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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 using non-covalent
methods. Specifically, the amino acid was added to the end of a hydrophobic linear 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 dendrimers included an anionic
dendrimer that was functionalised with linear chains in order to provide secondary
interactions that could bind to the positively charged surface of a-chymotrypsin (Chy).
Neutral dendrimers that could not bind to the positive surface were 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 G3.5COOH-Tyr, with the
inhibition constant (Ki) of 0.17 puM, which compares to the K; for non-functionalised
dendrimer of 0.31 uM . When the non-binding dendrimer (G3.5-OH) was functionalised
with different amino acids (tyrosine, phenylalanine and valine), the G3.5-OH-Tyr was
found to bind the most strongly via polyvalent interactions between the amino acids and the
surface of the Chy. All the inhibitors studied were found to be competitive inhibitors, with
the exception of the valine functionalised dendrimer, which did not bind. Circular
Dichroism (CD) spectroscopy confirmed that denaturation of the protein did not occur
during dendrimer binding.

The next area of study focused on cytochrome- c. The same non-covalent methodology used
for a-chymotrypsin binding was utilised for this area. Binding could be measured directly
using encapsulated Tetrahydroxyphenyl Porphyrin (THPP) as an internal quench. To
coordinate THPP to the dendrimer, this was strengthened by inserting zinc, which could
coordinate the dendrimer’s internal amines. The results showed that the G3.5COOH-Tyr
was bound with a dissociation constant (Kq) of 5.55 nm. CD spectroscopy showed that the
dendrimer-porphyrin-chains 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 and an oligomeric 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 constant (K;i) of 0.14 pug/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 bound and 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 Dynamic combinatorial chemistry

DCLs 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-benzoyltyrosine-p-nitroanilide

H NMR Proton Nuclear Magnetic Resonance Spectrometry

13C NMR Carbon-13 Nuclear Magnetic Resonance Spectrometry
IR/FTIR Infra Red/Fourier Transfer Infra Red Spectrometry
ES-TOF MS Electron Spray Time-Of-Flight Mass Spectrometry
MALDI-TOF MS Matrix Assisted Laser Desorption lonisation Time of Flight
SEM Scanning Electron Microscopy (SEM)

EDX-SEM  Energy Dispersive X-Ray Analysis-SEM

GO  Graphene Oxide

XPS X-ray photoelectron spectroscopy

XRD X-Ray Diffraction

Chy  a-chymotrypsin

Cyt-c cytochrome-c

NaOH Sodium Hydroxide

K2COs Potassium Carbonate

TRIS Tris(hydroxymethyl)aminomethane

UV/Vis Spectrometry Ultra Violet/Visible Spectrometry



NMR Abbreviations

6 Chemical Shift
ppm Parts Per Million
s Singlet Peak

sept Septet Peak

d Doublet Peak

t Triplet Peak

g Quartet Peak

m Multiplet Peak
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Chapter 1

Introduction



1.0 Introduction

Protein-protein 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
aggregates are signal transduction, cytoskeletal remodelling, cell regulation, immune
response, and viral self-assembly.! Disease processes (e.g. homodimeric complex HIV-1
protease, Alzheimer’s, different types of rheumatoid arthritis) 2 may arise, however, if
proteins do not interact in a normal way. Furthermore, specific protein-protein complexes
are disrupted in several cancer treatment strategies. For instance, in cancers associated with
prolonged cMyc activation, c-Myc inhibitors play a key role. 2 The development of plaque
molecules may be hindered through targeting and disruption of such interactions, thus

potentially contributing to disease treatment (Figure 1).

inhibitor

Protein 2 .

—_—
—~————————

Protein 1

Figure 1: Suppression of 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 in particular sequences, and in turn fold into proteins with tertiary and
quaternary structures that differ considerably. It is this variety that enables proteins to
perform a multitude of different roles.* There are numerous proteins that produce protein-
protein complexes with typically non-covalent binding of at least two proteins to give rise

to active compounds as illustrated in Figure 2.

Protein A Protein B A + B Active Complex
Figure 2: Representation of a combined active complex

Owing to cooperative binding that endows molecule-molecule interactions with stability,
these forces gain a strength collectively that they lack on their own.® Various 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 molecule. It is possible to interpret this as a significant rise in the relative
concentration of the ligand for the second binding.® The outcomes of cooperative binding
are illustrated in Figure 3. The formation of the initial bond occurs between the ligand and
the original binding site at a rate Ki. 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 molecules. K1 is
substantially smaller than K> so this effect is non-additive, while cooperative binding has a

markedly more additive effect.



Figure 3: The effects of cooperative binding, with K1 considerably smaller than K;

Specific amino acids are much denser within the 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 of hydrophobic 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 occur.”® Potential 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 provided in Table 1.
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 a-anititrypsin Ala, Gly
a-chymotrypsin 241 Aprotinin Phe, Tyr, Trp
Serine Trypsin 233 p-amino- Arg, Lys
protease benzamidine
Kallikrein 619 Aprotinin Arg
Thrombin 308 Argatroban Arg
Zinc Carboxypeptidase 307 Benzomercapto- | Phe, Trp, Leu
protease A propanoic acid
Aspartate Cathepsin D 346 Pepstatin A Phe-Phe
protease

Table 1: Enzymes according to their customary inhibitor and cleavage site. Summarised table taken
from Gilles et al., Biomacromolecules, 18(6), pp. 1772-1784, 2017.

10



1.2 Hot spots and interfacial area

However, it is important to gain insight into protein-protein 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, conformational modifications engendered by the development of
complexes, the interrelation of reciprocity among surfaces that come into contact, as well
as forces of interaction. > 7 ® When protein-protein complexes are formed, solvent can no
longer reach the extensive interfacial area on a protein, which largely displays
hydrophobicity and has polar groups around it.® The interface surface area in the majority
of proteins is between 500 and 5000 A?, as shown in Figure 4.1°-1! For instance, cytochrome
¢ and its analogue cytochrome- ¢ peroxidase have an interfacial area of about 1150 A?,
while chymotrypsin and its protein analogue have an interfacial area of about 2200 A2, At
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 interfacial area characterised by lack of strength and poor affinity yielded the

interactions between proteins. 12

18
16 7 I/II _\‘\
14 - f1 []% Chymotrypsin
912 -
310 -
o ,’ )\
& 8 B / \
(@) ~ .
©6 - Cyt-c / . Thrombin
(@] 4 B ! <
i iR
g() TB,\"\ I I I Hﬂ~ﬂ_Hﬂ~H—D~~
Z
0 ® & ® @ ® & O
X S D LD LRSS
RN N N M N O A O

Interface area A2

Figure 4: Illustration of the manner in which interfacial areas from typical protein-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 proportions, was
recognised by Wells and Clarkson known as the ‘hot spot’. > * As evidenced by Bogan and
Thorn, the hot spot represents a pre-organised surface of small dimensions on the surface
of the protein supplemented with amino acids (e.g. tyrosine, tryptophan, arginine).'?
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 surface, the emerging complex must demonstrate stability and low
energy for binding to occur through a particular hot spot.?* Moreover, specific amino acids

are preferred, since hot spots do not contain arbitrary compositions of amino 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 that is accessible to bulk solvent.'*
1.3 Small 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. Hydrogen bonding, electrostatic interactions
and salt bridges are the main types of interactions in the active site of a protein. Hence, such
interactions could benefit from small ‘drug-like’ molecules demonstrating hydrophilicity
and hydrogen bond donor groups.’® Nonetheless, 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 is necessary for recognition (700-
1500A2 per protein).® Moreover, selective targeting is challenging because interacting
surfaces take the form of shallow depressions without distinctive characteristics. The non-
contiguous nature of the binding area of two interacting proteins is also problematic in terms
of replication with basic synthetic peptides.’® Furthermore, protein-protein interaction
surfaces exhibit greater complexity than interaction surfaces between enzymes and ligands,
which interferes with inhibitor development due to the fact that both proteins can present

projections and pockets, rather than merely providing and filling a pocket, respectively.®
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Additionally, the in 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.

Figure 5 illustrates an existing commercially available inhibitor called Maraviroc, which
represents a chemokine CCR5 receptor antagonist designed to target the viral reverse

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

LG
- HA:\@X

N7 N
/

‘(LN
N

Figure 5: The chemical structure of Maraviroc

therapy.t’

The chemical structures of certain inhibitors, such as Nutlins, are unlike those of the
pharmacophores in other families of drugs that are known.!® Nutlin-3 was chemically
optimised and created as shown in Figure 6, exhibiting the ability to suppress hDM2-p53

complexes with an ICsg of 90 nM, as well as in vivo effect against xenografts.
O
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N
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>—</ }o
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Figure 6: The chemical structure of the cis-imadazoline 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 INOS, which is believed to
contribute to tissue damage in different autoimmune diseases. Hence, inhibitors selectively
targeting iNOS could be beneficial for therapy. Combinatorial chemistry was employed by
McMiillan and colleagues to design an iNOS inhibitor (Figure 7). Disruption of the substrate
binding site and dimerization interface was validated by X-ray crystallography studies. The
action mechanism of the inhibitor involves interference with dimer formation. The inhibitor
was shown by in vivo research on rat models to have activity with EDso values of less than

2 mg/kg, confirming it as a promising therapeutic agent.*6:1°

N
[
O
N N
B °
N/)\N/‘%
\Q/N
Figure 7: The chemical structure of iNOS inhibitor 86

Belonging to the family of cytokines, tumour necrosis factor alpha (TNF-a)) contributes to
systematic inflammation and therefore it is a key target as well. Enbrel, Remicade and
Humira are just some of the inhibitors created to directly suppress TNF-a and proven to be
efficient in treating rheumatoid arthritis.*® However, these developments do not detract
from the desirability of small molecule inhibitors, which are beneficial because they are
cost-effective and easy to administrate. Figure 8 illustrates the strong TNF-a inhibitor that
has been developed.? Its action mechanism involves development of an inactive dimer

through displacement of a subunit of the trimer with biological activity.

14



FsC

Figure 8: The chemical structure of TNF-a

1.4 a-Helix Mimetics

Peptides demonstrating stability (conformational robustness) 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 stable B-turns and a-helices restricted by hydrogen-bond surrogate %! and B-sheet systems

for use in the treatment of various conditions, including cancer and HIV.?2

NS
q o“ Q znm

\_ 7

Dipicolylamine-bipyridine
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,}‘\\ o crosslinking unit

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

0,8
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Figure 9: Cross-linking units of azobenzene and dipicolylamine-bipyridine

Peptide stabilisation has been attempted with azobenzene photoaddressable?® and
dipicolylamine-bipyridine?* cross-linking units (Figure 9). These B-peptides are comparable
to a-helices in terms of the side chains they exhibit along one face, although not all of them
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have the same three-dimensional orientation. These systems are advantageous primarily
because they are conformationally highly stable as well-defined protein secondary

structures, whilst also being proteolytically stable.

