorescence lifetime to follow Concanavalin A binding
multivalently in solution. This experiment makes use of a novel fluorescence
spectrophotometer to track miniselwinding changes in real tinaad with high fidéty.

This technique allows for the extrapolation of kinetic data without the need for extensive
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labeling procedures Furthermore, this technique allows for the measurenoént
aggregation events, aethables the study dinding despite extensive aggréga that is

occurring inthe solution.
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CHAPTER 2

BINDING OF MANNOSEFUNCTIONALIZED DENDRIMERS WITH PEA (PISUM
SATIVUM) LECTIN

Introduction

Among the lectins, legume lectins represent the -tiemtacterized group of
lectins. Legume lectins are pycally homodimers or homotetramers that contain one
highly conserved sugdiinding site on each monomeric urift.®” ®® Concanavalin A

9% 1% are two such

(Con AF" *® and a lectin isolated frorRisum Sativun{pea lectin
lectins. In solution, Con A is a ¢émotetramer at biological pH, while pea lectin is a
homodimer. Both proteins bind methyl mannose with specificity, although Con A has

fourfold higher affinity than pea lectin for methyl mannd%e As shown in Figure.1,

both Con A and pea lectin have 8ling sites about 65 A apaft!®®
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Figure 2.1. Structures of (a) Cori%and (b) pea lecti". The binding sites of both

lectins® 1% are about 65 A apart; binding residues of both lectins are indicated in red.
Because lectitarbohydrate adhesiaenerally involves multivalent interactions,

a variety of glycopolymers that can span multiple lectin binding sites have been

developed to help study these procesées.Dendrimers, for example, can be

functionalized with sugars to study proteiarbohydrée interactions®® Understanding

multivalent biological systems on the molecular level can suggest strategies for novel
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drugs. Synthetic multivalent molecules can be designed to either inhibit or promote
biological processes, greatly improving drug design

Unlike most polymers, dendrimers have a regular branching pattern with
predictable physical properties. By controlling the number and nature of the tethered
functional groups, the solubility and reactivity of the molecule can be customized to suit
biological conditions. The synthesis and lectlinding properties of generation one
through generation six manneimctionalized PAMAM dendrimers (compounds6,
Figure 2.2) with Con Ahave been previously report®d In these Con Adendrimer
interactionsmultivalent binding motifs were observed for large dendrimers (generations
four through six, compoundsfi 6), while smaller statistical or proximitype
enhancements in binding were observed 3prand relative affinities comparable to
methyl mannose werebserved for dendrimers and 2% Changing the size of the
dendrimer framework (by changing the generation of PAMAM used) changed the type of

interaction that was observed with Con A.

OH
HOq 1G(1);n=8
ngm 2G(2):n=16
H H 3G(3);n=29
Owo%NYN 4 G(4);n=55
n 5G(5);n=85
1-6 S 6 G(6); n =172

Figure 2.2. Mannostinctionalized dendrimers-6.

In order to tet the generality of the results thatresebtained with Con A,

binding studiesof mannosdunctionalized dendrimers to pea lectwere performed The
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binding results for mannodanctionalized dendrimers with pea lectin are presented here
and are compaceto previously obtained results with Con A. Hemagglutination assays,
precipitation assays, and isothermal titration microcalorimetry (ITC) studies are
described.

Multivalent proteincarbohydrate interactions serve a critical function in many
intercellula recognition events. A thorough understanding of their fundamental
requirements is essential if therapeutic agents are to be developed that rely on protein
carbohydrate interactions. Through careful exploration of glycodendrimer interactions
with legumelectins, our goal is to develop generally applicable parameters for

development of therapeutic agents.

Hemagglutination Assays

Table 2.1 shows the relative activity of dendrimelis6 for pea lectin
(concentration adjusted) compared to methgihnose. For comparison, Con A
dendrimer affinities are also shown'® Although significant increases in affinity (on a
per mannose basis) were observed with Con A as the generation of the dendrimer was
increased, the affinity of the dendrimers for pea lestmains roughly constant for the
six generations of dendrimers.

Mannosefunctionalized G(1) and G(ZAMAMs 1 and2 were bound to Con A
with comparable concentration adjusted affinities to that of methyl mannose, suggesting
that monovalent binding betwe@won A and these dendrimers occurs. Higher generation

mannosdunctionalized PAMAMs, however, suggest glycoside -clustering/proximity
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effects (G(3)PAMAM 3) and multivalent binding (G(4Xo G(6)PAMAM 4i 6).1% 1®
No increase in binding is observed wiiba lectin, which suggests exclusive monovalent
binding. On a per mannose basis, mandogetionalized G(2)to G(6}PAMAMs 2i 6
actually bind with lower affinity than G(dFAMAM 1 or methyl mannose does.

Hemagglutination assays with Con A were performit 18 mg/mL of Con A%
but assays with pea lectin were performed with oniygZnL. The lower concentration
of pea lectin was required since, for a low affinity lectin, free lectin is always detectable
in solution at higher concentrations. Using a lmamcentration of pea lectin eliminated
the background agglutination. Inhibiting concentrations of dendrimers and methyl
mannose are shown in Tal#d. To allow for comparison of the results for dendrimers
1i 6, methyl mannose was assigned the relatoterity value of one with each protein,
even though the inhibiting concentrations of Con A with methyl mannose and of pea

lectin with methyl mannose are different.
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Table 2.1. Hemagglutination Inhibition Assays for ManhBaactionalized Dendrimers.
Ead reported value represents at least three assays.

Con A Con A Pea Lectin Pea Lectin
inhibiting sugar  rel. act./ inhibiting rel. act./
no. of sugars conc? mannosg  sugar con.  mannos@
(mg/mL) (mg/mL)
Methyl 1 2.5 1 1.25 1
mannose
1 8 6.2 1 2.5 1.3
2 16 4.4 +0.29 15+£0.1 5 0.67
3 29 0.34 £ 0.081 215 10 0.35
4 55 0.035+0.015 204 +90 10 0.36
5 95 0.024 £0.016 305209 10 0.37
6 178 0.021 £ 0.0053 354 + 89 10 0.38

#Values are taken from references(%i 2) and 1® (3i 6).

P Values wereconsistent under the conditions used, so no ranges are reported.

preclude bivalent binding. Con A has a concave surface that nicely compliments the

Presumablyunfavorable steric interactions between the dendrimer and pea lectin

roughly spherical shap# dendrimersti 6, but the area between the binding sites on pea

l ectin i

bulk. Since pea lectin lacks the concave surface feature present in Con A, pea lectin may

S

f

atter

and

therefore

per haps

be unable taccommodate a multivalent binding motif for dendriméir6. Although

they are clearly large enough to span the distance between mannose binding sites on pea

lectin, 4i6 may be unable to bind in a bidentate fashion due to lack of shape

complementarity.

one another reveals that the two proteins are quite similar (Figure 2.3).

A picture with the crystal structures of pea lectin and Con A superimposed upon

The only
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significant difference appears to be that Con A has larger loop regions that jut out from
the protein, giving Con A a more curved shape than pea lectin between the binding sites.
Although the difference seems relatively minor, such effects have previously been
attributed to significant changes in binding motfsThe affinity of pea lectin for ethyl
mannose is only about four times lower than the affinity of Con A for methyl mafthose,
and it has beerpreviously shown that small differences in affinity do not change the
binding motif from bivalent to monovalent binding for Con A/dendrimer sysfém
Also, the pea lectin dimer and the Con A tetramers are both stable entities at neutral pH,
so motifs where the pea lectin dissociates to form monomers (which are unable to bind
bivalently) seem highly unlikeljlf?7 Thus, it seems most likely that theonovalent
binding pattern indicated by the hemagglutination assay results with pea lectin and

dendrimerg}-6 is caused by the lack of shape complementarity between the two systems.



Figure 2.3. Pea lectin (green) and Con Aafmye) structures superimposed. (a) Proteins
are shown in the same orientation as in Figure 1 and (b) proteins are rotated 90°.
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Isothermal Titration Calorimetry

Although hemagglutination assays provide helpful information about the relative
activity of the mannoséunctionalized dendrimers for Con A and pea lectin, they do not
provide association constants or energetics of binding. Isothermal Titration Calorimetry
(ITC) can provide valuable information about the number of binding siigsti{e

enthalfy of binding PH), and the association constant)krom which the free energy

of binding OG) and the entropy of bindind>$) can be calculated. The binding of

108 and small mannostinctionalized multivalent framework¥ to

monosaccharidé
Con A and pa lectin have been previously reported, which led us to hypothesize that ITC
might be used for binding studies with our dendrinié&as well.

Unfortunately, aggregation was repeatedly observed upon addition of the
mannosedunctionalized dendrimerl 6 to Con A Figure 2.4. Although pea lectin has a
significantly lower affinity for methyimannose and causes less aggregation than Con A,
precipitation was still observed. Upon inspection after addition of dendrimer
precipitation could be visually seen ime adiabatic cell. Figure 25 shows a
representative experiment during which minimal aggregation was observed. While an
overall sigmoidal curve was obtained, a significant amount of noise is present. This is
partially due to the relatively low amount$ protein used. In ITC measurements, the
guantity ¢ = KM(0), where M) is the initial macromolecule concentration, is
important for optimum curve fitting to be achievéd. However, accurate ITC

measurements require the presence of soluble complexeshé duration of the

experiment. In order to minimize aggregation, a lower than optimal macromolecule



38
concentration was required, which resulted in a low signal. The larger amount of
variability at the beginning of the titration is mostly due to thenftion of an aggregate.
Because of the formation of an aggregate, the thermodynamic data obtained from the
titration cannot be analyzed in detalil.
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Figure 2.4.1TC Profile of precipitating Con A and mannose functionalized G(5)
PAMAM dendrimer.
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data obtained for 40 automatic injectiohsftom integrated curve showing experimental
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Precipitation Assays

To further investigate aggregatitwehavior, precipitation assays were performed
with pea lectin and dendrimel$ 6. By treating varying concentrations of dendrimers
with a constant amount of protein, the dendribeetin binding stoichiometry is

obtained"** If the concentration of peaden is high enough, the dendrimer will
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precipitate the protein. The ratio of dendrimer to protein at the point of maximum
precipitation is considered the maximum number of pea lectins that are recruited by each
dendrimer.

