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ABSTRACT

This research described in this thesis examined two main macromolecules as ligands for
protein binding, namely dendrimers and graphene oxide. The architecture of these materials
was exploited and functionalised with amino acid to moderate protein binding and
recognition.

The first area studied involved dendrimers that had been functionalised usingvabent
methods. Specifically, the amino acid was added to the end of a hydrofinear chain

that could bind to the interior of the dendrimer using hydrophobic and hydrogen bonding
interactions. A number of different linear chains were synthesised and added to various
dendrimers to give a surface functionalised system. The dendrinetuded an anionic
dendrimer that was functionalised with linear chains in order to provide secondary
interactions that could bind to the positively charged surfadeé-asfymotrypsin (Chy).
Neutral dendrimers that could not bind to the positive surface also studied. In this case,
binding could only occur if the dendrimers were functionalised with the linear chains.

The results showed that the highest affinity occurred for the G3.5CD®Hwith the
inhibition constant Kj) of 0.17 uM, which compare to theK; for nonfunctionalised
dendrimer of 0.3uM . When the noibinding dendrimer (G3-:®H) was functionalised

with different amino acids (tyrosine, phenylalanine and valine), the-GB-3yr was

found to bind the most strongly via polyvalent interactions between the amino acids and the
surface of the Ch All the inhibitors studied were found to be competitive inhibitors, with
the exception of the valine functionalised dendrimer, which did not kwctular
Dichroism (CD) spectroscopy confirmed that denaturation of the protein did not occur
during dendmer binding.

The next area of study focused on cytochrom&he same nowovalent methodology used

for U-chymotrypsin binding was utilised for this area. Binding could be measured directly
using encapsulated Tetrahydroxyphenyl Porphyrin (THPP) asitemal quench. To
coordinate THPP to the dendrimer, this was strengthened by inserting zinc, which could
coordinate the dendrimerds internalTyrami nes
was bound with a dissociation constagg)(of 5.55 nm. CD speaiscopy showed that the
dendrimerporphyrinchains did not cause denaturation of the protein during binding.

The final area focused on the use of functionalised graphene oxide (GO). This material was
synthesised with amino acids to form a monomeric andigoneeric functionalised surface

of GO. The effects of functionalisation on the binding of GO to Chy was also studied. The
binding of the functionalised GO was compared with the binding of the unfunctionalised
GO and the results showed an inhibition cans;) of 0.14 pg/mL for the monotyrosine,
which was higher than either the oligomeric system or GO alone. In all cases, competitive
inhibition was observed. CD spectroscopy confirmed that GO does not induce structural
changes within the protein when baband the spectroscopy also demonstrated that the GO
inhibitors had no effect on the thermal stability of the enzyme.



ABBREVIATIONS

PAMAM Poly(amido amine)

PAMAM -OH Neutral Hydroxyl Terminated PAMAM

PAMAM -COOH Acid Terminated PAMAM

DCC Dynamiccombinatorial chemistry

DCL s Dynamic combinatorial libraries

DCM Dichloromethane

DCCI Dicyclohexyl carbodiimide

DCU Dicyclohexyl urea

DMSO Dimethylsulphoxide

EDA Ethylenediamine

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

DMAP 4-Dimethylaminopyridine

MA Methyl Acrylate

BTNA N-benzoyltyrosingy-nitroanilide

'H NMR Proton Nuclear Magnetic Resonance Spectrometry
13C NMR Carbon13 Nuclear Magnetic Resonance Spectrometry
IR/FTIR Infra Red/Fourier Transfer Infra Red Spectrometry
ES-TOF MS Electron Spray Tim®f-Flight Mass Spectrometry
MALDI -TOF MS Matrix Assisted Laser Desorption lonisation Time of Flight
SEM Scanning Electron Microscopy (SEM)

EDX-SEM  Energy Dispersive Ray AnalysisSEM

GO Graphene Oxide

XPS X-rayphotoelectron spectroscopy

XRD X-RayDiffraction

Chy Uchymotrypsin

Cyt-c cytochromec

NaOH Sodium Hydroxide

K2COs Potassium Carbonate

TRIS Tris(hydroxymethyl)aminomethane

UV/Vis Spectrometry Ultra Violet/Visible Spectrometry



NMR Abbreviations

U Chemical Shift
ppm Parts Per Million
s Singlet Peak
septSeptet Peak

d Doublet Peak

t Triplet Peak

g Quartet Peak

m Multiplet Peak
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Chapter 1

Introduction



1.0 Introduction

Proteinprotein complexes originate from interactions between proteins and are
differentiated as homocomplexes, which typically display stability and endurance, and
heterocomplexes, which display the property of formation or breakdown by extrinsic
factors, besides being enduring as well. Given their characteristics, heterocomplexes
present the necessary condition of participation of a protein capable of autonomous
existence.Among the various biological processes that are reliant on such protein
aggregatesare signal transduction, cytoskeletal remodelling, cell regulation, immune
response, and viral sedssembly Disease processes (e.g. homodimeric complex-HIV
protease, Al zhei mer 0s, di f¥ney aiset howeyep & s o f
proteins do not interact in a normal way. Furthermore, specific pfptetein complexes

are disrupted in several cancer treatment strategies. For instance, in cancers associated with
prolonged cMyc activation-Myc inhibitors phy a key role® The development of plaque
molecules may be hindered through targeting and disruption of such interactions, thus

potentially contributing to diseaseatmeniFigurel).

inhibitor

Protein 2 .

—_—

—~————————

Protein 1

Figure 1: Suppressiomf protein binding



1.1 Understanding protein protein interactions

A wide variety of primary structures emerge from the combination of the 20 existing natural
amino acids inparticular sequences, and in turn fold into proteins with tertiary and
guaternary structures that differ considerably. It is this variety that enables proteins to
perform a multitude of different rolésThere are numerousgieins that produce protein
protein complexes with typically necovalent binding of at least two proteins to give rise

to active compoundss illustrated irFigure?2.

—

+ u

/ 4 &/\3 f(‘) ; N y
S ol

Protein A Protein B A + B Active Complex

Figure 2: Representation of a combined active complex

Owing to cooperative binding that endows moleaulgecule interactions witktability,

these forces gain a strength collectively that they lack on theif Manious biochemical

and biological processes can unfold on the basis of cooperative binding. Increase in
apparent affinity reflects positive cooperation, enhancing the probability of binding of a
second mizcule. It is possible to interpret this as a significant rise in the relative
concentration of the ligand for the second bindifigne outcones of cooperative binding

are illustrated irFigure 3. The formation of the initial bond occurs between the ligand and
the original binding site at a raka. After the formation of this bond, the formation of the
second interaction not only occurs significantly quicker but also exhibits greater strength,
since the relative concentration of the second ligand exceeds that of other molecigles. K
substantially smalleh&ankK: so this effect is noadditive, while cooperative binding has a

markedly more additive effect.



Figure 3: The effects of cooperative binding, withdonsiderably smaller thanXK

Specific amino acids are much denser withi@ binding interfaces than in the other parts

of the protein molecule. By comparison to the molecule exterior, these amino acids exhibit
a higher degree of hydrophobicity, so binding interactions between proteins could be
enhanced by taking advantage @fltophobic interactions. Furthermore, aromatic amino
acids of large size tend to be preferred at the binding interfaces, and a binding surface is the
most probable part of the protein where amino acids like tyrosine.6€&atential target
proteins for assessing the binding capacity of the polymers as well as their ability to
differentiate among protein surfaces in the same enzyme family are providiadlal.
Disruption of interactions between proteins with synthetic inhibitors is based on the
mechanism of formation of robust affiliated synthetic subunit complexes of molecules and

proteins to hinder protein subunits from interacting with each other.

Mechanism Protein Amino acid Inhibitor Cleavage site
residue
Elastase 240 U-anititrypsin Ala, Gly
U-chymotrypsin 241 Aprotinin Phe, Tyr, Tp
Serine Trypsin 233 p-aminc Arg, Lys
protease benzamidine
Kallikrein 619 Aprotinin Arg
Thrombin 308 Argatroban Arg
zZinc Carboxypeptidase 307 Benzomercapto| Phe, Trp, Leu
protease A propanoic acid
Aspartate CathepsirD 346 Pepstatin A PhePhe
protease

Tablel: Enzymes according to their customary inhibitor and cleavageSitenmarised table taken
from Gilles et al., Biomacromolecules, B)(pp. 17721784, 2017
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12  Hot spots and interfacial area

However, it is important to gain insight into protgirotan recognition site interfaces and
manner of binding prior to application of that approach. Among the key facets of protein
protein interfaces that need to be taken into account are size, shape, structure and qualities
of amino acid residues, conformatibmaodifications engendered by the development of
complexes, the interrelation of reciprocity among surfaces that come into contact, as well
as forces of interactiof. " ® When proteirprotein complexes are formed, solvent can no
longer reach the extensive interfacial area on a protein, which largely displays
hydrophobicity and has polar groupsand it® The interface surface area in thejoniy

of proteins is between 500 and 500%) &s shown iFigure4. %1 For instance, cytochrome

¢ and its analogue cytochrome peroxidase have an interfacial area of about 1150 A
while chymotrypsin and its prdteanalogue have an interfacial area of about 2200\&

first, it was believed that the hydrophobic binding between contact amino acid groups was
the reason for the free energy of binding and a series of intermolecular interactions across
the whole intdiacial area characterised by lack of strength and poor affinity yielded the

interactions between proteirts.

18 - R

16 - !

14 - ) v Chymotrypsin
<12 - / \
210 - \
8 - / \
6 - Cyt—c/l " Thrombin

sty

exes

Number of Com
o

O & ® < »®
> O D L L
A A A W
|l nterf &ce ar ea

A O &
S D J
AP ENCHIEN

Figure 4. lllustration of the manner in which interfacial areas from typical teio-protein
complexes are distributed
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In the case of interactions between proteins, binding involves a couple of interactions of
great strength and high affinity across a surface area of more limited proponems,
recognisedy Wells and Cliksonknown as t h e®B@Asavitdencedby Bogaand

Thorn the hot spot represents a-organised surface of small dimensions on the surface

of the protein supplemented with amino acids (e.g. tyrodiyptophan, argininey?
Furthermore, the fitting of complementary proteins is frequently possible due to the
depressions and concavities it presents. Although it is possible for a protein to have more
than one hot spot on its suréag¢he emerging complex must demonstrate stability and low
energy for binding to occur through a particular hot $pbtoreover, specific amino acids

are preferred, since hot spots do not contain arbitrary compositions of amin& acids.

Given the above considerations, binding between proteins may be prevented via two distinct
mechanisms, namely, targeting of the protein inner active site that is inaccessible to bulk

solvent and targeting of the protein external surface tlaatisssible to bulk solvetit.
1.3Small molecule inhibitor

Development of small molecules as possible inhibitors has garnered considerable attention.
In general, interaction with the active site or a particular site of an enzyme is the purpose
driving the development of small molecules. Hydrogendirg, electrostatic interactions

and salt bridges are the main types of interactions in the active site of a protein. Hence, such
interactions coul dl ibleem@&@f ino! é ¢ wime s méé o roODtr ru;
and hydrogen bond donor grouPsNonetheless, the creation of synthetic agents
customised for targeting interactions between proteins is no easy task. One difficulty for
small molecule inhibitors is that a relatively large area i®ssary for recognition (700
15002 per proteinf Moreover, selective targeting is challenging because interacting
surfaces take the form of shallow depressions without distinctive characteristics. ¥he non
contiguous nature of the binding area of two interacting proteins is also problentetmsn

of replication with basic synthetic peptid@sFurthermore, proteiprotein interaction
surfaces exhibit greater complexity than interaction surfaces between enzymes and ligands,
which intereres with inhibitor development due to the fact that both proteins can present

projections and pockets, rather than merely providing and filling a pocket, respetively.

12



Additionally, thein vivo effectiveness of small molecules considered for use as possible
drug molecules must be confirmed, and besides being highly effective against a particular

protein, they must be minimally toxic and adequately bioavailable as well.

Figure5 illustrates an existing commercially available inhibitor called Maraviroc, which
represents a chemokine CCR5 receptor antagonist designed to target the viral reverse

transcriptase or proteasazymes in the context of human immunodeficiency virus (HIV)

therapy*’
0] ; H
N/'\/\
H
F / H /<

N7 N
/

‘(LN
N

Figure 5: The chemical structure of Maraviroc

The chemical structures of certain inhibitors, such as Nutlins, are unlike those of the
pharmacophores in other families of drugs that are knwutlin-3 was chemically
optimised and created as showrFigure6, exhibiting the ability to suppres®OM2-p53

complexes with an 15 of 90nM, as well asn vivo effect against xenografts.
O

HLNH

N

g

N
>—</ }o
N \
o
Cl

Figure 6: The chemical structuref the cisimadazoline Nutlin
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Inducible nitric oxide synthase (iNOS) is a major protein target. Produced by the dimeric
enzyme nitric oxide synthase, the molecule nitric oxide plays a critical role in signal
transduction. The enzyme presents the inducible isoform iINOS, which is believed to
cortribute to tissue damage in different autoimmune diseases. Hence, inhibitors selectively
targeting iINOS could be beneficial for therapy. Combinatorial chemistry was employed by
McMillan and colleagues to design an iNOS inhibiteig(re7). Disruption of the substrate
binding site and dimerization interface was validated bpXcrystallography studies. The
action mechanism of the inhibitor involves interference @ither formation. The inhibitor

was shown byn vivoresearch on rat models to have activity withs@alues of less than

2 mg/kg, confirming it as a promising therapeutic aget.

PP
O
N N
B °
N/)\N/‘%
\Q/N
Figure 7: The chemical structure of INOS inhibit®6

Belonging to the family of cytokines, tumour necrosis factor alpha{ONF cont ri but e
systematic inflammation and therefore it is a key target as well. Enbrel, Remicade and
Humira are jussome of the inhibitors created to directly suppressstlNFand pr oven t
efficient in treating rheumatoid arthritié.However, these developments do not detract

from the desirability of small molecule inhibitors, which are beneficial because they are
costeffective and easy to administratéigure8 illustrates the strong TNE i nhi bi t or
has been developétiits action mechdam involves development of an inactidéner

through displacement of a subunit of the trimer with biological activity.
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Figure 8: The chemical structure GNF-U
14  U-Helix Mimetics

Peptides demonstrating stability (conformationabustness) and particular secondary
structures have been designed as well. The achievement of suitable conformation stability
requires over 15 amino acid residues. Recently, attention has been focused on the potential
of s ttaubrlnes-hdlices destdied by hydrogetbond surrogaté a n dsheet systems

for use in the treatment of various conditions, including cancer andH1V.

NS
q o“ Q znm

e
o o/-o
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Vi

Dipicolylamine-bipyridine
N
,}‘\\ o crosslinking unit

j}j iy x Photo addressable
N
crosslinking unit
N -
S S0y

0,8
H
s o
I :

Figure 9: Crosslinking units of azobenzene and dipicolylambipyridine

Peptide stabilisation has been attempted with azobenzene photoaddfésantle
dipicolylaminebipyridine?* crosslinking units(Figure9) . T {pepsdes afe comparable
t o-helites in terms of the side chains they exhibit along one face, although not all of them
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have the same thr@kmensional orientation. Thesystems are advantageous primarily
because they are conformationally highly stable as-eeflhed protein secondary

structures, whilst also being proteolytically stable.

A r anegeycdfodbe x t rFODnwere enmpyed by Bréslow and colleagtie®

show how potein aggregation was selectively disruptBaygre10). It was observed that

prot ei n aggregati on -@Dacempdunds witlh depresdions facinggdney by
another and adequately divided by a linker. This implies that inhibition depends on the
character of the linker.

A
fo) , (o) \ o
}\0 | N O/é'lL }N | E N/i"
[3:01 p-CD2

Figure 10. -Cib compounds fang one another and adequately divided by a linker

Terephthal amides and al kyl-i y@eelxthimgticsithata | k a n ¢
have been sugg elelicd dhimaics® Ap oltklisal bohfermatibn was
employed by Reymond and colleaguesdevelop peptide dendrimerfg.Furthermore,
significant attention has also been paid to the development gfemidic small molecule
U-helical mimics as inhibitors of interactions between girst. Meanwhile, a new
pyrrolopyrimadinebased receptor was proposed by Lee and colleagues, as sHogurén
11.%The capability -bdicaltmmicsvassassessed lmylmdnitosirgytha U
extent to which it could disrupt the interaction between p53Mb#§1X. This involved
screening the scaffold against a library comprising 900 compounds, followed by selection
of primary amines comprising hydrophobic groups. The latter played a key role in
replicating the side chains of the three amino acids containBinThus, the scaffold was

confirmed to be conformationally rigid, highly soluble in water and cellularly permeable.

16



Figure 11: The chemical structure of the pyroglyramidineb a s ehdlix rdimic

Small molecule inhibitors remain challenging to devel®pso other approaches for
replicating selective mechanisms of interactions between prdiawe been considered,
involving interference with these interactions through attachment to the protein surface near
rather than straight in the active site of the protein. No two proteins have the same peripheral
surface, which is made up of areas of loydhobicity, areas of hydrophilicity and charged
areas. Furthermore, the interface between two interacting proteins includes not only

electrostatic interactions, butalsoy d r 0 g e n b -0 stacking mteractions. ~

The mechanism of most examined molecules involves binding within active depressions on
proteins in order to inhibit interaction. By contrast, knowledge is limited regarding the
mechanism of synthetic molecules that bind to the extexmdace to disrupt protein
function. Thus, investigation of such molecules could lead to the discovery of new potential
therapeutic agents as well as afford greater insight into protein periphery and surface

recognition*
15 Supramolecular protein scaffold

Selfassembled systems were usedRmyello for the purpose of surface recognition. The
approach involved mixethonolayer protected gold clusters (MMPCs) functionalised with
terminal anionic groups binding techlymotrypsin surface with positive charge to suppress
enzymatic activity via a terstep mechanism entailing rapid reversible suppression and

subsequently a slower irreversible process of gradual enzyme break8otvemel).
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Schemd.: Use of MMPCs for surface recognition

The developed electrostatic interactions were proven to be effective as the processlisplay
selectivity by comparison to elastase. The high efficiency of the interaction between the
gold nanoparticle andJchymotrypsin was confirmed through circular dichroism
spectroscopy, with 10 nMi(app) and stoichiometry comprising five protein molectbes

one MMPC. Furthermore, the inhibitory mechanism showed higher selectivity tolkards

chymotrypsi n-galattosidaset owar ds b

An inhibitor derived from graphene oxide (GO) layers has elicited interest as well. The
surface carboxylate group served asthba synthetic receptor and inhibitor &f
chymotrypsin activity, demonstrating a highéchymotrypsin suppression based on dose
response (by weight) than the rest of the synthetic inhibitors that have been pfdposed.
Meanwhile, Wang and colleagues provided evidence that a nanocomposite material could
be developed by integrating GO and iron oxide (I0) and could aid the development of novel

drugs for treati®g Al zhei meros Disease.

Other potential protein inhibitors of note are dendrimers, which have terminal groups that
improve their interaction with hot spot resediDue to their similar size and contours of key
proteins, dendritic polymers are frequently called artificial globular prot&ifigio distinct
dendrimeric peptide mimics were proposed by Fassina; those mimics were underpinned by
four copies of the tripeptide Afghr-Tyr (L-amino acids) or a partiaktro-inverso (Arg

Thr-Tyr, D-amino acids) connealdo a polysine core characterised by lack of symniétry.

A natural amino acid seseyielded the highest effectiveness. Meanwhile, evidence was
brought forth by Twyman that dendrimers could be used to suppress chymotrypsin and

cytochromec, and therefore they had potential for development of a binding mechanism
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with size selectivityFigure12 shows the PAMAM dendrimers that were employed.
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Figure 12: Binding and inhibition studies 6#AMAM dendrimers

In other words, for a given protein, the dendrimer with an addressable area of similar size
to the interfacial area of the protein in question is capable of most efficient binding.
Enzymatic function is suppressed as a result of interaction between &dangkand the
enzyme active site, which basically obstructs the active site. This is why the dendrimers

with the highest inhibition potency are the ones showing most effective biftding.

The approach of dendrimsupporteddynamiccombinatorial chemistry (DCC) proposed

by Ronald involves using dendrimers as soluble supports. DCC is distinguished by solution
phase chemistry, homogeneous purification, routine ctearsation of intermediates, and

high support loadings. According to the findings obtained, combinatorial libraries can be
effectively produced via DCC. Hence, since they facilitate molecuteonke accesdiility,
dynamic combinatorial libraries (DCLs) can be argued to have potential for the
development and investigation of chemical comple¥ty.
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1.6  Dynamic Combinatorial libraries

Aggregations of molecules in constant and reversible equilibrium are known as DCLs. By
employingcovalent or norcovalent interactions, these molecules are capable of assembling
themselves into complexes and are controlled thermodynami¢dlhe relative stability

of every constituent determines the DCL structure and in turn @é&mined by exposure

to extrinsic factors or templates, like a protdtig(re13).38
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Figure 13: Dynamic Combinatorial libraries

Based on the use of DCLs, a template molecule can be added to the reaction to drive it to
the praluct exhibiting the most potent affinity for the template according to size and non
covalent effects. The implication of this is that it is possible to target optimum dendrimer
chain complexes for employing proteins as template molecules to identifyahgement

having the greatest affinity for binding. Thus, the usually protracted process of

identification of new drugs can be sped up by developing DCLs for medicinal chethistry.
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Chapter 2

Non-covalentfunctionalised dendrimers

to inhibit U-chymotrypsin
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2.0 Introduction

There is widespread agreement that collaborative partnerships with other proteins is the
basis of operatiofor the majority of proteins, despite a lack of clear understanding of these
partnershipsThere is basically no biological function that does not rely on prgi@tein
complexes?®which is why interaction between two proteins does not happen arbitrarily

in an uncoordinated mannéwt is closely regulated towards the achievement of a specific
goal.** Accumulations of proteins give rise to amyloid plaques myay be the result of
impaired interactions between proteins. Therefore, conditions associated with amyloid
plaques could potentially be treated by hindering the development of such plaques through
disruption of proteirprotein interactions

As mentionedefore, he binding ointerfacial area of a protein, which is referred to as the

hot spot, is usually 508000 2. 7#2Such interacting surfaces typically have a high charge

and simple (polyvalent) electrostatics underpin interactions on the whole. Charged
assemblies of polymers represent favourable structures for binding to exiesteah
surfaces, as the majority of the ones without membranes present charged external surfaces.
Macromolecular scaffolds exhibit a number of advantageous structural features for binding
protein surfaces and binding is made more efficient by multiplgnpedprotein surface
contacts#>** Furthermore, an extensive surface area for contact with the desired proteins

is offered by polymers owing to their size and flexibility, which is greatly useful in

identification of protein external surfaces.

The targeting of protein surfaces can be apytieal number of applications. One of which

is enzyme inhibition. The protease family of enzymes contains a large number of proteins
that can hydrolyse various amides and est&lso, a large family of natural protein
inhibitors is known to bind to the safe regions and the active sites of different serine
proteases (elastase, chymotrypsin and tryp§ifihe majority of protein inhibitors known

and charactesed so far are directed towards serine protdasgymotrypsin Chy was the

target employed ithe present work to test effective inhibition usemgartificial protein
receptor. We have attempted to develop inhibitors that target the active sites, however, their

active sites are very similar, which makes it difficult to identify a specific inhibotoeach
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protease enzyme. Hence, the creation of inhibitors for surface binding is a novel approach.

In terms of structure, Chy presents a ring of residues with positive charges surrounding its

active pocket and sEiduteBl) ed surface fdhot

(%] catlomc residue
@ active pocket

Figure 14: The s uchymatypsin (€lfiy). lthage reprinted with permission from [De, M.,
Chou, S. SandDravid, V. P. J. Am. Chem. Soc. 133, 17804627 (D11)]**

Thesehot spotscan be tageted when developing a surfaesed inhibitor. Chy uses its
cationic residues to establish connections with anionic synthetic receptors and inhibitors
(e.g. polymeric micéds,* dendrimers*® porphyrins,*” gold nanoparticlé§ and recently
graphene oxidé®) and consequently, bstrate activity is suppressddowever,owing to

extra noncovalent interactions afforded by the functionality of amino acids, protein binding
is specific ad has high affinity, despite the electrostatic nature of the main interactions. In
a study that investigated the contribution of amino acid functionality and preferences in hot
spots and interfacial areas, it was observed that tryptophan, tyrosine amdeavgere

likely found with hot spots when presetftDespite the low frequency of these amino acids

in the structure of proteir®8.The abovementioned amino acids are ones that can provide a

number of norcovalent, including that interactions.

Early work in this area usetlnctionalisel porphyrin and calixarene scaffolds that
supported various amino acid$iere demonstrated higtffinity for various groups binding
to a set of proteins* Meanwhile, Gilles and colleagues proposed the usenationalisel
linear copolymers to bind enzysmewith improved selectivitythrough screening eo
monomers withdifferent type ofamino acid.>* A library of inhibitors for binding to a

variety of serine protease was created with selectivity dependent umthienalisel co-
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monomers. Complementing the surface structure of the target protéiesnteraction
between canonomers and amino residues did not adguron the protease surface, but

also within its active site Higure 14. Meanwhile, the manner in which various
functionalisel groups could collaborate is illustrated kigure 14€. Bisphosphate eo
monomers bind to elastase surface and an anchor monomer directs an alanine terminal

group to dip in the active site and fill tbiastase pocket.