A range of B-cyclodextrin dimers (B-CD) were employed by Breslow and colleagues % to
show how protein aggregation was selectively disrupted (Figure 10). It was observed that
protein aggregation was disrupted solely by f-CD compounds with depressions facing one
another and adequately divided by a linker. This implies that inhibition depends on the

character of the linker.

| |
(o] O o
}\0 | N O/é'lL }N | E NjH"
[3:01 p-CD2

Figure 10. p-CD compounds facing one another and adequately divided by a linker

Terephthalamides and alkylidene cycloalkanes are also scaffold-type a-helix mimetics that
have been suggested as possible a-helical mimetics.?® A o-helical conformation was
employed by Reymond and colleagues to develop peptide dendrimers. 2" Furthermore,
significant attention has also been paid to the development of non-peptidic small molecule
a-helical mimics as inhibitors of interactions between proteins. Meanwhile, a new
pyrrolopyrimadine-based receptor was proposed by Lee and colleagues, as shown in Figure
11. % The capability of this scaffold as a a-helical mimic was assessed by monitoring the
extent to which it could disrupt the interaction between p53 and MDMX. 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 contained in p53. Thus, the scaffold was

confirmed to be conformationally rigid, highly soluble in water and cellularly permeable.
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Figure 11: The chemical structure of the pyrrolopyramidine-based a-helix mimic

Small molecule inhibitors remain challenging to develop, ?° so other approaches for
replicating selective mechanisms of interactions between proteins have 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 hydrophobicity, areas of hydrophilicity and charged
areas. Furthermore, the interface between two interacting proteins includes not only

electrostatic interactions, but also hydrogen bonding and n- & stacking interactions.®®

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 external surface 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. 14
15 Supramolecular protein scaffold

Self-assembled systems were used by Rotello for the purpose of surface recognition. The
approach involved mixed-monolayer protected gold clusters (MMPCs) functionalised with
terminal anionic groups binding to a-chymaotrypsin surface with positive charge to suppress
enzymatic activity via a two-step mechanism entailing rapid reversible suppression and

subsequently a slower irreversible process of gradual enzyme breakdown. (Scheme 1). %
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Scheme 1: Use of MMPCs for surface recognition

The developed electrostatic interactions were proven to be effective as the process displayed
selectivity by comparison to elastase. The high efficiency of the interaction between the
gold nanoparticle and a-chymotrypsin was confirmed through circular dichroism
spectroscopy, with 10 nM Ki(app) and stoichiometry comprising five protein molecules to
one MMPC. Furthermore, the inhibitory mechanism showed higher selectivity towards a-

chymotrypsin than towards B-galactosidase.

An inhibitor derived from graphene oxide (GO) layers has elicited interest as well. The
surface carboxylate group served as both a synthetic receptor and inhibitor of o-
chymotrypsin activity, demonstrating a higher a-chymotrypsin suppression based on dose
response (by weight) than the rest of the synthetic inhibitors that have been proposed.!
Meanwhile, Wang and colleagues provided evidence that a nanocomposite material could
be developed by integrating GO and iron oxide (10) and could aid the development of novel

drugs for treating Alzheimer’s Disease.®?

Other potential protein inhibitors of note are dendrimers, which have terminal groups that
improve their interaction with hot spot residue. Due to their similar size and contours of key
proteins, dendritic polymers are frequently called artificial globular proteins. 3 Two distinct
dendrimeric peptide mimics were proposed by Fassina; those mimics were underpinned by
four copies of the tripeptide Arg-Thr-Tyr (L-amino acids) or a partial-retro-inverso (Arg-
Thr-Tyr, D-amino acids) connected to a polysine core characterised by lack of symmetry.3*
A natural amino acid series yielded the highest effectiveness. Meanwhile, evidence was
brought forth by Twyman that dendrimers could be used to suppress chymotrypsin and

cytochrome-c, and therefore they had potential for development of a binding mechanism
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with size selectivity. Figure 12 shows the PAMAM dendrimers that were employed.
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Figure 12: Binding and inhibition studies of PAMAM 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 a large ligand and 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 binding.*

The approach of dendrimer-supported dynamic combinatorial chemistry (DCC) proposed
by Ronald involves using dendrimers as soluble supports. DCC is distinguished by solution
phase chemistry, homogeneous purification, routine characterisation of intermediates, and
high support loadings. According to the findings obtained, combinatorial libraries can be
effectively produced via DCC. Hence, since they facilitate molecular network accessibility,
dynamic combinatorial libraries (DCLs) can be argued to have potential for the

development and investigation of chemical complexity.*®

19


https://pubs.acs.org/action/showImage?doi=10.1021/cr400362r&iName=master.img-024.jpg&type=master

1.6 Dynamic Combinatorial libraries

Aggregations of molecules in constant and reversible equilibrium are known as DCLs. By
employing covalent or non-covalent interactions, these molecules are capable of assembling
themselves into complexes and are controlled thermodynamically.®” The relative stability
of every constituent determines the DCL structure and in turn it is determined by exposure

to extrinsic factors or templates, like a protein (Figure 13).%8

\ —
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\ ) \ Template
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Building blocks Optimum complex

Library of reversibly

formation
bonded complexes

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 product 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 identify the arrangement
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 chemistry.3®
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Chapter 2

Non-covalent functionalised dendrimers

to Inhibit e-chymotrypsin
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2.0 Introduction

There is widespread agreement that collaborative partnerships with other proteins is the
basis of operation for the majority of proteins, despite a lack of clear understanding of these
partnerships. There is basically no biological function that does not rely on protein-protein
complexes, *°which is why interaction between two proteins does not happen arbitrarily or
in an uncoordinated manner, but is closely regulated towards the achievement of a specific
goal. 1 Accumulations of proteins give rise to amyloid plaques and may be the result of
impaired interactions between proteins. Therefore, conditions associated with amyloid
plaques could potentially be treated by hindering the development of such plagues through
disruption of protein-protein interactions.

As mentioned before, the binding or interfacial area of a protein, which is referred to as the
hot spot, is usually 500-5000 A2. *? Such 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 external protein
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 multiple polymer-protein surface
contacts. “>4 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 applied to a 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 esters. Also, a large family of natural protein
inhibitors is known to bind to the surface regions and the active sites of different serine
proteases (elastase, chymotrypsin and trypsin). ° The majority of protein inhibitors known
and characterised so far are directed towards serine protease, a- chymotrypsin. Chy was the
target employed in the present work to test effective inhibition using an artificial 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 inhibitor for each
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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 scattered surface “hot spots”*? (Figure 14).

@ cationic residue
@ active pocket

Figure 14: The surface of a-chymotrypsin (Chy). Image reprinted with permission from [De, M.,
Chou, S. S. and Dravid, V. P. J. Am. Chem. Soc. 133, 17524-17527 (2011)]**

These hot spots can be targeted when developing a surfacebased inhibitor. Chy uses its
cationic residues to establish connections with anionic synthetic receptors and inhibitors
(e.g. polymeric micelles, ° dendrimers, #¢ porphyrins, 4’ gold nanoparticles*® and recently
graphene oxide %°) and consequently, substrate activity is suppressed. However, owing to
extra noncovalent interactions afforded by the functionality of amino acids, protein binding
is specific and 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 and arginine were
likely found with hot spots when present. 12 Despite the low frequency of these amino acids
in the structure of proteins.>® The above-mentioned amino acids are ones that can provide a

number of non-covalent, including that interactions.

Early work in this area used functionalised porphyrin and calixarene scaffolds that
supported various amino acids. There demonstrated high-affinity for various groups binding
to a set of proteins. 1* Meanwhile, Gilles and colleagues proposed the use of functionalised
linear copolymers to bind enzymes with improved selectivity through screening co-
monomers with different type of amino acid. ° A library of inhibitors for binding to a

variety of serine protease was created with selectivity dependent on the functionalised co-
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monomers. Complementing the surface structure of the target proteins. The interaction
between co-monomers and amino residues did not only occur on the protease surface, but
also within its active site (Figure 14). Meanwhile, the manner in which various
functionalised groups could collaborate is illustrated in Figure 14b. Bisphosphate co-
monomers bind to elastase surface and an anchor monomer directs an alanine terminal

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

HNTO
Glu

HM,
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, 1772—
1784 (2017).%t

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 intention is to create a linear chain
polymer of key functionality to interact cooperatively with a protein with positive charge,
namely, a-chymotrypsin. At the same time, the importance of the charged areas on the
protein surface must also be considered. For instance, interaction is possible between the
protein porcine pepsin with negative charge and ligands with positive charge, 52 as well as
between the hot spot serine protease with positive charge and ligands with negative charge.

Therefore, both functional group interactions and 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
binding by 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
polymer-protein interactions are largely considered to lack specificity.>® Therefore, we
propose to use the rigid polymer as a scaffold to functionalised linear chain, that probably

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

Unlike hyperbranched polymers (Figure 16), which can be easily and rapidly synthesised,
dendrimers are less popular due to being synthetically challenging. °* Their particular
qualities 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 significantly less flexible, so binding
is only maximised when the position of the complimentary functional groups match on the
dendrimer and protein. As such, dendrimer binding is entropically more cost-effective than
linear polymer binding. This is beneficial in the context of molecule design as it enables
binding energy enhancement. Moreover, dendrimers also differ from polymers in that their
surface groups exhibit high-density.> Also, generational synthesis yields quantised sizes
that aid the design of molecules for binding 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 considerations, dendrimers were selected as our synthetic inhibitors while Chy

was the chosen protein target.

Nevertheless, dendrimers can bind to the surface of protein, but, dendrimers 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. However, adding this targeting
groups to specific sites on the inhibitor that are complementarity with those present on the
surface of the established binding site, is very difficult. As such, we need methods that can
generate large inhibitors that possess the correct functionality positioned at precise 3D
locations (Figure 17). If this can be achieved, then we will be able to develop
macromolecules 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 transport a small active

molecule to a specific protein.

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

As previously mentioned, the protein binding advantages presented by dendrimers warrant
their investigation in terms of potential protein-protein 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 previously reported selective binding of
various proteins by distinct generations of dendrimer, according to size fit.>® We have also
shown that it is 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 amino acids. To
overcome this problem, we proposed a non-covalent 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 would use non- functionalised 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
incorporated non-covalently, 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 added to the end
of a hydrophobic linear chain. A number of these functionalised linear chains can be
synthesised and added to a dendrimer to give a functionalised system. The concept is shown

in Scheme 2.
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Scheme 2: 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; the divergent method was preferred
because this technique is straightforward and simpler than the convergent method. The
preparation of PAMAM dendrimers using the divergent method enables minimal
generations to be formed. This method was introduced by Donald Tomalia and co-workers
in 1985.5 Commencing at G0.5 1 successive reactions lead to higher generations,
producing large G4.5 9 dendrimers. The process involves two simple reactions that are
repeated: 1) 1,4 Michael addition, which forms ester-terminated PAMAM dendrimers; 2)
by an amination reaction at the amine termini of PAMAM dendrimers as depicted in
Scheme 3.Therefore, the main objective can be achieved as generations are built up steadily

to assemble a combinatorial library of different sized of dendrimers.
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Scheme 3: Route of the half and full generation of PAMAMS.

29



H-OMe

H\hH‘_/ § > OMe

TN OMe ) N
= N OMe —= H,N~ N
H2N/\/NH2 W . HZN/\/Q’)\/\( 2 \/\/}

© 09 %
EDA Methyl acrylate
OMe 0. OMe
H
N oM
— HoN" > \/\[( e . O%\L j
© N N\UN
C ’
MeO~ ~O MeO
G0.5

Scheme 4: Reaction mechanism to synthesise half-generation dendrimers (ester-terminated
PAMAM).