The ratio of mannostinctionalzed dendrimer to pea lectin in the precipitates
quickly increased with increasing amount of dendrimer until a maximum was reached,
then the ratio steadily decreased (Figdr@). This behavior was different from our
previously obtained results with Con Where the ratio of protein to dendrimer remained
fairly constant after a maximum had been reachedhen the assay was performed in
water, as opposed to buffer, results resembled those for Con A. This change in behavior

was likely caused by a changeti ionic strength of the solution.
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Similar effects were observed when Okada andvorkers studied the behavior

of dendrimerion complexes®? Al t hough Okadaés study -did
carbohydrate interactions, parallels can be drawn for multivalentptoedgand
interactions. Presumably, the dendrirpestein complex became more soluble at high
ionic strength due to the screening effect of microsalts weakening the binding
interaction™*® Such a screening effect could occur if salts interfere with reltetic
interactions and hydrogen bonding in the binding pocket, which would increase-the off

rate for complex dissociation and would disrupt the larger dnolssd complexes. The
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formation of soluble protetdendrimer complexes in the presence of ldghcentrations
of dendrimer, as well as at low ligand concentrations, is possible if the ionic strength of
the solution is sufficiently high, because only small aggregates would form under these
conditions. Near the equivalence point, insoluble complexesformed in extensive
lattices™

The precipitation assay results reported here are consistent with the aggregation
behavior that was observed in ITC experiments, where the most noise occurs as the
experiment approaches the maximum dendrimer to proteicheometry. That the salt
content influences sugar binding by pea lectin was also shown by comparing
hemagglutination assays with methyl mannose in buffers containing 0.15 and 0.35 M
NaCl. Increasing the salt content from 0.15 to 0.35 M caused-fald.Bcrease in the
amount of methyl mannose required to inhibit agglutination. The results with methyl
mannose suggest that a high salt content in the assay buffer can lower the affinity of the
protein for mannose, which might disrupt the protein/dendronesslinks and reduce the
amount of precipitate observed in the precipitation assays.

The precipitation profiles in Figure@show that, for a mannoganctionalized
G(5)PAMAM dendrimer5, precipitation steadily increases, reaches a maximum, and
then geadily decreases in high ionic strength buffers (Figdrés,b, and d). In water,
the precipitabn profile levels off (Figure 2@. The point of intersection of the initial
slope and the final slope are similar for all of the buffers tested, congiggoto an

approximately 1:7 ratio of dendrimBtto pea lectin monomer.
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Physical models suggest that the dendrimer could accommodate 11 pea lectin
dimers, assuming bivalent binding. While the dendrimer : pea lectin ratio could
theoretically arise from ra average of bivalently binding three or four pea lectins,
presumablyextensive cros8nking is occurring, which is greatly weakened by the salting
effects, thus forming a soluble complex at both high and low concentrations of
dendrimert'# 8

Overall,the precipitation assays seem to suggest that even a large dendrimer such
as5, which is theoretically able to span binding sites 65 A apart and experimentally was
shown to bind multivalently to Con A, probably binds pea lectin in a monodentate
fashion inhigh ionic strength buffers. This is consistent with the results obtained from
the hemagglutination assays. The lack of shape complementarity between pea lectin and
5 may make multivalent binding less likely than with Con A; large clioging
complexegrobably occur more readily, which high ionic strength buffers can minimize.
The shape complementarity between Con A and dendrimer is not present with pea lectin,
and steric hindrance when binding dendrirbeto pea lectin may prevent multivalent
binding motifs from occurring. Brewer and -aworkers have previously presented a
similar steric argument, in that the binding valency of a glycoprotein (which can be

compared to our mannc$enctionalized dendrimers) is influenced by the quarternary

structures bthe lectin and the interacting glycoprotéth.
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Transmission Electron Microscopy

Because the stoichiometry obtained from the precipitation assays in water can
suggest either bivalent or monovalent binding, TEM images were taken to elucidate the
binding behavior in water (Bure 2.7. Figure Z27a shows the glycodendrimer before
addition of protein, which is a largely homogeneous solution. 24 hours after addition of
protein, figure2.7b shows large, irregular particles. This suggests that pea liatis to
mannosegunctionalized GEPAMAM monovalently, forming extensive crofsked
complexes. In watent is proposed thathese complexes aggregate with each other due
to nonspecific binding interactions, which leads to continued precipitation umdéar
glycodendrimer concentrations in low ionic strength buffers. In high ionic strength
buffers, only the large crodimked complexes near the equivalence point precipitate, as
nonspecific interactions are considerably weakened due to the screeff@at) @f

microsaltst®



45

Figure 2.7 TEM images of a) 10 mM GBan b) 10 mM G5nan treated with 57 mM
pea lectin for ~20 hours (10x diluted).

The results of the TEM images confirm the previous results of hemagglutination
and precipitation that pea lectin is bound monovalently by -PBMAM
glycodendrimers. Although the glycodendrimer is theoretically able to span both binding
sites, as is seen in our previous results with Con A, pea lectin binds mannose with a lower

affinity necessary to enable bivalent binding.
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Conclusions

The hemagglutination assays and precipitation assays described here suggest that
mannosdunctionalized PAMAM dendrimerdi 6 bind to pea lectin in a monovalent
fashion, which contrasts with our preus results obtained using Con A.
Hemagglutination assays fai 6 with pea lectin showed no increase in binding affinity
(on a per mannose basis) with increasing dendrimer genera@m®@vious experiments
with Con A revealed significant increases in bigliaffinity as the dendrimer size
increased, and the affinity changes were attributed to multivalent binding and glycoside
clustering. Unfortunately, kinetic data for pea lectin/dendrimer binding could not be
obtained via ITC due to aggregationPrecipitition profiles suggested monovalent
binding of pea lectin by all dendrimers in high ionic strength buffers and in water.

Size and shape complementarity of the carbohydustetionalized dendrimers
with the lectin appears to influence the multivalent (CArdendrimer) versus
monovalent (pea lectin/dendrimer) binding motthile the possibilityexiststhat highly
dynamic frameworks such as PAMAM dendrimers can undergo conformational shifts to
overcome unfavorable steric repulsions and to achieve bivalting interactions, the
unfavorable shape complementarity in the dendrimer/pea lectin system appears to induce
monovalent associationThe association is relatively weak (a micromolar dissociation
constant is reported for pea lectin with methyl manntf¥8ednd so higher affinity
bivalent binding evidently cannot occur by overcoming the unoptimized shape

complementarity in this case.
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The comparative binding behaviors of the legume lectins, Con A and pea lectin,
to carbohydratéunctionalized dendrimerdi 6 indicate that glycodendrimers may be
very appropriate macromolecular therapeutic agents for targeted multivalent binding with
some lectins but may be unsuccessful in other cables.shape complementarity of the
lectin with the carbohydrateoated frameork must be considered when dendrimer

based systems are applied.

Experimentals

General Methods. Mannosefunctionalized dendrimer&i 6 were synthesized as
previously described in reference. 5Pea lectin was isolated from commercial green split

peas acording to a procedure from Trowbridtf8.

Hemagglutination Inhibition Assay. Hemagglutination assays were performed
similarly to previously published procedureés$.The concentration of pea lectin was kept
at 2ng/mL for all assays. Assay buffer consis of 0.5% w/v BSA in 10 mM phosphate
buffered saline (PBS), pH 7.2. The pea lectin was added to serial dilutions of a 20
mg/mL glycodendrimer stock solution, and the solutions were incubated for 3 hours at
room temperature. Rabbit erythrocytes (2% iw0.5% w/v BSA) were added, and the
lowest amount of dendrimer to cause inhibition was determined. Salt effects for
monovalent binding of methyhannose to pea lectin were determined for 0.15 M, 0.25

M, and 0.35 M NacCl solutions.
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Isothermal Titration Calorimetry. ITC experiments were performed similarly

to previously published procedut&s*®

using a microcalorimeter from Microcal, Inc.
(Northhampton, MA). Injections of 8L of mannosdunctionalized PAMAM dendrimer
were added via a 25@. syringe & an interval of 4 minutes into 1.435 mL of a pea lectin
solution while stirring at 310 rpm. The concentration of the lectin ranged franvi20

200 mM, and the sugar concentration ranged from 0.5 mM to 20 mM. Titrations were

done at 27 °C in a 10 mM p$phate buffered saline solution (pH 7.2).