HNTO
Glu Glu

Figure 15. Representation of how serine protease (A) and elastase (B) interact with enzyme
targeting copolymers. Binding monomers were shown for acidic amino acids, aromatic amino acids
(red) and histidine Adapted with permission from [Gilles, P. et al. Biomacromolecules 18,i1772
1784 (201771

A range of essential functions are fulfilled by protein. The binding of functionalised linear
copolymers to protein is made possible by the fact that complementarity exists between the
functional groups of the two interacting sides. Hence, the intentiorcigate a linear chain
polymer of key functionality to interact cooperatively with a protein with positive charge,
namely, U-chymotrypsin At the same time, the importance of the charged areas on the
protein surface must also be considered. For instamiazaction is possible between the
protein porcine pepsin with negative charge and ligands with positive chaageyell as
between the hot spot serine protease with positive charge and ligands with negative charge.
Therefore, bth functionalgroup interactiosand targeting charge are significant.
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Linear polymers exhibit excessive dynamicity and flexibility. Polyvalent effects are the
reason why proteins and linear polymers interact. Since linear polymers can enhance
bindingby altering their shape without restriction, no size specificity exists, so the strength
of the binding increases with the number of existing charges. Consequently, the linear
polymekprotein interactions are largely considered to lack specifiifherefore, we
proposeto usetherigid polymerasa scaffold tofunctionalisel linear chainthat probably

would increase the binding affinity.

(a) (b) (c) e
Q
2,
Q
®
O/ °°% o

o
o
00
oo

Figure 16: lllustration the structural of (a) linear polymer, (b) hyperbranched polymer and (c)
dendrimer.

Unlike hyperbranched polyme¢Bigure16), which can be easily and rapidly synthesised,
dendrimers are less popular due to being synthetically challemfiritheir particular
gualities are necessary solely in specific circumstances that justify the performance of a
more difficult synthesis. The spherical structure created by the highly organised and
repetitive character of the branches is useful particularly for replication of protein binding
partners. Furthermore, the structure of dendrimers is signifyclassflexible, so binding

is only maximised when the position of the complimentary functional gnmapshon the
dendrimer and protein. As such, dendrimer binding is entropically moreitestive than

linear polymer binding. This is beneficial in the cottef molecule design as it enables
binding energy enhancement. Moreover, dendrimers also differ from polymers in that their
surface groups exhibit higthensity>® Also, generational synthesis yields quantised sizes
that aid the design of molecules foinding to particular protein binding sites, with
improved binding affinity and a certain level of selectivity being made possible through

selection of a dendrimer of complementary size with respect to protein binding areas. Given
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the above considerationdendrimers were selected as our synthetic inhibitors while Chy

was the chosen protein target.

Nevertheless, dendringecan bind to the surfacef protein but, dendrimes often lack
specificity. Although some degree of selectivity can be achieved through selection of a
molecule with a size that complements the target binding site. Addition of targeting groups
(e.g. amino acids) to their surface can increase specificity edenyvaddinghis targetng
groupsto specific sites on the inhibitor that are complementarity with those present on the
surface of the established binding site, is very diffickdt such, we need methods that can
generate large inhibitors thabssess the correct functionality positioned at precise 3D
locations (Figure 17). If this can be achieved, then we will be able to develop
macromolecuds that could be used to bind specifically inhibit enzymes, bind and purify
proteins, as well as in the delivery drugs. These molecules could eliminate issues related to
drug specificity and physical properties because they can encase and transpoddcismall

molecule to a specific proteift.

Figure 17: Targeted protein binding of molecules of large size between the protein and synthetic
molecule, depicted ipink andblue, respectively
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2.1 Aims and objectives

As previously mentioned, the protein binding advantages presented by dendrarrarg

their investigation in terms of potential protgirotein binding inhibitors. Nevertheless, to

use dendrimers for targeted binding, it is necessary to address the extents of their
selectiveness for particular proteins. Our group has previouslstedelective binding of
various proteins by distinct generations of dendrimer, according to st2&Viit.have also
shown that itis possible for particular amino acids to be covalently attached to the

dendrimer surface, which could influence the binding in a positive or negative way.

Although this was progress towards a specific dendrimer/protein interaction, it was far from
optimum. One of the problems was the limitation with respect to adding a combination of
different amino acids in a controlled way. Specifically, how to control the exact position of
each amino acid and its relative geometry with respect to neighbouring andso Exi
overcome this problem, we proposed a-gomalent approach where the target protein was

a template for its own optimised and specific dendrimer ligand. To achieve this, we adopted

the concepts of dynamic combinatorial chemistry.

The exact process wti use nonfunctionalised dendrimers with either carboxylic acid or
amine terminal groups depending on the specific surface charge on the target protein. These
are simple to make and are even commercially available. The targeting groups would be
incorpoiated norcovalently, based upon the ideas and results generated from our previous
work on drug delivery. Specifically, the amino acids that could bind to the interior of the
dendrimer using hydrophobic and hydrogen bonding interactions would be addednd th

of a hydrophobidinear chain. A number of thedanctionalisedlinear chains can be
synthesised and added to a dendrimer to give a functionalised system. The concept is shown
in Scheme2.
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Scheme: The concept adopted from dynamic combinatorial chemistry
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2.2 Results and discussion

2.2.1 Synthesis of dendrimers

The earlier stage was to synthesise the PAMAM divergent method wasreferred
because this technique is straightforward and simpler than the convergent.nmiétod
preparation of PAMAM dendrimersising the divergent method enables minimal
generatiosto be formed This method was introduced Bypnald Tomalia and eworkers

in 198.°” Commencing atG0.5 1 successive reactions lead to higher generations,
producinglarge G4.59 dendrimers.The process involves two simple reactions that are
repeatedl) 1,4 Michael addition which forms esterterminated PAMAM dendrimer)

by an amination reactioat theamine termin of PAMAM dendrimersas depicted in
Scheme3.Therefore, the main objectivean be achieved as generations are bustegdily

to assemble aombinatorialibrary of different sized of dendrimers.

HoN NH,

\LNH O _NH

}\L O)‘\L /j/
NH NN
)j WY e C °
HN
Amidation o HN\L
HoN NH,

PAMAM GO0.5 1 PAMAM G1.0 2

1,4- Michael Addition

oY
S

/OY\,NI N o~
o NH O _NH
N
NNUN
f o
HN™0 HN

PAMAM G1.5 3

Scheme3: Route othehalf and fullgeneration of PAMAMSs
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Scheme4: Reaction mechanism to synthesise -galfieration dendrimers (est&grminated
PAMAM).

Schemet shows the firsstep of thel,4-Michael additiorfor the creation of half generation
PAMAM. GO0.51 was preparedn methanolusing ethylene diamine (EDA) anchethyl
acrylate in methanol. The ethyl acrylate was used in excessavoid & incomplete
Michael addition and preventimdendrimer destructionThe nucleophilic amine in EDA
attacks t he el ealdomiopédthyl hdrylate asieg iMichaeh dddition
The completion reactiowasconfirmedusing'H NMR analysisas showrin Figure18. The
methoxy peak (ester group) at 3.68 ppm andsthglet at2.53ppm (a) integrated # was
assigned tahe core EDAThere is no peakt® 5-6 ppm indicatingthat theexcess of
methyl acrylate was completely removéC NMR and FTIR spectrahowedester C=0
at 172 ppm and 1735 chfor the 13C andFTIR respectively. Mass spectrometaiso
confirmed the massvith a molecule ion a405(MH?), indicating the product obtained.
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Figure 18: *H NMR spectrum of half generati¢®0.51) PAMAM and signal interpretation

The secondstepwas an amidation reactiaio producea full generation The reaction
mechanism is shown fachemé. Th e ni t r o g eEDA)sttatkdhe electpphilic  (
carbon este(C=0) and the intermediate is formed. The amine from a second terminal
protonates this intermediatand the methoxy group le@g. The cationis eliminatedby

deprotonatiorio yield a full generation dendrimer.

NH, NH,
H2N/\/NH2 ( r’\OH_
H /\/)\ _N
R,NAQ/OMe RN L[ ome R V\(/OM“ OH
( H o o’ \, /)
0 o H
y H
. N
RETTIN ,

Schemé: Mechanism of amidation reaction of full generation PAMAM (amine terminated).

G1.0 was prepared by adding GQ.th methanol with an excess of EDA. The excess of
EDA was purified with an azeotropic mixture (9:1 rati@f toluene and methanol.he
purified G1.0 2 dendrimerwas confirmed byH NMR spectroscopywhich showed an
absencef singlepeak of EDAat 2.67 ppmTheFTIR peakat 1735 crit andH NMR at
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3.68 ppm that represents a C=0 ester, m@afonger visible The Electrospray ionisation
mass spectrometry (E8S) was used t@nalysea smaller generation (less than 1000)

molecular ion at 51 Avhich is equal tanMH™ ion for G1.02 obtained These steps were
repeated successively to create RBldendrimersaandexaminedoy Matrix-assisted laser
desorption ionisation (MALDIY o confirm the characterisation bélf and full generation

PAMAM dendrimerds summarisedh Table?2.

. Ester methyl Mass ion
Dendrimer Molecular Molecular Terminal | MR peak (MH)
Generation Formula weight groups 1 ( o Pl obtained
(g/mol) integration)
G051 CigHs2 N2 Og 406 CO:Me (4) 3.68, 12H 405
G1.02 Ca2 Hag N1o Os 516 NH, - 517
(4)
G153 Cs4 Hog N1g O29 1205 CO:Me (8) 3.69, 24H 1206
G2.04 Ce2 H12 N2og O12 1429 '\(‘8"')2 - 1430
G2.55 C126 H224 Nog Oaa 2807 CcOMe 3.69, 48H 2806
(16)
G3.06 C142 Hoss Nsg Oz 3256 '(\'1"'6; - 3257
G3.57 Cz70 Hago Nsg Ooz 6014 ngge 3.69 ,96H 6014
G4.08 Cs02 Heos N1220s0 6913 l(\13H2§ 6913
G4.59 CosetooN1220188 12411 C%Ll'\;'e 3.69,192 H 12410

Table2: Analysis of PAMAMSs generatétl-9).
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2.22 Synthesis of anionic PAMAM dendrimer

To confirm the dendrimer can bind with positively charged protein molecules, negatively
charged terminated PAMAMs were selectetteTester group of half generation of the
PAMAM dendrimers was hydrolysed using sodium hydroxideproduce carboxylate
groups.

@ OH 2 O (o
rOML . 8 . Oonw . & 1y Fochs
0O R\/)EO/' \/J\Qj

O
+
MeOH R\/J\O@

Schemé: Hydrolysis of ester groups/half generation of PAMAM.

As shown inSchemeb, a tetrahedral intermediate was produced when the hydroxide ion
attacked the electrophilic carbon ester (C=0). The methoxy anion is basic and therefore,
deprotonates the carboxylic ackbrmation of the final product @&1.5COOH (10) was
confirmed by'H NMR. The methyl ester peak at 3.69 ppm was no longer visible and the
new methylene protons showed as a tripl@t28 ppm CH-CO). The important functional
groups were confirmed BYyC NMR, showing twgeaksat 174.5 ppm (C=0) and at 181.4
ppm (C=Ofor caboxylate group and FTIR at 3255 ch(N-H stretch) and 1645 cin
(C=0). The completion of the reaction was also confirmed by mass spectra (MALDI

MS); a molecular ion was identified a2582 (MH*). The same procedurand
characterisation werepeatedo synthesise anionic dendrimers up to G8@OH (4). The

characterisations asimmarised i able3.
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Expected

. Molecular Number Of Obtained
Dendnmer Chemical Formula weight carboxylate Mass ion
Generation +

(g/mol) surface groups (MH*)

G1.51C(:)OOH CacHsoN1600 1092 8 1093

G2.5COOH 2582 16

11 C110H192N 26044 2582
G3.5COOH Ca3dH4168N58002 5562 32 5563
12
G4.5COOH Cao4Hs64N 1201388 11521 64 11522
13

Table3: Analysis ofanionicPAMAM-COOH generate10-13).
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Figurel9: The anionic terminated PAMAM dendrime(40-13) synthesised

36



2.23 Synthetic strategies to design the linear chains

The next milestone was to synthesise the linear chain required to intétatte surface
groups on the targeting proteins. Previous research by our grogyrg 20) studieda
targeting group (guesbhoundthe dendrimer (host) using just hydrophobic interactiehs.
Unfortunately,thelevel of encapsulationf the hydrophobic guest within the dendrimer
was very poor andheffective as a targeting group. Therefore, we decideahpoovethe
interactions between the dendrimer and the linear chain itself. To do this, we proposed to
add hydrogetbonding groups to the chain. @secould then bind to the amides within the

dendrimer and support any hydrophobic interactions.

/\/\/\/\/\/\/\)(iHOOH

Figure 20: The structure of the hydrophoHinear chain with one hydrogen bond.

Linear chain acid terminal group

(43
4

\
e

OH
(o]
H

Figure21. The linear chain was initially planned to incorporate(a) acid ending groups (b)to mirror
the structure of dendrimer

To maximise the number of encapsulated chains, we designed a linear chain with three
amide groupsOur preliminary plan was to have awcid terminal group (C&) on the

linear chain, as shown iRigure21. We wanted an acid ended system, so that this chain
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could bindto atarget protet 6 s p sudacetHowewer, the intermediate molecules were
insoluble, which meant an acidt@nated chain was not possible amel decided to change

the plan. The required negative charges can come from the carboxylate group of the G3.5
COOH12PAMAM dendrimer. The chain woukthenprovidethetyrosinegroupto support

these electrostatic interactiongith the amino acid added to thetdrminus of the chain,

as shown irschemey.

o LMoy_on OOHO OH
j- ox "o j)f oo
NI _y-oH NI 3 OH
N N
NHy NH
OH © :)’NH 01} QN o
Oﬂ N N f(())H
HO",\,N.L ? / N_\‘"*OH
o NH NH oxNH o N»:’
HO H0 N-\.N O:> 3_\)% NF?O Q OH
0 Q —) e " - N “N'\.N'J\o
\/\N'U\/\N'U\/\N Hok NH OsNH E’ -\'%H
H H H 0 061 o Q = @
N\.N \/‘Nu\/‘u"\/‘u
o H o
H??"\.N-\_“ y ﬂl{o, HN1 “‘\\“\o : \ gH
HO %r\_NNNB(\.N N‘\JJH_\_’]/JHN -\-%H
HO, ,E'N“: HNTO HN§:O HNO o
M \.N 2 ~LN‘\J"IQH
0 N N 1{'
hok

Schemé’: Possible interactions between an encapsulated chain and a@3®H dendrimef2.

In this design, the linear chain can make three hydrdgerws with thenterior of the
dendrimer Furthermore, the amine would allow the dendrimer and the chain in the system
to act as donors or acceptors to form hydrogen bonds. Retrosynthetic analysis of the target
linear chain indicated that it was possibbestynthesise the chain starting from an alkyl

amine and extending the chain usinglaninel4 repeat unit§Schemes).
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Scheme: Route of retrosynthesising the coupling of three amines.

2.24 Linear chain with three amide groups

Before going to the next stage of the proposed plan, to preveimobgifierisation, it was
essential to protect ttemine group ob-alanine which is a bifunctional molecule having
carboxylic acid and amine terminal gpsu Tertbutyloxycarbonyl (Bor group was
selected as it is relatively easy to add and remdVee addition of the Bc group, which
integrates as nine protons, was easy to recognise HhitN&R asa sharp singlet around
1.40 ppm. The sicessful attachment dfalanine was confirmed by integrating the broad
singlets at 2.61 ppm and 3.42 ppm, which are assignt &4, protons and comparing

it to the Boc signalMass spectrometry confirmed the mass of with a molecule ib88at
(MH") and 212 (MNa), indicating that Bc amidel5had been created.
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Schemé®: The synthetic route of the linear chaizs10).

The next reaction added propylamitechain15 (Scheme9). However, the OH group of

carboxylic acids are poor leaving groups. Therefore, to create a good leaving group, the

acid was converted to aarctive ester using an amideupling agent, thereby enabling

nucleophilic substitution. The carbodiimide family is commonly useattivatecarboxylic

acidstowardsester or amidéormation The amine nucleophile can attack this carbonyl

group because contains a sufficiently good leaving groap shown irschemel0.°° The

reaction produces ures aby-product, which must be removed at the end of the reaction.
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Schemd0. Carbodiimide amide coupling mechanism.
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Figure 22. 'H NMR spectrum othain 16 with impurities (in circle) when using dicyclohexyl
carbodiimide as a coupling agent.

The first attempted coupling used dicyclohexyl carbodiimide (DQ6e'H NMR spectra

is shown irFigure22. Although, ths indicates that the desired amide product was produced,
there wereimpurities. These impurities are consistent with the uregorbguct,
dicyclohexyl urea (DCU), which can be seen arouwgigpmin theH NMR. The crude
product was rewashed with cold DCM, but the impurities were challenging to remove.
However,asthe nex reactions would not be influenced by the impurities, we moved on to
the next stepvithout further purification. However, the Bodeprotection step lead to an
impure product thastill contained large amounts of urea. Unfortunately, we were unable

to purify the product and needed an alternative method for the initial coupling.
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Figure 23: Structure of carbodiimide coupling agents.

To achieve this, tayl-3-(3-dimethylaminopropyl) carbodiimiddeDC) was selecteasits
watersoluble byproducts are readily removed by solvent extracti®pecifically, the
hydrochloridesalt of EDC was chosen because it is cheaper than EDC. However, the
hydrochloride could protonathe amine and decrease itclaophilicity. Therefore, it was
essential to neutralise the solution/reagents by adding triethylamine to act as a base. After
the reaction, théH NMR spectrum displayed the same pefaksthe productbut without

the peaks of urea impurities between &l @ppm(Figure24). The integrated signals for

the two protons at 3.41 ppm and 2.40 ppm were assigned &SHin and CH.CO
respectively. The singlet at 1.45m, which integaited 9H, was assigned to the Rpoup.

The ESMS spectrum showed a signal at 231tfrMH™ ion, indicatingthatsynthesis of
thepure protected chaib6 had been achieved.

\/\.q)J\/\w-z

(2) compund without BOC Igoc

[+}
\/\\N\J'L/\ NH-BOC

(b) Compound with BOC

I S B e e TS LA e B e B ———
6 25 24 23 22 21 20 19 18 17 16 15 14 13 1.2 11 10 09 08 0.7
f1 (ppm)

Figure 24: '"H NMR analysis using EDC as a coupling agentof@gin 17 without BOC (bxhain16
with Boc
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Having successfully synthesised protected ch&jmemoval of the Bc group was the next
step. The firsattempt atleprotection failed when using stronger acids sudhi,8€ and
HCI. However, TFA was found to remove@efficiently, as the carbon dioxide {product
could bubble awaySchemell). TFA was removed bgvaporated ansgolvent extraction,
resulting in the deprotected chdii (82%). The pH of the solution was also monitored to
ensure that no TFA remained. An absence of the sharp singleb ppindor tre Bocgroup

in theH NMR indicatedsuccessfuremovalof the Bocgroup

O
B —erded o —
7
o~ NN \4 O N 00~ >N~
.h : |
H
H@
O
o 4 /
HNRH §
—»o)\N/R—> o” S

Schemd.1:Mechanisnof Bocdeprotection of the linear chain

The EDC procedure waspeated to attach a second #nalanine group to the chain. At
this stage, DCM was not a good solvent as the deprotected compasmdore polar and
amide 17 was insoluble. Consequently, tetrahydrofuran (THF) was used pdace of
DCM. TheH NMR spectrum displayed peaks consistenhwhe coupled product; a sharp
singlet peak for the & group was present at 2gpm and the terminal methgtoup as a
triplet at 0.93 ppm. Mass spectrometry analgsisfirmedthe mass of amid&8 with a
molecular ion at 302 (MH. The compound was ssdquently deprotected to give amine
19, aspreviousshown inSchemed. A summary of theharactesgation data is shown in
Table4. The nextstepwastleet t achment of tyrosine to
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Boc'H NMR
Linear Chemical Formula Molecular peak Mass ion Mass ion
chain weight (O ppn (MH™) (MH*-Boc)
(g/mol) integration)
16 C11H22N205 230 1.45H 231 131
17 CsH1aN20 130 - 131 X
18 C14H27N304 301 142 H 302 202
19 CoH19N303 201 - 202 X

Table4: The summary of characterisation of the linear chain.

2.25 Addition of tyrosine to the linear chain

Tyrosine was sel ected m&2% nm)obutimbrenpodantlyact i v e
due its ability to complement the amino acids on the binding site of protein. Binding studies
using adendrimer withcovalently coupled tyrosine demonstratedgaiicant increase in

affinity, because of the high abundance of tyrosine oteprprotein binding interfaces

112 EDC coupling was used to attathe Boc-tyrosine with aminel9 (Schemel?).

However,!H NMR analysis displayeeixtrapeaks thatwereota nt i ci pated. Tyr o
activity facilitated analysis of the product mixture usihgntlayer chromatography. This

revealed sveral spots, all of which were inconsistent with uncoupled tyrasmirimear

chain

0 0 o] o
\/\N/U\A J\/\NH & \/\”J\/\HJ\/\H

OH
N
H H 2 Boc-Tyr-OH HN__O
19 r
(0]

20

o}
TFA/DCM

OH
(e} 0 o ;
\/\N/U\/\NJJ\/\N
H H N NH,
21

Schemd 2. Coupling of tyrosine (red) to the linear chain.
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Therefore, the compound was purified by chromatograpbg.to the polaritpf the amine,
amidesand the tyrosinanit, 10% methanol was addedeinientDCM. As well as verifying
the presence of tyrosine, thel NMR analysis ofthe collected fractions sheed that the
impurity peals, had been eliminatedThe remaining complexity in the spectrum wae d
to the tertbutyl groups and bulky phenol groups that restdcteation. As suchthe Boc

group was split into two overlapping peaks at 1.37 ppith a canbined integration

equallingnine protons.

7 HO |
(PN ERTRE) o

1
o %O+ = HN o+
© Y

o

7 X
H
NV i }1/0
N
0 ~4

HO

HO

Schemd3. Some opossibleamiderestricted rotation

The tyrosine aromatic peaks wdtether complicated by the enantiomeric carbon, which
meantotherpeakswere observed asthastereotopicAs such!H NMR showed two sets of
doublets for each proton, which integrated for one hydrogen.each theCH, protons
adjacent to the aromatic riraye diastereotopic andre observed as twroadsinglets

(Scheméld), each integrating as one proton.
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Schemd4: The integration of aliastereotopic proton.

Further evidence from mass spectrometryficmed the mass, with a molecular ion at 487.5
(MNa"). Therefore, it was concluded that {itectedyrosine20 had been successfully
synthesisedThe finaltyrosine chair21l was synthesised ligmoval of theBoc using the
samedeprotection techniguaesentioned before. Targetitigrosine chairk1was now ready

to encapsulate within a dendrimer, as showfRigure25.

uv
uv

Ny
~— uv

Guest

A S

Figure 25: Planned encapsulation of the linear chain within the dendrimer.

2.26 Encapsulation tyrosine chain21 with anionic PAMAM dendrimers

The initial intention was to use an anionic dendrimer as this would pr@andmic
carboxyhteperipheral groups bind withthe cationic surface of the proteiiThis could
identify whether or not the size (or terminated charge) fifeenoutside oftte dendrimers
affected the number of chains encapsulated. Specifically5-8 COOH 22, G2.5-16
COOH23, G3.5-36 COOH24 and G4.564 COOH25 were studied.

The encapsulatiowas carried out using@ndrimerto chainand a excessof chain was
used tcensure a high loadingfficiency. Therefore5.5 mgof dendrimer and.1 mgof Tyr

chains21 were dissolved in methandlhe mixture was shaken at room temperatore
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ensure thagverything had been dissolvedethanol was removed undeduced pressure
and0.1 M Tris buffer solution(pH 7.46)was added. The final concentrationglehdrimer
and tyrosinehain21were 1.0 x16 M and 112x 10° M, respectivelyThe solutions we
filtered to removeny undissolvedhainsand the filtra¢ analysedy UV spectroscopyA
control experimento test the maximursolubility of thetyrosine chair21in the buffer was
alsocarried outA spectrum for the dendrimer alone showed a @¢&kl3 nm However,

at 276300 nm wherethe tyrosinecould be seen) there was no significant p&ak

The proportion oencapsulated chains within the dendrimere calculated (as shown in
Table5). Eachabsorbance was divided by the extinctionfcdei c i ethetyros{ndliear o f
chains21. To measureheloading encapsulation, the concentration of the dendrimer was

divided by the concentration of functionalised chain.

A=5nm
0.1 : —— G2.5CO0H-Tyr 23
| GL.5CO0H-Tyr 22
G4.5CO0H-Tyr 25

——(G3.5CO0H-Tyr 24

= Tyr Chain 21 alone

Absorbance

250 255 260 265 270 275 280 285 290

Wavelength (nm)

Figure 26: UV absorbance data before and aftencapsulated tyrosine chain in different
generations of anionic dendrimers.