Scheme 4 shows the first step of the 1,4-Michael addition for the creation of half generation
PAMAM. G0.5 1 was prepared in methanol using ethylene diamine (EDA) and methyl
acrylate in methanol. The methyl acrylate was used in excess to avoid an incomplete
Michael addition and preventing dendrimer destruction. The nucleophilic amine in EDA
attacks the electrophilic terminal B-carbon in methyl acrylate using 1,4-Michael addition.
The completion reaction was confirmed using *H NMR analysis as shown in Figure 18. The
methoxy peak (ester group) at 3.68 ppm and the singlet at 2.53 ppm (a) integrated 4H was
assigned to the core EDA. There is no peak at ~ 5-6 ppm, indicating that the excess of
methyl acrylate was completely removed. *3C NMR and FTIR spectra, showed ester C=0
at 172 ppm and 1735 cm for the 3C and FTIR respectively. Mass spectrometry also
confirmed the mass, with a molecule ion at 405 (MH), indicating the product obtained.
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Figure 18: *H NMR spectrum of half generation (G0.5 1) PAMAM and signal interpretation.

The second step was an amidation reaction to produce a full generation. The reaction
mechanism is shown in Scheme 5. The nitrogen’s lone pair (EDA) attacks the electrophilic
carbon ester (C=0) and the intermediate is formed. The amine from a second terminal
protonates this intermediate, and the methoxy group leaves. The cation is eliminated by

deprotonation to yield a full generation dendrimer.

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

Scheme 5: Mechanism of amidation reaction of full generation PAMAM (amine terminated).

G1.0 was prepared by adding G0.5 1 in methanol with an excess of EDA. The excess of
EDA was purified with an azeotropic mixture (9:1 ratio) of toluene and methanol. The
purified G1.0 2 dendrimer was confirmed by *H NMR spectroscopy, which showed an
absence of single peak of EDA at 2.67 ppm. The FTIR peak at 1735 cm™ and *H NMR at
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3.68 ppm that represents a C=0 ester, was no longer visible. The Electrospray ionisation
mass spectrometry (ES-MS) was used to analyse a smaller generation (less than 1000). A
molecular ion at 517, which is equal to an MH™ ion for G1.0 2 obtained. These steps were
repeated successively to create G4.5 9 dendrimers and examined by Matrix-assisted laser

desorption ionisation (MALDI) To confirm the characterisation of half and full generation

PAMAM dendrimers is summarised in Table 2.

. Ester methyl Mass ion
Dendrimer Molecular Molecular Terminal | \\R peak (MH)
Generation Formula weight groups G ppm, | i
(g/mol) integration)

G051 Cis Haz N2 Og 406 CO:Me (4) 3.68, 12H 405
G1.02 Czz Hag N1g O 516 '\(‘gz - 517
G153 Cs4 Hos N1g O29 1205 COzMe (8) 3.69, 24H 1206
G2.04 Ce2 Hizg Nog O12 1429 '\(‘;2 - 1430
G255 C126 H224 Nog Oss 2807 Cazé\)/le 3.69, 48H 2806
G3.06 Cu4z2 Hoss Nsg Ozg 3256 '(\‘1'3)2 - 3257
G357 Car0 Hago Nsg Ooz 6014 0%22'\)"9 3.69 ,96H 6014
G408 C302 Heos N122060 6913 l(\g;)z 6913
G459 CsosHooaN 1220168 12411 C%Z'\)"e 3.60,192 H 12410

Table 2: Analysis of PAMAMs generated (1-9).
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2.2.2 Synthesis of anionic PAMAM dendrimer

To confirm the dendrimer can bind with positively charged protein molecules, negatively
charged terminated PAMAMSs were selected. The ester group of half generation of the
PAMAM dendrimers was hydrolysed using sodium hydroxide to produce carboxylate

groups.

MeOH * R\)ko@

Scheme 6: Hydrolysis of ester groups/half generation of PAMAM.

As shown in Scheme 6, 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 acid. Formation of the final product of G1.5COOH (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 triplet at 2.28 ppm (CH2CO). The important functional
groups were confirmed by **C NMR, showing two peaks at 174.5 ppm (C=0) and at 181.4
ppm (C=0 for carboxylate group), and FTIR at 3255 cm™ (N-H stretch) and 1645 cm™
(C=0). The completion of the reaction was also confirmed by mass spectra (MALDI-TOF
MS); a molecular ion was identified at 2582 (MH"). The same procedure and
characterisation were repeated to synthesise anionic dendrimers up to G4.5-COOH (4). The

characterisations as summarised in Table 3.
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Expected

. Molecular Number Of Obtained
De“d“'“f‘er Chemical Formula weight carboxylate Mass ion
Generation +

(g/mol) surface groups (MHY)
Gl.5-1c(:)OOH CasHsoN10020 1092 8 1093
G2.5-COOH 2582 16
11 C110H102N 26044 2582
G3.5-COOH C23sH416N5509; 5562 32 5563
12
G4.5-COOH Ca94Hs64N1220188 11521 64 11522
13

Table 3: Analysis of anionic PAMAM-COOH generated (10-13).
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Figure 19: The anionic terminated PAMAM dendrimers (10-13) synthesised
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2.2.3 Synthetic strategies to design the linear chains

The next milestone was to synthesise the linear chain required to interact with the surface
groups on the targeting proteins. Previous research by our group (Figure 20) studied a
targeting group (guest) bound the dendrimer (host) using just hydrophobic interactions. 8
Unfortunately, the level of encapsulation of the hydrophobic guest within the dendrimer
was very poor and ineffective as a targeting group. Therefore, we decided to improve the
interactions between the dendrimer and the linear chain itself. To do this, we proposed to
add hydrogen-bonding groups to the chain. These could then bind to the amides within the

dendrimer and support any hydrophobic interactions.

WHQOH

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

Linear chain acid terminal group

(43
4

\
e

OH
(o]
H

Figure 21. 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 groups. Our preliminary plan was to have an acid terminal group (CO2H) on the

linear chain, as shown in Figure 21. We wanted an acid ended system, so that this chain
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could bind to a target protein’s positive surface. However, the intermediate molecules were
insoluble, which meant an acid terminated chain was not possible and we decided to change
the plan. The required negative charges can come from the carboxylate group of the G3.5-
COOH 12 PAMAM dendrimer. The chain would then provide the tyrosine group to support
these electrostatic interactions, with the amino acid added to the N-terminus of the chain,

as shown in Scheme 7.
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Scheme 7: Possible interactions between an encapsulated chain and a G3.5-COOH dendrimer 12.

In this design, the linear chain can make three hydrogen bonds with the interior 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 possible to synthesise the chain starting from an alkyl

amine and extending the chain using B-alanine 14 repeat units (Scheme 8).
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Scheme 8: Route of retrosynthesising the coupling of three amines.

2.2.4 Linear chain with three amide groups

Before going to the next stage of the proposed plan, to prevent self-polymerisation, it was
essential to protect the amine group of B-alanine, which is a bi-functional molecule having
carboxylic acid and amine terminal groups. Tert-butyloxycarbonyl (Boc) group was
selected as it is relatively easy to add and remove.*® The addition of the Boc group, which
integrates as nine protons, was easy to recognise in the *H NMR as a sharp singlet around
1.40 ppm. The successful attachment of -alanine was confirmed by integrating the broad
singlets at 2.61 ppm and 3.42 ppm, which are assigned as the CH; protons, and comparing
it to the Boc signal. Mass spectrometry confirmed the mass of with a molecule ion at 188
(MH") and 212 (MNa"), indicating that Boc amide 15 had been created.
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Scheme 9: The synthetic route of the linear chains (5-10).

The next reaction added propylamine to chain 15 (Scheme 9). However, the OH group of

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

acid was converted to an active ester using an amide-coupling agent, thereby enabling

nucleophilic substitution. The carbodiimide family is commonly used to activate carboxylic

acids towards ester or amide formation. The amine nucleophile can attack this carbonyl

group because it contains a sufficiently good leaving group as shown in Scheme 10.%° The

reaction produces urea as a by-product, which must be removed at the end of the reaction.

40



R
0\ Mg it ! o " oy
P @/\ I a
RJ\Q}H N — N /Ct,}caR — = R)J\@jk,}l o R
R N* R 0
R H R\N)J\N R
R "R H H
DCU

Scheme 10. Carbodiimide amide coupling mechanism.
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Figure 22. 'H NMR spectrum of chain 16 with impurities (in circle) when using dicyclohexyl
carbodiimide as a coupling agent.

The first attempted coupling used dicyclohexyl carbodiimide (DCCI); the *H NMR spectra
is shown in Figure 22. Although, this indicates that the desired amide product was produced,
there were impurities. These impurities are consistent with the urea by-product,
dicyclohexyl urea (DCU), which can be seen around 1-2 ppm in the *H NMR. The crude
product was rewashed with cold DCM, but the impurities were challenging to remove.
However, as the next reactions would not be influenced by the impurities, we moved on to
the next step without further purification. However, the Boc deprotection step lead to an
impure product that still 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, ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was selected, as its
water-soluble by-products are readily removed by solvent extraction. Specifically, the
hydrochloride salt of EDC was chosen because it is cheaper than EDC. However, the
hydrochloride could protonate the amine and decrease its nucleophilicity. Therefore, it was
essential to neutralise the solution/reagents by adding triethylamine to act as a base. After
the reaction, the *H NMR spectrum displayed the same peaks for the product, but without
the peaks of urea impurities between 1 and 2 ppm (Figure 24). The integrated signals for
the two protons at 3.41 ppm and 2.40 ppm were assigned as the CH>N and CH>CO
respectively. The singlet at 1.45 ppm, which integrated 9H, was assigned to the Boc group.
The ES-MS spectrum showed a signal at 231 for the MH™ ion, indicating that synthesis of
the pure protected chain 16 had been achieved.
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Figure 24: 'H NMR analysis using EDC as a coupling agent (a) chain 17 without BOC (b) chain 16
with Boc.
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Having successfully synthesised protected chain 16, removal of the Boc group was the next
step. The first attempt at deprotection failed when using stronger acids such as H.SO4 and
HCI. However, TFA was found to remove Boc efficiently, as the carbon dioxide by-product
could bubble away (Scheme 11). TFA was removed by evaporated and solvent extraction,
resulting in the deprotected chain 17 (82%). The pH of the solution was also monitored to
ensure that no TFA remained. An absence of the sharp singlet at 1.45 ppm for the Boc group

in the *H NMR indicated successful removal of the Boc group.
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Scheme 11:Mechanism of Boc deprotection of the linear chain

The EDC procedure was repeated to attach a second Boc-B-alanine group to the chain. At
this stage, DCM was not a good solvent as the deprotected compound was more polar and
amide 17 was insoluble. Consequently, tetrahydrofuran (THF) was used to in place of
DCM. The *H NMR spectrum displayed peaks consistent with the coupled product; a sharp
singlet peak for the Boc group was present at 1.42 ppm and the terminal methyl group as a
triplet at 0.93 ppm. Mass spectrometry analysis confirmed the mass of amide 18 with a
molecular ion at 302 (MH™). The compound was subsequently deprotected to give amine
19, as previous shown in Scheme 9. A summary of the characterisation data is shown in

Table 4. The next step was the attachment of tyrosine to the chain’s terminal amine.
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Boc'H NMR
Linear Chemical Formula Molecular peak Mass ion Mass ion
chain weight (0 ppm, (MH") (MH*-Boc)
(g/mol) integration)
16 C11H22N203 230 1.45,H 231 131
17 CsH14N20 130 - 131 X
18 C14H27N304 301 142, H 302 202
19 C9H19N303 201 - 202 X

Table 4: The summary of characterisation of the linear chain.