Precipitation Assay. Precipitation assays were performed using a modification
of the procedure reported by Brewer andwamkers™' Serial dilutions of a 20 mM
solution of mannosé&nctionalized G(5PAMAM were added to microcentrifuge tubes.
A final volume of 500niL was used. A pea lectin solution (500, 60 to 71e¢M as
shown in Figure.6) was added to each tube and allowed to precipitate for ~20 h at room
temperature.The supernatant was removed after centrifugation at 5000 rpm for 5 min.
The pellet was then washed three times with 8000f cold buffer and dissdved in 2
mM methyl a-D-mannopyranoside to a final volume of 1 mChe solutions were then

analyzed for protein content using’®g = 15.0 for pea lectii®

Molecular Modeling. Commercially available aidrying clay was used to model
both the dendrimerand the pea lectin using a scale of 1 A = 1/64 ifctvas modeled
as a sphere with a 95/64 inches (= 95 A) diame®ea lectin was modeled as a cylinder

with a diameter of 29/32 inch (= 58 A) and a length of 41/32 inches (= 82 A).
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Transmission Electon Microscopy. Images were taken on a LEO 912AB
transmission electron microscope at an acceleration voltage of 100 kV and a 1 second
exposure ti me. Samples from the precipita
spot onto a carbon grid, followddy a 5 €L spot of a staining

Some samples were diluted prior to staining to better visualize images.
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CHAPTER 3

INHIBITION BINDING STUDIES OF GLYCODENDRIMERLECTIN
INTERACTIONS USING SURFACE PLASMON RESONANCE

Introductian

Traditionally, hemagglutination and precipitation techniques have been used to
determine relative interactions occurring between proteins and carbohydratés.
However, these assays are limited in that they do not provide either thermodynamic or
kinetic data about the protegarbohydrate interactions. Isothermal titration
microcalorimetry (ITC)'® directly measures thermodynamic binding parameters but
requires large amounts of both the ligand and the receptor to obtain good signal. The
requisite conditions of ITC have the potential to promote aggregation conditions,
especially when using large, highly multivalent scaffolds such as dendrimers.

Surface plasmon resonance (SPR) technology provides a valuable technique for
accurately analyzing proterarbohydrate interactions. This method has gained a great
deal of interest in recent years, and has been used to analyze manyliggtend
complexes” 8 While many methods require the use of tags such as radiolabels, SPR
eliminates the need for labelegtagents. In addition, when qualitative binding
comparisons across a series of compounds are needed, the need for extensive purification
protocols is reduced when specific ligand/receptor binding is involved. The ligand of

interest is passed through tlsystem at a constant flowrate and +pamticipating
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compounds are quickly washed away. SPR allows one to monitor complex formations
occurring in real time, offering insights into the kinetics and mechanism of a rehgtion
measuring the change ofthesud e 6s r ef r act i v(eiguie 8.4 Theupon b
assay is sensitive enough that low affinity interactions can be detected, since
measurements can be made in the presence of excess, unbound protein. This is especially

useful in proteircarbohydrag studies, where the interactions are known to be weak.
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Figure 3.1.Model of complex formation measured by surface plasmon resonance. The
SPR optical unit and a sensor chip detentdecules in the flow solutiofgreen spheres),

which passes by thergget molecule linked to the dextran matrix (pink diamonds). Time
points T, and T, shown in the schematic sensorgram (right), correspond to the two red
SPR angles, which shifts as molecules are bound to the surface. The complex dissociates
upon reintrodation of the buffer. The response to a regeneration solution will fall below
baseline if its refractive index is lower than that of the buffer.

The use of SPR to elucidate binding events has seen a significant increase in
recent years. Several notewyrtexamples of the application of SPR to the study of
proteincarbohydrate interactions have been reported; summaries of a few studies with

direct relevance to this work follow. Keusgen andwarkers, for example, recently
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reported a lectin screen usimmgmobilized oligosaccharides in SPR. The goal of this
work was to devise a system that would ultimately allow for the identification of new
lectins from natural sourcé®® Gabius, Kamerling, and eworkers immobilized
glycoproteins for sensitive detectiai galectinl andRicinus communisigglutinin in
solutions containing mixtures of protelfis and Nishimura and eworkers used SPR to
evaluate how effectively sialyl lexis X functionalizedcyclodextrins inhibited the
binding of Eselectin to a SLeXBSA functionalized sensor chif. Suda and co
workers recently compared the binding of model hepainding proteins to immobilized
monosaccharides and clusters of carbohydrates. They evaluated the effect of ligand
density and ligand clustering by measurihg binding of a binding domain of vWf to the
SPR chip. They found that clusters of oligosaccharides were more effective ligands than
monosaccharides, even when comparable (per carbohydrate) surface loadings were
present?® In addition to using SPR to cqrare loading densities, Fieschi and co
workers used mannogenctionalized Boltorn hyperbranched dendrimers to inhibit the
binding of DGSIGN to a g@l20functionalized surfac¥* Kiessling and cavorkers
used SPR with mannose functionalized surfaces termete the concentrations of
neoglycopolymers that inhibited the binding of Concanavalin A (Con A) to the surface.
The neoglycopolymers varied in length, and the most potent compounds were those that
could bind to multiple Con A binding sites as well assslink the Con A lectind®
Riguera and covorkers compared SPR results for manrsetionalized dendrimers
binding to surface bound Con A with the inhibition of Con A binding to manrnose

functionalized gold surfacéé® Schengrund and eworkers used BR to study the
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binding of HIV-1 gp120 to potential glycodendrimer inhibitors. They found that binding
affinities of the glycodendrimers with rgp120 (as measured by SPR) and the ability of the
glycodendrimers to inhibit HIV infectivity (as measured byaviinhibition assays)
correlated well for sulfated glycodendriméfs. Imberty, Matthews, Vidal and eo
workers used SPR inhibition assays to test the potential of galdotatmnalized
calyx[4]areres to block adhesion of RA. to galactosylated surfacé® These examples
indicate that applying SPR technology to the investigation of protaioohydrate
interactions shows great promise.

Because many lectins of current interest for biological processes are not surface
bound, robust biosensors ftire measirement of multivalent binding interactions in the
solution phase are needeDithiol compounds are an ideal system with which to build a
selfassembled monolayer on a gold surfa@&e dithiols form a bivalent attachment to
the gold that is robust endugo undergo many inhibitiehinding measurements. Here,
the effectiveness of different generations of manosetionalized dendrimers to inhibit

binding of Con A to a mannoganctionalized surface through SPRdescribed

Selt-Assembledvionolayes

SeltAssembled monolayer6SAMs) are weltordered arrays which allow for
fundamental studies of interactions occurring at surfaBescause of their wellefined
organization and ease of functionalization, they are ideal model systems for-basade
interactions. One of the most widely used systems to form SAMs is the-gold

alkylthiolate monolayer first produced in 1983. These monolayers are produced by
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immersion of a gold surface in an ethanolic solution of the thiol, and are stable for several
monhs!*® Mixed monolayers are produced if the ethanolic solution contains more than
one thiol type. Since its commercial induction, surface plasmon resonance (SPR)
spectroscopyas become an important technique for measuring reactions occurring on a
monolaye surface.

Reaction kinetics on a surface can vary greatly from reactions occurring in
solution; this is due to the rate of the reaction changing as the surface becomes more
modified, and the close proximity of the reactive sites and alkyl tetfer&eneally,
sterics play a large part in the reactivity of the surface monolaye®.re@actions are
considerably slowed on planar SAMs, even for small nucleoptilesDespite this
difficulty, SAMs retain a number of applications in organic chemistrgatalyic
reactions requiring a defined presentatisuch as those found in rhogpening
metathesesyenefit from the immobilization and afford similar yields to solutt@sed
reactions:>3 134

Molecular recognition is an area where SAMs see important apphsatidsing
technigues such as surface plasmon resonance allows for high throughput screening of
molecules with a tethered substratélonspecific interactions are greatly reduced, as
nonspecific binders can be simply washed over the surface, while ispbuitiers
recognize the tethered substrate. Competitive and inhibition studies can be monitored in
reattime and with high precision, and are less subject to possible interfering molecules

present in solution. In cases where the binding is reversifileg @ SAM offers better
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reproducibility of the experiment, as the same SAM can be used for multiple
experiments.

A SAM of dithiols on an unmodified gold surfaceas created® **°
Alkanemonothiols are known to spontaneously desorb from gold surfacesaunicient
conditions, resulting in patchy surfaces with significant areas of metal exppos&tie
stability of the surface can be significantly improved through the use of multivalent
dithiol compounds?® **° The carboxylterminated dithiol compounds were gbed to
aminefunctionalized mannose derivatives through amide bond formation. This allowed
for a stable mannose surface to be presented on the gold chip, which could be reused for

multiple assays with negligible degradation over time (Fi§ie
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Figure 3.2. A schematic representation of mannose functionalization of a gold surface.
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Although a commercially available gold surface coated with dextran, a polymer
composed of glucose residues, is commonly used in SPR assays, competition
experiments involmg mannosdunctionalized dendrimers and Con A proved to be
problematic with this chip. Although Con A has & 3old higher affinity for mannose
than for glucos¥®, the change in instrument response elicited by the addition of
mannosdunctionalized dendmer was small compared to the binding of Con A to the
dextran matrix in the absence of dendrimer. The minimal response change likely
occurred because of the large excess of glucose residues on the-deateah gold
surface relative to the number of mmwse residues on the glycodendrimers.
Furthermore, using a dextran surface with large multivalent glycodendrimers may induce
sugarsugar binding events, complicating the analysis of the specifically targeted binding
events. The mannoganctionalized moalayers used for this research were extremely
robust because of the use of dithiols and were used repeatedly for at least six months

without detectable degradation.