Generation Absorbance Concentration of Ratio of | Chain(s)

dendrimer Chainsx/ M chain to| encapsulatéd
dendrimer (x-y)/z

G1.5CO0OH22 0.0703 8.31E06 8.3 3(£0.31)

G2.5CO0OH23 0.0807 9.54E06 9.5 4(+0.33)

G3.5COOH24 0.0944 1.12E05 11.2 6 (£ 0.30)

G4.5CO0OH25 0.0539 6.37E06 6.4 1(x0.3)

Concentration of Dendrimerz)/ M =1E-06

Free tyrosine chailin buffer (/) =5.13E06

*subtracted with the background solubility of the tyrosine chains

Table5:Analysis the encapsulation of PAMAS®OOH with tyrosine chaingl
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In all caseswe observed a Bm bathochromic shifin tyrosine peak. This is go@Vidence
for encapsulation and sugd¢eshe absorptions are from encapsulated chain. However, the

background solubility of the chain wasbtractedo allow for any norencapsulate species.

w ~ 00 o N

N

Number of tyrosine chain
encapsulated

=

1.5COOH G2.5COOH G3.5COOH G4.5COOH
Dendrimer Generation

o

Figure 27: Trendline of the number afhains encapsulated in the different generation anionic
PAMAM cendrimer

The maximum number of chains usad all were dissolved in the G3.5 solutioDserall,

the results suggested that some of the chains wespsulated well, as indicated by a
significant i mpr ov gamEha éfficienoes bftermcapsulatoroaf e | o n
tyrosine chairel into PAMAM dendrimers were reasonabkdure27). As anticipated,

the encapsulation number was lower in GAGOH 10 and G4.5COOH13. This is due to

the lower generation effecsdnon-globular shape d&1.5COOH10. However for G4.5

COOH 13 because ofhe crowdechnd rigid surfae. 3352 Nonetheless, the G3GOOH 12
dendrimer had the optimum size for interaction with the binding area of &by

encapsulated the highest number of chains
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2.27 Assay of G3.5COOH 12 anionic PAMAM as an inhibitor using chymotrypsin
by UV spectroscopy

De et al. have examined the enzyme activitgm@aphene oxideGO) and demonstrated

that GO is a very good inhibitor @kchymotrypsin Chy). As a resultwe have usethe

same assay to study inhibitidsy the functionalised dendrimerg! Ciolkowski et al
reported that dendrimers with positiemds(G4 PAMAM-NH2) and neutralends (G4
PAMAM-OH) could interact with the negative chargedrface of theprotein porcine
pepsin and could inhibit its enzymatic activity. It was also found that these dendrimers acted
as mixed, partially nogompetitive pepsin inhibitor$? However, m studiesusing acid
terminateddendrimersascompetitive inhibitorsvere reported

As previously discussed, anionic dendrimers were selected for this study, &mveey
negative surface charge that can bind to the positive surface of Chy. Furthermore, the
interfacial binding area of Chy contains a large number of additional groups that strengthen
any proteinprotein or proteinligand interaction. Thus, the G360OO0OH 12 anionic
dendrimerwasused as the scaffold for the functionalised lintgansinechains21. This
dendrimer has previously been shownbiod Chy by virtue of its size andnionic
functionality. 3 Specifically, thisnew studywill implement tyrosine chains asiditional
functionalitywhichis known to be important for protein binding and recognition. The first
experiment was a control that would allow a comparigetween binding or inhibition

before and after functionalisatiavith the tyrosine chaigl.

BTNA 26 (N-benzoyltyrosings-nitroanilide) is a chromogenic substrate which can be used

to determine the rate @midehydrolysis by UV spectrophotometrischeme 3). Chy

prefers substrates with large hydrophobic side chains and aromatic amino units, denoting
BTNA 26 as a suitable substrat®. When BTNA 26 is hydrolysed, nitronanilin@8 is
generatedwhi ch 1 s kM4HOam)i v e, (&
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Hydrolysis
_Hydrolysis 0 + ,4|2,\14<i>-No2
Chymotrypsm N OH
H (0]

26 27 28
N-benzoyltyrosine-p-nitroanilide Yellow
(BTNA) UV active nitroaniline

(absorbance - 410nm)
Schemd5: UV absorbent product froftd-chymotrypsin enzyme catalysed hydrolysiBBRA26

Prior to these studies, it was important to determineahnelitions of the experimentsofF
example, the duration and optimum concentrationefificient yield. In addition, it is
imperative to verify that there was no interaction or reaction between BX\&#khd the
inhibitor andall inhibition was a direct consequence of interaction between the inhibitor
and the protein. Therefore, a control &t in the absence of G3GO0OH 12 is also
required. In addition, controls must be conducted to determine theumptemount of

substrate to use.

If excessive substra6is used, then surplus nitroanili@g8 will be generated. Also, if too

little substate is used, then insufficient nitroanili28 will be generated and detected.
Therefore, it is important to establish the correct concentration of all specimens and the time
required to complete the reaction. To verify whether the right concentratioseleased

for the experimenta solution was formulated based on an enzyme to substrate rat® of

and an enzyme concentration of 0.4 LiMis was measured by adding BTNe& into a

Chy solution (pH = 7.46 phosphate buffer). Hydrolysis of the BT26substrate was
monitored by measuring the nitroanili@8a bsor bance at > = 410

intervals for a period of 40 mins.
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Figure 28. The rate of reaction plots for ¢hhydrolysis of 2.0 uM BTN26 (substrate) with the Chy
(enzyme) at 0.4 uM without inhibitor called control reaction.

For the control reactiora typical reaction profile of nitroanilind8 concentration (M)
against time (syvas recorded in the absenceaaly inhibitor(Figure28). Therate or initial

velocity (V) was calculated by fitting a linear regression to the data GimghPad Prism

7.03 ©3 This initial velocity is not a constant rate and is dependent upon the substrate
concentration [S] (as well other concentratioi®)confirm that inhibition binding wasot

due to the tyrosine chaiafone (i.e. without dendrimeryherefore, wearried at a control
usingtyrosine chairRl1 to see if it could inhibit Chgn its own The experiment was carried

out by adding BTNA26 to asolutionof Chy andchains éxcess ofL0eq). No difference
wereobserved in the rate profifer the enzyme activity. Thefore,at the concentrations
studied,t he | i near chains do not bind te the

aggregating structures that could bind to the surface of Chy.

The experiment was repeated in thespree of G3£OO0OH 12 (inhibitor), which was

added at half the concentrationGiiy, as this would avoitbo much inhibition This would

allow the activity of the enzyme to be observed before the enzyme was completely bound
to the inhibitor. The experiment was prepared byipcebating 1.0 pM @y with 0.5 uM
G3.5COO0OH12in 0.1 M phosphate buffer (fihaoncentration of Chy and G3GOOH12,

0.4uM and0.2 uM, respectively) The mixture was shakeaorf24 hours prior to the assay.

The reaction profiles are shownFigure29. The reaction rates wefle38x 10° Ms* and
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9.24 x 10'° Ms?, for the control and G3:800H 12 system respectively. Thus, the
presence of G3:E800H 12 slows the reaction ra@nd inhibits the reaction by 33@#ith
50inhibitor relative to Chy)

4-
©
S o
T O
5 £ 2-
cC =
S8
£ S -~ 0.0 uM Control
SF= 17 —+ 0.2 UM G3.5-COOH

1000 1500 2000 2500 3000
Time (s)

0 500

Figure 29: Rate plotsfor the hydrolysis of 2.0 uM BTN26 (substrate leading to the formation of
nitroaniline 3) with the absencand presence of 0.2 uM G3®O0H 12 to find the initial velocity
(V). Chyat 0.4pM

It would be expected that at higher concentrations of inhibitor, decreased rates would be
observedThe ratio ofenzyme and substrate was set at 1:5 with enzyme concentration at
0.4 uM. However, astte concentration of inhibitor was increased from 0.2 tqu®4the

level of inhibition increased from 33% to 54%. The experiment was then carried out at
inhibitor concentrations and the results are showhailsle 6. When theconcentration of
G3.5COOH 12 increases, the initial velocity is reduced due to increased binding and
inhibition.

BTNA 26 | 0.0 uM Control 0.2 uM 0.4 uM 0.8 uM
[S], uM G3.5CO0OH12 | G3.5CO0OH12 | G3.5CO0OH12
Initial velocity (V), nMs?
1.380 0.924 0.628 0.348
2.0 (x0.571) (£ 0.035) (x0.012) (x0.010)
2.230 1.65 1.170 0.690
4.0 (x0.872) (x0.155) (x0.107) (x0.018)

Table6: Initial velocity data for the hydrolysis of 2.0 uM and 4.0 BYINA26 (substrate) with the
absence (Chy only) and presence of @3@OH 12 at different concentration€hyat 0.4pM.
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Therefore, the three concentrations of GBGOH 12 inhibitor shown inTable 6 were

utilised as reference templates. In further studies, the substrate concentration was increased,
and an enzyme: substrate ratio of 1:10 used. The enzyme concentration remainéiat

MM. At this ratio, it was expected that the potential for collisions between enzyme and
substrate would be increased, contributing to an increase in the rate of hydrolysis. This was
confirmed by measuring thaitial rates, which were 2.28 10° Ms? in the absence of
G3.5COO0OH12. Subsequently, this decreased gradually to 8 B0'°Ms?in the presence

of G3.5COOH12at the maximumaonc ent r at i o n Touwaderdtand the ntbdee M) .
of inhibition and tocalculate the inhibition constankj, enzyme initial velocities were
collected as a function of substrate concentrations [S] and-@3®H 12 inhibitor
concentrations [I]. For accuracy in determinikg more data points were required at
different substite concentrations. Substrate solubility was poor, which limited the substrate

concentration to a maximum of 8.0 ¢ M. Ther
the same four concentrations of GE®OH 12 ( 0, 0. 2, 0. 4, and 0.
concentratioes of substrate (2.0, 4.0, 6. 0 and 8.

anenzyme concent Foadachonth&3.6CODOH ¥ conddntrations, the

initial rates were obtainedrigure 29. In each case, the reaction profiles and initial
velodties were reduced when comparedhe control reaction (without &5-COOH 12).

When theG3.5COOH 12 inhibitor concentrationincreased (across the taplenitial
velocities were reduced. Also, as the substrate concentration increased (down the table), the
initial velocities also increased. Therefore, at the concentrations studied, the initial rates did

not saturate, which indicated thataxhad not been exhed.
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BTNA 26 | 0.0 uM Control 0.2 uM 0.4 uM 0.8 uM
[S], uM G3.5CO0OH12 | G3.5CO0OH12 |G3.5CO0H12
Initial velocity (V), nMs?
1.380 0.924 0.628 0.348
2.0 (+0.571) (+ 0.035) (+0.012) (+0.010)
2.230 1.65 1.170 0.690
4.0 (+0.872) (+0.155) (+0.107) (+0.018)
2.780 1.97 1.62 0.897
6.0 (+0.109) (+0.159) (+0.157) (+0.0267)
3.240 2.301 1.820 1.090
8.0 (£0.217) (+0.211) (+0.145) (+0.100)

Figure 30: The initial velocity data in the absence (Chy only) and presence of@3GH 12 to

hydrolyseBTNA 26 Chyat 0.4pM

The data obtained was plotted and analysed using the mixed mode inhibition model by

fitting the data tcEquationl (using GraphPadEquationl includes the actions of nen

competitive, uncompetitive and competitive inhibitors to generatel fegameterwhose

value can be used to define which one of three types of inhibition isrimgp(Figure 30.
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Equationl

Non-competitive inhibition, is the condition in which the substrate binding to the enzyme

by thl ilnhibbdintddrm gamd W h=e 1s.u bV
is prevented by the inhibitor, this condition is referred to as comeiithibition. By

1, the inhibi

substrate complex preventing formation of prodtfct.

is unaffected

contrast, uncompetitive inhibition for whiod ’ t-or bin
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Figure 31: The type of inhibitor present can be defined by its effect on the degree of inhibition. a)
When U JU 1, bi ndi nenzymd is prelremtedsby thesirthibitart teis condition ib e
referred to as competitive inhibition; b) when U
the enzyme is unaffected by the inhibitor called-ocammp et i ti ve inhibition; c
inhibitor binds to the enzymmubstrate (ES) complex preventing formation of product corresponds

to uncompetitive inhibitor.
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Figure 32 'l Tustration of the information from the

parameters with the \y Km, [I] and K.

The Uvalue can also be best described as the ratio between the rates of uninhibited and
inhibited reactions (¥ wninhibitedj Vi (inhibitey) °> @and this value is related tm (Michaelis
constant) as shown Figure32. K measures the affinity of a substrate for an enzyme and
shows how well a substrate and an enzyme bind. Using competitive inhibition as an example
of how the inhibitor binds strongly to the enzyme, the substrate binds the enzyme weakly
and this results in higherKmcompared to the uninhibited enzyme.

The Michaelis constatm is found by halving th&max(maximum velocity). IiKm changes

from 100 €M (uninhibit &i$d Thatds tods@yphigseandd i n hi b i
hi gher U i n ihdingbdvweensenzyme ang shibitéigure 33(a) showsthe

variation in enzyme initial velocity with the substrate concentrétypploting a mixed

model inhibition.This data can be transformed into a Linewedetk or double reciprad

plot that describes the variation in the reciprocal of initial velocity with the reciprocal of

substrate concentratigrigure33(b).
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W
Vinax slope = K,
VVinax
[S] (substrate concentration) -
1/[S]
(a) Mixed-model inhibition (b) Transformed into Lineweavdurk

Figure 33. Mixed inhibition data transformed into double reciprocal Linewee®erk analysis
usingGraphPad Prism 7.03

Mixed model Inhibition G3.5-COOH

0.0 uM Control
0.2 pM G3.5-COOH

0.4 pM G3.5-COOH

LS B

0.8 uM G3.5-COOH

Initial velocity (nM/s)

[S].uM

Figure 34: The initial rate vs substratdBTNA26) concentration at various concentration®8.5
COOH12. Chy at 0.4uM.

Initial rates at various substrate and dendrimer concentrations were obtained and plotted to
generate the graph Figure34. The best fit values df; andVmaxandKm were measured
(Table 8) The LineweaverBurk plots were also employed to identify the inhibitrande.

This information is based dhe VmaxVvalue. If theVmaxis unchanged and shows the same
y-intercept (with or without the inhibitor), this indicates a competitive inhibitigure

35). The substrate and inhibitor compete to reach the active site. If the inhibitor binds first,

the rate of the reaction slows down and this calisde increase. As mentioned earlier, a
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higher Ky means weak binding between enzyme and substrate (and vice versa for a lower
Km). Uncompetitive and neonompetitive inhibitors change thénaxvalue.Kn, values are
reduced in uncompetitive inhibition aiGhtheis unaffected in nowompetitiveinhibition.

Further discussion on this is givenliterature review®®- %

—p  Noncompetitive inhibition

Uncompetitive inhibition

—l-
+ / —— Competitive inhibition

Figure 35: The LineweaveBurk plots torecognisehreemain categoriesof reversible inhibition
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Figure 36. The data inFigure 34 transformed into a Lineweaw&urk plot and demonstrating a
common yintercept Chy at 0.44M.



The results obtained iRigure 36 show that there is a commonrintercept for different
concentrations of the53.5COOH 12 inhibitor. This demonstrates the action of a
competitive inhibitor. The values fax Km, andK; asbestfit values from th&53.5COOH

12 data set (obtained froffigure34) are summarised ifiable 8 A Vmaxof 6.0 nMs! and

aKm of 6.34 uM was determined. THévalue was measured as 2.57, which indicates a
strong competitive inhibibn (more than 1).The LineweaveBurk plot also show a
competitive inhibitor, as the data plots share the sameeycept for eacls3.5CO0OH12
corcentration. The inhibitor can compete with the substrate and bind at the entrance of the
enzyme active site. Thjvaluei s 0. 31 ¢ M, which provides
binding strength of the inhibitor and can be used as a reference to comparetiveith
inhibitors (i.e. the functionalised G3GOOH dendrimer inhibitors).

Dendrimer Control G3.5CO0OH12
Kinetic Chy only
inhibition data
Vinax, NMs™* 6.00(+ 0.011)
Alpha, U _ 2.57(x 0.0)
Ki, pg/mL applicable 0.31( 0.020)
K, UM 6.34(x 0.030)

Table7: Summary of kinetic parameters from a linear fit data for G3GOH 12
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2.28 Inhibition with tyrosine functionalised G3.5COOH 12 using a non-covalent

method

This study examines whether a dendrimer (in the presence of a linear chain capped with
tyrosine) is able to bind to Chy better than a dendrimer without the tyrosine Ergne(

37). Analogousexperiments antheasurements of the ndunctionalisedG3.5COOH 12

were used. This permitted identification thie dendrimer which had the most effective

inhibition (i.e. with or without functionalisation).

Dendrimer

P
%i\

Linear Chains

Dendrimer-linear chains-Chy complex

A~ = /V\/—Tyr

Figure 37: Non- covalentG3.5COQOH 12 with tyrosine chair21to inhibit Chy

The next step involved the encapsulation process, whinals carried out using methanol
and 0.5 puM concentrations @3.5COOH 12 with 5.0 uM linear chain21. The solvent
was removed to yield a PAMAM dendrimer/linear chaingpoecipitate Phosphate buffer
(pH 7.46, 0.IM) was added to the precipitaad the solution filtered'he dendrimechain

complex waghenadded to Chgolution(as previously described).
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BTNA 26 | 0.0 uM Control 0.2 uM 0.4 uM 0.8 uM
[S], uM G3.5COO0OHTyr 24 |G3.5COOHTyr 24| G3.5COOH-Tyr 24
Initial velocity (V), nMs?
2.0 1.380 0.683 0.468 0.251
(+0.571) (£ 0.051) (£0.040) (20.043)
4.0 2.230 1.163 0.820 0.480
(+0.872) (+0.841) (20.060) (+0.066)
6.0 2.780 1.503 1.150 0.673
(+0.109) (+0.914) (20.977) (20.051)
8.0 3.240 1.771 1.280 0.876
(£0.217) (+0.132) (20.121) (20.022)

Table8: The summary of initial velocity data in the absence (Chy only) and prese@8&dfOOH
Tyr 24. Chyat 0.4pM.

Mixed Model Inhibition G3.5-COOH-Tyr

0.00 pM Control
0.2 uM G3.5-COOH-Tyr

0.4 uM G3.5-COOH-Tyr

LB

0.8 UM G3.5-COOH-Tyr

Initial velocity (nM/s)

Lineweaver-Burk of G3.5-COOH-Tyr

5 -

ad —®- 0.00 pM Control
- & 0.2 uM G3.5-COOH-Tyr
< 37 —&— 0.4 UM G3.5-COOH-Tyr
Ez- —~ 0.8 uM G3.5-COOH-Tyr
S

1

0 T T ]

0.0 0.2 0.4 0.6

ST (M)

Figure 38: Mixed mode inhibition and LineweavBurk plots ofG3.5COOHTyr 24. Chy at 0.4
UM.
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Dendrimer
Kinetic 3.5-COOH12 G3.5COOHTyr 24
inhibition data
Vinax, NMs 6.00(x 0.011) 6.00(x 0.005)
Alpha, U 2.57(x 0.002)) 3.02(x0.002)
Ki, ug/mL 0.31(x 0.020) 0.17(x0.004)
6.34(x 0.030) 6.41(+0.022
Km, UM

Table9: Summary of parameters obtained from a linear fit of data for a controlfunctionalised
G3.5COO0OH12and functionaliseds3.5COOHTyr 24.

The data for experiments with various substrate@B.&COOH Tyr 24 concentrdonsare

in Table 9 The LineweaveBurk plot (Figure38) shows a common-itercept, indicating
competetive inhibitionlf the tyrosine chain did not affect the binding affini83.5>COOH

12 should bind with equal strength as the functionalis@élRM and the kinetic data
would be the same as reported for @&5COOH 12 on its own. The results ihable 10
showthatwith incorporated linear chastbinds and inhibits betté¢han the dendrimer alone
The Vimax Obtained was the same as6e@0 nMst, however, thei, value increased from
6.34 uM (for nonfunctionalised G382 0O0H 12) to 6.41uM (for G3.5COOHTyr 24)
because of weaker binding between BIENA 26 and the Chy. Furthermore, it can be
concluded from théJ value and LineweaveBurk plots that both inhibitors demonstrate
competitive inhibition. TheU value increased from 2.57 (for néunctionalisedG3.5
COOH12) to 3.02 when the tyrosine aim was present33.5COOH-Tyr 24), confirming
that binding inhibiton was much stronger.

As suchG3.5COOHTyr 24 is a better inhibitor thathe non-functionaliseds3.5COOH

12 dendrimer This is alsademonstratethy Ki whichis much lower for the functionalised
dendrimer. The results confirm tHaB8.5COOHTyr 24 has a greater binding affinifand
therefore inhibits the activity of Chy at a much lower concentrpttban the non
functionalised dendrimer. Specifically, tKevalue for the functionalised system was 45%
lower thanK; for the nonfunctionalised dendmner (0.17 uM and 0.31 uM, respectively).
Therefore, bothsystemsbind to the interfacial area using their carboxylate groups but
binding is improved by secondary interactions between the tyrosine functional groups and
specific sitesngsmwfaceehe proteinds bindi
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The dendrimechain system is dynamic and the chains can move to maximise any
interaction. Therefore, the protein will establish an equilibrium where the most stable
species may be a proteitendrimer complex involving the linear chains encégisd

within the dendrimer. However, as previously mentioned, although the orientation of chains
encapsulated within the dendrimer is unknown, it would be reasonable to assume that the
tyrosinetargeting group is on the outside of the dendrimer and theoplgdbic amides
chain hydrogen bond to the amides within the dendrimer as showigure 39 (a).
However, it is possible that the tyrosine grateinside the dendrimer and the hydrophobic
amide chais are outside, binding to the hydropholpatches on the surface of Chy,
provide a more stable complexigure39b). There is another possibility involving a mixture

of orientations as shown Kigure39 (c). In each scenario, the complexes would slow down

or inhibit the reactionOverall the use of a nenovalent method has shown that strong
binding is possible and indiregtladvocates its suitability as a simple method

functionalisation compared to the covalent method.

o
— <
—
oy (a)
Dendrimer + > %
—
I o
/J (b) o AN
Linear Chains (c) -~
= Chy

" S ~/\/‘/-Tyr

Figure 39: The possible reaction that can inhibit the activity of Chy a) desirable interaction in which
functional terminalgroup bind to the surface of Chy b) ndasirable hydrophobic amide linear
chain bind to the surface of Chy and c) the mixed orientation of chains on the surface dendrimer.
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2.3  The polyvalent interaction of amino acids binding to the surface of Chy

We havesucessfullydemonstrated that a dendrinfanctionalisedwith a noncovalent
tyrosine chain can inhibit Chy and fuimn as a competitive inhibitor. ddvever, acid
dendrimers can bind on their own (unselectiVé)e anino acid chaingmprove binding

but the acid interactios aredominant, thus the bindingnay lack selectivity. Therefore,
neutral dendrimers that are unable to bind were chosen for our next study. This would allow
us to establish the strength of the tyrogpanetein interactions the absece of the dominat
anionic interactionslf binding takes placehen mustarise from the amino acids on the

linear chain binding in a cooperativalpvalent manner to the protein.

2.31 Functionalised neutral dendrimers with different functionality as inhibitors of

protein interactions

The study by the Twyman group found by that a covalently functionalised dendrimer
(tyrosine, phenylalanine and valine) could affect binding in a positive or negative way,
depending upon the terminal group functionalfty Wenck et al also reported that
molecular recognition of characteristic amino acid residues on the surface of lysozyme leads
to efficient enzyme inhibition, which can be switched on afffdby non-covalent
interactions® Giles et al demonstrated that functionalised linear copolymers could bind
enzymes with improved selectivit$: Following that, we decided to incorporate the same

key amino acids into our linear chain and use a neutral dendrimer that barth
2.32 Synthesis of neutral dendrimerfor non-binding interactions

To achieve our aim, we needéd synthesise a neutral PAMAM dendrimer. Thias
achieved by converting the ester/half generation PAMAM into PAMBM using
ethanolamine vianucleophilic substitution® The reaction isanalogousto the EDA
reacton. However, a ethanolaminés not veryreactive, the conditions used were different
to those used in EDA substitutioheverthelessthe mechanism was comparable. This
method was performed using potassium carbonate as a base, as sBohemal6 and a

minimum quantity of dimethylsulphoxide (DMSO) as a solvent. The crude product was
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initially purified by filtration togive the neutral PAMAM dendrimer in DMSO. Acetone
was used to precipitate the crude product ascé flaste. The product was dissolvedhe
minimum amount ofvater and the purification process repedt@de to give theneutral
PAMAM dendrimer producas a paste id0% yield.