2.2.5 Addition of tyrosine to the linear chain

Tyrosine was selected due to its UV active group (Amax= 275 nm), but more importantly,
due its ability to complement the amino acids on the binding site of protein. Binding studies
using a dendrimer with covalently coupled tyrosine demonstrated a significant increase in
affinity, because of the high abundance of tyrosine on protein-protein binding interfaces.
112 EDC coupling was used to attach the Boc-tyrosine with amine 19 (Scheme 12).
However, *H NMR analysis displayed extra peaks that were not anticipated. Tyrosine’s UV
activity facilitated analysis of the product mixture using thin layer chromatography. This
revealed several spots, all of which were inconsistent with uncoupled tyrosine or linear

chain.
OH
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Scheme 12: Coupling of tyrosine (red) to the linear chain.
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Therefore, the compound was purified by chromatography. Due to the polarity of the amine,
amides and the tyrosine unit, 10% methanol was added to eluent DCM. As well as verifying
the presence of tyrosine, the 1 H NMR analysis of the collected fractions showed that the
impurity peaks, had been eliminated. The remaining complexity in the spectrum was due
to the tert-butyl groups and bulky phenol groups that restricted rotation. As such, the Boc
group was split into two overlapping peaks at 1.37 ppm with a combined integration

equalling nine protons.

7 HO |
(PN ERTRE) o

(1) %
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NV i }1/0
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HO

HO

Scheme 13: Some of possible amide restricted rotation.

The tyrosine aromatic peaks were further complicated by the enantiomeric carbon, which
meant other peaks were observed as a diastereotopic. As such, *H NMR showed two sets of
doublets for each proton, which integrated for one hydrogen. For each the CH> protons
adjacent to the aromatic ring are diastereotopic and are observed as two broad singlets

(Scheme 14), each integrating as one proton.

45



NHBoc

H
Hs N
Diastereotopic CH ~
6
(0]
H4 H3
H2 H1
OH

Scheme 14: The integration of a diastereotopic proton.

Further evidence from mass spectrometry confirmed the mass, with a molecular ion at 487.5
(MNa"). Therefore, it was concluded that the protected tyrosine 20 had been successfully
synthesised. The final tyrosine chain 21 was synthesised by removal of the Boc using the
same deprotection techniques mentioned before. Targeting tyrosine chain 21 was now ready

to encapsulate within a dendrimer, as shown in Figure 25.
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Figure 25: Planned encapsulation of the linear chain within the dendrimer.

2.2.6 Encapsulation tyrosine chain 21 with anionic PAMAM dendrimers

The initial intention was to use an anionic dendrimer as this would provide anionic
carboxylate peripheral groups to bind with the cationic surface of the protein.®® This could
identify whether or not the size (or terminated charge) from the outside of the dendrimers
affected the number of chains encapsulated. Specifically, G1.5 -8 COOH 22, G2.5 -16
COOH 23, G3.5 -36 COOH 24 and G4.5-64 COOH 25 were studied.

The encapsulation was carried out using a dendrimer to chain and an excess of chain was
used to ensure a high loading efficiency. Therefore, 5.5 mg of dendrimer and 4.1 mg of Tyr

chains 21 were dissolved in methanol. The mixture was shaken at room temperature to
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ensure that everything had been dissolved. Methanol was removed under reduced pressure
and 0.1 M Tris buffer solution (pH 7.46) was added. The final concentrations of dendrimer
and tyrosine chain 21 were 1.0 x10° M and 1.12 x 10° M, respectively. The solutions were
filtered to remove any undissolved chains and the filtrate analysed by UV spectroscopy. A
control experiment to test the maximum solubility of the tyrosine chain 21 in the buffer was
also carried out. A spectrum for the dendrimer alone showed a peak at 213 nm. However,

at 270-300 nm (where the tyrosine could be seen) there was no significant peak. ®*

The proportion of encapsulated chains within the dendrimer were calculated (as shown in
Table 5). Each absorbance was divided by the extinction coefficient (g) of the tyrosine linear
chains 21. To measure the loading encapsulation, the concentration of the dendrimer was

divided by the concentration of functionalised chain.

A=5nm ——(G3.5CO0H-Tyr 24
0.1 : —— G2.5CO0H-Tyr 23
| GL.5CO0H-Tyr 22
G4.5CO0H-Tyr 25

= Tyr Chain 21 alone

Absorbance

250 255 260 265 270 275 280 285 290

Wavelength (nm)

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

Generation Absorbance Concentration of | Ratio of | Chain(s)
dendrimer Chains, x/ M chain to | encapsulated”
dendrimer (x-yz
G1.5-COOH 22 0.0703 8.31E-06 8.3 3(£0.31)
G2.5-COOH 23 0.0807 9.54E-06 9.5 4 (£0.33)
G3.5-CO0OH 24 0.0944 1.12E-05 11.2 6 (£ 0.30)
G4.5-COOH 25 0.0539 6.37E-06 6.4 1(x£0.35)

Concentration of Dendrimer, (z) / M =1E-06
Free tyrosine chain 21 in buffer (y) =5.13E-06
*subtracted with the background solubility of the tyrosine chains 21

Table 5:Analysis the encapsulation of PAMAM-COOH with tyrosine chains 21
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In all cases, we observed a 5 nm bathochromic shift in tyrosine peak. This is good evidence
for encapsulation and suggests the absorptions are from encapsulated chain. However, the

background solubility of the chain was subtracted to allow for any non-encapsulate species.

2
0

1.5COOH G2.5CO0H G3.5CO0H G4.5CO0H

Dendrimer Generation

B (S )}

w

Number of tyrosine chain
encapsulated

Figure 27: Trendline of the number of chains encapsulated in the different generation anionic
PAMAM dendrimer.

The maximum number of chains used and all were dissolved in the G3.5 solutions. Overall,
the results suggested that some of the chains were encapsulated well, as indicated by a
significant improvement in the absorption Amax. The efficiencies of encapsulation of the
tyrosine chain 21 into PAMAM dendrimers were reasonable (Figure 27). As anticipated,
the encapsulation number was lower in G1.5-COOH 10 and G4.5-COOH 13. This is due to
the lower generation effects and non-globular shape of G1.5-COOH 10. However, for G4.5-
COOH 13 because of the crowded and rigid surface. 3362 Nonetheless, the G3.5-COOH 12
dendrimer had the optimum size for interaction with the binding area of Chy and

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

De et al. have examined the enzyme activity of graphene oxide (GO) and demonstrated
that GO is a very good inhibitor of a-chymotrypsin (Chy). As a result, we have used the
same assay to study inhibition by the functionalised dendrimers. 3! Ciolkowski et al.
reported that dendrimers with positive ends (G4 PAMAM-NHz) and neutral ends (G4
PAMAM-OH) could interact with the negative charged surface of the protein porcine
pepsin and could inhibit its enzymatic activity. It was also found that these dendrimers acted
as mixed, partially non-competitive pepsin inhibitors. *> However, no studies using acid

terminated dendrimers as competitive inhibitors were reported.

As previously discussed, anionic dendrimers were selected for this study, as they have a
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 protein-protein or protein-ligand interaction. Thus, the G3.5-COOH 12 anionic
dendrimer was used as the scaffold for the functionalised linear tyrosine chains 21. This
dendrimer has previously been shown to bind Chy by virtue of its size and anionic
functionality. * Specifically, this new study will implement tyrosine chains as additional
functionality which is known to be important for protein binding and recognition. The first
experiment was a control that would allow a comparison between binding or inhibition

before and after functionalisation with the tyrosine chain 21.

BTNA 26 (N-benzoyltyrosine-p-nitroanilide) is a chromogenic substrate which can be used
to determine the rate of amide hydrolysis by UV spectrophotometry (Scheme 15). Chy
prefers substrates with large hydrophobic side chains and aromatic amino units, denoting
BTNA 26 as a suitable substrate. “ When BTNA 26 is hydrolysed, nitronaniline 28 is
generated, which is UV active, (Amax = 410 nm).
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N-benzoyltyrosine-p-nitroanilide Yellow
(BTNA) UV active nitroaniline

(absorbance - 410nm)
Scheme 15: UV absorbent product from a-chymotrypsin enzyme catalysed hydrolysis of BTNA 26

Prior to these studies, it was important to determine the conditions of the experiments. For
example, the duration and optimum concentration for efficient yield. In addition, it is
imperative to verify that there was no interaction or reaction between BTNA 26 and the
inhibitor and all inhibition was a direct consequence of interaction between the inhibitor
and the protein. Therefore, a control reaction in the absence of G3.5-COOH 12 is also
required. In addition, controls must be conducted to determine the optimum amount of

substrate to use.

If excessive substrate 26 is used, then surplus nitroaniline 28 will be generated. Also, if too
little substrate is used, then insufficient nitroaniline 28 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 concentration was selected
for the experiment, a solution was formulated based on an enzyme to substrate ratio of 1:5
and an enzyme concentration of 0.4 puM. This was measured by adding BTNA 26 into a
Chy solution (pH = 7.46 phosphate buffer). Hydrolysis of the BTNA 26 substrate was
monitored by measuring the nitroaniline 28 absorbance at A = 410 nm at 120 second

intervals for a period of 40 mins.
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Figure 28: The rate of reaction plots for the hydrolysis of 2.0 uM BTNA 26 (substrate) with the Chy
(enzyme) at 0.4 uM without inhibitor called control reaction.

For the control reaction, a typical reaction profile of nitroaniline 28 concentration (M)
against time (s) was recorded in the absence of any inhibitor (Figure 28). The rate or initial
velocity (V) was calculated by fitting a linear regression to the data using GraphPad Prism
7.03. % This initial velocity is not a constant rate and is dependent upon the substrate
concentration [S] (as well other concentrations). To confirm that inhibition binding was not
due to the tyrosine chains alone (i.e. without dendrimer). Therefore, we carried out a control
using tyrosine chain 21 to see if it could inhibit Chy on its own. The experiment was carried
out by adding BTNA 26 to a solution of Chy and chains (excess of 10eq). No difference
were observed in the rate profile for the enzyme activity. Therefore, at the concentrations
studied, the linear chains do not bind to the enzyme’s active site or form large, self-

aggregating structures that could bind to the surface of Chy.

The experiment was repeated in the presence of G3.5-COOH 12 (inhibitor), which was
added at half the concentration of Chy, as this would avoid too 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 by pre-incubating 1.0 uM Chy with 0.5 uM
G3.5-COOH 12 in 0.1 M phosphate buffer (final concentration of Chy and G3.5-COOH 12,
0.4 uM and 0.2 uM, respectively). The mixture was shaken for 24 hours prior to the assay.