Surface Plasmon Resonance

Concanavalin A is tetrameric plant lectin that is able to ifpady bind to
mannose residué$ Serial dilutions of Con A were injected, and the SPR response was
monitored to determine the affinity of Con A for the manrfsetionalized surface.
The Ky for the binding of Con A to the manneiectionalized sudce was estimated at

78 nM (Figure3.3).
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Figure 3.3. Top: Doublyeferencedensorgram of Con A binding to the mannose
functionalized surface. Bottom: Affinity profile of Con A to the mannrhsetionalized
surface, fit using Scrubber 2.

The glycodedrimers that were used in this study are shown in Figue and
the biosensor strategy is shown in Figu4b3 The values for the number of mannosides

were determined from M (MALDI-TOF MSY* *® and are the average number of

mannosides per dendrimefor a discussion of the homogeneity of the dendrimers, see
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referencel4l The affinity of the glycodendrimers for Con A was evaluated by studying
their ability to inhibit binding of Con A to the manneiactionalized surface. Serial
dilutions of the imibitor were premixed with a constant amount of Con A, and the
resulting equilibrium responses were used to determiggvilues (Figure8.5and3.6).
A key point is that glycodendrimer/lectin binding occurs in solubefore being passed

over the moaolayer surface, better mimickingoteincarbohydrate interactions.
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Figure 3.4. (a) Mannodeinctionalized poly(amidoamine) (PAMAM) dendrimers. (b) A
schematic representation of the inhibition binding experiment.
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Figure 3.5. Inhibition of 2M Con A injected over the mannogenctionalized gold
surface, normalized to 100% response from Con A without addition of inhibitor. Top:
Sensorgram of Con A binding to the mannasectionalized surface, inhibited by
mannosegunctionalized G4 dendrimer. Botto Inhibition by mannoséunctionalized

G4 dendrimer. Dotted lines show 95% confidence levels, fit using GraphPad Prism 4.
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Dotted lines show 95% confidence levels, ing GraphPad Prism 4. (a) Mannose
functionalized G(2PAMAM, (b) mannosdunctionalized G(3PAMAM, (c) mannose
functionalized G(4PAMAM, (d) mannosdunctionalized G(5PAMAM, (e) Methyt
mannoside.

Whereas a marked increase in activity with increagiggodendrimer generation

was previously observed by hemagglutination aséay the G, values obtained by
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SPR suggest that the ability to inhibit Con A binding to the surface is largely independent
of dendrimer generation. While the glycodendrimeffer a definite advantage over
methylmannose, higher generation dendrimers exhibit similar abilities to inhibit binding
when compared to lower generations. Binding data is summarized in3Tkable

Table 3.1. Comparison of Hemagglutination Inhibitkssays with SPR results for
mannosdunctionalized dendrimers with Concanavalin A.

Hemagglutination Inhibition Assay SPR Inhibition Assay Result§
Resultg"®

Dendrimer Generatior] Relative activity ICso values ICso values
(number of sugars) per mannose (MIC)| (per cendrimer§ (per mannosidé)
Methyl mannose (1) | 1 (6400niM) 240nM 240mM

G2 (16) ~1 (9700n) 260 nM 4.2

G3 (29) 20 (280nM) 130 nM 3.8

G4 (55) 200 (30nM) 63 NM 3.5nM

G5 (95) 300 (20nM) 13 nM 1.2mM

@Each reported value reprede at least three assays.
PValues are taken from reference$1G2) and 2 (G3i G5).
“Minimum Inhibitory Concentration per mannoside for 6M Con A.
4Inhibition of 2nM Con A.

SPR assays in which Con A was bound to a marhws#ionalized gold sugce
indicated that the {Kfor the binding of Con A to the manneiectionalized surface was
78 nM. This value indicates a significantly stronger interaction compared to the reported
Ka of 7.6x10 M™ (Kq of 130 mM) obtained for monovalent methgtannosefrom
microcalorimetry:*? This disparity almost certainly occurs because Con A is able to bind

multiple surface sugars, increasing the overall affinity of Con A for theassémbled

monolayer**
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The gold surface used was functionalized with a rather fgbentage (25%) of
a carboxylterminated dithiol compound that was subsequently coupled to a tethered
mannose derivative. This places the mannosides close enough to undergo bivalent
binding with the tetrameric Con A, preventing an accurate determinaitiolonovalent
association and dissociation rate constants but allowing equilibrium constants of highly
multivalent systems to be determined. The affinity profile for Con A, shown in Figure
3.3 does not significantly fit a 1:1 kinetic binding modEligure 3.7). Heterogeneous
binding, which is a more effective mimic of relevant biological surfaces is suggested and
allows us to study the ability of the dendrimers to inhibit multivalent binding modes to a
surface. Becaussmparisons are ahe inhibitorypropensity of different generations of
glycodendrimers for Con A binding to the monolayer, determination of the exact degree
of mannose incorporation into the monolayer was unnecessary. Although other
researchers have used attenuated total reflectiechRF3pectroscopy to determine the
degree of SPR chip functionalizatih this was not required for our studies because the
same chip was used in all of the experiments, eliminating variability due to different

chips.
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Figure 37. a) Attempted fit of Con A to a kinetic 1:1 binding model. Projected fit is
shown in red. b) Residual difference between the data set and the 1:1 model fit.

While the results obtained by SPR show that the glycodendrimers exhibit a
definite advantagever the monovalent sugar, the increased activity observed with higher

generations of dendrimers in hemagglutination inhibition assays with Con A is not
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evident in SPR assays. In fact, the mansasetionalized dendrimers showed only
small affinity differences (on a per mannose basis), compared to remarkable activity
increases observed in hemagglutination assays.

In contrast to the hemagglutination assay, SPR offers a method to more directly
measure the interactions occurring between Con A and the sugar. the
hemagglutination inhibition assay, red blood cells are added as sources of surface sugars,
which are bound by Con A. Inhibition of this interaction by glycodendrimers provides an
entry-level comparison of our system to known systems, althougasthegy is not able to
provide information regarding binding affinity. Rather, hemagglutination indicates the
ability of a glycodendrimer to drive aggregation processes, and not the strength of

proteincarbohydrate bindifg 3

As a result, SPR providea more accurate
measurement of protegarbohydrate affinity independent of aggregation and
precipitation events.

Although the mannostinctionalized surface is successfully bound by Con A,
additional binding events can be observed in the inhibition sgrasns. Norspecific
binding arising from sugasugar interactions is prominently displayed at high
concentrations of methyhannose (Figur8.6e). At sufficiently high concentrations of
methytmannose, Con A is prevented from binding to the surface. n Ehigher
concentrations of methyhannose, however, afford an increased response through
nonspecific sugasugar interactions. This suggests significant sgggar interactions; a

pre-organization step between sugars may be a factor in cellular reoagaisi opposed

to relying solely on the specificity of a protein for a sugar residté?
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Because of the heterogeneous nature of the binding events, kinetic data cannot be
accurately determined from this experiment. Several binding events are occurring,
including multivalent binding motifs, which make it difficult to-denvolute individual
binding events from the overall system. However, information can be obtained from
equilibrium data, particularly about the efficiency of the tested inhibitors. Exagrtine
response as a function of added glycodendrimer reveals the efficiency at which the
glycodendrimers are able to inhibit Con A from binding to the surface of the self
assembled monolayer.

Of particular interest is the increased steepness of the admee the inhibition
data is fit to the fouparameter logistic equation (Figu®5 bottom Table 3.2.
Whereas inhibition of the ConiAurface sugar interaction by metighnnose yields a
rather shallow slope, inhibition by glycodendrimers yield magksteeper slopes. By
contrast, inhibition by galactodanctionalized dendrimers could not be fit to the
equation and yielded similar responses throughout the dilution semgsg 3.8. This
suggests that addition of manndsactionalized dendrimeto the system induces a
pronounced effect on Con A binding, and that responses from the assay are more
sensitive to changes in dendrimer concentration than in raetfwyhose concentration.
As the amount of glycodendrimer that is added is increased, Gayéestration (such
that less Con A is available to be bound to the-agdembled monolayer) is enhanced.
This is indicative of the dendri merso6 abi
bound Con A from a sugdnctionalized surface, as expressgdCso values (Table.1,

Table 3.2.
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Table 3.2.Curve fit parameters for inhibition experiments determined by GraphPad
Prism 4.
Sigmoidal dose-response

(variable slope) G2-man G3-man G4-man G5-man me-man
Best-fit values
BOTTOM 5.872 8.977 3.894 3.349 10.14
TOP 104.3 101.7 96.24 98.31 111.3
LOGEC50 2.416 2.106 1.799 4.117 2.386
HILLSLOPE -5.011 -4.976 -6.805 -4.276 -1.664
EC50 260.8 127.6 63 13093 243.1
Std. Error
BOTTOM 1.215 2.323 1.849 5.362 3.823
TOP 1.674 3.491 2.796 4.019 2.144
LOGEC50 0.01444 0.03139 0.02576 0.04111 0.04141
HILLSLOPE 0.463 1.065 1.78 1.614 0.2487
95% Confidence Intervals
BOTTOM 3.318t0 8.425 4.053 to 13.90 -0.04548 to 7.833-7.873 to 14.57 2.076 to 18.21
TOP 100.8 to 107.8 94.30to 109.1 90.28to 102.2 89.90to 106.7 106.8to 115.9
LOGEC50 2.386 t0 2.447 2.0391t02.173 1.744t01.854 4.031t04.203 2.298t0 2.473
HILLSLOPE -5.984 to0 -4.038-7.233 t0 -2.719-10.60 to -3.012 -7.654 to -0.8975-2.188 to -1.13¢
EC50 243.2t0279.6 109.5t0 148.8 55.52t0 71.48 10740 to 15962 198.8 to 297.3
Goodness of Fit
Degrees of Freedom 18 16 15 19 17
R2 0.9938 0.9738 0.9856 0.9334 0.984
Absolute Sum of Squares 280.2 911.3 457.8 2967 578.1
Sy.x 3.945 7.547 5.524 12.5 5.832
1200 Flow cell 2