OH JOH
N> ( "\ g
H ( /\jﬁ:ﬁ A N om BH
R,N\/\H/OMe - R\H Dome R \/\Oﬁw €+ b
(o © ©)

H H
_N
RO Non - 8
o)

Schemel6. Addition of ethanolamine groups with potassium carbonate (B) to produce neutral

dendrimers.
H;
o= NH
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Figure 40. 'H NMR spectrum of G1.5 PAMANIH 29 after purification(one armof dendrimeris
presentejl
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In*H NMR of theG1.50H 29 confirmedthe reaction had workd&igure40), as theester
methyl peak at 3.69 ppmvasno longer visibleandnew peaks for thanethylene protons
(adacent to the terminal hydroxyl groupalere visible asa triplet at 3.8 ppm. These
protons shiftedo slightly higher chemical shift compared to other methylene groups due to
their proximity to the electronegative oxygehhe successof the reaction was also
confirmed by**C NMR and FTIR spectra, which shedno visible peaks fatheester C=0

at 15 ppm and 1735 crhfor the!*C and FTIR respectively. THAALDI spectrum had a
molecular ion at 1438, which is equal to Midn. Thesame procedure and characterisation
strategy wasised to synthesiseeutraldendrimers up to G 3.5 with 32 (841. The data for

all dendrimers is shown ihable10.

Expected

Number OFf Obtained
Dendrimer . Molecular OH .
. Chemical Formula weight Mass ion
Generation surface (MH*)
(g/mol) groups
G1.50H 29 Cs2H120N18020 1438 8 1438
G2.50H 30 CraH272N 42044 3272 16 3272
G3.50H31 Czo2H576N 90092 6940 32 6941

Table10. Analysis of characterisation of generation neutral PAMA¥s (29-31)
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G1.5-80H 29

G3.5-320H 31

Figure 41: Prepared neutral terminated PAMARIHS (29-31).

G2.5-160H 29
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2.33 Synthesis of linear chains functionalised with phenylalanine and valine

To test the effect of different amino acids on the binding, we selected phenylalanine and
valine as alternative capping groups for our linear chain. Phenylalanine is another amino
acid known to be important with respect to protein binding. However, dlgckoof
hydrogen binding function, we expected it to bmebkerthan tyrosine. Valine is an amino

acid known to have little or no effect on biding. Therefore, when encapsulated into

dendrimer we expect to see very little inhibition.

To convert the aminohain 19 into the phenylalanin83 and valine chair85, the same
general method and purification were carried out as previously destoittgbsine(refer
section 2.3.5page44). The synthesis route is shown $themel7. The phenyl protons
wereobservedetween?.27 ppmand 7.40 ppnior metg ortho andpara respectively In
the DEPTQC NMR spectrum peaks were attributed to the aromatic group atQu28m
and 129.4 ppm. The mass spectrum showed a molecular ion at 34). @®dirthermore,
FTIR showed peaks 2923 8035 cm', corresponding to the-8 and NH respectively
and at 1528 crhfrom the aromatic € bands. For valine, tHel NMR showed peakat
5.28 ppm for the NH and a peak &.55ppm for thestereogeni€H. Also, a doubletiround
1-0.98 ppm and septet &.26 ppmfor the isopropyl groupThe mass spectrum had a
molecule ion at 299 (MH and a peak at 323 (MNiindicating that valine85 had been
successfully prepared.
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Schemd7. Syntlesis of phenylalaning3 and valine35 from the amino chaidO.

2.34 Encapsulation of the functionalised linear chain with PAMAM-OH dendrimer

In order to evaluate the potential of the rmmvalently methodologyusing neutral
PAMAM-OH dendrimers, we needed to establish that the encapsulation of chains could
occur. Hence, different generations of neutral PAMAM dendrimers were studied for their
en@psulation abity. Specifically, G1.8B0OH 29, G2.5160H 30andG3.536 OH31were
studied.A large excess of the amino aattain was added to a methanol solution of
dendrimer, and theame procedurand calculatiorused to encapsulate the tyrosine chain

21 (refer section 2.6, page46 ) was also applied herand the resulting UV spectrum

shown inFigure42.
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Figure42. UV absorbance data before and after encapsulation of tyr@dinedifferent generation
of neutral dendrime(representative graph).

a) Encapsulation data fdryrosine21

Generation| Absorbance| Concentration | Concentration| Ratio of chain to Chain(s)
dendrimer of Chains, of Dendrimer, dendrimer encapsulated
xI M zIM (x-y)/z
G1.50H 3
29 0.0727 8.60E06 8.6 (20.30)
G2.50H 4
30 0.0805 9.52E06 1E-06 9.5 ( 0.25)
G3.50H 6
31 0.0964 1.14E05 11.4 (£0.41)
Free tyrosine chaiflin buffer (/) =5.13E06
*subtracted with the background solubility of the tyrosine chains
b) Encapsulation data féthenylalaning3
Generation| Absorbance | Concentration | Concentration Ratio of chain to Chain(s)
dendrimer of Chainsx/ M of Dendrimer, dendrimer encapsulateéd
z/M (x-y)lz
G1.50H 3
29 0.0591 6.82E06 6.8 (£0.28)
G2.50H 4
30 0.0712 8.22E06 1E-06 8.2 (+0.22)
G3.50H 6
31 0.0845 9.76E06 9.8 (20.42)
Free phenylalanine cha88in buffer (y) =4.18£06
*subtracted with the background solubility of the phenylalanine ctg&8ns
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c) Encapsulation data fafaline 35

Generation Absorbance | Concentration of Concentration of Ratio of chain| Chain(s)
dendrimer chainsx/ M Dendrimerz/ M | to dendrimer | encapsulatéd
(x-y)/z

3
G1.50H 29 0.1200 9.23E06 9.2 (£0.27)

4
G2.50H30 0.1325 1.02E05 1E-06 10.2 (£ 0.22)

6
G3.50H31 0.1564 1.20E05 12.0 (x0.43)

Free valine chaiB5in buffer () =5.87E06
*subtracted with the background solubility of the valine ch&ms

Table 11. Analysis of the encapsulation of PAMADMH with linear chain of a) tyrosin@1, b)

phenylalanine 33and c) valine35at 0.1 uM Tris buffer

Table 12 the effect of size generation of dendrimer on the solubility of the functionalised

chains can be seen. Where G1.5 had eight OH groups, only 3 chains could be incorporated

i nto

t he

dendr i

mer s O

hfor tther G2.5 Withh b6i Ot greups, fdur

Furt

chains were encapsulated, and for the G3.5 with 36 OH group, 6 chains were encapsulated

inside the dendrimer. The data is summarisdeignre43

G2.50H
Dendrimer Generation

Number of chains encapsulated
= N w N ol (o]

o

Figure43: Trend line of the number of chains encapsulated in the different generations of RAMAM

OH.

G1.50H

Em Tyrosine ®mPhenylalanine mValine
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The increasing trend line in encapsulation is due to the number of hydrogen bonding sites
andthe increased hydrophobic and globular structure of the higher generation of PAMAM
dendrimers. Though the loading increased for the largest dendrimer studied, there was no
significant difference between the GBOH 29 and G2.5160H 30. This is probably de

to the relatively open structures for these smaller dendrimers, resulting in a poor
hydrophobic cavity being formed. This is a known effect and is linked to the lack of a

densely packed structure for these small dendrini&ts

We already knew thighe G3.5 dendrimer was the optimum size for interacting with the
binding area of Ch¥§’ but G3.5 (32 end groups) is also the ksésed dendrimer for
encapsulating the maximum number of targeting chains. After studying the effect of
dendrimer size on encapsulation capacity, the study continued by investigating the spectra
of the complex irFigure45. Due to the different environment within tdendrimer, we can

see a clear mgdfitfear iemndayp ol atei &an. kaidever,
not change. We are not sure why, but one possibility is a difference in the orientation of the
encapsulated chains. For tyrosiie it couldbe that the amino acid end group is within the
dendri mer . For the other amino acids, the
amino acid groups being solvated by bulk water. This needs further investigation. However,
all bonding is norcovalent.The tyrosine linear chains couldoéentate themselves so that

their head group points out and interacts with the prokegu(e44).

Y /Jf =
& 3 P — 2L o
< Chy s VN

Y Al

Figure 44: The possible situation when the linear chain®rientate and interact with the Chy.
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Figure 45: UV absorbance before and aftencapsulation of G3:®H 31 with different terminal

chains a) tyrosin1b) phenylalaning83 and c) valine35in the TRIS buffer 0.1 uM.

Baseline Molar
absorption| Concentrationf  Ratio of .
. . Corrected . . . Chain(s)
Generation dendrime Absorbance coefficient| of chain (s) / chain to encapsulated
At o G/ M dendrimer P
max Mt cm?
G3.50H-Tyr 38 0.0964 1.14E05 11.4 + 6
8456 (0.41)
*Free Tyr21 Chain 0.0434 5.13E06 5.1 n/a
3.50OH-Phe39 6
0.0845 8660 9.76E06 9.8 (£0.42
*Free Phe33 Chain 0.0362 4.18E06 4.2 n/a
6
G3.50H-Val 40 0.1564 1.20E05 12.0 6
14400 (£0.43)
*Free Val40 Chain 0.0845 5.87E06 5.9 n/a

Concentration of Dendrimek] = 1.00E06

*Background solubility subtracted

Table12: UV absorbance data of chains before (free) aftdr encapsulation by G3.6H 31.
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The data summarised Trable12 indicates that G3-:832 OH38 solutionscansolubilise11
linear chains with at least 6 being encapsulated within deadrimer through
supramolecular/neoovalent interactions. #lsoconfirms that a neutral dendrimer cact

asa scaffold for the linear chaiiihe next step was to test the inhibition properties of these
complexes.

The intention of thispart of thestudy is todeterminehow important and strong the
polyvalent interactions fra the amino acidarewhen binding proteins. If this methodology

is valid, then the dendrimers functionalised with amino acids known to be involved in
proteinprotein binding, should bind well to the surfacelathymotrypsin and inhibit its
function. On the other hand,dendrimefunctionalised with valine, whicis not associated

with protein binding would result in weaker bindirgnd less inhibitionThis is the same
hypothesis used in the previous work ddsemli by Bogatf and Twymar® If polyvalent
interactions are not observed or if the orientation of the chains is not compatible with
binding, then there will be no change in binding. In that instance, the kimigitiition data

would be the same as that measured in the-GBi31 control reactiorgxperiment.
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2.35 Assay of neutral G3.5and tyrosine complexasa n i n h i bGhymotrypsin o U

The experiment used theame method ashe anionic PAMAM dendrimers when
determiningthe inhibition and kinetic dat&he first experiment waa control onlyusing
BTNA 26 and Chy in buffer (pH 7.46). This provided the initial rate of nitroanilg&

production.

4_
S ]
%
o2 m
£E o
c©
o c T
23 —— control (no inhibitor)
8§ & 11 —— unfunctionalised G3.5-OH

c
A
0+ T T T T T 1
0 500 1000 1500 2000 2500 3000

Time (s)

Figure 46. Rate plot for hydrolysis of 2.0 uBTNA26in 0.4 uM of Chy in the absence and presence
of unfunctionalised G3:®H 31, leading to the formation of nitroanilir2s.

The datdas shown inFigure46 andis similar to the profile observezhrlier for PAMAM-

COOH systen{refer Figure 29). Analysis confirmed an initial rate of reaction 1.38 x°10

Ms™. To testwhether or not the neutral dendrimer could bind, the reaction was repeated
using G3.50H 31 at a final concentration equivalent to the enzyme |(813. As expeted

the profile did not changendconfirms thathe G3.5OH 31 PAMAM does not bind to the

protan or inhibit the reaction. This is because the dendrimer does not have any groups that
can interact with charged surface or any other groups present on the protein, as depicted in
Figure47. This means that any binding following the addition of the functionalised chains
could be associated witlpolyvalent interactions between the amino acids and the protein

surface.
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Figure47: Cooperativeih er acti ons of the amino acid with the

The next step was to prepathecomplexbetween theneutral dendrimer and the linear
chains. Encapsulation was carried out using concentration of 0.4 |@8.6/0OH 31 and
4.0uM linear chainsTyr 21 (10 egexces¥in methanol. The solvent was removed to yield
a PAMAM dendrimer/linear chain eprecipitate. Phosphate buffer (pH 7.46, 0.1M) was
then added to the precipitatd. solution of Chy was theadded and the mixturpre-
incubatedor 24 h.
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Figure 48: Rate plot for hydrolysis d.0 uMBTNA 26for a controland G3.5OH-Tyr 38. Chy at
0.4 uM.

77



A reduced reaction profile was obtainedlicating a slower ratd-(gure48). For the G3.5
OH-Tyr 38 complex, the initial rate was 1.025 ni¥)svhich compares to 1.38 nM®r the
control or norfunctionalised neutral53.50OH 31 alone. Functionalisation of the neutra
G3.50H cantherefore,inhibit Chy by 26% at 0.44M. We anticipated that the tyrosine
targeting groups weren the outside of the dendrimer ahésewerecapable of binding to
complementary groups and hydrophopatches on the surface of Chytlockssubstrate
access to the active site. Further experiments were performed, repeating the reaction using
atwice theconcentration (0.8 puM) of inhibitor. If our hypothesis of binding/inhibition was
correct, we predicted th&tt0% inhibition would occuand he initial rate wouldehalved
(assuming saturation was not reached). However, the results obtained with tH@H53.5
Tyr 38 concentration of 0.8 uM, showed 41ithibition (0.820 nMsh). Although the
inhibition did not quite doublgit was significantlyincreased. In order to determine the

mode of inhibition, the experiments were repeated using various inhibitor and substrate

concentrations.
BTNA 26 0.00 uM 0.4 uM 0.8 uM 1.6 uM
[S], uM Control G3.50H-Tyr 38 | G3.50H-Tyr 38 | G3.50OH-Tyr 38
Initial velocity (V), nMs?
1.380 1.025 0.820 0.643
2.0 (+0.571) (+ 0.443) (x0.0231) (+0.0154)

Table13: Initial velocity data of 2uMBTNAZ26 (substrate) at different concentration of GX&-
Tyr 38. Chy at 0.4uM.

The concentration of inhibitor was systematically doubled again increasing it from 0.8 to
1.6 uM (concentration and ratio of enzyme and substrate remained constant in all
experiments). The initial rate for alu# inhibitor was 0.643 nMs3, indicatinga 54%level

of inhibition. At this concentration, we did not see such a large increase in the initial rate or
level of inhibition. This is probably due to saturation with respect to the enzyme and
inhibitor concentration. In addition, we decided not to meee than 5.(uM of G3.50H

31, asthe neutral PAMAM has @endency to formarge aggregates®? For the next
experiments, the substrate concentration was increased but the enzyme concentration was
kept the same. Specifically, thebstrate BTNA 26) concentration was doubled to 410!

and the enzyme kept at u# (1:10). The initial rate in the absence of inhibitor was 2.230

x 10° Ms™.
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The experiments were then repeated using 0.4, 0.8 and 1.6 uM concentrations of inhibitor

(G3.50HTyr 38). The initial rates gradually decreased to 1.18 X 8™ in the presence

of

i nhib

itor

at

t he

ma X i

mu m

concentrat.

on

shown inTablel14. The experiment was continued using the same concentration of enzyme,

but

38(0 ,

initial velocities were obtaine@Table 14). In all cases, the reaction profiles and initial

t he

0. 4,

substrate

0. 8,

rati

and 1.6

0S

eM) .

we r e BTNA 26). €hase e d

experiments were conducted usthg same four concentians of inhibitorG3.50OH-Tyr

t

0]

L

F o 1OH-€ya38lthe c onc er

velocities were reduced when compared to the control reaction(s). Overall, as the

concentration of G3:®H-Tyr 38 inhibitor increases, the initial velocities are reduced

When the substrate concentration increases then the initial velocities increase.

BTNA 26 0.00 puM 0.4 uM 0.8 uM 1.6 uM
[S], UM Control G3.50H-Tyr 38 | G3.50H-Tyr 38| G3.50H-Tyr
38
Initial velocity (V), nMs !
2.0 1.380 1.025 0.820 0.643
(+0.571) (+ 0.443) (+0.023) (+0.015)
4.0 2.230 1.710 1.410 1.180
(+0.872) (+0.666) (+0.523) (+0.411)
6.0 2.780 2.100 1.840 1.421
(+0.109) (+0.821) (+0.786) (+0.622)
8.0 3.240 2.511 2.162 1.680
(+0.217) (+0.922) (+0.843) (+0.771)

To determine the mode of inhibition, the initial rate data obtained was plbitpad€49a)
using a mixed inhibition model. In addition, Linewea®rrk plots Figure 4%) were
analysed to confirm whether or not the inhibition was competitive ccoarpetitive. From
these plots, a commonigtercept was obtained, indicating competitive inhibition. The
values oiVmax Km andKi, as besfit values, are summarised Trable 17 The value olU=

1.95, which is more than 1, confirming and enzyintebitor complex had formed. We

Tablel4. The summary of initial velocity datiathe absencand presence of G36GH-Tyr 38. Chy

at 0.4uM

assumed that binding was via the secondary interactions of tyrosine, as the dendrimer did

not

hydrophobic interactions with the surface of Chy. Kaewvas 1.23uM, indicating the

bind

on i

ts

own.
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concentration required to inhibit the enzyme (@) completely. Thek; andUvalues of
tyrosine functionalisedG3.50H 31 can be used as a reference dompare with
phenylalanine and valine to show the effect of terminal group functionality in inhibiting
Chy.

(a) Mixed Model Inhibition G3.5-OH-tyr

-~ 0.0 uM Control

& 0.4 uM G3.5-OH-Tyr
—&— 0.8 uM G3.5-OH-Tyr
—

1.6 uM G3.5-OH-Tyr

Initial velocity (uM/s)

(b) Lineweaver-Burk of G3.5-OH-Tyr

2.0 7

154 =&~ 0.0 uM Control
- ' -8 0.4 uM G3.5-OH-Tyr
=
B, —— 0.8 UM G3.5-OH-Tyr
g . ¥ 1.6 uM G3.5-OH-Tyr
= \/

0.5

0.0 T T 1

0.0 0.2 0.4 0.6
1[s]/ (um ™)

Figure 49: (a) Mixed mode inhibition an¢b) LineweaverBurk plotsfor G3.50H-Tyr 38at 0.4 uM
of Chy
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Dendrimer Control/ non G3.50H-Tyr 38
Kinetic Functionalied
inhibition data G3.50H 31
Vimax, NMs? 6.00(+ 0.013)
Alpha, U Not applicable 1.95(+ 0.(21)
Ki, pg/mL 1.23(x 0.017)
Km, UM 6.56(+ 0.015)

Table 15. Summary of parameters obtained from a linear fit of data for a corjtolnon
functionalised G3.%80H 31) and funcionalised G3.50H with tyrosine38.

2.36 Assay of neutral PAMAM dendrimers functionalised with linear chain-

phenylalanine 33

To demonstrate the influence of ligands on binding ability, we turned our attention to the
use of different amino acids on the terminal group. Initially, we studied phenyla®ine

and performed measurements analogous to those used feD83yr 38. This permitted
investigation into the effectiveness of the amino acid and allowed us to compare the results
from the previous study using covalently attached amino acids; these thand
phenylalanine bounslightly less strongly thatietyrosine dendrimet’ Experiments using
different amino acids also allowed us to determine whether or not the amino aaits are
the periphery of the dendrimer complex. For exangddllustrated inFigure 50, if the

amino acids were inside the dendrimer then the same inhibition result bewlotained

for all amino acids. If this were the case, then it confirms that binding to the enzyme occurs

via the hydrophobic ends of the linear chain, and not the amino acid head group.
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v ¢ X =Ty
#® =Phe *Rate
R . ¥ Chy ® =val different
g AL = Va2 ¢
R Rate
Linear
Dendrimer chains
Sy x =Tyr
ch ® -pPhe *Rate
\ i R -val identical

Rate

Figure50: Possible orientations of am acid chains in the dendrimer. If the head is on the surface,
the rates will be significantly different when X= Tyr/Val. However, if rates are the same, then head
groups are probably buried in the dendrimer.

The kinetic data for experiments wihbstrate andarious concentrations of G3®H-Phe

39 is shown inTable 16. The LineweaveBurk plot Figure 51) confirms competitive
inhibition, and the data is summarisedliable17. TheVmaxobtained for G3.50H-Tyr 38

and G3.50H-Phe39 gave the same value of 6.00 nf3heKn value for the Phe was 6.31
MM, which is slightly lower than the value f@3.50H 31 (6.56 pM). This indicates that
the Phe interacts similarly to the Tyr, and the sldgdrease is due to Phe not having the
extra H bond provided by tyrosine phenibhis is confirmed by of 1.933 uM, which is
slightly higher than G3:®H-Tyr 38. Overall, we are sure that Tyr performs better due to
the additional hydrogen bonding provitley the phenolic OH. This additional interaction
contributes to the better stability of the G®5I-Tyr 38 complex.
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BTNA 26 0.00 pM 0.4 UM 0.8 UM 1.6 uM
[S], uM Control G3.50H-Phe39 | G3.50H-Phe39 | G3.50OH-Phe39
Initial velocity (V), nMs 1
1.380 1.161 0.998 0.7
2.0 (+0.571) (+ 0.555) (£0.042) (£0.041)
2.230 1.9 1.680 1.281
4.0 (0.872) (+0.783) (+0.550) (x0.328)
2.780 2.440 2.051 1.741
6.0 (0.109) (0.853) (0.704) (+0.688)
3.240 2.790 2.350 1.890
8.0 (x0.217) (£0.982) (£0.877) (+0.765)

Tablel6: Thesummary of initial velocity datan the absence and presence of G313-Phe39 at
0.4 uM ofChy.

Mixed Model Inhibition G3.5-OH-Phe

4 =
— =& 0.00 pM Control
n
= - 0.4 uM G3.5-OH-Phe
c
- 4% 0.8 UM G3.5-OH-Phe
E =¥ 1.6 uM G3.5-OH-Phe
[}
>
o
E
1
0 2 4 6 8 10

Lineweaver-Burk of G3.5-OH-Phe

1.51
=&~ 0.0 uM Control
% 0.4 UM G3.5-OH-Phe
= 1.07 —— 0.8 UM G3.5-OH-Phe
2 ¥ 1.6 UM G3.5-OH-Phe
>
= 0.5 )/
-
0.0 T T 1
0.0 0.2 0.4 0.6

1/[S1/ (uM ™)

Figure 51: Mixed mode inhibition and LineweavBurk for G3.50H-Phe39 at 0.4uM of Chy.
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Dendrimer G3.50H-Tyr 38 G3.50H-Phe39

Kinetic
inhibition data
Vimax, NMs? 6.00(+ 0.013 6.00(+0.011)
Alpha, U 1.95(x 0.21) 1.45(+0.015)
Ki, ug/mL 1.23(x 0.017) 1.93(x0.012)
Km, UM 6.56(+ 0.015 6.31(+0.022)

Tablel7: Summary of kinetic parameters obtained from a linear fit.

2.37 Assay of neutral PAMAM functionalised with linear chain-valine 35

In contrast to tyrosine and phenylalanine, valine is known to be a bad amino acid with
respect to protein binding. As such, if attached to the linear chain and encapsulated within
the dendrimer, assuming orientation ishattie head group out it should be a poor inhibitor.
Therefore, we repeated the inhibition experiments using a linear chain with a terminal
valine.From our overall resultg@blel8), we see a set of data that indicates poor inhibition
and therefore, poor bindinghe valine initial rates for all the substrate and concentrations
used were very similar to those obtained for the control Hasaclear fromFigure52 that

the valine dendrimers do not bind or inhibit chymotrypsin. TheeweavesBurk plot

shows that there is no commotirngercept, but also thevalue is very low (no binding).

BTNA 26 0.00 uM 0.4 uM 0.8 uM 1.6 uM
[S], uM Control G3.50H-Val 40 | G3.50H-Val 40 | G3.50H-Val 40
Initial velocity (V), nMs?
1.380 1.367 1.30 1.299
2.0 (x0.571) (+ 0.568) (£0.487) (x0.432)
2.230 2.190 2.111 2.100
4.0 (x0.872) (x0.866) (x0.873) (x0.621)
2.780 2.700 2.600 2.590
6.0 (x0.109) (x0.111) (x0.987) (x0.887)
3.240 3.100 3.001 2.995
8.0 (x0.217) (£0.231) (£0.543) (x0.321)
Tablel18. The summary of initiavelocity data in the absenemd presence of G3:6H-Val 40. Chy

at 0.4uM
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Mixed Model Inhibition G3.5-OH-Val

4 =
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Figure 52. Mixed mode inhibition and LineweavBurk plots of BTNA 26] at various
concentrations of G3:®H-Val 40at 0.4 uM of Chy

Dendrimer
Kinetic G3.50H-Val 40
inhibition data
Vax, NMs? 5.24(+£ 0.182)
Alpha, U 0.85(+ 0.012)
Ki, pg/mL 24.60(+ 0.500)
Km, UM 5.50(x 0.004)

Table19.Summary of kinetic parameters obtained for functionalised-G815/al 40.
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2.3.8 Comparison of functionalised G3.50H dendrimer with tyrosine, phenylalanine

and valine

Overall, the data confired our predictions withregard to amino acid availability and
populations at interfacial/binding areas. In particular, the binding affinity of dendrimers
functionalised with tyrosine and phenylalanine for chymotrypsin was high. In contrast,
valine-functionalised dendrimers demaraged the lowest inhibition and therefore weakest
binding. Valineis occurs commonly in protein structures, but its availability is lotheit
binding/interfacial areasTable 20 shows the initial rates at the highest substrate
concentratiog which shows that the tyrosine and phenylalanine systems inhibit 48%, and
42% respectively, confirming good binding. However, theneadiystems bind very weakly
only inhibiting 8 % (+ 5%).