The reaction profiles are shown in Figure 29. The reaction rates were 1.38 x 10° Ms™ and
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9.24 x 101° Ms, for the control and G3.5-COOH 12 system respectively. Thus, the
presence of G3.5-COOH 12 slows the reaction rate and inhibits the reaction by 33% (with
50 inhibitor relative to Chy).
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23 -~ 0.0 uM Control
3 % 17 —+ 0.2 UM G3.5-COOH

1000 1500 2000 2500 3000
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Figure 29: Rate plots for the hydrolysis of 2.0 uM BTNA 26 (substrate leading to the formation of
nitroaniline 3) with the absence and presence of 0.2 uM G3.5-COOH 12 to find the initial velocity
(V). Chy at 0.4 uM

It would be expected that at higher concentrations of inhibitor, decreased rates would be
observed. The ratio of enzyme and substrate was set at 1:5 with enzyme concentration at
0.4 uM. However, as the concentration of inhibitor was increased from 0.2 to 0.4 uM, the
level of inhibition increased from 33% to 54%. The experiment was then carried out at
inhibitor concentrations and the results are shown in Table 6. When the concentration of
G3.5-COOH 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 G3.5-COOH 12 | G3.5-COOH 12 | G3.5-COOH 12
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)

Table 6: Initial velocity data for the hydrolysis of 2.0 uM and 4.0 uM BTNA 26 (substrate) with the
absence (Chy only) and presence of G3.5-COOH 12 at different concentrations. Chy at 0.4 pM.
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Therefore, the three concentrations of G3.5-COOH 12 inhibitor shown in Table 6 were
utilised as reference templates. In further studies, the substrate concentration was increased,
and an enzyme: substrate ratio of 1:10 was used. The enzyme concentration remained at 0.4
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 the initial rates, which were 2.23 x 10° Ms™? in the absence of
G3.5-COOH 12. Subsequently, this decreased gradually to 6.90 x 101 Ms in the presence
of G3.5-COOH 12 at the maximum concentration used (0.8 uM). To understand the mode
of inhibition and to calculate the inhibition constant (K;), enzyme initial velocities were
collected as a function of substrate concentrations [S] and G3.5-COOH 12 inhibitor
concentrations [I]. For accuracy in determining Ki, more data points were required at
different substrate concentrations. Substrate solubility was poor, which limited the substrate
concentration to a maximum of 8.0 uM. Therefore, these experiments were conducted at
the same four concentrations of G3.5-COOH 12 (0, 0.2, 0.4, and 0.8 uM) and four
concentrations of substrate (2.0, 4.0, 6.0 and 8.0 uM). All experiments were performed at
an enzyme concentration of 0.4 uM. For each of the G3.5-COOH 12 concentrations, the
initial rates were obtained (Figure 29). In each case, the reaction profiles and initial
velocities were reduced when compared to the control reaction (without G3.5-COOH 12).
When the G3.5-COOH 12 inhibitor concentration increased (across the table), initial
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 that Vmax had not been reached.
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BTNA 26 0.0 uM Control 0.2 uM 0.4 uM 0.8 uM
[S], uM G3.5-COOH 12 | G3.5-COOH 12 |G3.5-COOH 12
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 G3.5-COOH 12 to
hydrolyse BTNA 26. Chy at 0.4 pM

The data obtained was plotted and analysed using the mixed mode inhibition model by
fitting the data to Equation 1 (using GraphPad). Equation 1 includes the actions of non-
competitive, uncompetitive and competitive inhibitors to generate the o parameter, whose

value can be used to define which one of three types of inhibition is occurring (Figure 30).
63

Vmax [S]

[S] (1+0%> +K,, <1+ (%))

V=

Equation 1

Non-competitive inhibition, is the condition in which the substrate binding to the enzyme
is unaffected by the inhibitor and o = 1. When a > 1, binding of the substrate to the enzyme
is prevented by the inhibitor, this condition is referred to as competitive inhibition. By
contrast, uncompetitive inhibition for which a < 1, the inhibitor binds to the enzyme-

substrate complex preventing formation of product. 54
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Figure 31: The type of inhibitor present can be defined by its effect on the degree of inhibition. a)
When o > 1, binding of the substrate to the enzyme is prevented by the inhibitor, this condition is
referred to as competitive inhibition; b) when o, =1 is the condition in which the substrate binding to
the enzyme is unaffected by the inhibitor called non-competitive inhibition,; c¢) When o. < 1, the
inhibitor binds to the enzyme-substrate (ES) complex preventing formation of product corresponds

to uncompetitive inhibitor.
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Figure 32: Illustration of the information from the degree of inhibition (o) dependent/related
parameters with the Vimax, K, [1] and K.

The o value can also be best described as the ratio between the rates of uninhibited and
inhibited reactions (Vo (uninhibited): Vi (inhibited)) *> and this value is related to K (Michaelis
constant) as shown in Figure 32. 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 a higher Ky compared to the uninhibited enzyme.

The Michaelis constant Kr, is found by halving the Vmax (maximum velocity). If Ky changes
from 100 uM (uninhibited) to 400 uM (inhibited), then a is 4. That is to say, higher Kn and
higher o indicate stronger binding between enzyme and inhibitor. Figure 33(a) shows the
variation in enzyme initial velocity with the substrate concentration by plotting a mixed-
model inhibition. This data can be transformed into a Lineweaver-Burk or double reciprocal
plot that describes the variation in the reciprocal of initial velocity with the reciprocal of

substrate concentration (Figure 33(b).
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(a) Mixed-model inhibition (b) Transformed into Lineweaver-Burk

Figure 33: Mixed inhibition data transformed into double reciprocal Lineweaver-Burk analysis
using GraphPad Prism 7.03
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Figure 34: The initial rate vs substrate (BTNA 26) concentration at various concentration of G3.5-
COOH 12. Chy at 0.4 pM.

Initial rates at various substrate and dendrimer concentrations were obtained and plotted to
generate the graph in Figure 34. The best fit values of K; and Vmax and Km were measured
(Table 8). The Lineweaver-Burk plots were also employed to identify the inhibition mode.
This information is based on the Vmax value. If the Vmax is unchanged and shows the same
y-intercept (with or without the inhibitor), this indicates a competitive inhibition (Figure
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 causes Km to increase. As mentioned earlier, a
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higher K means weak binding between enzyme and substrate (and vice versa for a lower
Km). Uncompetitive and non-competitive inhibitors change the Vmax value. Km values are
reduced in uncompetitive inhibition and Kn the is unaffected in non-competitive inhibition.

Further discussion on this is given in literature review. % -
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—l-
+ / —— Competitive inhibition

Figure 35: The Lineweaver-Burk plots to recognise three main categories of reversible inhibition
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Figure 36: The data in Figure 34 transformed into a Lineweaver-Burk plot and demonstrating a
common y-intercept. Chy at 0.4 uM.



The results obtained in Figure 36 show that there is a common y-intercept for different
concentrations of the G3.5-COOH 12 inhibitor. This demonstrates the action of a
competitive inhibitor. The values of Vimax, Km, and Ki as best-fit values from the G3.5-COOH
12 data set (obtained from Figure 34) are summarised in Table 8. A Vimax 0f 6.0 nMs™* and
a K of 6.34 uM was determined. The o value was measured as 2.57, which indicates a
strong competitive inhibition (more than 1). The Lineweaver-Burk plot also show a
competitive inhibitor, as the data plots share the same y-intercept for each G3.5-COOH 12
concentration. The inhibitor can compete with the substrate and bind at the entrance of the
enzyme active site. The Kjvalue is 0.31 uM, which provides information regarding the
binding strength of the inhibitor and can be used as a reference to compare with other
inhibitors (i.e. the functionalised G3.5-COOH dendrimer inhibitors).

Dendrimer Control G3.5-COOH 12
Kinetic Chy only
inhibition data
Vax , NMst 6.00 (£ 0.011)
Alpha, a ) 2.57 (£ 0.002)
Ki, pg/mL applicable 0.31 (+ 0.020)
K , UM 6.34 (+ 0.030)

Table 7: Summary of kinetic parameters from a linear fit data for G3.5-COOH 12
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2.2.8 Inhibition with tyrosine functionalised G3.5-COOH 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 chain (Figure
37). Analogous experiments and measurements of the non-functionalised G3.5-COOH 12
were used. This permitted identification of the 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- covalent G3.5-COOH 12 with tyrosine chain 21 to inhibit Chy

The next step involved the encapsulation process, which was carried out using methanol
and 0.5 puM concentrations of G3.5-COOH 12 with 5.0 uM linear chains 21. The solvent
was removed to yield a PAMAM dendrimer/linear chains co-precipitate. Phosphate buffer
(pH 7.46, 0.1 M) was added to the precipitate and the solution filtered. The dendrimer-chain

complex was then added to Chy solution (as previously described).
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BTNA 26 0.0 uM Control 0.2 uM 0.4 uM 0.8 uM
[S], uM G3.5-COOH-Tyr 24 |G3.5-COOH-Tyr 24| G3.5-COOH-Tyr 24
Initial velocity (V), nMs™*

2.0 1.380 0.683 0.468 0.251
(£0.571) (+ 0.051) (£0.040) (£0.043)

4.0 2.230 1.163 0.820 0.480
(£0.872) (£0.841) (£0.060) (£0.066)

6.0 2.780 1.503 1.150 0.673
(+0.109) (£0.914) (£0.977) (£0.051)

8.0 3.240 1.771 1.280 0.876
(£0.217) (£0.132) (£0.121) (£0.022)

Table 8: The summary of initial velocity data in the absence (Chy only) and presence of G3.5-COOH-
Tyr 24. Chy at 0.4 pM.

Mixed Model Inhibition G3.5-COOH-Tyr
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Figure 38: Mixed mode inhibition and Lineweaver-Burk plots of G3.5-COOH-Tyr 24. Chy at 0.4
UM.

61



Dendrimer
Kinetic 3.5-COOH 12 G3.5-COOH-Tyr 24
inhibition data
Vinax . NMst 6.00 (£ 0.011) 6.00 (£ 0.005)
Alpha, « 2.57 (£ 0.002)) 3.02 (£0.002)
Ki, pg/mL 0.31 (£ 0.020) 0.17 (£0.004)
K , UM 6.34 (£ 0.030) 6.41 (£0.022)

Table 9: Summary of parameters obtained from a linear fit of data for a control, non-functionalised
G3.5-COOH 12 and functionalised G3.5-COOH-Tyr 24.

The data for experiments with various substrate and G3.5-COOH-Tyr 24 concentrations are
in Table 9. The Lineweaver-Burk plot (Figure 38) shows a common y-intercept, indicating
competetive inhibition. If the tyrosine chain did not affect the binding affinity, G3.5-COOH
12 should bind with equal strength as the functionalised PAMAM and the kinetic data
would be the same as reported for the G3.5-COOH 12 on its own. The results in Table 10
show that with incorporated linear chains binds and inhibits better than the dendrimer alone.
The Vmax obtained was the same as at 6.00 nMs™, however, the K value increased from
6.34 UM (for non-functionalised G3.5-COOH 12) to 6.41 uM (for G3.5-COOH-Tyr 24)
because of weaker binding between the BTNA 26 and the Chy. Furthermore, it can be
concluded from the « value and Lineweaver-Burk plots that both inhibitors demonstrate
competitive inhibition. The « value increased from 2.57 (for non-functionalised G3.5-
COOH 12) to 3.02 when the tyrosine chain was present (G3.5-COOH-Tyr 24), confirming
that binding inhibition was much stronger.