1000

800

600

Response

400

200

0 100 200 300 400 500 G600 TO0 800
Time

Figure 3.8. Inhibition by serial dilutions of galactdeactionalized G4 dendrimer,
represeted by three overlaying dilution series in Scrubber 2.
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The Four Parameter Logistic Equation

The fourparameter logistic equation éefined by four parameters: the baseline
response (Bottom), the maximum response (Top), the slope (Hill Slope), and the
concentration of the compound which provokes a response halfway between the baseline
and the maximum (Efg) (Equation 3.1) For inhibition studies, the Egis usually
called the IGo, or the concentration whiahhibits 50% of the responsas defined byhe
100% response (Top) and 0% response (BottorDepending on how the data is
normalized, the 1§ may not be the concentration that is derived from a response of Y =
50; the IGo is merely the concentration that evokes a response halfway between the
maximum and the baseliré®

(Top- Bottom)

response Bottom+ 1 +1((LogEG0 LodLigand)* HilSiope

Equation 3.1. The four parameter logistic equation.

Some binding curves are steeper or shallower than standard curves, expressed by
a slope called the Hill slope. Whereas a standard curve has a Hdlafldp a steeper
curve has a larger slope and a shallower curve has a smaller slope. For inhibition studies,
this slope is negative, with steeper slopes having more negative vaituesost cases,
the Hill slope cannot be interpreted to yield signiftcalmemical information, other that a
Hill slope significantly different from 1 does not follow the typical law of mass action for
the interactionmeaning that simple kinetics do not appfy It is difficult to interpret the

meaning of the derived kg in terms of standard mechanistic masion models.
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Significantly steeper slopes can be an indication of positive cooperativity, for example, if
the binding sites for the system are clustered together. In the case of dendrimer
inhibition, a significantlysteep Hill slope mape due to the fact that added dendrimer to
the SPR system creates more effective elioks than a lower concentration of
dendrimer is able toFor this reason, the efficacy of the dendrimers to sequester Con A

from the SPR surfads expressed as igvalues as a measure of inhibitor potency.

Conclusions

Highly robust mannost&inctionalized SAMs for inhibition binding studies using
SPR were formed on gold surfaces using dithiols. SPR experiments with these dithiol
SAMs demonstrad that glycodendrimers efficiently inhibit protesarbohydrate
interactions; the potencies reported here for glycodendrimers are considerably higher than
those obtained for monovalent mannose (on a per mannose basis). However, the
generation of the glydendrimer had less of an impact in these SPR studies than was
observed in previously reported hemagglutination inhibition aséayS. That the
amount of inhibitor needed to achieve complete inhibition of red blood cell aggregation is
decidedly differat from the 1@y values reported here for SPR assays is readily
rationalized because of fundamental differences in what the assays measure. In a
hemagglutination inhibition assay, glycodendrimers probably attenuate aggregation
events between Con A and rebod cells by efficiently sequestering the Con A lectins
from the red blood cells. In assays that do not rely on disruption of aggregation events,

dendrimers exhibit solely suggarotein interactions, with less pronounced increases in
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affinity due to gycoside clustering effecfs: ** The SPR competition assays reported
here reaffirm that affinity enhancements for multivalent ligands are present. These SPR
competition assays are an effective tool for studying solution phase binding events.

Glycodendnmers are very potent frameworks for mediation of pretein
carbohydrate interactions. They are capable of both forming and disrupting extensive
crosslinks. When designing therapeutic agents for human health, our results suggest that
different multimeric gycosides can exhibit similar activities for inhibiting protein
carbohydrate interactions, but decidedly different activities for interacting with large

existing complexes are likely.
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Experimentals

General Methods. Mannosefunctionalized dendrimers wersynthesized as
previously described in B0 Solutions and running buffers were degassed before use in
SPR experiments. Unless otherwise noted, 10 mM PBS, pH 7.4 was used as running
buffer for all SPR experiments.

SPR experiments were performed usingiacore 1000 upgrade equipped with a
Sensor Chip Au (Biacore AB, Uppsala, Sweden). The instrument temperature was set to
25 °C. Dialkanethiols (SRU013 and SP-D014) were purchased from SensoPath
Technologies (Bozeman, MT) for functionalization of thédgsurface. Concanavalin A
was purchased from CalBioChem (Darmstadt, Germany). All other chemical reagents

were purchased from Fisher Scientific (Waltham, MA).

Preparation of 2-(2-aminoethoxy)ethytU-D-mannopyranoside. 2-(2-
azidoethoxy)ethyPR,3,4,6tetraacetylU-D-mannopyranoside (330 mg, 0.74 mmoles) was
dissolved in 10 mL of MeOH and reduced over Pd/C and an excess Ofli¢ catalyst
was removed and the resulting mixture was filtered through an@fiter. Removal of
the solventin vacuoyielded 217 mg (79% vyield) of -22-aminoethoxy)ethyP,3,4,6
tetraacetylJ-D-mannopyranoside, which was used directly.

2-(2-aminoethoxy)ethyR,3,4,6tetraacetyl’J-D-mannopyranoside (217 mg) was
dissolved in 10 mL of 1:1 MeOHZ®. The acetyl groups were themimaved with 1M
NaOMe in MeOH (5221, 522 nmoles), stirring overnight. The solvent was removed

under vacuum. The resulting sugar and acetic acid salts were dissolved in Millipore



71
water and were used without further purificatidghiNMR (ds-DMSO, 500 MHz solvent
peaks were visibl e3bmt2l HofCNMRe(d&-OM3De 125 U
MHz , solvent peaks were visible but not
70.7, 71.4, 74.4, 100.4. These results agree well with previously publishefbdttis
compound, which was synthesized via a slightly different route and for which NMR data

is reported in RO

Preparation of Carboxylated Gold Surface. 25% of a-COOH terminated

aromatic dialkanethiol (SR0014, SensoPath Technologies) was mixéti ¥5% of a-

OH terminated aromatic dialkanedithiol (SBU13, SensoPath Technologies) to provide
a 1 mM dithiol solution in Ethanol. This solution was diluted to 10% (v/v) in Millipore
water and was injected over a single flowcell area (flowcell 2)r@fva gold chip several
times at 1n/min for 60 minutes using Millipore water as running solution, until no
appreciable signal increase was observed. This procedure was repeated usirQH00%
terminated aromatic dialkanethiol (S®013) over flowcell 1 n the same gold chip for a

reference cell.

Preparation of Mannosefunctionalized Gold Surface. The carboxylated gold
surface was activated by injection of a mixture NokthyFN §diethylaminopropyh
carbodiimide (EDC) andN-hydroxysuccinamide (NHS) (36L, 200 mM EDC, 50 mM
NHS, 5 ni/min) dispensed by the Biacore instrument-(22minoethoxy)ethyl}D-
mannopyranoside (10 mg/mL in 10 mM PBS, pH 7.2, includes acetic acid salts from the

deprotection step) was injected into flowcell 2 (12 min contact tand)allowed to react.
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This procedure was repeated three times to allow for maximum functionalization.
Unreacted activated carboxyl groups were given extensive time to hydrolyze under
running buffer; remaining activated carboxyl groups were then cappeaadxyion of

ethanolamine (21, 1mM pH 8.5).

Surface Plasmon ResonanceConcanavalin A (Con A) (106L in 10 mM PBS,
pH 7.4) was injected over the manndsactionalized surface at 18L/min, allowing
300 s for dissociation, followed by regeneratiémi, 10 mg/mL methyimannose in 0.1
M HCI). The titration range covered 1M to 31 pM by 2fold dilutions. K, was
estimated using Scrubber 2.0.

For competition experiments with inhibitors, Con Anf2 monomer) was mixed
with an equal volume of inhibiteand the solution was allowed to equilibrate for at least
1 h. The mixture (7@L) was injected over the surface atriid'min, allowing 300 s for
dissociation, followed by regenerationrtb, 10 mg/mL methyimannose in 0.1 M HCI).
The glycodendrimers we tested in triplicate, covering a range offdmL to 39 ng/mL
by 2fold dilutions. For competition experiments with methyhnnose, the assay
covered a range of 10 mg/mL to 305 ng/mL byol serial dilutions. Equilibrium
responses were determineding Scrubber 2.0, then analyzed in GraphPad Prism
(version 4.0) using the foyparameter logistic equation to determingolzalues.

Binding responses were obtained using the aforementioned conditions across a
mannosegunctionalized surface. The bindingsponses were referenced by subtracting

the response generated from identical injection conditions over a flowcell containing only
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TOH terminated dialkanethiols (flowcell 1), and doul#éerenced by subtracting a

response from buffer injections.
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CHAPTER4

TRISMANNOSEFUNCTIONALIZED DENDRIMERS TO INVESTIGATE
CLUSTERING EFFECTS BY ELISA

Introduction

The mammalian cell surface is decorated with a dense layer of carbohydrates,
many of which are cebpecific and participate in a wide variety of lbgical
48 149 150 H R H
processes’ Abnormal glycosylation patterns have been associated with the
infection and proliferation of many diseases, and are particularly known to play a crucial
role in promoting or inhibiting the metastasis of cariéet>> °* Because gicosylation
is one of the most common modifications made to cells, there is a need to examine the

architecture displayed on cell surfaces with gipgionetic compounds.