Control
G3.5-OH-Vval
G3.5-OH-Phe
G3.5-OH-Tyr

nitroaniline 3, (mMM)

Concentration of

0 500 1000 1500 2000 2500 3000
Time (s)

Figure 53. The rate plots of 8.0 uMBTNA 26(substrate) in the presence and absence for all
functionalised G3.%DH (1.6uM) during hydrolysisat 0.4 uM of Chy

Dendrimer Control / G3.50H-Val G3.50H-Phe G3.50H-Tyr
Kinetic nonfunctionalised 40 39 38
inhibition data G3.50H
3.240 2.995 1.890 1.680
Initial velocity (V), nMs? (x0.217) (x0.321) (x0.765) (x0.771
Percentage Inhibition (%) 0 8 42 48

Table20: Initial velocity translated into percentage inhibitidrom Figure 53
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Dendrimer G3.50H-Val G3.50H-Phe G3.50H-Tyr
Kinetic 40 39 38
inhibition data
Vimax, NMs* 5.24(x 0.182) 6.00(x0.011) 6.00(x 0.013)
Alpha, U 0.85(x 0.012) 1.45(+0.015) 1.95(x 0.(21)
Ki, pg/mL 24.60(x 0.500) 1.93(+0.012) 1.23(+ 0.017)
Km, UM 5.50(x 0.004) 6.31(x0.022) 6.56(+ 0.015)

Table21. Summary of kinetic parameters obtained for all functionalised G815

One of the aims was to study the possibility sihg a neutraldendrimes that cannobind
proteinor induceinhibition. The aim was to functionaligbe dendrimers nottovalently

with amino acids known to be good and bad for protein binding and use inhibition as a
method to assess bindintable21 summarises the kinetic and intiibn results. Thé&/max
obtained for the functionalised G3@H showeda Vmax0f 6.00 nMs! when functionalised

with tyrosine and phenylalanine, and slightly loviar valine. TheKny values were also
smaller with G3.80H-Val 40, indicating stronger bindingbetween the enzyme and
substrate. From thg values and Lineweavdurk plots, we confirmed that the tyrosine

and phenylalanine ligands demonstrated competitive inhibition. It also can be observed that

Uwas higher for tyrosin88 (1.95 vs 1.45 for phenylalanir3).

Dendrimers functionalised with valine, showed weak bindinguexadmpetitive inhibition

(U= 0.85). The result was confirmed through a Linewedwk plot, which did not show

a common yintercept. Valine does not camb suitable functionality that can interact
(electrostatically H-bonding, aromati¢-~ e t ds)onlyacapdble ofveak hydrophobic
binding, whichis very weak, giving a higKi of 24.60 pM. In contrast, Tyr and Phe h&d
values of 1.93 pM and 1.23 pMespectively. As discussed above, tyrosine bound most
strongly, as it has the extra hydrogen bond contributed by theo@Hhearomatic group.

The results indicate the importance of functionality on molecular interactions with respect

to binding to the prain surface of Chy.

In addition, the results show that the head group of the linear chain is important.
Speci fi cal | yand phehylanindargmatc groupresalts in stronger binding
than valine. As such, we have shown that the orientatibnesfr chain is almost certainly

with the head group pointing out (interacting with the protein) and the hydrophobic tall
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inside the dendrimeff this was not the case, then aflthe amino acid chains would have

bound the same and given similar rated Evels of inhibition.
239 The effect of the dendrimer terminal 0s

We could compare theresultssofardndt er mi ne whet her the dendr
or the functionality contributes the most to the interactions. This was achieved by
comparing theneutral dendrimer (G3-®H 31) with tyrosine ligandsvith the results from

the G3.5COOH 12 dendrimers withand withoutthe tyrosine linear chain®1l. By

comparing the results from tbeexperiments, which are shown schematicalllyigure54,

we will be abé to determindghe extent ofany cooperative interactions for tharious

dendrimergystem.

G3.5 -OH

-\/\/‘-‘. 1 interaction

(a)

G3.5 -CO,H

1 interaction + chy
(b)
G3.5 -CO,H 2 interaction )
Wa¥ IPEva®alls
(C) Q=
Figure 54 I Il lustration to determine whether it i s

functionality of the ligand that contributélse most to the secondary interactions. One interaction

when a) G3.8D0H-Tyr 38 is functionality tyrosine inding is important and b) G3:600H 12
possesses dendrimerds terminal charge (carboxyl
c) G3.5COOH-Tyr 24 which is cooperative interaction between carboxylates and tyrosine ligand.
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Figure 55: Rate plots of 8.0 uNBTNAZ26 (substrate) irthe presence and absence of dendrimer
inhibitors (0.8 uM) during hydrolysiat 0.4uM of Chy

Dendrimer Control/ G3.50H-Tyr | G3.5COOH | G3.5COOH
3.50H 22 38 12 Tyr 24
Kinetic
inhibition data
Initial velocity (V), 3.240 2.162 1.090 0.876
nMs? (x0.217) (£0.843) (x0.100) (x0.022)
Percentage 0 33 66 73
Inhibition (%)

Table22:Initial velocity translated into percentage inhibition from data obtaiimeBigure 55.

Figure 55 showsall of the data. fie neutral G3H 31 dendrimerdoes not bind to
Chy, butcan bind when it encapsulates the tyrosine linear clgawing a relative
binding value of 33%When the arminic G3.5COOH 12 binds to the positive surface
of Chy, there istsonger relative binding of 66%hilstthe G3.5COOH Tyr 24 system
hasa relative binding affinity of 73%.

Overall, the data tells us that the neutral dendriwwvitr encapsulad aromatic aino
acids resulted in reasonable binding, veitiJof 1.95 anda Ki=1.23 uM. However, the

Ki decreased significantly when the carboxylate dendrimer was used (0.31uM).
comparison the strongest binding occurred with the carboxylic acid dendrimers
encapsulad with tyrosine chainK; is 0.19 uM andJ = 3.02) [Table 23). However,

although binding is strongest for the carboxylic acid/tyrosine deedrcomplex, the
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increase in bindindgetween dendrimer and dendrimer /chain compgemodest In

contrast, the difference for the neutral system was relativgly(83%)

In addition, the binding of the carboxyliciddendrimer/tyrosine complex wkessthan
the predicted binding by addingthe neutral dendrimer tyrosine complés the
carboxylic acid dendrimer (no tyrosine). That is, if the bindiag additive then the
carboxylic acid dendrimer/tyrosine complex should have had a relative bindatg o
least 99% (33% for neutrdlyr dendrimer plus the 66% for the carboxylic acid
dendrimer). This tells us that binding is dominated by chahgege interactions, with
the weakertyrosine ligandonly reinforcing the bindingvhere it canAs such, the us
of charge can result in strongn- selectivebinding with selectivity being provided by
different functionalities on the linear chaifherefore, to get more selectivity,

dendrimers and/ or linear chains with less charge may need to be used.

Dendrimer
G3.50H G3.5COOH
Kinetic Tyr 38 E8,2 Rl Tyr 24
inhibition data
Vinax, "Ms! 6.00(+ 0.013) 6.00(+ 0.011) 6.00(+ 0.005)
Alpha, U 1.95(+ 0.(21) 2.57(+ 0.002) 3.02(+0.002)
Ki, ug/mL 1.23(+ 0.017) 0.31(+ 0.020) 0.17(x0.004)
Ko, UM 6.56(+ 0.015) 6.34(+ 0.030) 6.41(£0.022)

Table 23: Summary okinetic parameters obtained from a linear fit of data for the enzyme
catalysed hydrolysiBTNA26 including a control,G3.5-OH-Tyr 38, nonfunctionalied G3.5
COOH12, andfunctionali®dG3.5COOHTyr 24.

In order to validatany cooperative/additivieinding, we compared our results to those
in the literatureWork by Gilles et al. reportech functionalised copolymer that could
inhibit a 0.5 uM solution of chymotrypsin with andg= 0.44 uM.>% The kinetic data
obtained forG3.5COOHTyr 24 complex translated into the percentage of enzyme
activity shownin Table24 and an IGo value of 0.23 pMwasobtained from a plot of
[BTNA 26] vs [G3.5COOHTyr 24] (0.4 uM solution of chymotrypsin We cannot
compare our results directly with work of (&, because tlseibstrate and concentration
of theenzymes used were different. However, if we normalise for the enzymevéhen
get anlCso of 0.28, which issignificantly better than the I£g of the copolymers studied
by Gilles®* This supports our earlier assumption that ahganised shapéendrimer
acts as a scaffold faresent its terminal chargesasize controlledmanner and present

the functionalised linear chaiirsan organised arrangemesm, as to maximise binding.
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Enzyme Activity (%)

[G3.5COOHTyr24],| 2.0uM 4.0 uM 6.0 uM 8.0 uM
uMm BTNA 26 BTNA 26 BTNA 26 BTNA 26
0.0
(control) 100 100 100 100
0.2 4950 52.15 54.07 54.63
0.4 33.91 36.77 41.37 39.51
0.8 18.19 21.53 24.21 27.04

Table24: Data of the enzyme activity obtained from the previous dabhlé 9 G3.5COOH-
Tyr 24) at 0.4 uM of Chy.
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o

o
ry

807 ICgo =0.23 MM

Enzyme activity / %

0.0 0.2 0.4 0.6 0.8 1.0
[G3.5-COOH-Tyr],mM

Figure 56. Determination of the 165 value from the data iable 9

In our casethe value of 160 (0.23 uM) is greater thal{ (0.17 puM), which is another
indicator of competitive inhibition. An I is traditionally used in medical apghtions

to allow comparisosto be made between various systems. However, recent studies tend
to compare; values as these reflegche binding affinity, with lhe 1G telling us more

about the functional strength of the inhibitGas a drug. ®8’?2 Neverthelessjn
establishing nottovalent interactionwith Chy,we do not know ifcomplex formation

has altered or denaturdte structure of the proteins. This can be studied using circular

dichroism (CD) and looking for changes in spediedore andafter binding to the
dendrimer systems.
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2.3.10 Circular dichroism (CD)

This technique can identify denaturation on the secondary structures of protein and
polypeptides. The measurement was carried out at pH 7.46 (phosphate buffer 0.1 M)
and 37°C.Two characteristic minima conformatioasChy occur in the CD spected

232 and 204 nm® The experiment was conducted by campg the CD spectra of Chy

with the spectra obtained for the dendrimer species. The results attained for the
dendrimer, with and without chains, do not denature Chy and this concurs with the
literature. In this case, the dendrimer systems are sufficidptigmic/flexible and can
change shape to maximise binding, through a process known as the induced fit

mechanismt’’* The results are shown Figure57.
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Figure 57. CD spectra for chymotrypsin alone and when bound functionalised dendrnimer
phosphate buffer.

The same technique was also used to determine the effect of binding upon protein
stability at various temperatures, specifically, to establish whether the dendrimer
chain/protein complex would be more or less stable when subjected to an increase in
tempergure.Although the functionalised dendrimer did not denature the protein, it may
have weakened its structure and made more susceptible to small changes in temperature.
As a result, dendrimer binding may make it easier to denature, and changes in the CD

spetrum would be seen at lower temperatures (compared to unbound protein).
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Alternatively, binding may strengthen the structure and make it resilient to large changes
in temperature. In this case, changes in the CD spectrum would occur at higher
temperatureg§relative to unbound protein).

Therefore, Chy and the protein/dendrimer complexes were heated fr@n@85C
with interval time 1C per minute. Figure 59 shows the change in intensity relating to

the denatured protein plotted against temperai280nm. The results obtained for the

functionalised dendrimers and Chy wesmeilar as those obtained for Chy alone.
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v Chy-G3.5-COOH-Tyr
v Chy-G3.5-OH-Tyr

20 4

40 45 50 55 60 65
Temperature (C)

Figure 58. Temperature profilesf percentage denaturation ohymotrypsin when bound to a
functionalised dendrimeat 230 nm in phosphate buffer.

Therefore the protein structure does not change with the presence of the dendrimers

system. As such, any effect on the protein function is not caused by structuralschange
to the protein (as a result of binding).
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24 Conclusion

Our aim was to use nefmnctionalised dendrimers and incorporate targeting and binding
groups norcovalently into the surface of the dendrimer. A number of linear chains were
synthesised and eapsulated within the dendrimer to give the functionalised system.
The dendrimers act as a scaffold for the linear chain, which bind to the protein. The
functionalised systems that were used confirmed the importance of the charge at the
dendr i me rlde bindirg.r Wa also demonstrated that neutral dendrimer
functionalised with a different amino acid chain could also bind well to the protein. This
confirms that although charge is important, the terminal functionality is key with respect
to binding. Thenext step was to investigate if the same methodologies could be applied

to other proteins.
2.5 Future works

Future work relating to this project, would involve developing new multivalent
dendrimerchain complexes that contains a number of different amtints avhich can

be presented at their surfafeigure 59). In addition, we will develop a dynamic
combinatorial approach, to synthesise functionalised dendrimers using different amino
acids chains that can form crdsss to template together oritlv the dendrimer, in the
presence of a protein. This would allow optimum ligand binding opportunities at its

binding surface.

Protein

Dendrimers of different sizes \4

\AA W

Functionalised chains

Figure 59: Dynamic Combinatorial Library to seffelected dendrimegprotein complex.
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2.6 Experimental
2.6.1 Instrumentation

NMR Spectroscopy
'H NMR and**C NMR spectra were measured using Brucker AVX400 MHz, Brucker
HD400 MHz and Brucker AV1400 MHz.

Infrared (FTIR) Spectroscopy
FT-IR Spectrometer was used, and the spectra was analysed by a Perkin Elmer.

Mass Spectrometry

Matrix Assisted Laser Desorption Ilonisation Time of Flight (MAEDDF)
Spectrometry and Electrospray lon Mass (&) and were performed to analyse the
sample.

UV/Vis spectroscopy
The measurement was carriadt by Analytik Jena AG Speocd S500 and recorded by
the Software (WIinASPECT).

Circular Dichroism Spectrometer (CD)
The protein slution was analysedby a Jasco (Model-810) at the wavelength 200
250°C The result obtained watudied using origin software.

2.6.2 Synthesis ofPAMAM dendrimers

Synthesis of PAMAM G0.5(4 OMe) 1

Ethylenediaming EDA (10 mL, 150 mmol) in methanol (150 mL) and methyl acrylate
(57 mL g, 630 mmol) was added in droplets over 30 minutes. The reaction mixture was
allowed to stir aroom temperature for 24 hours. The exceslvent and unreacted
methyl acrylate were removed andrified. The product (50 g, 9%) G0.51 obtained

as a yellow oail.

FTIR (3madcm?), 2954 (QCHs, stretch), 1730 (C=Qester), 144FCH;, bend),1174 (€
0), 1124, 1039 (eN); 'H NMR (400 MHz, MeOD), 3.8 (12H, s, OCHs), 2.77 (8H.,
J7.0Hz, NCH,CH2CO), 2.53 (4Hs, CH:N), 2.48 (8H,t, J7.0Hz, NCH,CH.CO); *C
NMR (100MHz, MeOD), 174(C=0)52.0, 51.0(CHs), 48.5, 32.0(CHy); Mass spec
(ES)405 (MH"), 427 (MN&) ,ES-MS Cis H32 N2 Og =406 (calculated)

Synthesis oPAMAM G1.0 (4 NR) 2

A PAMAM GO0.51 (49.40 g, 0.12 mol) in methanol (120 mL) was stirred and EDA
(309.26 g, 5.14 mol) was added dhafse for 45 minutes. Thenixture was allowedo

react at oom temperature for 3 days. Methanol and the excess of EDA were removed
at 45°C atreduced pressui@nd purified with an azeotropic solution (1.0nhixture of

9:1 toluene: methanpland washed again with methanol (100 mL). The purification
process was carried out several times until the EDA was completely removed and dried
atreduced pressurdhe final product (6§, 95%) obtained51.02 as a yellow oil:

FT1 Raddm3), 328 (N-H, stretch), 2937 (&, stretch),1646 (C=0), 1560 {N,

bend), 1462, 1442 (@, bend);'H NMR (400 MHz, MeOD), 3.27 (8H, J 6.5Hz,
CONHCHp), 2.76 (8Ht, J7.0 Hz, CHoNCHy), 2.74 (8H,t, J 6.5Hz, CH.CH2NH>),

2.55 (4H,s,CH2N), 2.38 (8H,t, J 7.0Hz, CH,CONH); *3C NMR (100MHz, MeOD),
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174.0(C=0), 52.Q 50.0, 42.Q 405, 32.5(CH,); Mass spedES), 517 (MH), 539
(MNa"), ESMS Cz2 Hag N1o Os4 = 516 (calculated)

Synthesis oPAMAM G1.5(8 OMe) 3

A PAMAM G1.02(30.72 g, 59.46 mmol) in methanol (100 nas stirrecat 0 °C and
methyl acrylate (103.24g, 1.20 mol) was added in droplets for 45 minutes. The mixture
wasallowedto react at room temperature for 3 days. After completion of the reaction,
the solvent wasoncentratedt reduced pressure at 46. The product wadried and

(63 g, 8%6) G1.53 obtained as a yellow oil:

F T Ra/cfni3d), 3312 (NH, stretch), 2952 (&, stretch), 2876, 1735 (C=0, ester),
1650 (C=0), 1537(M), 1436 (CH, bend);*H NMR (400MHz; MeOD) 3.68 (24Hs,
OCHa), 3.27 (8H,, J 6.5Hz, NHCHy), 2.80 (24Ht, J7.0Hz , NCHy), 2.57 (12H¢, J
6.5Hz, CH:N), 2.48 (16Ht, J 7.0Hz, CH,CO), 2.41 (8H¢, J 7.0Hz, CH,CO); 1°C

NMR (100MHz, MeOD), 172.5 (C=0),171.68C=0),53.0, 52.0(CHz), 51.5,505, 49.5

38.0 33.5 33.0(CHy); Mass spec (ES},205 (M),1227 (MNd), ESMS Cs4HgsN10020
=1205(calculated)

Synthesis oPAMAM G2.0 (8 NR) 4

A PAMAM G1.53(40.70 g, 33.76 mmol) in methanol (100 mL) and EDA (325.4 g,
5.42 mol) was added dropwise for 45 minutes. The mixtureailk@sedto react at room
temperature for 6 days. The purification process was carried out with an azeotropic
solvent (2.0L mixture d 9:1 toluene: methanpbndwashed withmethanolagain(100
mL) until the EDA was completely removed. The product was dried 4hd, @7 %)
G2.04 achieved as a sticky yellow oil

F T 1 Ralcnd), 3286 (NH, stretch), 2938 (&, stretch), 1646 (C=0, ade), 1561
(N-H) ; '"H NMR (400 MHz, MeOD), 3.27 (24H, J 60 Hz, NHCH,), 2.81 (24H{, J
7.0Hz, NCHy), 2.74 (16Ht, J 60 Hz, CH2NH>), 2.60 (12Ht, J7.0Hz, CH:N), 2.35
(24H,1, J 6.5Hz, CH,CO); 13C NMR (100MHz, MeOD), 172.0(C=0), 1735 (C=0),
52.551.0,50.0 42.0, 41.0 37.5, 33.232.5(CH); Mass spec (ES), 1430 (MH ES

MS Ce2 Hi2s N26 O12 = 1429(calculated)

Synthesis ofPAMAM G2.5 (16 OMe)5

A PAMAM G2.03(29.18 g, 20.42 mmol) in methanol (100 mL) was stirred and methyl
acrylate (70.74 g, 0.82 mol) was added dropwise for 45 minutes. The nakowed

to react at room temperature 5 dalbethyl acrylateand the excessolvent were
removed at 48C at redwced pressuteThe product was dried under a high vacuum to
yield G2.55 (42 g, 72%) as a sticky yellow oil:

FT1 Ralcfnd), 3298 (NH stretch), 2952 (& stretch), 1735 (C=0, ester)p45
(C=0, amia), 1552 (NH, amide bend), 143&H,); *H NMR (400 MHz; MeOD) 3.69
(48H, s, @CHa), 3.28 (24Ht, J 6.5Hz, NHCH2), 2.82 (24Ht, J7.0Hz, NCHy), 2.79
(32H,t, J7.0Hz, NCHy), 2.62 (12H}, J7.0Hz, NCH>), 2.58 (16H{, J 65 Hz, CH:N),
2.49 (32H,t, J 7.0 Hz, CH.CO) *C NMR (100 MHz, MeOD), 1730 (C=0),
172.5(C=0), 171.5(C=0), 53.0, 525, 52.0(CHs), 50.0,49.7,49.5, 37.5, 37 ,34.Q,
33.5,320 (CHy);

Mass spec (ES2806 (MH"), ES-MS C126 H224 N2s Oa4 = 2807 (calculated)

Synthesis oPAMAM G3.0 (16 NH) 6

A PAMAM G2.55 (24.78 g, 8.82 mmol) in methanol (100 mL) was stirred. EDA
(104.28 g, 1.74 mol) was added dropwise for 45 minutes. The mixturalagdto
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react at room temperature for 10 days. The crude product wifiegwith azeotropic
solution (2.0 Lmixture of 9:1 toluene: methandio remove EDA at 45C. The final
product washedvith mehanol (100 mL) andEDA was completely removedy

repeating the purification procesghe product was dried tovg a G3.06 (289, 97 %)
as a yellow oail:

F T Ra/cfnid), 3290 (NH, stretch), 3090 (& stretch), 1639 (C=0), 1562 {N),

1487 (CH); 'H NMR (400 MHz, MeOD), 3.27 (24H, J 7.0Hz, NHCH,), 2.82(32H,
t, J 6.0Hz, CH-N), 2.70 (56H{, J 7.0Hz, CH2N), 2.59 (32H{, J6.0Hz, NCH,), 2.38
(56H,t, J7.0Hz, CH,CO); *C NMR (100MHz, MeOD), 175.0 (C=0), 46 (C=0),
174.4 (C=0), 51.4,49.1, 41.64, 39.9, 3638.8 (CH); Mass spec (ES3257(MH"),

ESMS C142 H2gg Nsg O2¢= 325G calculated).

Synthesis of PAMAM G3.5(32 OMe) 7

A PAMAM G3.06 (24.98 g, 7.68 mmol) in methanol (100 mL) and stirred. Methyl
acrylate (51.62g, 0.60 mol) was added dropwise for 45 minutes. The mixture was
allowed to reactor 4 daysMethyl acrylateand the excess solviemere removed at 45
°C atreduced pressurd&he product of G3.3 (38 g, 81%) obtainedas a sticky yellow
oil:

FT1 Raddm3), 3296 (NH stretch), 2952 (& stretch), 2832, 1736 (C=0, ester),
1642 (C=0, amide), 1550 ¢(N bend),1440 (CH); 'H NMR (400 MHz, MeOD), 3.69
(96H, s, OCHa), 3.29 (24H{, J 5.0Hz , NHCH>), 2.86 (32H{, J 6.0Hz, NCH,), 2.78
(56H,t, J 7.0Hz ,NCH>), 2.65 (64Ht, J 7.0Hz, NCH>), 2.58 (32H{, J 6.0Hz, CH:N),
2.49 (64H¢t, J 7.0Hz , CH.CO), 2.40 (56Hf, J 7.0Hz, CH,CO);**C NMR (100MHz,
MeOD), 1735(C=0), 53.052.5,49.8, 495, 49.0(CHz), 37.4, 36.5 33.5 31.5(CHy);
Mass spec (ESH014(M), ESMS Ca70 Haso Nsg Og2 = 6014 (calculated)

Synthesis ofPAMAM G4.0 (32 NH) 8

A PAMAM G3.57(19.44 g, 3.24 mmol) in methanol (100 mL) was stirred. EDA (93.5

g, 1.56 mol) was added dropwise for 45 minutes. The mixturealiasedto react for

10 days at room temperature. The crude product was purified with an azeotropic solution
(2.5 L mixture of 9:1 toluene: metharcht 45°C to ensure the EDA was completely
removed. The crude product was washed with methanol (100 mL) and concentrated.
The product of G4.8 (21 g, 92%) obtained as a yellow oll

F T 1 Ralcfnd), 3282 (NH, amide stretch), 3088, 2945-(€C stretch), 1645 (C=0),

1558 (NH bend), 1468 (Ckibend);*H NMR (400 MHz, BO), 3.25 (56Ht, J 6.0Hz,
NHCH,), 3.15 (64Ht, J 6.0Hz, NHCH,), 2.74 (120Ht, J7.0Hz, NCHy), 2.63 (64H,

t, J 6.0Hz,NH.CH> ), 2.54 (60H,t, J 6.5Hz, NHCH>), 2.34 (120Ht, J 6.50Hz,
CH.CH>); *C NMR (100MHz, D;0), 175.0 (C=0), 58, 50.0, 42.0 , 40.0, 36.533.0,

32.5 (CH); Mass spec (ESHE913 (M),ES-MS Cszo2 Heos N1220s0 = 6913 (calculated).