As such, G3.5-COOH-Tyr 24 is a better inhibitor than the non-functionalised G3.5-COOH
12 dendrimer. This is also demonstrated by Ki which is much lower for the functionalised
dendrimer. The results confirm that G3.5-COOH-Tyr 24 has a greater binding affinity (and
therefore inhibits the activity of Chy at a much lower concentration) than the non-
functionalised dendrimer. Specifically, the Kj value for the functionalised system was 45%
lower than K for the non-functionalised dendrimer (0.17 uM and 0.31 uM, respectively).
Therefore, both systems bind to the interfacial area using their carboxylate groups but
binding is improved by secondary interactions between the tyrosine functional groups and

specific sites on the protein’s binding surface.
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The dendrimer-chain 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 protein-dendrimer complex involving the linear chains encapsulated
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
tyrosine-targeting group is on the outside of the dendrimer and the hydrophobic amides
chain hydrogen bond to the amides within the dendrimer as shown in Figure 39 (a).
However, it is possible that the tyrosine units are inside the dendrimer and the hydrophobic
amide chains are outside, binding to the hydrophobic patches on the surface of Chy, to
provide a more stable complex (Figure 39b). There is another possibility involving a mixture
of orientations as shown in Figure 39 (c). In each scenario, the complexes would slow down
or inhibit the reaction. Overall, the use of a non-covalent method has shown that strong
binding is possible and indirectly advocates its suitability as a simple method for

functionalisation compared to the covalent method.
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Figure 39: The possible reaction that can inhibit the activity of Chy a) desirable interaction in which
functional terminal group bind to the surface of Chy b) non-desirable hydrophobic amide linear
chain bind to the surface of Chy and c) the mixed orientation of chains on the surface dendrimer.



2.3  The polyvalent interaction of amino acids binding to the surface of Chy

We have sucessfully demonstrated that a dendrimer functionalised with a non-covalent
tyrosine chain can inhibit Chy and function as a competitive inhibitor. However, acid
dendrimers can bind on their own (unselective). The amino acid chains improve binding,
but the acid interactions are dominant, thus the binding may 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 tyrosine-protein interactions in the absence of the dominat
anionic interactions. If binding takes place, then must arise from the amino acids on the

linear chain binding in a cooperative, polyvalent manner to the protein.

2.3.1 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 functionality. ® 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 and off by non-covalent
interactions. ¢ Giles et al. demonstrated that functionalised linear copolymers could bind
enzymes with improved selectivity. °* Following that, we decided to incorporate the same

key amino acids into our linear chain and use a neutral dendrimer that cannot bind.
2.3.2 Synthesis of neutral dendrimer for non-binding interactions

To achieve our aim, we needed to synthesise a neutral PAMAM dendrimer. This was
achieved by converting the ester/half generation PAMAM into PAMAM-OH using
ethanolamine via nucleophilic substitution. ® The reaction is analogous to the EDA
reaction. However, as ethanolamine is not very reactive, the conditions used were different
to those used in EDA substitution. Nevertheless, the mechanism was comparable. This
method was performed using potassium carbonate as a base, as shown in Scheme 16 and a

minimum quantity of dimethylsulphoxide (DMSO) as a solvent. The crude product was
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initially purified by filtration to give the neutral PAMAM dendrimer in DMSO. Acetone
was used to precipitate the crude product as a thick paste. The product was dissolved in the
minimum amount of water and the purification process repeated twice to give the neutral
PAMAM dendrimer product as a paste in 40% vyield.
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Scheme 16. Addition of ethanolamine groups with potassium carbonate (B) to produce neutral

dendrimers.
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Figure 40. 'H NMR spectrum of G1.5 PAMAM-OH 29 after purification (one arm of dendrimer is
presented)
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In 'H NMR of the G1.5-OH 29 confirmed the reaction had worked (Figure 40), as the ester
methyl peak at 3.69 ppm was no longer visible, and new peaks for the methylene protons
(adjacent to the terminal hydroxyl groups) were visible as a triplet at 3.58 ppm. These
protons shifted to slightly higher chemical shift compared to other methylene groups due to
their proximity to the electronegative oxygen. The success of the reaction was also
confirmed by 3C NMR and FTIR spectra, which showed no visible peaks for the ester C=0
at 175 ppm and 1735 cm™ for the 13C and FTIR respectively. The MALDI spectrum had a
molecular ion at 1438, which is equal to MH" ion. The same procedure and characterisation
strategy was used to synthesise neutral dendrimers up to G 3.5 with 32 OH 31. The data for

all dendrimers is shown in Table 10.

Expected Number Of .
Dendrimer . Molecular OH Obtained
. Chemical Formula weight Mass ion
Generation surface MH-
(g/mol) groups (MH")
G1.5-0OH 29 Ce2H120N 18020 1438 8 1438
G2.5-0OH 30 C142H272N 42044 3272 16 3272
G3.5-OH 31 C302H576N 90002 6940 32 6941

Table 10. Analysis of characterisation of generation neutral PAMAM-OHs (29-31)
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Figure 41: Prepared neutral terminated PAMAM-OHs (29-31).
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2.3.3 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, due to lack of
hydrogen binding function, we expected it to bind weaker than 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 amino chain 19 into the phenylalanine 33 and valine chain 35, the same
general method and purification were carried out as previously described for tyrosine (refer
section 2.3.5, page 44). The synthesis route is shown in Scheme 17. The phenyl protons
were observed between 7.27 ppm and 7.40 ppm for meta, ortho and para respectively. In
the DEPTQ 3C NMR spectrum, peaks were attributed to the aromatic group at 128.0 ppm
and 129.4 ppm. The mass spectrum showed a molecular ion at 347 (MH*). Furthermore,
FTIR showed peaks 2923 cm™, 3035 cm™, corresponding to the C-H and N-H respectively,
and at 1528 cm™ from the aromatic C-C bands. For valine, the 'H NMR showed peaks at
5.28 ppm for the N-H and a peak at 3.55 ppm for the stereogenic CH. Also, a doublet around
1-0.98 ppm and septet at 2.26 ppm for the isopropyl group. The mass spectrum had a
molecule ion at 299 (MH") and a peak at 323 (MNa") indicating that valine 35 had been
successfully prepared.

68



EDC.HCI o o}

o o]
\/\”/“\/\H)]\/\NHQ % \/\N/U\/\NJ]\/\N

(e}
Boc-Phe H H H HN_ O
19 )i
32 0
EDC.HC1

DMAP
Boc-Val TFA/DCM

O o) o
\/\N/U\/\N)]\/\N/U\/L
H H H HN\n/o
o]

34

O 0 o }
\/\N/IK/\N)]\/\N
H H H NH,
TFA/DCM
33

O o) o
\/\N/U\/\NJ]\/\N/I\/L
H H H NH,
35

Scheme 17. Synthesis of phenylalanine 33 and valine 35 from the amino chain 10.

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

In order to evaluate the potential of the non-covalently methodology using 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
encapsulation ability. Specifically, G1.5-80H 29, G2.5-160H 30 and G3.5-36 OH 31 were
studied. A large excess of the amino acid chain was added to a methanol solution of
dendrimer, and the same procedure and calculation used to encapsulate the tyrosine chain
21 (refer section 2.2.6, page 46 ) was also applied here and the resulting UV spectrum

shown in Figure 42.
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Figure 42. UV absorbance data before and after encapsulation of tyrosine 21 in different generation
of neutral dendrimer (representative graph).

a) Encapsulation data for Tyrosine 21

Generation | Absorbance | Concentration Concentration Ratio of chain to Chain(s)
dendrimer of Chains, of Dendrimer, dendrimer encapsulated”
xI M zIM (x-y)/z
G1.5-OH 3
29 0.0727 8.60E-06 8.6 (0.30)
G2.5-OH 4
30 0.0805 9.52E-06 1E-06 9.5 (2 0.25)
G3.5-OH 6
31 0.0964 1.14E-05 11.4 (+0.41)
Free tyrosine chain 21 in buffer (y) =5.13E-06
*subtracted with the background solubility of the tyrosine chains 21
b) Encapsulation data for Phenylalanine 33
Generation | Absorbance Concentration Concentration Ratio of chain to Chain(s)
dendrimer of Chains, x/ M of Dendrimer, dendrimer encapsulated”
zIM (x-y)/z
G1.5-OH 3
29 0.0591 6.82E-06 6.8 (0.28)
G2.5-OH 4
30 0.0712 8.22E-06 1E-06 8.2 (£0.22)
G3.5-OH 6
31 0.0845 9.76E-06 9.8 (0.42)

Free phenylalanine chain 33 in buffer (y) =4.18E-06

*subtracted with the background solubility of the phenylalanine chains 33
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c) Encapsulation data for Valine 35

Generation Absorbance | Concentration of | Concentration of | Ratio of chain | Chain(s)
dendrimer chains, X/ M Dendrimer, z/ M | to dendrimer encapsulated”
(x-y)/z

3
G1.5-OH 29 0.1200 9.23E-06 9.2 (£0.27)

4
G2.5-OH 30 0.1325 1.02E-05 1E-06 10.2 (£0.22)

6
G3.5-OH 31 0.1564 1.20E-05 12.0 (+0.43)

Free valine chain 35 in buffer (y) =5.87E-06
*subtracted with the background solubility of the valine chains 35

Table 11. Analysis of the encapsulation of PAMAM-OH with linear chain of a) tyrosine 21, b)
phenylalanine 33 and c) valine 35 at 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

into the dendrimers’ hydrophobic void. Furthermore, for the G2.5 with 16 OH groups, four

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

inside the dendrimer. The data is summarised in Figure 43

Number of chains encapsulated
[ N w E~Y (0] (o)}

o

Figure 43: Trend line of the number of chains encapsulated in the different generations of PAMAM-

OH.
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The increasing trend line in encapsulation is due to the number of hydrogen bonding sites
and the 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 G1.5-80H 29 and G2.5-160H 30. This is probably due
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 dendrimers. 7071

We already knew that the G3.5 dendrimer was the optimum size for interacting with the
binding area of Chy,®” but G3.5 (32 end groups) is also the best-sized 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 in Figure 45. Due to the different environment within the dendrimer, we can
see a clear shift in tyrosine Amax after encapsulation. However, for the other chains, Amax did
not change. We are not sure why, but one possibility is a difference in the orientation of the
encapsulated chains. For tyrosine 21, it could be that the amino acid end group is within the
dendrimer. For the other amino acids, the head group could be orientated “out”, with the
amino acid groups being solvated by bulk water. This needs further investigation. However,
all bonding is non-covalent. The tyrosine linear chains could re-orientate themselves so that

their head group points out and interacts with the protein (Figure 44).
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Figure 44: The possible situation when the linear chains re-orientate and interact with the Chy.
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Figure 45: UV absorbance before and after encapsulation of G3.5-OH 31 with different terminal
chains a) tyrosine 21 b) phenylalanine 33 and c) valine 35 in the TRIS buffer 0.1 puM.

Baseline Mola_r . .
absorption | Concentration Ratio of .
. . Corrected S . . Chain (s)
Generation dendrimer Absorbance coefficient | of chain (s) / chain to encapsulated*
at (e)/ M dendrimer
max Mt cm?
G3.5-OH-Tyr 38 0.0964 1.14E-05 114 6
: 8456 (+0.41)
*Free Tyr 21 Chain 0.0434 5.13E-06 5.1 n/a
3.5-OH-Phe 39 6
0.0845 8660 9.76E-06 9.8 (0.42)
*Free Phe 33 Chain 0.0362 4.18E-06 4.2 n/a
G3.5-OH-Val 40 0.1564 1.20E-05 12.0 6
14400 (0.43)
*Free Val 40 Chain 0.0845 5.87E-06 5.9 n/a
Concentration of Dendrimer, M = 1.00E-06
*Background solubility subtracted

Table 12: UV absorbance data of chains before (free) and after encapsulation by G3.5-OH 31.
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The data summarised in Table 12 indicates that G3.5-32 OH 38 solutions can solubilise 11
linear chains with at least 6 being encapsulated within the dendrimer through
supramolecular/non-covalent interactions. It also confirms that a neutral dendrimer can act
as a scaffold for the linear chain. The next step was to test the inhibition properties of these

complexes.