Patterning and Clustering

Several research efforts focusedexploring surface suggratterning have made
significant contributions tamprovedunderstanchg of surface architecture and binding
motifs** 11 Lindhorst et al. have created numerous multivalent glycoside clusters
and glycodendrons, investigating the effects of spacepoands and the cluster effect
of several mannosidé2® 1** 158 159 py(bipy)-based glycodendrimers and fluorescently
labeled glycoclusters have been synthesized to investigate bifiting: °?

Glycoclusters provide a way of targeting carbohydrate bindingeipo with a higher
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affinity than monomeric units can provide. This increase in affinity has been attributed to
a Acluster glycoside effecto, which provid
what would be expected from the concentration increagheotieterminant sugar in a
multival @at® | i gando.

Cluster glycosides offer a convergent synthetic route to create regular,
reproducible patterns on small molecules. Click chemistry is an efficient means to couple
glycoside clusters onto a myriad scaffolds without major changes to the synthetic
route’® ' Gl ycosides have been fclickedd onto
nanoparticles in biological assays to gold surfaces for use with surface plasmon
resonance®® % 1%8 Roy et al. have usettiis method to create clustered glycodendrons
based on several scaffoltfs.*’® 1" A dendritic architecture employed was based on
tris(hydroxymethyl)aminomethane, a component in the common TRIS buffer. This
allowed for an expedient route to the creatiorlanfier clustetbased glycodendrimers,
themethod employed in this study.

Dendrimers provide a regular, highly customizable scaffold ideal for probing
multivalent and scaffolding effects (Figure 4.1). Previous studies have shown evidence
that surface fatures such as shape complementarity play an important role in binding, as
well as the method ligands are displayed (cf. previous chapters). The type and number of
carbohydrates displayed on a surface help control the strength of binding, and can be
appreiably controlled using a regular scaffold such as a dendrimer, revealing binding
and inhibition efficacies dependent on size and functionaliz&ich.'® Display of

monomeric carbohydrates offer a great degree of customizabillys studydescriles
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the synthesis of multiple carbohydrate clusters affixed to higher generation PAMAM
dendrimers and their inhibition efficacy in ELISA assays to investigate the effect of

closely spaced surface patterning on large scaffolds.
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Figure 4.1. Trismannosgusterfunctionalized PAMAM dendrimer. Top: representative
model.

Svynthesis of Trismannogeunctionalized Dendrimers

Sugar <clusters were synthesized using
efficient process Wich yields no byproducts and can be performed in w&téf® The
trismannosdunctionalized dendrimers were prepared as previously descopetbel
Morgan®®  Briefly, synthesis of the sugar cluster begins with the readily available

tris(hydroxymetyl)aminomethane (TRIS)o create atris-propargyl ether used as the
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alkyne component for the copper mediated addition of three equivalents of an azido
functionalized mannose.

PAMAM dendrimers were each partially functionalized with spacer compadund
2-(2-isothiocyanatoethoxyethanol), followed by functionalization with sugar clster
(Figure 4.2, Scheme 4). °% 1% After purification, deprotected heterogeneously
functionalized glycodendrimer7-20 were obtained™ > As a control, unclustered
mannee functionalized dendrimers were synthesized as previously described (Figure
43)°% %3 1% These glycodendrimers were assembled by taking advantage of the
isothiocyanate functionality as described above, but had only a single mannose residue
per dendmer endgroup. This allows for evaluation of the effects of clustering sugar

residues in close proximity versus a random functionalization of the dendrimer surface.

Figure 4.2. Spacer compoumrgdsugar clustes.
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Scheme 4.. Synthesis of deacetylated heterogeneously functionalizetansose
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G(6) 20a-20e

cluster and ethoxyethanol PAMAM dendrimg(. reference 61)

OH
OH
HO -©
HO
H H 3G(3);n=29
O\/\o/\/NTN 4G(4);n=55
5G(5); n =95
3.6 S n 6 G(6):n =178

Figure 43. Mannose functionalized denairers3-6.
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SDSPAGE of Glycosylated Dendrimers

The molecular weight of theglycosylated dendrimers wadetermined by
MALDI -TOF. However, sveral dendrimers in the series did not yield expected
molecular weightsand did not give expected results in pminary ELISA Assays.
Because MALDITOF MS of trismannosdunctionalized dendrimers is difficult due to
solubility issuesand to test alternative methods of determining the molecular weight of
glycodendrimers, sodium dodecyl sulfate polyacrylamide gettrelghoresis $DS
PAGE)was used as a test to determine whether the compounds had degraded.

SDSPAGE is a technique used to separate molecules based on their
electrophoretic mobility. The SD&iminates differences based on electronic charge, as
the molecles become saturated with the small molecules and confers a large negative
charge to them.As a result, separation should occur solely based on the size of the
molecules:’” Using a modification of Periodic AcieéSchiff method$™ '™ the

carbohydrates odendrimers can be visualized on the gel as magenta lfgigise 44).



Figure 44. SDSPAGE of glycodendrimers visualized by a modified Periodic Acid
Schiff methodon a 15% Gel Expected molecular weights are shown in pareethe
(HRP = Horseradish Peroxidase)

The visualized bands appear significantly more diffuse ttygical protein
standards perhaps because of the heterogeneity inherent in functionalized
glycodendrimers Furthermore, due to the highly branched naturth@fdendrimer, the
bands appear at a higher molecular weight than expeEmdcompounds which did not
give expected molecular weights using MALDOF, SDSPAGE confirmed that the
compounds had decomposed; there were no sugars present on a dendrioidr 3¢s
control glycodendrimers and glycoprotein however, yielded a result congruent with the

expected molecular mass. For this reason, further experiments were only continued with



81
glycodendrimers that presented an expected molecular mass, while camgbat did
not show a correct molecular mass were assumed decomposed and were not

experimented upon.

EnzymelLinked Immunosorbent Assays

To gain insight into the mechanism of protesrbohydrate interactions, the
synt hesi zed gl y c oeffeacydwerenaralyzed as iligamds im iELISA0 n
inhibition experiments. For these experiments, Concanavalin A (Con A) was used, as it
is an inexpensive, robushomotetrameric lectin known to selectively bind mannose and
glucose residued: 1> Con A has alsdeen often used in our lab as a tool to study
multivalent interactions and has been used to characterize the binding behavior of
previously synthesized glycodendrimérs™ '® Briefly, 96-well plates were covered
with RNase B, a high mannose glycaia. Bovine Serum Albumin (BSA) was then
added to block any part of the surface not occupied by RNase Hndatated mixtures
of glycodendrimer and Con A were added to the plate and left to reach equilibrium.
After washing away any unbound Con A, ymelinked anttCon A was added. -4
nitrophenyl phosphine was added as a substrate for the enzyme; the amount of Con A
attached to the surface could then be determined by the absorbance at 410nm (Figure

45).
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Figure 45. ELISA inhibition procedure. e plate was washed 3 times with PBS
between each step.

ELISA inhibition experiments were performed on glycodendrimers of varying
size and sugar loading (Figurés4nd Table 4). Data was fitted to a foyparameter
doseresponse curve to determineSiCvalues. Monovalent methgdiannose was added
as a control to each ELISA plate to ensure results from separate plates were comparable.
Compounds containing no mannose had no effect on the inhibition curve, suggesting that
this interaction is specific @nthat the dendrimer architecture does not significantly add
to nonspecific binding. Compound8g also showed no inhibitory effect for the
concentration ranges tested. For this compound, the few clusters are spread too far apart

and are likely even bwed in the interior of the large dendrimer.
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Figure 46. ELISA inhibition graphs for compounds-20 and3-6. The results are the
averages of 3 replicate experiments.
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Table 4.1. ELISA IG values for triscluster dendrimer$7-20. The values are the
averages of 3 replicate experiments.

Dendrimer # Clusters # Mannose ICso (dendrimer)  ICso (Mmannose)
Generation

3 (17a) 13 39 27 nM 1100 nM
3 (17b) 8 24 30 nM 720 nM
3 (17c) 3 9 95 nM 860 NM
3 (17d) 1 3 350 nM 1100 nM
4 (18a) 39 117 11 nM 1300 nM
4 (18b) 26 78 11 nM 860 nM
4 (18c) 20 60 13 nM 780 nM
4 (18d) 9 27 54 nM 1500 nM
4 (18e) 5 15 110 nM 1700 nM
4 (18f) 3 9 230 nM 2100 nM
4 (18g) 2 6 N/A N/A

5 (19) 68 204 12 nM 2400 nM
5 (19) 39 117 13 nM 1500 nM
5 (19%) 30 90 12 nM 1100 nM
5 (19d) 12 36 N/A N/A

5 (1%) 8 24 N/A N/A

5 (19f) 0 0 N/A N/A

6 (20a) 66 198 11 nM 2200 nM
6 (20b) 31 93 14 nM 1300 nM
6 (20c) 22 66 15 nM 990 nM
6 (20d) 9 27 38 nM 1000 nM

6 (20€) 0 0 N/A N/A
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The trismannose cluster dendrimers were compared toch@tered mannose
functionalized dendrimers as a control (Figuré dnd Table £). These dendrimers
have been previously characterized and have their surfaces fully funcatiofafized.
Results show that presentation of the mannose endgroupslustered form does not
provide a significant increase in activity when compared to a random, flexible
presentation model. = Comparison of the clustered and-clustered mannose
presentation scaffolds suggests that a denser clustering of the endgroupsnyield
significant increase in inhibition activity in a system as dynamic as a dendrimer (Figure
4.7). Both presentation models of mannose yield significant increases over monovalent
methyl mannose. This observation is consistent with previous observhi@bssiggests
a small number of binding epitopes are able to display a maximum cluster &ff&tt.
However, when the mannose endgroups are clustered as described above, the same
number of mannose endgroups can be obtained while leaving sufficie spathe

dendrimer for further functionalization.
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Table 4.2. ELISA IG values for mannose functionalized dendringfsand
monovalent methymannose. The values are the averages of at least 3 replicate
experiments.