Synthesis oPAMAM G4.5 (64 OMe )9

A PAMAM G4.08 (13.38 g, 1.94 mmol) in methanol (60 mL) was stirred. Methyl
acrylate (33.04 g, 0.38 mol) was added dropwise for 45 minutes. The mixture was
allowed to react at room temperature for 7 dMethyl acrylate and the excessvamt

were removed at 4% atreduced pressurg&he product 0f54.59 (22 g, 91%) obtained

as a sticky yellow oil

F T 1 Ra/cnd), 3415 (NH stretch), 2933 (& stretch), 1724 (C=0, ester), 1645
(C=0), 1568 (NH bend), 1436 (CH bend}H NMR (400 MHz, MeOD), 3.69 (192H,

s, OCHs), 3.29 (120H,9, J 5.5Hz, NHCH.), 2.85 (128H¢t, J 7.0Hz, NCHy), 2.79
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(120H, t, J 7.0Hz, NCH>, 2.63 (60Ht, J 6.0Hz, CH,.CH,), 2.58 (64H, J 6.0Hz,
CH2CHN), 2.49 (128Hf, J 7.0Hz, CH.CHy), 2.41 (120H}, J 7.0Hz, CH.CH.CO);
13C NMR (100MHz, MeOD), 1B.5 (C=0), 173.0 (C=0), 53.625, 51.0, 50.0, 49.5,
38.0, 37.5, 34.033.0(CHy); Mass spec (ES},2410 (MH), ESMS CssgHgg2N1220188=
12411(calculated).

2.6.3 Synthesis of PAMAM-COOH dendrimers

Synthesis oPAMAM G1.5COOH (8 COOH)

A PAMAM G1.53 (28.86 g, 23.94 mmol) was dissolved in 60 mL of methanol and
water (ratio 10:1). Sodium hydroxide (8.16 g, 0.20 mol) was added and the mixture was
stirred and refluxed for 4 days at 456. The excess solvent was removed at@%at
reduced pressurdhe product oflG1.5COOH 10 (7.0 g, 27%) obtainedas a white
sticky solid:

FT1 Ral/cfnd), 3266 (NH stretch), 2819, 1645 (C=0), 1559-Nbend), 1403 (CH
bend), 1317, 1155, 1117, 1036, 948; NMR (400 MHz, 20O), 3.25 (8H,t, J 6.0
NHCHy), 2.72 (24Hm, N(CH2CHy), 2.54 (12H}, J 7.0Hz,CH.CH>N), 2.35 (8H.t, J
7.5Hz, CH,CH,CO), 2.28 (16Hf, J 8.0Hz, CH.CH,C); 1*C NMR (100MHz, D-0),
182.0(C=0, carboxiic acid), 173.5C=0), 51.0, 50.5, 50.0, 49.0, 36.5, 34.82.5
(CHo); Mass spec (ES)1093(M), 1115 (MN&), ESMS CaeHsoN10020 = 1092
(calculated).

Synthesis ofPAMAM G2.5-COOH (16 COOH) 11

A PAMAM G2.55(30.56 g, 10.88 mmol) in 88 mL of methanol and water (ratio 10:1)
and stirred. Sodium hydroxide (6.98 g, 0.174 mol) was added and refluxefGafets
3 days. The excess solvent was removed dC4f reduced pressui@nd dried under a
high vacuum. The product &2.5COOH 11 (26 g, 92%) obtained as pale yellow
solid:

F T 1 Ra/cfnd), 3255 (NH stretch), 3095, 2942, 2838, 1645 (C=0), 15554 Nend),
1398 (CH bend);*H NMR (400 MHz, BO), 3.25 (24Ht, J 6.0Hz, NHCH,CH,), 2.73
(56H, m, N(CH.CH,), 2.55 (28H,t, J 7.0Hz , CH.CHy), 2.35 (24H,t, J 7.0Hz,
CH2CH.CO), 2.28 (32Ht, J 8.0Hz, CH,CH,CO); *C NMR (100MHz, D;0), 181.5
(C=0, carboxiic acid), 174.5 (C=0), 52.0, 51.5, 50.0, 49.86.5, 34.5 , 33.,032.5
(CHy); Mass spec (ESR582 (M) ESMS Ci10H102N26044=2582 (calculated).

Synthesis of PAMAM G3.5-COOH (32 COOH) 12

A PAMAM G3.57 (8.82 g, 1.46 mmol) in 44 mL of methanol and water (ratio 10:1).
Sodium hydroxide (1.94 g, 48.40 mmol) was added and stirred. The mixture was
refluxed for 3 days at 4%. Theproduct was concentratatireduced pressui 45°C

and dried under a high vacuum. The producG8t5COOH 12 (8.0g, 97 %) obtained

as a yellow solid:

FT1 Ralom3), 3265 (NH stretch), 1638 (C=0), 1560 {N bend), 1398 (Clj,
1318, 1205, 1155, 1029, 8784 NMR (400 MHz, BO), 3.23 (56H,t, J 7.0Hz,
NHCH-CH), 2.75 (120Hm, N(CH2CH>), 2.56 (60H}, J 6.0Hz, CH.CH2N), 2.37 (56H,

t, J 7.0Hz, CH.CH,CO), 2.30 (64Ht, J 8.0Hz, CH,CH,CO); ¥*C NMR (100MHz,
MeOD),179.0 (C=0, carboyg acid), 173.5 (C=0), 52.0, 51.0, 503¥5, 355, 33.5
(CHy); Mass spec (ESh563 (MHY), ESMS Ca3gHa1eN58092=5562 (calculated).
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Synthesis ofPAMAM G4.5-COOH (64 COOH) 13

A PAMAM G4.59 (8.71 g, 0.70 mmol) in methanol and water (ratio 10:1, 35 ml) and
stirred. Sodium hydroxide (1.67 g, 41.70 mmol) was added and refluxed®@tfd63
days. The excess solvent was removed &C4& reduced pressum@nd dried under a
high vacuum. The produ&4.5 PAMAM-COOH (8.0 g, 98%) obtained as a yellow
sticky oil:

F T 1 Ralod), 3255 (NH, amide stretch), 3074, 2945, 2819, 1645 (C=0), 1558 (N
H, amide bend), 1402 (GtHbend):*H NMR (400 MHz, RO), 3.23 (1BH, m, NHCH>),
2.74 (248 Hm, NCH2CHy), 2.56 (124Ht, J 7.0Hz, CH.CHy), 2.35 (120Ht, J 7.0Hz,
CH,CH,CO), 2.26 (128Ht, J 8.0Hz, CH.COOH);3C NMR (100 MHz, DO), 181.5
(C=0, carboxylic ad), 173.5 (C=0, amide), 52,61.1 ,50.0, 48.5 , 36.5 34.5, 320
(CHy); Mass spec (ESL1522(MH™), ESMS CagaHsgsaN1220188 = 11521 (calculated).

2.6.4 Synthesis of PAMAM-OH dendrimers

General procedure to synthesisneutral PAMAM dendrimer

To a solution of half generabn dendrimerin DMSO was added witlpotassium
carbonat@endethanolaminen droplets. The mixturevas stirred and refluxed for 3 days

at 50°C. The crude product was filtered reduced pressure to remove any solid
residues. The filtered product was washecvetetone (2 x 600 mL) using a large
conical flask. The oil product was observed, and which was allowed to settle at the
bottom of the flask. The upper layer (acetone) was decanted off and 4.0 mL of distilled
water was added to dissolve the product. Tluelpet was precipitated in acetone and
allowed to settle and the upper layer (acetone) was decanted off. Traces of solvent were
removedat reduced pressure. €lproduct was dried to yie®AMAM-OH dendrimer

Synthesis ofPAMAM G1.5 OH (8 OH)29

A PAMAM G1.53(28.62 g, 0.024 mol) was dissolved inhd of DMSO. Potassium
carbonate (32.82 g, 0.24 mol) artdaaolamine (14.50 g, 0.24 molere added portion
wise to the mixture and was stirred and refluxed for 3 days & 50he purification
was followedas mentioned abov&he product was dried to yield GEGH 29 (14 g,
40%) as a concentrated yellow il

FT1 Ralom3) , 3295 (NH stretch), 3097, 2948, 2845, 1643 (C=0), 156eH)\
1445 (CH), 1363, 1315, 1223, 10684 NMR (400 MHz, BO), 3.58 (16Ht, J 5.5Hz,
CH2CH20H), 3.24 (24Hm, NHCH2CHy), 2.76 (24H,m, N(CH2CH), 2.56 (12H}t, J
7.0 Hz, CH:CH;N), 2.37 (24Ht, J 70 Hz, CH,CH.CO):**C NMR (100MHz, D20),
175.0 (C=0), 13.5 (C=0), 60.0,52.0,50.0,49.0, 41.5, 37.0, BM(CH>); Mass
spec (ES)1438 (MH), 1460 (MN3@), ESMS Ces2H120N18020 = 1438(calculated).

Synthesis ofPAMAM G2.5-OH (16 OH) 30

A PAMAM G255 (14.06 g, 5.02 mmol) was dissolved in 14 mL of DMSO.
ethanolamine (6.30 g, 0.104 mol) and potassium carbonate (14.14 g, 0.102 mol) were
added portion wise with continuously stirring and was refluxed &560r 3 daysThe
purification was followed as nnéioned aboveThe product was dried tawg G2.50H

30(15 g, 94%) as an orange oil

FTI1 Raldm3), 3395 (NH stretch), 2955, 1640 (C=0), 1564-{, 1445(CH),

1315, 1072, 1026H NMR (400 MHz, BO), 3.56 (32Ht, J5.5Hz, CH,CH,OH), 3.23
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(56H, m, NHCH,CHy), 2.76 (56H, J7.0 Hz, N(CH.CH,), 2.53 (28H, J7.0 Hz,
CHxCH2N), 2.34 (56Ht, J 7.0 Hz, CH.CH.CO); 3*C NMR (100MHz, D-0), 15.5
(C=0), 1745 (C=0), 60.0, 51.5, 49,0415, 39.0, 36.5, 33.0(CH>); Mass spec (ES),
3272 (MH),ES-MS Ci42H272N42044 = 3272 (calculated).

Synthesis ofPAMAM G3.5-OH (32 OH) 31

A PAMAM G3.5 7 (11.08g, 1.84 mmol) was dissolved in 8 mL of DMSO.
Ethanolamine (4.42 g, 0.072 mol) and potassium carbonate (9.00 g, 0.066 mol) were
added portion wise. The r&son mixture was refluxed for 3 days at 8D. The crude
product was filtered under vacuum to remove any residlles. purification was
followed as mentioned abovEhe final poduct was dried to obtain G3®H 31 (12 g,

99 %) as an extremely sticlgrange solid:

FTI1 Ra/dnd) , 3265 (NH), 3072, 2918, 2826, 1640 (C=0), 1549-) 1438
(CH>), 1364, 1295, 1030, 958, 885, 824;NMR (400 MHz, BO), 3.56 (62Ht, J 5.5
Hz, CH.CH>OH), 3.25 (120Hm, NHCH2CH?), 2.75 (120Hm, N(CH.CH.), 2.55 (60H,

t, J6.0 Hz, CH,CH,N), 2.36 (120H, CLCH:N); ¥*C NMR (100MHz, D;O), 1751
(C=0), 174.5(C=0), 61.5, 60.0,52.0, 49.0, 44.0, 42.0,,3330(CH>) ; Mass spec
(ES),6941 (MH), ESMS Cs02Hs76N90092 = 6940(calculated).

2.6.5 Synthesis of LinearChain

Synthesis of methy3-butyramidopropanoate
H

o N
HsC”

T
The mixture of butyric acid chloridd.31g, 12.3 mmol) and beta alanine methyl ester
hydrochloride (1.885g, 13.5 mmol) were dissolved and stirrediéd &CM (50 mL)
at 0°C. Dried triethylamine (3.75g, 36.8 mmol) was added dropwise under nitrogen
condition. The reaction mixture was allowed to cool at room temperature and refluxed
at 60°C for 24 hours. The crude product was washed with sodium hydrogenatarbo
solution The solution was combined and dried withJ8@4 and filtered. The organic
solvent was removedt reduced pressure and the final prod(lt©92g, 65%)was
obtained as a viscous dark yellow: oll
FTI1 Ral/cfnd), 293 and 28B(C-H stretch), 168 and 180 (C=0 stretch), 150
(N-H bend),'H NMR(400 MHz; MeOD) 3.79 (2Hn, CH), 3.60 (3H,s, CHg), 2.58
(2H,t, J 7.0Hz, CH), 2.32 (2H,t, J 7.0Hz, CH2CH>), 1.39 (2H,m, CHy), 0.92 (3H,
J 7.5Hz, CH3 CHy); *C NMR (100 MHz;MeOD) 173.6, (C=0), 51.9 (GJ{ 40.8, 35.5,
35.3, 22.2 (CH), 13.1 (CH); Mass spec (ES) 174 (MH ESMS GgH1sNOs = 173
(calculated).

Hydrolysis of methyl-3-butyramidopropanoate
o o M_ethyl—3-butyramidopropanoate (2.0 g) was added
with KOH (2 ml, 2M) in TH= (10 mL) and 1.0 mL of
Ho N water. The mixture was refluxed at for 24 hours.
H The solvent was removeat reduced pressure and

washed with sulfuric acid (2 mL, 2.0 M) followed by
sodium hydrogen carbonate (2 mL, 2.0 M), and water. The solution wasreed and
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dried with Mg@SOy and filtered and dried under a high vacuum. The product (2.0 g,
96%) obtaineds a white powder:

F T 1 Ralon3), 3550- 3200 (broad, s),2935 and 2872-Cstretch), 1680 and 1640
(C=0 stretch), 150 (N-H bend).

Boc protected chain (L6)
O o)
N N
H H

n-propylaminel4 (1.0 g, 0.0169 my) Boc-b-alaninel5(3.41 g, 0.018 molxnd DMAP

(4.40 g, 0.036 mol) werdissolvedin DCM (100 mL). EDC.HCI (3.45 g, 0.018 mol)
and triethylamine (5.17 g, 0.0507 melere added to the mixture. The mixture was
allowed to react under nitrogen condition. The crude productwaased with brine
solution (100 mL x 3), and the aqueous layers were backwashed with DCM and the
phases separated. The organic layers were aadlectd dried with Mg Q4. The solvent

was concentratedt reduced pressure and dried under a high vacuum to give boc chain
16 (4.09, 96 %) as a white powder:

FTI1 Ralom3), 3335 (NH stretch), 2968 (&), 1682, 1645 (C=0), 1528 (N
bend);'H NMR (400 MHz; CDC}) 5.85(1H, s,CH;NH), 5.25(1H, s, CONH), 3.45
(2H,9, NHCH2 CHy), 3.25 (2Hg, J 60 HzNHCH> CHy), 2.45 (2H{, J 60 Hz, CH.CO),

1.55 (2H,m, CH,CH,CHs), 1.45 (9H,s, CH2CHzg), 0.95 (3Ht, J 75 Hz, 3x CHs); 13C

NMR (100 MHz; CDC4); 172.5(C=0), 155.8 (C=0), 80.5 (COH3), 41.5, 37.036.5

29.0 (CHg), 23.0 (CHp); Mass spec (ES) 230 (M ESMS CiiH22N2O3= 231
(calculated).

Boc deprotection chain 17)
o)

\/\N/U\/\NH

H 2
Boc protected chaih6 (3.0 g, 0.013 mol) in DCM (25 mL) and TFA (25 mL) was added
and stirred for 24 hours under nitrogen condition. The cpundduct was washed with
water (5x 25mL) and concentrated under vacuum. The final product was dried under a
high vacuunto yieldamide chainl7 (1.4 g, 82 %) as a yellow oil:
FTI Ralond), 2978 (NH), 1645 (C=0), 1558 (¥); *H NMR (400 MHz; DO)
3.10 (2H,t, J 6.98Hz, CH2CH), 2.98 (2Ht, J 70 Hz, CH.CH?), 2.51 (2Ht, J 7.0Hz,
CH>CHy), 1.36 (2Hm, CHsCHz), 0.75 (3H{, J7.0 Hz, CHCHs); 3C NMR (100 MHz;
D20) 171.5 (C=0)43.0, 41.5, 36.0, 32.0CH), 21.5 (CH); Mass spec (ES}31
(MH"), ESMS CsH14N20 = 130(calculated).

Amide chain (18)
(0] o) o
\/\N)J\/\N/”\/\NJ\ k
H H H O
Boc deprotection chaifh7 (2.65 g, 0.02Gnmol) in THF (50 mL) and was added with
Boc-b-alanine (3.85 g, 0.020 mol), DMAP (4.89 g, 0.04 mol), EDC.HCI (3.83 g, 0.020
mol) and triethylamine (6.11 g, 0.06 mol). The mixture was allowed to react for 24 under

nitrogen condition. The crude product weashed with brine (100 mL x 3jljluted HCI,
and the aqueous layers were backwashed with DIBM organic layers were combined
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and dried with MgSQs and the solvent wasemovedat reduced pressure. The final
product was dried under a high vacuum to yiE8d4.5 g, 78 %) as a cream coloured
powder

FT1 Ra/om3), 3306 and 2965 (NH),2935 and 2875 (€&l), 1689 and 1635 (C=0),
1538 (NH); *H NMR (400 MHz; CDC}) 6.83 (1H,9), 6.8 (1H,s), 5.32 (1H,s, NH),
5.18 (1H,s, NH), 3.55 (2Hg, J 60 Hz), 3.37 (4Hm, CH,CHy), 3.24 (2Hg, J 7.0H2),
2.55 (2H,m, CH.CHy), 2.43 (4Hm, CH.CHy), 1.55 (2Hm, CH>CH3s), 1.42 (9H S, 3 X
CHs), 0.95 (3H, J 7.0Hz,CH:CHs); *3C NMR (100 MHz;CDCls) 175.6 (C=0),156.0,
79.5,37.2, 37.9,42.5, 36.1, 39.8, 23.1, 28.4 ACH2.0 (CH); Mass spedES) 302
(MH"), 324 (MN4), 202 (MH - Boc). ESMS C14H27N304= 301 (calculated).

Amine chain (19)

Amide chainl8 (4.5 g, 0.016 mol) in DCM (25 mL) and TFA (25 mL) was added and
stirred. The mixture was allowed to react for 24 hours under nitrogen condition. The
DCM was removeat reduced pressus 50 °C, purified with water (2 x 100 mL) and
dried to give a dark brown oil. The crude product was purdigainwith DCM (2 x

100 mL) diluted HCL(2 mL)and with water (100 mL)l'he excess solvent was removed

at 50 °Cat reduced pressurand dried under high vacuumh@& product contained
impurities and was used to the next step. The crude product (3.0 g, 93%) obtained as a
dark brown oil:

FTI1 Ralcfnd), 2938 (NH stretch), 1645 (C=0, stretch), 1555-KNbend), 1178

and 1130 (€N); *H NMR (400MHz; CDCk), 7.86 (H, t, J 6.0Hz), 7.75 @H, s), 3.26
(2H,dd, J 130 Hz, 70 Hz, CHy), 3.18 (4Hys), 2.96 (6Hm), 2.54 (2H}, J 70 Hz), 2.45

(4H, m, CH,CH2NH?>), 1.38 (2H,m, CH,CHs), 090(3H,t, J 70 Hz, CH,CHg); 13C NMR
(100MHz; CDCk) 172.5, 170.5, 170.0C=0), 40.5, 36.0 35.5, 350, 33.0, 32.0, 23.0
(CH), 12.0 (CH3); Mass spedES) 202 (MH'), 223 (MNa) ESMS GgH19N302=
201(calculated).

Boc-protected tyrosine chain 20)

OH
O (o) 0 ;
H

HN_ O
g
(0]

Amide chain19 (1.0 g, 4.98 mmol) was dissolved in THF (40 mL) and -Bgoosine

OH (1.4 g, 4.98 mmol), DMAP (1.2, 9.96 mmol) were added followeboly
triethylamine (1.52 g, 0.015 mol) and EDC.HCI (0.g84.0 mmol). The reaction
mixture was allowed to react 24 hourslannitrogen condition. The crude product was
washed with brine (100 mL x 3), and the aqueous layers were backwashed with DCM
and the phases were separated. The organic layers were collected and dried and
concentratedo yield a yellow oil which crystallesd into a yellow powder. Silica
chromatography was used to purify the crude product (gradient of 10 % methanol) in
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DCM. The fractions collected, and the solvent was remateelduced pressure. The
product of Boc chai0 (1.5 g, 65%)pbtainedas a vhite powder:

FT 1 Ra/om3), 3305 and 2968 (M, stretch), 2935 and 28784€), 1688 and 1639
(C=0 stretch), 1536 @ bend), 1168 (&N ); *H NMR (400 MHz; MeOD) 7.04 (2H,
d, J 8.5Hz, mCHar), 6.72 (2H,d, J 8.5Hz, 0-CHar), 4.18 (1H,t, J 70 Hz, CH2CH),
3.42 (4H,m, CH2CHy), 3.15 (2H¢t, J 70 Hz, CH.CHy), 2.98 (1Hdd, J 14.0Hz, 6.0 Hz,
diastereotopi€H>), 2.75 (1H, J 14.6iz, 90 Hz, diastereotopi€Hy), 2.38 (2Ht, J 7.5
Hz , NHCH,), 2.31 (2H,g, J 60 Hz, NHCH2CH), 1.55 (2H,m, CHsCH), 1.38 (9Hs,
3x CHs), 0.95 (3H,t, J 7.5Hz, CH,CHs); *C NMR (100 MHz MeOD) 174.5, 173.5
(C=0), 132, 128.5, 115.5, 49.0, 41.0, 36.0, 35.0, P3H)), 28.5(CHz3); Mass spec
(ES) 487.5 (MN@), 387.4 (MNa-Boc), ESMS Cy3H3sN4Os = 464 (calculated) UV
Absorbancé Me O Rax(nng278 225.

Tyrosine chain 21)

OH
O e} 0 ;
\/\NJK/\NJI\/\N
H H H NH,

Boc-protected tyrosine cha0 (1.0 g, 2.15 mmol) in DCM (20 mL) and TFA (10 mL)
was added and stirred. The mixture was allowed to react for 24 hours under nitrogen
condition. The crude product was washed with water (4 x 25 mL) and purified with
DCM (4x 25 mL) and concentrated undercvam. The product dried under high
vacuum for overnight. The product of tyrosine ch2ifl.5 g, 65%) as white powder

FTI1 Ralof3), 3288 and 3086 (M1 ), 2936 (GH ), 1634 (C=0), 1536 and 1512
(N-H), 1185 and 1138C-N ); *H NMR (400 MHz; MeOD 7.08 (2H,d, J 85 Hz, m-
CHar), 6.78 (2H,d, J 85 Hz, 0-CHar), 3.96 (1H,t, J 7.0Hz, CH.CH), 3.42 (4H,m,
CH:CH:NH), 3.15 (2H, t, J 7.Hz, CHCH>), 3.6 (1H, dd, J 14.0Hz, 7.0 Hz,
diastereotopi€H>), 2.95 (1H,dd, J 14.0Hz, 8.0Hz, diastereotopi€H), 240 (2H,t, J
7.0Hz, CHCHp), 2.35 (2H,9, NHCH2CHy), 1.55 (2H,m, CHsCHy), 0.92 (3H,t, J 7.5

Hz, CHCHg); *C NMR (100 MHz; MeOD) 173.5, 173.5, 171(G=0), 13.0, 126.0,
117.0(ArC), 60.0, 43.0, 38.0, 37.5, 37.5, 3638.5 CH>), 24.0, 12.qCHz3), Mass spec
(ES) 365 (MH), ESMS C1gH2eN404 = 364(calculated).UV Absorbancd Me OHa o
(nm) 275 227.

Boc-protected phenylalanine (32

0]

N

H HN_ O
W{‘
(@]

3madcm! (FTIR) 3048 (NH), 2928 (GH ), 1638 (C=0 ), 1529 (C=C aromatic) and
1514 (NH), 1180 and 1136 (@®l); *H NMR (400 MHz; MeOD)7.40( 2H,t, J9.0Hz,
m-CHAr), 7.29 (2Hd, J 8.5Hz, o-CHAr), 7.27(1H,t, J9.0Hz, p-CHAr), 3.98(1H, t,

J 70 Hz, CHCH), 3.45 (4H,m, CH.CHy), 3.15 (2H,t, J 70 Hz,CH: CH), 3.(6 (1H,
dd, J 14.0Hz, 8.0Hz, diastereotopic B>), 2.95 (1H, J 14.61z, 8.0Hz, diastereotopic
CHy), 242 (2H,t,J 7.5 HzCH.CHy), 2.38 (2Hg, J 70 Hz, CH.CH.:NH), 1.58 (2Hm,

o o
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CHsCH2CHy), 1.44 (9H,s, 3x CH), 0.95 (3H,t, J 7.5Hz, CH.CHz); *C NMR (100
MHz; MeOD)173.5, 172.5,170.2 (C=0), 130X22, 1206 (Car), 57.0, 43.0, 38.0, 38,0
37.5, 35.5, 24.012.0, 82% yield; Mass spec (ES) 447 (M) ESMS C23H36N4Os =
448 (calculated)lUV Absorbancd Me O Rax(nng-275 227.