The intention of this part of the study is to determine how important and strong the
polyvalent interactions from the amino acids are when binding proteins. If this methodology
is valid, then the dendrimers functionalised with amino acids known to be involved in
protein-protein binding, should bind well to the surface of a-chymotrypsin and inhibit its
function. On the other hand, a dendrimer functionalised with valine, which is not associated
with protein binding, would result in weaker binding and less inhibition. This is the same
hypothesis used in the previous work described by Bogan'? and Twyman.® 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 kinetic inhibition data

would be the same as that measured in the G3.5-OH 31 control reaction/experiment.
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2.3.5 Assay of neutral G3.5 and tyrosine complex as an inhibitor to a- Chymotrypsin

The experiment used the same method as the anionic PAMAM dendrimers when
determining the inhibition and kinetic data. The first experiment was a control only using
BTNA 26 and Chy in buffer (pH 7.46). This provided the initial rate of nitroaniline 28

production.
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Figure 46. Rate plot for hydrolysis of 2.0 uM BTNA 26 in 0.4 uM of Chy in the absence and presence
of unfunctionalised G3.5-OH 31, leading to the formation of nitroaniline 28.

The data is shown in Figure 46 and is similar to the profile observed earlier for PAMAM-
COOH system (refer Figure 29). Analysis confirmed an initial rate of reaction 1.38 x 107
Mst. To test whether or not the neutral dendrimer could bind, the reaction was repeated
using G3.5-OH 31 at a final concentration equivalent to the enzyme (0.4 uM). As expected
the profile did not change and confirms that the G3.5-OH 31 PAMAM does not bind to the
protein 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
Figure 47. This means that any binding following the addition of the functionalised chains
could be associated with polyvalent interactions between the amino acids and the protein

surface.
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Figure 47: Cooperative interactions of the amino acid with the Chy’s surface.

The next step was to prepare the complex between the neutral dendrimer and the linear
chains. Encapsulation was carried out using concentration of 0.4 uM of G3.5-OH 31 and
4.0 uM linear chains-Tyr 21 (10 eq excess) in methanol. The solvent was removed to yield
a PAMAM dendrimer/linear chain co-precipitate. Phosphate buffer (pH 7.46, 0.1M) was
then added to the precipitate. A solution of Chy was then added and the mixture pre-
incubated for 24 h.
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Figure 48: Rate plot for hydrolysis of 2.0 uM BTNA 26 for a control and G3.5-OH-Tyr 38. Chy at
0.4 uM.
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A reduced reaction profile was obtained, indicating a slower rate (Figure 48). For the G3.5-
OH-Tyr 38 complex, the initial rate was 1.025 nMs™, which compares to 1.38 nMs *for the
control or non-functionalised neutral G3.5-OH 31 alone. Functionalisation of the neutral
G3.5-OH can therefore, inhibit Chy by 26% at 0.4 pM. We anticipated that the tyrosine
targeting groups were on the outside of the dendrimer and these were capable of binding to
complementary groups and hydrophobic patches on the surface of Chy to blocks substrate
access to the active site. Further experiments were performed, repeating the reaction using
a twice the concentration (0.8 uM) of inhibitor. If our hypothesis of binding/inhibition was
correct, we predicted that ~50% inhibition would occur and the initial rate would be halved
(assuming saturation was not reached). However, the results obtained with the G3.5-OH-
Tyr 38 concentration of 0.8 uM, showed 41% inhibition (0.820 nMs™). Although the
inhibition did not quite double, it was significantly increased. 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 G3.5-OH-Tyr 38 | G3.5-OH-Tyr 38 | G3.5-OH-Tyr 38

Initial velocity (V), nMs™*
1.380 1.025 0.820 0.643
2.0 (£0.571) (+0.443) (0.0231) (£0.0154)

Table 13: Initial velocity data of 2uM BTNA 26 (substrate) at different concentration of G3.5-OH-
Tyr 38. Chy at 0.4 pM.

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 a1.6 uM inhibitor was 0.643 nMs™, indicating a 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 use more than 5.0 uM of G3.5-OH
31, as the neutral PAMAM has a tendency to form large aggregates. > For the next
experiments, the substrate concentration was increased but the enzyme concentration was
kept the same. Specifically, the substrate (BTNA 26) concentration was doubled to 4.0 uM
and the enzyme kept at 0.4 uM (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
(G3.50H-Tyr 38). The initial rates gradually decreased to 1.18 x 10° Ms* in the presence
of inhibitor at the maximum concentration used (1.6 pM). The data for all concentrations is
shown in Table 14. The experiment was continued using the same concentration of enzyme,
but the substrate ratios were increased to 1:15 and 1:20 (6.0 and 8.0 uM BTNA 26). These
experiments were conducted using the same four concentrations of inhibitor G3.5-OH-Tyr
38 (0, 0.4, 0.8, and 1.6 uM). For each concentration of the inhibitor G3.5-OH-Tyr 38, the
initial velocities were obtained (Table 14). In all cases, the reaction profiles and initial
velocities were reduced when compared to the control reaction(s). Overall, as the
concentration of G3.5-OH-Tyr 38 inhibitor increases, the initial velocities are reduced.

When the substrate concentration increases then the initial velocities increase.

BTNA 26 0.00 pM 0.4 UM 0.8 UM 1.6 uM
[S], UM Control G3.5-OH-Tyr 38 | G3.5-OH-Tyr 38 | G3.5-OH-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 2511 2.162 1.680
(0.217) (0.922) (+0.843) (0.771)

Table 14. The summary of initial velocity data in the absence and presence of G3.5-OH-Tyr 38. Chy
at0.4 uM

To determine the mode of inhibition, the initial rate data obtained was plotted (Figure 49a)
using a mixed inhibition model. In addition, Lineweaver-Burk plots (Figure 49b) were
analysed to confirm whether or not the inhibition was competitive or non-competitive. From
these plots, a common y-intercept was obtained, indicating competitive inhibition. The
values of Vimax, Km and Ki, as best-fit values, are summarised in Table 17. The value of o =
1.95, which is more than 1, confirming and enzyme-inhibitor complex had formed. We
assumed that binding was via the secondary interactions of tyrosine, as the dendrimer did
not bind on its own. These interactions can arise from aromatic n-x, H-bonding and

hydrophobic interactions with the surface of Chy. The K; was 1.23 pM, indicating the
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concentration required to inhibit the enzyme (0.4 uM) completely. The Ki and « values of
tyrosine functionalised G3.5-OH 31 can be used as a reference to compare with
phenylalanine and valine to show the effect of terminal group functionality in inhibiting
Chy.

(a) Mixed Model Inhibition G3.5-OH-tyr
4
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 and (b) Lineweaver-Burk plots for G3.5-OH-Tyr 38 at 0.4 uM
of Chy.
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Dendrimer Control/ non- G3.5-OH-Tyr 38
Kinetic Functionalised
inhibition data G3.5-OH 31
Vinax , M5 6.00 (+ 0.013)
Alpha, o Not applicable 1.95 (+ 0.021)
Ki, pg/mL 1.23 (£ 0.017)
K, UM 6.56 (+ 0.015)

Table 15. Summary of parameters obtained from a linear fit of data for a control (or non-
functionalised G3.5-OH 31) and functionalised G3.5-OH with tyrosine 38.

2.3.6 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 phenylalanine 33
and performed measurements analogous to those used for G3.5-OH-Tyr 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 found that
phenylalanine bound slightly less strongly than the tyrosine dendrimer.®” Experiments using
different amino acids also allowed us to determine whether or not the amino acids are on
the periphery of the dendrimer complex. For example as illustrated in Figure 50, if the
amino acids were inside the dendrimer then the same inhibition result would be obtained
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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Figure 50: Possible orientations of amino 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 with substrate and various concentrations of G3.5-OH-Phe
39 is shown in Table 16. The Lineweaver-Burk plot (Figure 51) confirms competitive
inhibition, and the data is summarised in Table 17. The Vmax obtained for G3.5-OH-Tyr 38
and G3.5-OH-Phe 39 gave the same value of 6.00 nMs™. The K, value for the Phe was 6.31
MM, which is slightly lower than the value for G3.5-OH 31 (6.56 uM). This indicates that
the Phe interacts similarly to the Tyr, and the slight decrease is due to Phe not having the
extra H bond provided by tyrosine phenol. This is confirmed by K; of 1.933 uM, which is
slightly higher than G3.5-OH-Tyr 38. Overall, we are sure that Tyr performs better due to
the additional hydrogen bonding provided by the phenolic OH. This additional interaction
contributes to the better stability of the G3.5-OH-Tyr 38 complex.
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BTNA 26 0.00 um 0.4 uM 0.8 uM 1.6 uyM
[S], pM Control G3.5-OH-Phe 39 | G3.5-OH-Phe 39 | G3.5-OH-Phe 39
Initial velocity (V), nMs™*

1.380 1.161 0.998 0.720

2.0 (0.571) (+ 0.555) (+0.042) (£0.041)
2.230 1.970 1.680 1.281

4.0 (+0.872) (£0.783) (+0.550) (+0.328)
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)

Table 16: The summary of initial velocity data, in the absence and presence of G3.5-OH-Phe 39 at
0.4 uM of Chy.

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
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Lineweaver-Burk of G3.5-OH-Phe

1.51
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% 0.4 UM G3.5-OH-Phe
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>
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Figure 51: Mixed mode inhibition and Lineweaver-Burk for G3.5-OH-Phe 39 at 0.4 uM of Chy..
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Dendrimer G3.5-OH-Tyr 38 G3.5-OH-Phe 39

Kinetic
inhibition data
Vimax , NMs? 6.00 (+ 0.013) 6.00 (x0.011)
Alpha, o 1.95 (£ 0.021) 1.45 (£0.015)
Ki, pg/mL 1.23 (£ 0.017) 1.93 (£0.012)
Kn, UM 6.56 (+ 0.015) 6.31 (£0.022)

Table 17: Summary of kinetic parameters obtained from a linear fit.

2.3.7 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 is with the 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 results (Table 18), we see a set of data that indicates poor inhibition
and therefore, poor binding. The valine initial rates for all the substrate and concentrations
used were very similar to those obtained for the control data. It is clear from Figure 52 that
the valine dendrimers do not bind or inhibit chymotrypsin. The Lineweaver-Burk plot

shows that there is no common y-intercept, but also the « value is very low (no binding).