Dendrimer Generatior # of sugars ICso (dendrimer) ICs0 (Mannose)
3O 29 37 nM 1100 nM
4 (4) 55 18 nM 990 nM
5 (5) 95 13 nM 1200 nM
6 (6) 178 9 nM 1600 nM
me-man 1 12 mM 12 mM

In two cases, compoundSc and19d, inhibition did not occur as expected. After
an intial inhibition aavity at lower concentrations, the signal increased rapidly, and even
displayed activity above baseline. This suggests that with an increased amount of the
glycodendrimer, Con A recruitment to the ELISA plate surface is promoted, rather than
inhibited. The glycodendrimers are able bind to excess Con A, then carry them to the
surface without being lost in subsequent washing steps. Presumably, comlfansis
19d are able to conform to the ideal size and shape needed to form a stable complex with
a largeamount of Con A while keeping the complex anchored to the Con A present on
the surface of the ELISA plate, thereby linking a second layer of Con A to the surface of
the ELISA plate. This reinforces the idea that size and shape complementarity plays a
significant role in surface bindingf. chapter /¢ 7" 178

In general, higher surface loadings of mannose were more effective inhibitors on
a per molecule basis, indicating an ability to more tightly bind and sequester Con A,

preventing it from binding tahe surface of the ELISA plate. Larger dendrimer

generations are able to provide better inhibition on a per molecule basis, as they are able
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to carry more mannose endgroups (Fighii@). However, on a per mannose basis, each
dendrimer generation has aptimal activity at moderate surface loading (Figdrd).
This is due to steric interactions occurring at high loadings, from neighboring clusters
preventing optimal access to individual mannose clusters. Furthermore, Con A is able to
effectively blocksome clusters on the surface upon binding, effectively preventing access
to them. Ideal inhibition occurs at moderate surface loadings, leaving enough endgroups
available for potential imaging or therapeutic drug attachment. When comparing
different gemrrations of similar surface loadings, smaller generations inhibit significantly
better when compared to their larger counterparts. Due to their smaller size and higher
surface coverage, smaller dendrimers are presumably able to form more compact, stable

complexes with Con A, better sequestering Con A from the surface of the ELISA plate.
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Figure 47. ICsovalues forl7-20 and3-6 (a) represented on a per dendrimer basis and
(b) represented on a per mannose basis.

Conclusions

Glycodendrimers bearing clustered mannose residues have been synthesized using
click chemistry using a convergent synthesis approddse of click chemistry yielded

glycosylated dendrimerk/-20 of varying sizes and surface patterning. ELISA inhibition
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experiments suggest that tagkistered mannose residues show no significant difference
in inhibition ability over single mannose endgroups when used on dynamic dendrimer
scaffolds. Ideal inhibition occurs with smaller dendrimers when compared to larger
dendrimers with comparable endgroups. Trismannose clustering allows for a
redistribution of a scaffoldds surface fun

other functionalities such as imaging or solubility.

Experimentals

General Methods. General reagents were purchased from Acros. Concanavalin
A (Con A) was purchased from CalBioChemAnti-Con A alkaline phosphatase
conjugate was purchased from EY Laboratories (San Mateo, CAistered mannose
functionalized dendrimers were prepared ascdbed in reference 61Non-clustered
mannosdunctionalized dendrimers were preparedesviouslydescribedcf. reference

52, 53, 105)

MALDI -TOF MS. Matrix assisted laser desorption ionization (MALDI) mass
spectra were acquired using a Bruker I&dlll time-of-flight mass spectrometer.
Spectra were obtained using a tr@Amdoleacrylic acid (IAA) matrix with a matrix
analyte ratio of 36000:1 to 1620fg/ML)in A 1
DMF, DMA, or DMSO, was combined with 10 €L
aliguot was deposited on the laser target, drying #h Hours. Bovine serum albumin
(MW 66431 g/mol) and laser promoted oligomers up to the tetramer and the M/Z peak

where Z = 2, trypsinogen (MW 23982 g/mol), cytochrome C (12361 g/mol), and
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bradykinin (1061 g/mglwere used as external standards. Positive ion mass spectra were
acquired in linear mode, and the ions were generated by using a nitrogen laser (337 nm)
pulsed at 5 Hz with a pulse width of 3 nanoseconds. lons were accelerate208009
volts and amplied using a discrete dynode multiplier. Spectra (10 to 2000) were
summed into a LeCroy LSA1000 higipeed signal digitizer. All data processing was
performed using Bruker XMass/XTOF V 5.0.2. Molecular mass data and
polydispersities of the broad peaksere calculated by using the Polymer Module
included in the software package. The peaks were analyzed usiogntireiousmode.

Delta values were set at minimum levels.

SDSPAGE Assays with Glycodendrimers. SDSPAGE assays were performed
using a Glyceprotein Detection Kit (GLYCOPRO) obtained from SigmReadyGels
were obtained fronBio-Rad (Hercules, CA).SDSPAGE analysis was performed using
a Mini-PROTEAN 3 Cell (BieRad)usingpre-cast Ready Gels (BiRad). 10% Ready
Gels were used for higher tegular weight compounds (generation 5 and generation 6
dendrimers), and 15% Ready Gels were usedower molecular weight compounds
(generations 2, 3, and 4 arbohydrates were detected using a modification of Periodic
Acid-Schiff methods® *™

Conpounds (100 g / niL1lmg/mL) and standards Pgecision Plus Protein
KaleidoscopeStandards, BidRad were loadednto gelstogetherwith loading buffer
(Laemmli sample buffer, BiRad. Horseradish peroxidase (HRP) was loaded as a
positive control at a cono&ation of 1 mg/ml.r e d u ¢ e dmemaptodathanbhnd

loaded with loading buffer The samples were run at 2000 approximately 30 min.



91
After electrophoresis, the gels were fixed in 50% methanol for 30 minutes then washed
twice with Millipore water fo 10 minutes. The sugars present were oxidized by agitating
the gel ina periodic acidsolutionfor 30 minutes then washed twice with Millipore water
for 10 minutes. Carbohydrates were stainedsbgking the gel im fuchsinsulfite
solution( S c h i &gent) untilRmagenta bands were visible, or overnight. Unreacted
carbohydrates were reduced beplacing the staining solution with a sodium
metabisulfite reagent for 60 minutes. The gel was briefly washed with Millipore water

then transferred to a 5%ed acid storage solution or scanned for posterity.

Enzyme Linked Immunosorbent Assay (ELISA). Flatbottomed 96well
mi croplates (Nunc Maxi Sor p) were coated wi
phosphate buffered saline (PBS) (pH 7.4, 10 mM phosph&tmM NaCl), covered,
and left at room temperature overnight. Plates then underwent a washing step using two
washes with PBS (pH 7.4, 10 mM phosphate, 150 mM NacCl, 0.05% Tweenhand
one wash with PBS. Exposed surfaces were then blocked with 1%BSBST, 100
eL/well, at 37 AC for 1 hour, then washed.
Dendrimer was dissolved into a phosphate buffered saline solution (PBS) (pH
7.4, 10 mM phosphate, 150 mM NaCl). The stock solutions for the glycodendrimer
i nhi bitors were pr eihestoekdsoldidn fol dhyhangosemL a n «
inhibitor was prepared at 100 mg/mL.-fdd serial dilutions of the inhibitors were
created in separate microcentrifuge tubes
Concanavalin A (Con A) in PBY® were added. After hour, 100 uL of each solution

were transferred to the prepared ELISA plate. Positive controls containing no inhibitor
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and negative controls containing no Con A were also plated in this manner. The plates
were incubated at 37 °C for 1 hour, then wastseabmve.
100 ¢ L -CorfA akalirie iphosphatase conjugate (in PB3% BSA) was

added to each well and incubated at 37 °C for 1 hour, then washed. 100 ulL/well of p
nitrophenyl phosphate was added, and left at room temperature until as strong yellow
color presented itself (~30 minutes). Further conversion was stopped with 100 uL 1M
NaOH as a stopping solution in each well. Absorbances were taken at 410 nm using a
reference wavelength of 540 nm. IC50 values were obtained by fitting data-to a 4

parameter dosgesponse equation in GraphPad Prism 4 (La Jolla, CA).
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CHAPTER 5

CHARACTERIZATION OF PROTEIN AGGREGATION VIA INTRINSIC
FLUORESCENCE LIFETIME

Introduction

The evaluation of proteinarbohydrate interactions has relied heavily on
qualitative assaysuch as hemagglutination and precipitation asSdys’® More
guantitative approaches such as isothermal titration microcalorimetry, surface plasmon
resonance and fluorescence anisotropy have provided more informative results. However,
these methods ardten unsuitable for the study of large, multivalent frameworks because
precipitation is prevalent under the conditions required for the experiférnts°

Aggregation plays an integral role in many cellular pathways, one of the most
important beingmediation of the infection and proliferation potential of tumors and
pathogens®® Protein aggregation has also been implicated in pathological conditions
such as Al zhei me-refated dseasts’ Becduserof the impdrtancecf
multivalently dsplayed carbohydrates on cell surfaces, simguced aggregation has
drawn considerable attentioh.'® 4 42183 184185 gansor strategies based on controlled
aggregation have been reported for the detection of toxins and other biologically relevant
compounds'8 187 188 189190\ ltivalent interactions often involve multiple weak
monovalent binding events. An-depth understanding of aggregation in complex

systems requires studies that go beyond measuring the monovalent association constants.
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Particulary valuable would be methods capable of characterizing aggregation events in
real time.