Phenylalanine chain 83

NH,
FTI R1a>Jc¢né) : 3035(NH), 2923 (GH), 1634 (C=0), 1528 (C=C aromatic) and
1515 (NH) and 1330 (&N); *H NMR (400 MHz; MeOD)7.40 ( 2H,t, J9.0Hz, m -
CHAr), 7.29 (2Hd, J 8.5Hz, 0-CHAr) , 7.27 (1Ht, J9.0Hz, p-CHAr), 3.96 (1H,t, J
7.2Hz, CHCH), 3.45 (4Hm, CH,CH-NH>), 3.15 (2H¢t, J 7.0Hz,CH. CHy), 3.09 (1H,
dd, J 14.0Hz, 8.0 Hz, diastereotopic B2), 2.95 (1H,dd, J 14.0Hz, 8.0 Hz,
diastereotopic 8>), 240 (2H, t, J 7.0Hz ,CH>NH), 2.35(2H, q J 70 Hz, CH.CHy),
1.58 (2H,m, CHsCH,CHy), 0.98 (3H,t, J 70 Hz, CHCHzs); *C NMR (100 MHz;
MeOD) 173.5,172.5,171.5 (C=0), 129128, 120.6 (AC), 55.4 ), 38.0 CH>), 25.0,
12.0 (CHs), 65% vyield; Mass spec (ES) 347 (Ml ESMS CigH2eN4Os= 348
(calculated)UV Absorbancd Me O Rax(nmg275 227.

Boc-protected valine chain 34)

HHNO

FTI1 Raldd), 2932 (NH stretch), 1640 (C=0, stretch), 1552-N bend), 1324,
1170 and 1131 (@); *H NMR (400 MHz; MeOD), 4.55(1H, d, J 5.5Hz, CH), 3.45
(4H, m, CH,CH2NH?), 3.10 (2Ht, J 7.0Hz,CH2 CHy), 2.66 (1H,sept CH(CHz)2), 2.40
(2H, t, J 7.0Hz ,CH2NH), 2.35 (2H,q J 70 Hz, CH:CHy), 1.58 (2H,m, CHsCH.CHy),
1.44 (9H,s, 3x CHp), 1-0.98 (6H,d, CH(CHs)2), 0.95 (3Ht, J 7.5Hz, CHCHg); 13C
NMR (100 MHz; MeOD) 173.0, 172,605 (C=0), 80.0 (C),64.0,41.0, 37.0, 34.5,
32.0, 29.0 CHs), 19.5 (CH),12.0(CHa); 72% yield; Mass spec (ES)399 (MH"), 299
(MH" - Boc) ESMS C19H36N4Os = 400 (calculated) UV Absorbancg Me O kh
(nm) 275, 227.

Valine chain (35)

NH,
FTI Rax/c(mé) , 2940 (NH stretch), 1657 (C=0 stretch), 1566-KN\bend), 1280 and
1130 (GN); *H NMR (400 MHz;MeOD),5.28 (1H,s, NH), 3.55 (1H,d, J 5.5Hz, CH),
3.45 (4H, m, CH.CH:NH»), 3.10 (2H,t, J 70 Hz,CH.CH,), 2.40 (2H,t, J 7.0
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Hz ,CHNH), 2.35 (2H,q J 7.0Hz, CH.CHy), 2.26 (1H,sept CH(CHs)2), 1.58 (2H,m,
CHsCH:CH), 1-0.98 (6H,d, CH(CHs)2), 0.91(3H, t, J 7.5Hz, CH.CHzs); 13C NMR
(100 MHz; MeOD) 172.5 170 (C=0), 41.0, 8.0, 35.0, 32.0, 29.CH,), 18.5
(CH3),13.0 (CHs); 55% yield; Mass spec (ES) 299MH™), 323 (MNd), ESMS
C14H28N403= 300(calculated). UV Absorbancd Me O Rak(nmg-275 227.

2.6.6 Encapsulation of the chains within the PAMAM dendrimer

Preparation of TRIS buffer solution

Tris(hydroxymethyl)aminomethan@&RIS) (6.05 g, 0.05 mol) was added into 500 mL
of distilled water. The pH of theolution was monitored and adjusted with hydrochloric
acid until the pH of the solution wasachedr.46. The TRIS buffer solution obtained
had a concentration of 0.1 M.

General procedure for the encapsulation

Dendrimer and the cha{excess 10 ggvere dissolved in methanol. The solutions were
combined and stirred for 24 hours in room temperature. The solvent was reatoved
reduced pressure and the residue was dissolved in TRIS buffer. The solutions were
filtered to remove the excess insoluble chains before being analysed via UV.

2.6.7 U-Chymotrypsin for Binding Assay

Preparation of phosphatebuffer

Disodium hydrogen pdsphate (14.48 g) andamosodium dihydrogen phosphale?b

g) were dissolved in 1.0 L distilled water. The pH adjusted to 7.46 with HCI| or NaOH
and the buffer solution obtained with the concentratioriVD.1

Preparation of functionalised dendrimer (Z)

Dendrimer and linear chaiexcess 10 ggn methanol and was stirred for 24 hours at
room temperature. Methanol was removed reduced pressurgo vyield a
dendrimer/linear chains garecipitate. The c@recipitate produced was didsed in
phosphate buffeand filtered

Preparation of 4 nitroaniline solution (Beer-Lambert)

A series of 4nitroanaline28 in DCM solution with different concentrations was
prepar ed. T hauesgereaubes at 410 hnn amch Beeambert washown
the relationship between absorbance and concentrationsimbdnaline28.

Preparation of U-chymotrypsin solution

U-chymotrypsin(5 mg)was dissolved in 200 mL ghosphate buffer (pH=7.46, OM)

to give 1.0 x 18 M solution Protein solutionvas added to the dendrimer/functionalised
dendrimer Z) in equal volume and the solution was shaken for 24 hours prior to assay.
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The binding experiment for anionic dendrimer G3.5 COOH12

General procedure:

All of the specimens were dissolved in 011 o f phosphate buffer
Dendr i mer prepared with different concen
incubated with 1.0 x &M Uchymotrypsinfor 24 hours prior to assay. For control
experiment, the cuvette began witkchymotrypsinand buffer solution (1.0 mi0-
chymotrypsin and 1.0 mL phosphate buffer) or 2.0 mL predeimdrimer/functionalised

solution and was added with 0.5 BINA 26. Hydrolysis of theBTNA 26 substrate

was monitored by recording thentroanilineab s or bance at & = 410 n
intervals for a period of 2400 s.

Assay of DendrimerChymotrypsin Activity

For each final concentration of dendri mesl
was measured &TNA 26 (substrate) concentrations o€2M, 4 e M, 6 € M, ar
All experiments were performed at an enzyme concentratiortef M . Il nitia vV e

I
for each dendrimer/substrate combination was obtained by linear fittings of 4
nitroaniline production over the time using Graphpad prism Tritial velocity
conditions were observed in all cases. All measurements were recorded at least three
times. The data obtained wadotted and argsed using the ImRed mode inhibition
model and transformed into Lineweadrnk plot.
*For G3.50H31wi t h concentration (0. 4
used excess 010 eq respectively.

, 0.8 and
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Chapter 3

Functionalised Dendrimer For

Measuring Binding To Cytochrome- C
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3.0 Introduction

An electrontransport protein of great significance for electron transfer as well as
apoptosis, cytochrome constitutes an appealing target. Otherwise referred to as
mitochondrial protein, cytochromeis made up of 104 amino acids and one heme
group, with the latteserving as electron transporter in energy transduction because it
can shift between ferrous @}pand ferric oxidation states (F&>There are two minor

and three major helices constituting the cytochranséructure and they give rise to a
heme pocket by folding in a round shafSeCationic lysine residues and hydrophobic
domains are arranged along the border of the heme edge surface.iftiicatve of
strong dependence electrostatic interacivith its protein partnercytochrome c
peroxidase(Figure 60). The interaction happening ihe protein active site can be

accommodated by targeting the residues to take advantage-obwaent interactions.

Figure 60: The ribbon structure of cytochrorzewith a heme moiety

Scaffold macromolecules, includingpipyridine metal complexed, fullerenes’®
dendrimers 4 fullerene @&ndrimers’® and anthracen®,canbind to compete with its
protein partneof cytochromec. As argued in theeconcchapter page22), dendrimers
provide a suitable platforrto matchinterfaceof protein. Meawhile, in a different
approach, Tetracarboxyphenyl porphyrin (TCPP) can serve as a basis for the
development of ligands capable of targeting protein surfaces because they present
relativelylargesurface characterised by hydrophobic#yso, binding can be detected

by fluorescent emission sptrocopy which simplies the binding studieBisherfirst
reported the binding of TCPP to cytochromewith 0.055 mM Kq.8 In a different

study, Hamilton and colleagues produced cytochrorigands ohigher affinityusing
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anionic functionalisedalix[4]arene!* 8 The number and position of the cationic sites
on the protein surfaces deternsribe binding affinities, given thahe multianionic
site of the synthetic receptors was fixed oro rigid macrocyclic scaffolds. A
supramolecular complex resulted from thieraction between thterminal carboxylate

anions surrounding the heme depression and the cytoclraatenic surface.

:Ry =Rs = H, Ry = Ry = (5)-CH,COOH
. R1 = R3 = H, R2 = (S)-CHchOH

R? Ry = (s)-HzC@OH

R"="Bu, R?=NH
1 2 2 :R1=R3=H, Ry = Ry = (s)-(CH2)sNH;"
:R"=H, R?=NO,

o}

(b) T
N 4
H 5

Iw IN
(2]

Figure 61 : Chemical suctures of(a) Calix [4]arene (b) Cyclic Peptide Loops, and (c)
Calix[4]arene attached to four peptide loops fitre surface recognitiono Cytc. Adapted with
permissiorfrom Hamilton and ceworker.8%84

The interactio between cytochrome and the apoptopic protease activating factor
(APAF1) has been validated by earlier resedfc®uch an interaction may induce
apoptosisThecalix[4]arene scaffoldoulddisrupt theeytochromec- APAF1complex
with a Kg of 30 nM®& Furthermore,Hamilton also showed that an amino acid
functionalised TPRvas capable of recognisingytochromec. Moreover,asthe amino
acid and peptide derivatives surrounding the external euagtirbed fluorescent
guenching todiffering extents,then differing proteins could be recognisky the

different fluorescence quenchif®chemel8).8’
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TyrAsp

CH
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;"?{ X N NH,

Lys 1,5-Pentane-Diamine
NH,

(a) R=-COOH (b) R= E)L OMe

Figure 62: Scaffolds of tetraphenyl porphynmith the hydrophobic and anionic groups
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Another observation derived frothetetraphenyl porphyristudies wasthe number of
existing hydrophobic and anionic groups determines the relative affinity of a receptor to
the surface of a proteias shown irFigure62. Such a receptor exhibits higtffinity
binding in a liquid environment. The receptor with the greatest affinity for the
cytochromec surfacg20 nMKoy) is receptor (djlue tothe highestnumber ofcarboxylic

acid and phenyl groupsThese groupsbind cytochromec by electrostaticand
hydrophobic interactioas illustrated irSchemel9. Such a finding suggests that this
may not oty have an ability for protein surface recognition but may also have promising

qualities of medicinal relevanc¥.

Negatively charged / Hydrophobic\
\ Interaction /
- _

:‘
0.' * Electrostatic
Q Interaction

Synthetic receptor

Positively charged -

Cytochrome-c

Schemd9: The binding mechanism of cytochrome

Evidence was provided by Crowley and colleagues about the occurrence of a dynamic
assembly of porphyrimteractions displaying energetic similarity taking up a number

of distinct patches on the surfaéé-urthermore, it was observed that a decrease of up
to 50°C in the melting temperature of cytochrecn@as achieved bgorphyrinwith
appropriate functionality. By contrast, the melting temperature of cytochcowees
unaffected by porphyrimpi ghl i ghti ng that the Adenatur.i
complementarity*® The applied assumption was that the preferential binding of
porphyrin to protein in its unfolded state was what caused the effect. Meanwhile, in a
different study, Hamilton provided proof that a 25°C decrease in the melting
temperature of cytochrome was triggered by a receptor based on tetrabiphenyl
porphyrin, suggesting preference for negative cooperative binding to cytochrimme

its unfolded st 8°
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By comparison to frebase counterparts, metalloporphyrins exigbicker aggregation

in a liquid environment owing to improvegap stacking’®®! Hence, proteins could
possibly be detected through interactions between metals and ligands, since binding
displaying selectivity and high affinity could be achieved with fewer interactions. This
led to the develoment of dendrimers based on zi@l} porphyrin, with binding to
cytochromec being achieved based on thyrophobicmetalloporphyrin core and the
electrostatic bindingeading to a stable porghn/cytochromec complex Meanwhile,
Tsukube and colleagseundertook the creation and synthesis of prdeadrimers
(latd4a) as synthetic r ec ptagglutammicsacid uaipwitp r i si n
four lysines and each with 2 carboxylic acid (at the surfadejy each dendrimer,
hydrophobic dendrons (berzsther groups), a hydrophilic polyether surface ensuring
solubility in water, and a fluorescent zinc porphyrinate as core serving as signalling
device Scheme20). Competitive inhibition disrupted the interaction betwdéAF1

and cytochrome %?

1a (generation 1): R = Me

2a (generation 2): R =

0O—(CHz)2~0—(CH2),—OMe

~C,

\
(CH2)2~0—(CHa),—OMe

= Me
HOM 3a (generation 3): R =

HN " CO,H

C2-ketoCer HO,C-

. R1
NH ‘ 0—(CH;)2>0—(CH,), —OMe

o) : :
oo : /_@ :
‘ o 3
NH ‘ (CH2)2~0—(CHp),—OMe
o) NH I N e m e m e e e e e a1
0 CO,H
R2

COzH

O
Q) A 5 ow S
NH
" \OKI\)&N/\/\COZH 4a (generation 4) : R =
H
o} -

OR

,LA 3 0-R,
HOC CO,H : Rs
RO OR :

: o}

OR RO < é ”””””””””””””

Scheme0: The chemicastructure of proteadendrimers (1lata)

The present assay demonstrated that 2a was the qoleteoimer with the highest
potency, being the least cytotoxic and the most soluble. Interaction occurred between

the proteedendrimeé polyanionic patch and theytochromec polycationic patch (four
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protonated lysines), the interfacial area being around 1000DAscription of the

interactions of polyanionic G1.51G4.5 PAM

and colleagues as well. Cytochromeuenching was achied by those dendrimers
based oG 1 . 5 7 @X4H términal groups and bindingpncovalentlyusing TCPP as
a competitive (Hot) ligand® Hence, thidype of interaction between proteins could be

disrupted with the help of this category of recepférs.
3.1 Aims and Obijectives

In addition to U-chymotrypsin, cytochrome (Cytc) was #s0 selected as a target
protein to assess dendrimer binding and the potency d@ittetionalised dendrimers.

The same nogovalent methodology for adding the targeting groupgs¢bymotrypsin

was used. Cyt was specifically chosen as its binding scefégs well documented. In
addition, it has a porphyrin moiety that is capable of quenching chromophoric ligands
bound to the interfacial/hotspot area. Therefore, fluorescence spectroscopy can be used
to quantitatively measure binding. This feature was log@eel by Hamilton as a method

to directly measure the binding o&ffacarboxyporphyrinsTCP) to Cytc.#

Recent studies undertaken within the Tywman group have foundpbgttayrin cored
dendrimer ould bind to the surface of Cyt and quench its fluorescent sigfalhese
dendrimers possessed a simple negatively charged siHfagever, the use of covalent
chemistry to add the porphyrin core was difficult. The difficulty would be made worse
if covalent chemistry &s alsaised to add targeting groups to the surface. To overcome
this limitation, the group initiallystudied a nostovalent systegnwhere the signaling

porphyrin was encapsulated within a sample dendrBobeme21(a).
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+
TCPP Cyt-C
e —

PAMAM 32-CO,H
(a) Ideal complex

Cyt-C

Tetracarboxyphenyl  ©
porphyrin
(TCPP)

(b) Possible complex
- False result

Scheme1. Possible binding complexes that could form when the TCPP/dendrimer complex is
added to the protein. Both results ageenching. a) Ideal complex between dendrimer and
protein b) complex between TCPP and protein that results in a quenched signal, but no
dendrimer binding.

The method used an insoluble porphyrin chromophore that could be complexed via
hydrophobic effects tahe interior of the dendrimers. If this complex bound, then
guenchingof fluorescencevould be observed. The method worked and quenching was
observed, but there were other possibilities that could have generated the same result.
TCPP is encapsulated withithe dendrimer via hydrophobic and electrostatic
interactions. However, it is possible for TCPP to be released andhdieypendentlyo

the protein(via electrostatic interactiopsThis would generate a false res8ttheme

21(b).

To overcome this problenTetraphenyl porphyrif PP, which isnsoluble and could

not bind to the protein was studiddowever, thidailed as TPRvas not encapsulated
very well. The problem was solved using the phenolic porphyfigure 63). The
phenolic group is acidic enough to bind #lestatically to theamines within the
dendrimerput alsonot the protein. In additionyhenthe porphyrin wasnetallated it

could also coordinate to the internal nitrogens of the dendrimer and help strengthen

binding(via a cooperative binding effect)
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OH

SR

o - O

HO OH
Figure 63: The compound of-Bydroxyphenyl porphyrin (phenolic porphyrin)
The aim of this project was to extend the abmantioned approadby incorporating

binding groups noitovalently to thelendrimeyas shown irScheme22.

|
e

+g§

NG
+

G3.5-0OH Linear Chains  ZnTHPP Dendrimer-Chain-
quencher ZnTHPP complex

Scheme22: A ZnTHPRdendrimerchain complex formed when the dynamic system was

established
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3.2 Results and discussion

3.2.1 Synthesis of Zinc Tetrahydroxyphenyl Porphyrin (ZnTHPP) 44

In order to coordinate with the dendrimer and help strengthen binding, zinc was inserted
into the porphyrin. ZnTHPRI4 was synthesised using a tstep process, which
involved the synthesis of THRB, which wasobtained $cheme23) from the reaction

of pyrrole41 and 4hydroxy benzaldehydé42 in refluxing propionic acid for 3 hours.

The mixture was cooled t& C and the solid obtained collected by filtration. The solid

was washed with a mixture of propionic acid and ethanol before it was dissolved in

methanol and concentrated in a vacuureldyig purple crystal$3

HO OH

o QA

/ \ Propionic Acid
{ \ +
—>
N
H reflux
on o YO
HO OH
41 42 43

Schem&3:Synthesis of Tetrahydroxyphenyl Porphyrin (THEB)

‘ L
]

4 DMSO 4o oH

phenyic o-CH
pyrrolic ring

phenylic 2-OH Free base proton

phenylic =-CH

T T T T T T T T T T T T T T T T T T T T T T T T T T
10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0.5 -1.0 -L5 -20 -25 3.0
f1 (ppm)

Figure 64: 'H NMR spectrum of Tetrahydroxyphenyl Porphyrin (THB®) DMSO solvent
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The structure was confirmed By NMR (Figure64), which showed peakat 8.85 ppm
corresponding to the pyrrolib-H of the porphyrin ring. Tw doublets were also
observedwhich corresponded to resonances of the phenylic protons at 7.18 ppm and
7.97 ppm ¢rtho andmetarespectively). Further signals were observed withemical

shift of 9.99 ppm, related to the hydroxyl groups. The free base protons (inner NH) were
observed at2.92 ppm due to strong shielding by the porphyrin macrocycle. The UV
spectrum showed an intense absorption at 418nm corresponding to the sehrEbba

Q bands, ab20 nm, 560 nm, 595 nm and 655 nm, were also obseRER spectra
showed signals for OH, NH and C=N groups3248 cm', 2924 cm' and 1609 cm,
respectively. Mass spectrotng analysis confirmed the masé$ the product with a
molecular ion at 679 (MH).

HO OH

o “)

Zinc- acetate

—>
DCM

(7 N () [

HO OH
HO OH

44
43

Scheme4: Synthesis of Zinc Tetrahydroxyphenyl Porphyrin (ZnTH#&P)

Zinc was inserted into the porphyrin by refluxing THB® with zinc-acetate in
dichloromethane (DCM) for 30 minutes $cheme24. The product was filtered to
remove unreacted ziracetate. ThéH NMR spectrumshowedthat zinc had been
inserted asthe peak for the free base protons was no longer vigibB92 ppmMass
spectrometrgonfirmed insertion with a niecular ion peak observed at 748H"). The
UV-Vis spectrumexhibiteda Soret band at 428m and only two Q bands at 596 nm
and 661 nm; a reduction from the four bands of the free base porphyrineXistep

was toencapsulate ZnTHP# within a dendrimewia coordination.
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3.2.2 Complexation of ZnTHPP 44 with functionalissd PAMAM

To formthe dendrimechain porphyrin complek Figure65, a solution oZnTHPP44
with a concentration ofl..0 x 10° M in a phosphate buffer solutiomas preparedA
dendrimer-chain complesolution was prepared usibgh mgof G3.50H 31 PAMAM
dendrimer an®.6 mgof Tyr chains21 dissolved in methanoMethanol was removed
underreduced pressure and 1.0 Ltbe ZnTHPP 44 porphyrin buffer solution was
added. The final concentrations@8.5OH-Tyr 38 werel.0uM of dendrimerand9.76
MM of the linear chain respectively. UV/Vis spectroscopy was used to confirm the
encapsulationVe observed that when ZnTHRRwas added to the dendrimer solution,
the absorption of the porphyrin soret band shifted to a new signa abd§igure66).
The change was due toardination binding between ZnTHR® and the nitrogens
within dendrimer Eigure67).
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Figure 65: The additional interaction prodied by coordination cEnTHPP
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Figure 66: The UV spectrum of ZnTHPP buffer alone and 1.0fuNttionalsed G3.5COOH
12 added to ZnTHPP buffer solutiof.Q pM).

Figure 67: The coordination binding made the absorption of the porphyrin soret banddshift
from 425 nm to 43@m
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3.2.3 Assessment of binding between dendrimer and Cyd using norrcovalent

targeting and non-covalentsignding.

The aimfor this studywas to confirm how important and how strong the polyvalent
interactions from the amino acids were to the binding ofcCitherefore, ouinitial
stepwas to incorporate binding groups roovalently to a dendrimer thabwld not

bind Cytc. Our main targetas to bindo the surface of Cyt as shown irFigure68.

CytC
G3.5---OH 4+ * f Eyre
Cyt C
CytC

P

G35--OH 4+ | 4 \L\ S
fo X

= ZnTHPP

Figure 68: A functional group from thehains provide binding to active site of @yt

Our firstexperiment was carried out to measure any reduction in porphyrin emissions,
when a solution of Cyt (1.0uM) was titrated into a solution of ZnTHPP buffar0

MM). No change in intensity occurrexh the fluorescent readingpnfirming that the
porphyrin did not bind to Cyt. The nextcontrol was undertaken to determine if there
wasany effect on intensitwhen9.76 uM (maxmum for encapsulation controdyf the
targeting chains was added to the ZnTHPP buffer solution without dendrimer. No
change in the intensity of porphyrin fluorescence was observed during these
experiments. Therefore, we concluded that the linear cdanmst bind taZnTHPP44.

To confrm that G3.50H 31did not bind to the protein, a control experiment was carried

out up by adding a solution of dendrimer in ZnTHPP buffer to the protein (at constant
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porphyrin concentration). Again, no effect on @yfluorescence was observed. The
experiment was repeated with the addition of the tyrosine @iaihheencapsulation
of experiment was carried oass previously described in section 3.2pade 118).
Cytochromec (0.3 mg) wasincubatedin dendrimefchain solution to give dinal

concentration of 1.0 puM.
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200000
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Intensity (1)
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50000 SS%ee. /)

550 600 650 700 750
Wavelength (nm)

Figure 69:Emission spectra reduced after each titration of 20 pL ofcCigt a solution of G35
OH 31 (1.0 puM) in the presence of chains in ZnTHPP buffer.

This solution was then added in aliquots to a solution of the ZnTHPP/tyrosine/
derdrimer complex. As can be seenhkigure 69, the intensity of the porphyrin peak
decreased as the solution@ft-c was added. Thisonfirmsthatbinding occurredas

the intensity of th&nTHPPpeak was only quenched when chromophore-(Fytas

very close. The intensity at 610 nm was plotted against the concentrationoaGgt

the plotfitted to a 1:1 binding model usir@raphpad Prism. The @aand fit are shown

in Figure70.
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Figure 70: A binding plot of intensity of the emission against the concentration ef yated
with the absence and presence of chains in neutral-G81381 dendrimerat 1.0 uM ZnTHPP
buffer.

The data generateddéssociation constaritg, for G3.50HTyr 38 of 33 nM Ka = 3.00
x 10° M1). This was similar to the research undertaken by Hamédtahcolleagues,

who obtained &q for Tetraphenylporphyriof 20+5 nM.*’

Our data showed that binding was lower than the aboetioned study, but our ligand

was neutral and lacked the strong electrostatic interaction of TCPP. Therefore, we
proposed to use t83.5COOH 12 anionic dendrimer in the next staigean effort to
improve binding The addition of a tyrosine chain to the dendrimer may leadrio
enhanced protein binding (and recognition).

We predicted that, if the chafanctionalied dendrimer did not bind, or the chains
orientation was not compatible, the same dissociation constantl beobtained for
thedendrimer/ Tyr compleandG3.5COOH12alone Therefore, binding studies were
initially carried out withG3.5COOH 12 dendrimerand the experiment wathen
repeated using the tyrosine chaftis In both cases ZnTHPP was encapsulated as the
probe. The datais shown inFigure 71 and clearly demonstratencreased binding

strengthfor the dendrimer/ Tyr complex.
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(@)

(b)

The emission fo63.5COOHTyr 24was quenched to a greater extent than GRlb
COOH 12 alone. Plotting the intensity vs [Gg} and fitting the data to a 1:1 model
(graphpad) allowed us to calculdtefor G3.5COOH120f 10.85 nm Ka=9.22 x 10

M) and aKgqof 5.55 nM Ka = 18.00 x 10M™1) for the G3.5COOH-Tyr 24 system.
Therefore,both bind well to the interfacial area using their carboxylate groups, but
binding is significantly improved by the polyvalent interactions and functioraliye
dendrimer/Tyr complexThe chains are held naovalently, therefore, théendrimer

chain ystem is dynamic, and the chains can move to maximise any interactions. As
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£
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0
550 600 650 700 750
Wavelength (nm)
400000
350000 -
300000 - ,
Increasing
E 250000 - concentration
B 200000 - of cytc
[
£ 150000 -
100000 -

600 650 700 750
Wavelength (nm)

Figure 71:Emission spectra reduced after each titration of 20 uL ofcyt a solution of (a) 1.0
MM of G3.5COOH 12 alone and (b) 1.0 pM of G3:600H- Tyr 24in ZnTHPP buffer.
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such, the protein will establish an equilibrium where the mostestgicies are in

solution. $ecifically, the proteirdendrimer complexes.

40000
= G3.5-COOH : K4=(10.85° 0.17 ) nM
- G3.5-COOH -Tyr ; K4 = (5.55 ° 0.78) nM
30000
>
g 2000001
[J]
c
1000001
G T T 1
0 5x108 1x10-7 1.5%x10°7
[cyt-c],M

Figure 72 A binding plot of intensity of the emission against the concentration ef yated
in the absence and presence of chains

Although we have demonstrated that femvalent interactions can form a complex that
can bind and dete@yt-c, it remains unknown as to whether ot bonding between
proteins andlendrimer alters or denatures the structure of the proteins. A previous study
within the group showed that the dendrimer did not denaturec @pd Chy*® We

therefore wanted to test the effect of dendrimer binding on protein structure.
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3.2.4 Circular Dichroism (CD)

Changes in protein structure can be examined using CD, so any stradffieérences
can be identified by comparing the CD spectra of€iyt the presence and absence of
the functionalised dendrimer. The control experiment was carried out usirgg(C¥
UM) as the buffer. This was then repeated using a dendrithais/potein complex,
with the final concentration of the dendrimer and tyrosine chain being 1.8na\i0

MM respectively The measurements were carried @au?30 nmin the ZnTHPP buffer
(pH= 7.46) at 37°CAs can be seen, the CD spectra for the two systenssnaitar. The
results are shown iRigure73and indicate that the CD spectra of the dendrimer without

a chain, or unfunctionalised dendrimer, concurs with the publishedatetajoes not

denature Cyt. 3°2

204,
1 e Cyt-Conly
07 +  Cyt-C-G3.5-COOH .o°°°°°w
: o Cyt-C-G3.5-COOH-Tyr o
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Figure 73: CD spectra of Cyt when bound to nonfunctionsdd and functionated dendrimer
(with tyrosine) in the ZnTHPP bulffer.

Hamilton et al. reported that tetrabiphenyl porphysased receptercould bind with
high affinity towards the surface of Cgt(Kq = 0.6 nM) and demonstrated how binding
could affect the melting temperature of the protein using circular dichrdistor this
study, we were interested to see whether the same technique could also b® used

determine any effect of binding upon protein stability using the dendrimer system that
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they had established. In effegtg aimed to establish whether the dendrimer /protein
would be more or less stable with regard to changes in temperature whendthand t
dendrimer. As such, the dendrimer protein complexes were heated framd75C,

at 1 C per minute. The results for the functionalised dendrimers bound {0 &30
nmwere the same as those obtained for€atone, as shown fRigure74. Therefore,

it can be concluded that the dendrimers system does not change the protein structure and

that any effect on the protein function is not caused &iynple denaturation process, as
the dendrimer binds to the protein.
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Figure 74: Temperature profés of denaturation (unfolding) of Chy and when bound to a
functionalised dendrimer in the ZnTHPP bufér230 nm
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3.3 Conclusion

In conclusion, the binding potency of the functionalised dendrimers was successfully
measured using necovalent methodsThe study also confirmed that no binding took
place between the neutral G 31 and Cytc, due to a lack of terminal functionality

that could bind to the protein surface. However, the same neutral dendrimer could bind
to Cytc if the tyrosine chains &e encapsulated. The binding affinity for the tyrosine
functionalised system was 3.00 XM\ to the surface protein. The data is presented in
Table25.

Cytochromec Kd Ka= 1/K4
(Dissociation (Association
constant), nM constant), 10M

ZNnTHPP 0.00 not applicable

*TCPP alone 20.00 5.00

G3.50HTyr 38 33.00 3.00

G3.5 COOH12 10.85 9.22

G3.5COO0H 5.55 18.00
Tyr 24

Table25: Comparison dissociation and association constantgifd K,) with inhibitor to bind
Cyt-c in 0.3uM porphyrin buffer system. *TCPP without inhibitor (as reported by Hamf)

When the G3.8DH 31 system was used, the ligands were neutral and lacked any strong
electrostatic interaction. Therefore, the next stage of the study investigatéd.the
COOH12anionic dendrimer in order to determine the binding affinity from the terminal
electrostatic interaction and thus to establish the contribution to binding from the
tyrosine chain. Therefore, a baseline experiment was carried outG3iBO0OH 12

and the data was compared to that obtained from the functionalised dendrimer tyrosine
(G3.5COOHTyr 24). The binding affinity of th&53.5COOH 12 dendrimer was 9.22

x 10/ ML, When tyrosine was added, the bindingG#.5COOH-Tyr 24 increasd by

almost 100% to 18 x I0M™. Therefore, this clearly shows the importance of the

terminal groups on binding.

Weassumed that the orientation of the | i ne
pointing out, thus enabling it to interact with thetgin surface; however, it is also

possible that the O6tailé of the | inear <c¢h
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It is suggested that future work is required to confirmwhik other amino acidsThis

study has concentrated on just @meino acid (tyrosine) and due to this narrow focus,
future work is needed to investigate other functional groups, as well as complexes that
possess a number of different functionalities. This could enhance both selectivity and

recognition.
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3.4 Experimental
*Dendrimers were synthesis as previously reported ([9&ye

Synthesis of Tetrahydroxyphenyl Porphyrin (THPP)43

Freshly distilled pyrrolell (12.51 g, 180 mmol) andHdydroxylbenzaldehyd4?2 (30.0

g, 120 mmol) were added and refluxed in propionic acid (500 mL) for 24 hours at 142
C. The mixture was all owed to coel Cat r o

The crude product was washeith the mixture of propionic acid and ethanol (1:1), and

chloroform repeatedly. The organic layer was concentrated in a vaculdmgi.0

g, 25%) purple crystals.

3madcm? (FTIR) 3248 cmt (OH broad band), 2924 chNH stretch) ,1609 crh(C=N)

, 1463, 1378, 1172, 964,7981 NMR (400 MHz; DMSO0) 9.9 (s, 4H phenylicp-OH),

8. 84 (pyrrole)371¥,(dhJ 8.50Hz , 8H phenylicm-CH), 7.18 (dJ 8.50Hz , 8H,

phenylico-CH), -2.92 (s,2H, NHpyrrole); 3C NMR (100 MHz; CDGJ) 134.5, 127.6,

126.5, 120.4CHy>), 11.8 CHz3); Mass spe¢ES)679(MH™) , ESMS CisH30N4Os= 678

(calculated) UV ADbs or b ag(on® 418;0ka®@d=20 nnes 560 nm, 595 nm,

655 nm

Synthesis of Zninserted to THPP 4

A Tetrahydroxyphenyl Porphyri43 (2.0 g, 2.0 mmolyvas refluxed in 100 mL of DCM

and excess zinc acetate was added for 10 minutes. The solution was then filtered and
evaporated. The crude product was dried to give ZnTH#PR50 mg, 47%) as a purple
crystal.

3madcm? (FTIR) 2923(s),3245 cm! (OH broad band), 2924 ch{NH stretch) ,1609
cm® (C=N), 1465, 1379, 1175, 968,79%H NMR (400 MHz; DMSO) 9.97 (s, 4H
phenylic pOH) , 8. 8-gyrroles 7.96 @p8.99Hz , 8H phenylicm -CH), 7.18
(d, 8H,J 8.50Hz , phenylico-CH); 3C NMR (100 MHz; CDC$) 134.5, 127.6, 126.5,
120.4(CHy), 11.8 CHz3); Mass spedES) 743 (MH") , ESMS Ca4H2eN4OsZn = 742
(calculated)UV A Db s or b an ga€nmj 4eEe;@Qbahds Bm, 66 nm

3.4.1 Preparation for Cytochrome c (Cyt-c) binding assay
Preparation of ZnTHPP buffer solution

A porphyrin buffer solution was made from (0.022 g, 3 Xifbl) ZnTHPP44to give
final concentration of 1.0aM in phosphate buffer (pH=7.4).

Preparation of dendrimer (or dendrimer-chain) solution (Z)

The PAMAM dendrimer solutionsZ() were made up to 1.0 uM using porphyrin buffer
solution and was shaken for 2 hours at room temperature. This was in order to keep the
porphyrin concentration constant as the PAMAM were titrated.
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Preparation of cytochrome ¢ solution

Cytochromec (0.3 mg, 3.4x10 mol) was added in dendrimeZ)( (if functionalied
dendrimerchain) solution and shaken for 2 hours in room temperature to dimala
concentration of 1.0 uM

Assay of Cytochromec activity

Cytochromec solution (50uL) was added to 2.0 mL of the dendrimer/chain solutions

in porphyrin buffer Z) by fluorescence spectroscopy (Total amount in cuvette = 2.5
mL). After each aliquot was added the cuvette was shaken for 2 minutes and a
fluorescent emission reading was taken

3.4.2 Protein Binding Assy for Circular Dichroism (CD) Spedroscopy

Preparation of dendrimer /chainssolutions

Dendrimer/chain solution was made up in ZnTHPP buffersolution to give a stock
solution of concentration 1.0x10°M.

Preparation of protein solutions

For native cytochrome was prepared in ZnTHPP buffer to give 1.0%M. Followed
by dendrimer/chain protein with Cytochroroeén ZnTHPPP buffer.
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Chapter 4

Synthesis of oligmeric and monomeric
functionalised graphene oxides, their
application as improved protein ligands
and as enzyme Iinhibitors using a-
chymotrypsin as a model protein.
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4.0 Introduction

Measuring the properties of graphene and its poteapplicationhas been widely
studied and has piqued the interests of many scientists. There has been a rise of interest
this field since 2010, when Geim and Novosolev were awarded the physics Nobel Prize
for their trailblazing work in isolating graphene from bulk driég.%* A graphene oxide

(GO) is a derivative of graphene and has a large surface area and is abundant with
oxygen functional groups (alcohols, epoxides, carbonyls, and carbox{atesigure

75a. GO is chemically versatile, and Hasenexplored in many areas ranging, from
biology, material science, and pharmacology. However, protein interactions have been
less well studied.

Synthetic inhibitors of protein interactionan overcome the aggregation of protein that
can be cause a range of diseases, including thromboembdlisimpetes? and
Al zhei mer 9 $he dppemleohisiag a synthetic inhibitor lies largely in its
tailorable features, that can be desigrsahthesisedandfunctionalisel according to
the target protein. Dand Dravidfound uriunctionalisel GO has been shown to bind
the serine protease surface of proteifigure75; U-chymotrypsin (Chy) and to inhibit

its function.3!

PEG like
substitution

@ Aromatic /
Hydrophobic

Anionic/
Charged

© cationic residue
@ active pocket

Figure 75:lllustration of a) Graphene oxide (fumctionalise) b)) T h e -chymotfypsic e o f

and ¢)GO and Chycomplexation Reprinted with permission frof@e, M. J. Am. Chem. Soc.
133,17524 17527 (2011)]**
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However,in nature, proteiprotein binding has functiohgroupselectivity There are
several key amino acids which have been known to be important in terms of protein
protein interactions such dgrosine, tryptophan and phenylalania@d theyare
primarily targeted for surface recognitishAlthough there have been a number of
reports describing the functionalisation of GO with amino admsguding a recent
paper describing anagnetic nandybrid system for protein purificatiol, the
methodology and characterisation is often over simplified. For example, the most
common method of functionadition describes the use of a coupling agent and an excess
of amino acid in its nosprotected form. Téresult of which is reported as a monomeric
addition of the amino acitf.*” However, this method does not produce a GO surface
functionalsed with a monomeric layer of amino aclé®® Instead,this methodology
produces a surfadeinctionalid with an oligomeric amino acid surface. Although
coupling of the first amino acid will initially generate a monomdtinctionalised
surface, the amino acid isprotected and therefore free to react with a second amino
acid, which in turn can react with a third. Alternatively, an unprotected amino acid can
react in solution and form dimers, trimers and oligomers, which in turn can add to the
GO surface (where #y are free to react further). Therefore, what is obtained is a GO
surface with a random oligomeric layer of amino acids. Although this may be an
advantage with respect to flexibility, which can lead to high affinity and strong binding,
it can also restin a lack of selectivity. In addition, the aromatic amino acids important
with respect to protein/enzyme binding are aromatic. These will simply lay down and
bind strongly to the GO surface because of favourable and coopegrgtivieeractions.

As a resultthese interactionmust be overcome before GO can bind to the protein
surface. In comparison, a single monomeric layer willbiotl cooperatively to the
surface of GO. Therefore, any monomeric interactions between the andramddhe

GO surface will be much weaker (than the cooperative interactions possible with the
oligomers). This will make it much easier for the amino acid to interact with a protein
surface. Nevertheless, a lack of flexibility and possible steric isswslimit binding

of the mono layered GO. Therefore, it is possible for either the monomeric or oligomeric
system to bind stronge (with respect t@ach otheror GO). It is also possible that
neither will bind particularly well, and the fumctionalised GO remain the best ligand.

To test this proposition, we proposed to functionalise the surface of GO with a

monomeric and an oligomeric layer of amino acids and to assess binding affinities.
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Binding of the mono and oligo layered systems bélassessed relative to their ability

to inhibit the activity of the proteim-chymotrypsin. This is possible because the
substrate entrance to the active siteasthymotrypsin sits in the middle of its
binding/interfacial area. Thereforehen GO bindsit blocks theactive site entrance

and the substrate cannoter®efhi s wi |l | result in a reduct
which can be used to assess relative binding efficiéhcy.

4.1 Aims and Objectives

The main an of this project is to study the potentiafohctionalsedGO as an inhibitor

of proteinprotein interactions. Det al demonstrate@O inhibited the activity o’
chymotrypsin and displayed the highest inhibition when compared with all the other
previously reported artificialinhibitors® However, the limitations using GO
(unfunctionalised) in this study are its rselectivity and low affinity to the cationic
surface of-chymotrypsin. Therefore, we envisage to introduce surface recognition sites
in GO by functionalising its surface with amino acids as proposeeigure76). The
layered GO will be utilised and its properties studigzidevelop this strategy, we intend

to react the terminal carboxylic acids in GO with tyrosine, which possesses a high
affinitywith Ahot spot 0 %aWeevitl ®peat the Sameostraegyrusing
chymotrypsin as a model protein to bind with GO (unfunctionaliéeahich will allow

us to assess the potential of functionalised GO to inhibit proteins.

HOOC
~ OH
HOOC /OH

HOOC™
/ /
HO \ 0
COOH HO ©

Graphene oxide (GO) AA= amino acid
= ami i

Figure 76. Proposedunctionalisel GO sheet with amino acids for protein binglistudy
To achieve our aim, our initial target is to synthesis GO from graphite powder. The Tour
methods preferred because it will produce a higher yield of GO and importantly, it is a

safe procedure with no toxic gas produced during the reaction when compared with the
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other methods described in the literatd?®DespiteGO containing the same types of
functional groupgalcohols, epoxides, carbonyls, and carboxylat®),relative and
absolute abundance of carbon and oxygen (C/O) in Hsgrdkesised GO may vary
significantly from one method to anoth&!% However, the functional groups GO

are our main concern because this will allow us to use the same functional groups in GO

to undergo the functionalisation process.

Two different approachemeused to functionalise GO with tyrosine. The first involves

the covalent attachmentf t yr osi ne t o @GRineuwgmopnn tyrosirect i n g
methyl ester with the carboxylic groups in GO followed by hydrolysis of the methyl

ester to give the carboxylic acid. Although this involves a-$tep process that is

difficult to prepare a mavmeric system, it will, however, produce GO functionalised

with a thin layer of tyrosine with a fixed spacer. The second approach is an effort to
simplify the synthesis and will directly react nprotected tyrosine-llH2 and COOH)

with GO. This will prodee a GO surface with an oligomeric system/thicker layer of

tyrosine, as shown iRigure77.

., e 5 ???/

unfunctionalised GO Monomeric tyrosine Oligomeric tyrosine

S = tyrosine

Figure 77: A schematic representation of the surface of GO attached to tyrosine in different
ways.

We will investigate and compacd the effects of the two different surfaces on protein
binding and inhibition. In addition, we will study a different aromatic amino acid,
phenylalanine, which possesses the same structural flexibility as tyaosivell allow

us tomeasurehe importaice of selectivity on the hot spot arealbthymotrypsin.
These bitunctionalisednanomaterials will be prepared and characterised by FTIR,

Elemental Analysis (EA), Thermogravimetric analysis (TGA), RAM&pectroscopy
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X-ray PhotoelectroBpectroscopgXPS), Scanning Electron Microscope (SEM) &id
ray Diffraction(XRD). Theirpotential to inhibitJ-chymotrypsirusing various substrate
andGO concentrations wibe used to determiném, Ki, VmaxandUvalues, as well as
to deermine the mode of bindingAs a further investigation, we will also examine the
effects of protein binding on the structure and thermal stabilityabfymotrypsinusing
Circular Dichroism(CD).

4.2 Results and discussion

The nitial aim was to synthesise GO from graphite. The physical and chemical
properties of this receptor are wktiown and the synthetic procedure is recogniSed
andmaking it a viable option for this studdowever a limitation of GO in dispersion
agents and its bulk structure is that it is diffidolanalyse by liquid phase NMR or any
common measurement. Therefore, the analysis startsR¥ifR and other material

measurements that evaluate the structure and properties of materials.
4.2.1 Synthesis of ufiunctionalised Graphene oxide (GO)46

GO can be synthesised from the oxidation of graphite by various methosiseaged

in Brodie, Staudenmaier, and Humm&tdn 2010, the Tour method improved the
Hummer s met hod by 3fex d¢he ueddtiam gvhich imakes Nhee N O
procedure safer as did not generate toxic'§&Bherefore, GAI6 was synthesisegsing

a Tour methods illustrated irScheme25. Graphite powde#d5 wasaddedto the 9:1
mixture of codconcentrated E5Q/H3PQ: and KMnQ was mixedin droplets)o limit

the potential hazards efothernic reaction The strongoxidising agent KMnO4 and
H>SQyW/H3PQy) wasintercalaté into graphiteto yield GO 46 (Scheme25).
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KMnO,

L =

H,SO0,

Graphite 45 Graphene Oxide (GO) 46
Scheme&5: Schematic diagram to produce GIB sheets using the Tour methéef.

The structure of the G@6 obtained was confirmed by comparing its charasd&aon
data with publishedatal® The completiorof thereaction wasnonitored using FTIR

in Figure78. No significant changes in the pure graphiteservedand thendication of
successful oxidation dheinert bulk carbon structure when their important functional
groupwas visible The broad peawas observed @400 cm(OH), 1701cm' (C=0),
1200 cmt (C-OH), 1620 cm*(C=C) and1050 cm (skeletal C=0 or &) corresponding

to carboxylic and epoxy groups, confirming the presence of ox§gER!
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Figure 78: (a) FTIR spectra of graphitd5and GO46 and (b) The deconvoluted XPS spectra of
the Cls and O1s of GO

Nevertheless, the presence of oxidation in graphite also can be confirmed in C 1s XPS
spectraXPS was used to probe the electronic/bonding environment of various atoms.
After deconvolution Eigure78b), the spectrum of G@6 showsthree peaks at 285V,

286.® eV , and 288.76 eV, corresponding to the carkepi), the epoxide, and the
carboxyl, respectivelyThe O 1s peak binding energiesre observedor C=0, GOH

and GC=0group,at 531.0eV, 532.5%V and 53480 eV respectively>1%
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Table 26: RAMAN spectra and SEM images of grapAieand GO46

RAMAN was usedo identify the type of carbon on componeatsl the band shape

(Tade 26). The structure oGO 46 was confirmed bywo strong peaks at 1355 tn

and 159%m?, corresponding to the D and@nds. @phite showed ongharpsingle

peakat 1575crmt. The b/l of GO 46 is 0.80 indicatedhe sp of a carbon bond was
converted/modified to the $pybridized carbon on the surface of due to he

attachment of oxygenontaining functional group¥3The 2D band &500 3200 cm?

can be observed broader and symmetrical, indicatesdfthe fatio shown a multilayer

(with less than five layers) of G@ sheets formed®®Thi s | ayer sdo prese
been proven b¥-ray diffraction (XRD) asa diffraction peak centred &0° due to the

a layerto-layer distancattributed to inserted oxygemoups1°®
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4.2.2 Chemicalfunctionalisation of GO

Having succedally synthesised GO, the next step wasctionalisationwith a
monomeric and oligomeric layer of amino acils discussed, our aim is to stuthe
effects of the tw different sirfaces uporfunctionalisel GO. We needot confirm the
structures synthesisedufictional characteristics) areel charactesed and desired

functionalisatiorof GOis achieved
4.2.3 Functionalisation GO using a monomeric system

The first method involvegroviding anonomeric tyrosine system on the surface of GO.
The oligomeric system was synthesised by adding EDC and the methoxy ester of
tyrosine to a suspension of the @0 in water and stirring for 24 hours at 7Q to
produce GOTyr (O:Me) 47. The process iglustratedschematically inScheme26.

The comtetion of the reaction wasonfirmed by FTIR spectrahe carbonypeaks at

1703 cm*tobserved and the OH groups broad p&ak no longer visibleAfter isolation,

the functionaked GO was resuspended in water and the ester group hydrolysed using
potassium hydroxideThe experiment was conducted using ultrasonic oscillation for 2
hours to allow a multilayer of GO dispersed in wat&representation of the twstep

procedure ishown inScheme26.

GOz CO;H
COZH MeOQC
co H
coy L:o7 E c @ [S_\

ii) hydrolysis

Q 55 Qo

e R Q ®
Monomeric ? ?
?

Scheme26: Hydrolysis of GO methyl ester tgine to producenonomerictyrosine (GOTyr
Mono) 47
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Subsequent toonversiorinto carboxylicacids FTIR peak showed 4703 cm' (C=0
(carbonyl group), 1695 ct(amide groupyand 3032 cm (OH group) The elemental
analysisshowedhe percentage of carbon increased from 39.65%ui(etionalisel GO

46) to 47.51% (Tyrmono48) and no nitrogemwas observedeforefunctionalisation
(same withXPS data) The RAMAN spectrum also confirmed the formation of
multilayers of which showed broader and symmetrical in the 2D band as the comparison
to the GO. As relativéo the ratio of d/lg, suggesting that the area of a layer containing
moderate patches of tyrosine and a thin layer prodaséide carbon sphybridized
increased slightly from 0.80 to 0.86 nm.

4.2.4 Oligomeric method on the surface GO with tyrosine and Renylalanine

As mentioned earlier, to simplify the preparation, we usedpnotected tyrosine and
phenylalanine-NH>). The aim to react directly carboxylate@®D with the amine The
oligomerc system was synthesiusing the same initial step, except the -pootected
of amino acids (ktyrosine and kphenylalanine respgeely) were used instead\n
excesf amino acidwas added to produce amifimctionalisel GO. The compound
was sonicated in an ultrasonic bath during and after the reaction. THesassdhe
ultrasound irradiation can cause the mechanochemical eidol@taggregated GO into

multilayer GO sheets.

‘ Oligomeric

Scheme&7: Synhesis of oligomeric tpsine and possible binding on the surface of GO.
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