Measurements based on a proteinds intri
a method of observing binding that is less sensitive to light source intensity terisgat
effects, which are often an issue in systems where extensive aggregation and precipitation
occur'®* Furthermore, using the intrinsic tryptophan fluorescence of proteins eliminates
the need for labeling, offering a rapid measurement of events inglwalaconditions.
Changes in the fluorescence lifetime can also indicate changes in the aggregation state,
which influences overall immunogenicity?

In this study, the aggregation of the mannsgecific lectin Concanavalin A by
glycodendrimers is examide Sugaifunctionalized dendrimers (Figul) provide a
controlled, synthetic scaffold that is ideal for studying and mediating multivalent
interactions. Several studies of glycodendrimers binding to Concanavalin A (Con A)
were previously reportedewealing binding and inhibition efficacies dependent on size
and functionalizatior” >* ® Here, a novel approach using fluorescence lifetime
measurements of mannelanctionalized dendrimeris describedproviding an assay for
the evaluation of glycodndrimer/protein complexes, even in solutions where

precipitation is occurring.
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Figure 5.1. Mannostinctionalized PAMAM dendrimers.

Fluorescence Lifetime

Fluorescence occurs when an electron of a moleswdecited above its ground
state orbial (S) into an excited singlet state(Figure 5.2)'*  Through internal
conversions and vibrational relaxations, the electron returns to the lowest vibrational
energy level ofthe excited statéefore emittinga photon Return to the ground state
happenswith the emission of ghotonat a typicaldecay timeof 1-10 nancseconds
Molecules in the Sstate can also undergo a spin conversiorthange their orientatido
an energetically loweT; triplet state through intersystem crossingmission of ligh
from a triplet state, in which thivo electrors have thesamespin orientationas the
electron in the ground statis termed phosphorescenceransition from the triplet state
to the ground staten the same moleculs forbidden by théPauli exclusia principle
Because of this, the rat®nstants for emission of a photon arach smaller than those

for fluorescencgleading to longer lifetimes milliseconds to seconds
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Figure 5.2. Jablonski diagram describing fluorescef@mapted from refeznce 191)

Because of the short timescale, measurement of fluorescence lifetimes requires
sophisticated optics and electronics. However, tiesolved fluorescence offers a great
deal of information when compared to steatite, intensiybased measuremts.
Intensity measurements aes average of fluorescence lifetimeand the averaging
procesdisregardghe information contained within the shape of the fluorescence decay
curve!® Macromolecules exist iseveralsingle conformatios and the fluorscence
lifetime of the molecule may depend on the conformation in which present The
population of the fluorescence lifetimes could reveal the presence of multiple
conformational states, whereas an intensity measurement will only reveal the aferage
the fluorescence intensities present.

Extrinsic fluorophores are fluorophores which are added to a sample in order to
give the sample fluorescent properties. Intrinsic fluorophores are fluorophores which
naturally occur in anolecule or systemin prdeins, the indole group of tryptophan lends

itself well to intrinsic fluorescence studies. Indole absorbs light near 280 nm, and emits
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near 340 nm. It is highly sensitive to solvent effects and is affected by immediate
environmental effects, such as wtiha protein is folded in its native state or unfoldd.

Tryptophan is a dominant intrinsic fluorophore, presemroteins at about 198*
The relatively low abundance of tryptophan lends itself well for intrinsic fluorescence
studies, facilitatinghe interpretation of spectral datéthout having too many signals to
deconvolute Becausetryptophan residues are highly sensitive to their immediate
environment, this chapter uses the intrinsic fluorescence from the indole ring to examine

ConcanavalirA binding induced by a multivalent glycodendrimer system.

Con A Complexation Measured by Intrinsic Fluorescence

To assess the binding behavior of Con A with glycodendrimers, the changes in the
fluorescence lifetime waveform were monitored with subsequadditions of
glycodendrimer to a solution of Con A. Briefly, known amounts of glycodendrimer
solution were added to 20@QL of 100eg/mL Con A in a welbstirred cuvette at 25 °C.

A baseline of Con A fluorescence was established for 30 s bafghgcodendrimer
aliquot wasadded. Fluorescence decay waveforms were measured oncgepend for

the next 130 to 220 sUsing tte initial waveform of free Con A and the final waveform

of complexed Con A as basis waveforms, the waveforms of each addition were fit as a
linear combination of free and complexed Corb#sis waveforms. This expresses the
complex formation induced by thlggycodendrimer as the amount of Con A complexed

with time (Figures5.31 5.6).
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Figure 5.3. Fluorescence assay data for addibb@2)man2 into 100ug/mL Con A.
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Figure 5.4.Fluorescence assay data &oilditionsof G(3)man3 into 100ug/mL CorA.
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Figure 5.5. Fluorescence assay data for addibb@4)man4 into 100ug/mL Con A.
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Figure 5.6. Fluorescence assay data for addibb@g6)man6 into 100ug/mL Con A.

Control experiments showed that the primary s«igam A binding eventare not
the source of the observed fluorescence changes. Several millimolar concentrations of R

O-methyl mannoside (Menan) (Figures.7 and5.9) had minimal effect on the Con A
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fluorescence and did not result in precipitate formation. To ensure thdemeimer
framework itself was not the source of the Con A quenching, a galdatustenalized
dendrimer that does not bind to Con A was added under the same conditions as the
mannosdunctionalized dendrimerg-4 and 6. Again, no precipitation was o&wed
visually, and nonspecific binding was minimal relative to baseline drift and.ndises
suggests that the waveform differences are arising from the mafumat®nalized
dendrimers inducing a conformation change of the system and are not deestagyén

binding or dendrimer framework alofleigures5.8and5.9).

0.2

+0.26 mM

B1.26 mM
*1.98 mM
+2.45 mM
=3.59 mM

4.68 mM
6.72 mM

10.30 mM

Fraction Complexed

14.05 mM

1717 mM

Time (s)

Figure 5.7. Fluorescence assay data for additions efisie into 100ug/mL Con A.
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Figure 5.8. Fluorescence assay data for additions ofga{4into 100ug/mL Con A.
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The fluorescence changes are most likely associated with a CamA protein
protein interaction orchestrated by binding to the glycodendrimer framework. Figure
5.10 illustrates our hypothesis that a reversible prgieotein interaction between
proximal Con A lectins causes the quenchi@gn A possesses 4 tryptophan residues per
monomeric unit, of which Trp88 is on the outer surface of the protein (Figure 5.11).
With an increased local concentration of Con A, 88pcould easily be affected by
protein crowding. The primary role of the dendrimers is to hold the Con A lectins in
close proximity, thereby increasing their effective concentration. A prptetein
interaction, presumably a conformational change affgcthe environment of one or

more Con A tryptophans, can then occur.

Q
5 30s
Q Q

Figure 5.10. Glycodendrimenediated lectin aggregation: (left) uncomplexed Con A,
(right) crosslinked state.




5.11. Structure of Con A witkactivebinding sites highlighted ired andryptophan
residueshighlighted ingreen®

All generations of glycodendrimer showed saturation behavier, the
fluorescence changes reached a plateau at sufficiently dagtrimer concentration.
Furthermore, the fluorescence decayrves atsaturation were identical within the
experimental uncertaintfor all dendrimer generationsThus, all of the fluorescence
decay curves for the entire range of dendrimer concentrationallagenerations could
be fit to a linear combination of just tvwva v e f or ms , correspondin
Aicompl ex e ddhe éwinonment of the complexed Con Aadpparently not

affected by the generation of dendrimer (Fighu®).
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Figure 5.2. Complex formation of Con A with time as a result of dendrimertiaaidi

1-O-methyl mannoside (, 17.2 mM), galactos&unctionalized G(4APAMAM ( , 16.3

e M2( ),3( ),4( ),6( ) (all 21 t o 25 -fandtipnalizedDat a f or
dendrimers were normalized to the same endpoint to emphasize rate differences between
glycodendrimer generations.

Fitting the appearance of the complexed state to a 1:1 binding model affords an
apparent kinetic rate constantdndicative of the ability of the dendrimers to sequester
Con A lectins and bring them into proximity with oaaother (Figures 53land 5.4,

Table 5.). It is notimplied that a 1:1 binding model is in effect; rather, the comparison
of kops IS @ convenient way to observe how differences in dendrimer generation affect
glycodendrimer mediated protein aggregatioBlycodendrimers2 and 3 offer similar
trends in kps While 6 yields a 3 to 4-fold increased apparent rate constant on a per sugar

basis. As has been the case with previous assays-*results with4 fall between the

those for large and small dinimers.