BTNA 26 0.00 um 0.4 uM 0.8 uM 1.6 uyM
[S], uM Control G3.5-OH-Val 40 | G3.5-OH-Val 40 | G3.5-OH-Val 40
Initial velocity (V), nMs™*

1.380 1.367 1.30 1.299

2.0 (£0.571) (£ 0.568) (x0.487) (x0.432)
2.230 2.190 2111 2.100

4.0 (x0.872) (x0.866) (x0.873) (x0.621)
2.780 2.700 2.600 2.590

6.0 (£0.109) (x0.111) (x0.987) (£0.887)
3.240 3.100 3.001 2.995

8.0 (£0.217) (£0.231) (£0.543) (£0.321)

Table 18. The summary of initial velocity data in the absence and presence of G3.5-OH-Val 40. Chy

at 0.4 pM
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Mixed Model Inhibition G3.5-OH-Val
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Figure 52. Mixed mode inhibition and Lineweaver-Burk plots of [BTNA 26] at various
concentrations of G3.5-OH-Val 40 at 0.4 uM of Chy.

Dendrimer
Kinetic G3.5-OH-Val 40
inhibition data
Viax , NMs? 5.24 (+ 0.182)
Alpha, « 0.85 (x0.012)
Ki, pg/mL 24.60 (£ 0.500)
Km, UM 5.50 (£ 0.004)

Table 19.Summary of kinetic parameters obtained for functionalised G3.5-OH-Val 40.
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2.3.8 Comparison of functionalised G3.5-OH dendrimer with tyrosine, phenylalanine

and valine

Overall, the data confirmed our predictions with regard 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 demonstrated the lowest inhibition and therefore weakest
binding. Valine is occurs commonly in protein structures, but its availability is low at their
binding/interfacial areas. Table 20 shows the initial rates at the highest substrate
concentrations, which shows that the tyrosine and phenylalanine systems inhibit 48%, and
42% respectively, confirming good binding. However, the valine systems bind very weakly
only inhibiting 8 % (£ 5%).

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

nitroaniline 3, (uM)

Concentration of

0 500 1000 1500 2000 2500 3000
Time (s)

Figure 53: The rate plots of 8.0 uM BTNA 26 (substrate) in the presence and absence for all
functionalised G3.5-OH (1.6 uM) during hydrolysis at 0.4 uM of Chy.

Dendrimer Control / G3.5-OH-Val G3.5-OH-Phe G3.5-OH-Tyr
Kinetic non-functionalised 40 39 38
inhibition data G3.5-OH
3.240 2.995 1.890 1.680
Initial velocity (V), nMs’! (x0.217) (£0.321) (£0.765) (x0.771
Percentage Inhibition (%) 0 8 42 48

Table 20: Initial velocity translated into percentage inhibition from Figure 53
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Dendrimer G3.5-OH-Val G3.5-OH-Phe G3.5-OH-Tyr
Kinetic 40 39 38
inhibition data
Vinax , NMs™* 5.24 (£ 0.182) 6.00 (+0.011) 6.00 (£ 0.013)
Alpha, a 0.85 (£ 0.012) 1.45 (+0.015) 1.95 (+ 0.021)
Ki, pg/mL 24.60 (+ 0.500) 1.93 (+0.012) 1.23 (£ 0.017)
Km , UM 5.50 (£ 0.004) 6.31 (£0.022) 6.56 (£ 0.015)

Table 21. Summary of kinetic parameters obtained for all functionalised G3.5-OH

One of the aims was to study the possibility of using a neutral, dendrimers that cannot bind
protein or induce inhibition. The aim was to functionalise the dendrimers non-covalently
with amino acids known to be good and bad for protein binding and use inhibition as a
method to assess binding. Table 21 summarises the kinetic and inhibition results. The Vmax
obtained for the functionalised G3.5-OH showed a Vmax 0f 6.00 nMs™* when functionalised
with tyrosine and phenylalanine, and slightly lower for valine. The Ky values were also
smaller with G3.5-OH-Val 40, indicating stronger binding between the enzyme and
substrate. From the a values and Lineweaver-Burk plots, we confirmed that the tyrosine
and phenylalanine ligands demonstrated competitive inhibition. It also can be observed that

a was higher for tyrosine 38 (1.95 vs 1.45 for phenylalanine 39).

Dendrimers functionalised with valine, showed weak binding and uncompetitive inhibition
(o = 0.85). The result was confirmed through a Lineweaver-Burk plot, which did not show
a common y-intercept. Valine does not contain suitable functionality that can interact
(electrostatically, H-bonding, aromatic n-n etc) and is only capable of weak hydrophobic
binding, which is very weak, giving a high K of 24.60 uM. In contrast, Tyr and Phe had K;
values of 1.93 uM and 1.23 uM respectively. As discussed above, tyrosine bound most
strongly, as it has the extra hydrogen bond contributed by the OH on the aromatic group.
The results indicate the importance of functionality on molecular interactions with respect

to binding to the protein surface of Chy.

In addition, the results show that the head group of the linear chain is important.
Specifically, that tyrosine’s and phenylalanine aromatic groups results in stronger binding
than valine. As such, we have shown that the orientation of linear chain is almost certainly

with the head group pointing out (interacting with the protein) and the hydrophobic tail
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inside the dendrimer. If this was not the case, then all of the amino acid chains would have

bound the same and given similar rates and levels of inhibition.
2.3.9 The effect of the dendrimer terminal’s charge and the ligand’s functionality

We could compare the results so far and determine whether the dendrimer’s terminal charge
or the functionality contributes the most to the interactions. This was achieved by
comparing the neutral dendrimer (G3.5-OH 31) with tyrosine ligands with the results from
the G3.5-COOH 12 dendrimers with and without the tyrosine linear chains 21. By
comparing the results from these experiments, which are shown schematically in Figure 54,
we will be able to determine the extent of any cooperative interactions for the various

dendrimer/system.

\/\/‘-‘. 1 interaction

G3.5 -COH 4 interaction Chy

(b)

G3.5 -CO,H 2 interaction
Wa¥ IPEva®alls
(C) N

Figure 54: Illustration to determine whether it is the dendrimer’s terminal charge or the
functionality of the ligand that contributes the most to the secondary interactions. One interaction
when a) G3.5-OH-Tyr 38 is functionality tyrosine binding is important and b) G3.5-COOH 12
possesses dendrimer’s terminal charge (carboxylate group) predominantly. Two interactions from
c¢) G3.5-COOH-Tyr 24 which is cooperative interaction between carboxylates and tyrosine ligand.
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Figure 55 : Rate plots of 8.0 uM BTNA 26 (substrate) in the presence and absence of dendrimer
inhibitors (0.8 uM) during hydrolysis at 0.4 uM of Chy.

Dendrimer Control/ G3.5-OH-Tyr | G3.5-COCH G3.5-COOH-
3.5-0OH 22 38 12 Tyr 24
Kinetic
inhibition data
Initial velocity (V), 3.240 2.162 1.090 0.876
nMs! (x0.217) (£0.843) (£0.100) (£0.022)
Percentage 0 33 66 73
Inhibition (%)

Table 22 :Initial velocity translated into percentage inhibition from data obtained in Figure 55.

Figure 55 shows all of the data. The neutral G3.5-OH 31 dendrimer does not bind to
Chy, but can bind when it encapsulates the tyrosine linear chain, giving a relative
binding value of 33%. When the anionic G3.5-COOH 12 binds to the positive surface
of Chy, there is stronger relative binding of 66%, whilst the G3.5-COOH-Tyr 24 system
has a relative binding affinity of 73%.

Overall, the data tells us that the neutral dendrimer with encapsulated aromatic amino
acids resulted in reasonable binding, with an « 0f 1.95 and a Kij=1.23 uM. However, the
Ki decreased significantly when the carboxylate dendrimer was used (0.31 pM). In
comparison, the strongest binding occurred with the carboxylic acid dendrimers
encapsulated with tyrosine chain (Kj is 0.19 uM and « = 3.02) (Table 23). However,

although binding is strongest for the carboxylic acid/tyrosine dendrimer complex, the
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increase in binding between dendrimer and dendrimer /chain complex is modest. In

contrast, the difference for the neutral system was relatively high (33%)

In addition, the binding of the carboxylic acid dendrimer/tyrosine complex was less than
the predicted binding by adding the neutral dendrimer tyrosine complex to the
carboxylic acid dendrimer (no tyrosine). That is, if the binding was additive then the
carboxylic acid dendrimer/tyrosine complex should have had a relative binding of at
least 99% (33% for neutral-Tyr dendrimer plus the 66% for the carboxylic acid
dendrimer). This tells us that binding is dominated by charge-charge interactions, with
the weaker tyrosine ligand only reinforcing the binding where it can. As such, the use
of charge can result in strong non- selective binding, with selectivity being provided by
different functionalities on the linear chain. Therefore, to get more selectivity,
dendrimers and/ or linear chains with less charge may need to be used.

Dendrimer

G3.5-OH G3.5-COOH

Kinetic Tyr 38 CeleEoll 12 Tyr 24

inhibition data

Vmax , NMs™! 6.00 (£ 0.013) 6.00 (£ 0.011) 6.00 (£ 0.005)
Alpha, a 1.95 (+ 0.021) 2.57 (£ 0.002) 3.02 (£0.002)
Ki, pg/mL 1.23 (x 0.017) 0.31 (x 0.020) 0.17 (+0.004)
Ku , UM 6.56 (£ 0.015) 6.34 (£ 0.030) 6.41 (+0.022)

Table 23: Summary of kinetic parameters obtained from a linear fit of data for the enzyme
catalysed hydrolysis BTNA 26 including a control, G3.5-OH-Tyr 38, non-functionalised G3.5-
COOH 12, and functionalised G3.5-COOH-Tyr 24.

In order to validate any cooperative/additive binding, we compared our results to those
in the literature. Work by Gilles et al. reported a functionalised copolymer that could
inhibit a 0.5 pM solution of chymotrypsin with an I1Cso = 0.44 pM. ! The kinetic data
obtained for G3.5-COOH-Tyr 24 complex translated into the percentage of enzyme
activity shown in Table 24 and an 1Cso value of 0.23 pM was obtained from a plot of
[BTNA 26] vs [G3.5-COOH-Tyr 24] (0.4 uM solution of chymotrypsin). We cannot
compare our results directly with work of Gilles, because the substrate and concentration
of the enzymes used were different. However, if we normalise for the enzyme then we
get an ICsp of 0.28, which is significantly better than the 1Cso of the copolymers studied
by Gilles.> This supports our earlier assumption that the organised shape dendrimer
acts as a scaffold to present its terminal charges in a size-controlled manner and present

the functionalised linear chains in an organised arrangement, so as to maximise binding.
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Enzyme Activity (%)

[G3.5-COOH-Tyr 24],| 2.0 uM 4.0 uM 6.0 uM 8.0 uM
uM BTNA 26 BTNA 26 BTNA 26 BTNA 26
0.0
(control) 100 100 100 100
0.2 49.50 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

Table 24 : Data of the enzyme activity obtained from the previous data (Table 9: G3.5-COOH-
Tyr 24) at 0.4 uM of Chy.
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Figure 56. Determination of the 1Cso value from the data in Table 9

In our case, the value of ICso (0.23 uM) is greater than K; (0.17 uM), which is another
indicator of competitive inhibition. An ICsq is traditionally used in medical applications
to allow comparisons to be made between various systems. However, recent studies tend
to compare Ki values, as these reflect the binding affinity, with the 1Cso telling us more
about the functional strength of the inhibitor (as a drug). %72 Nevertheless, in
establishing non-covalent interactions with Chy, we do not know if complex formation
has altered or denatured the structure of the proteins. This can be studied using circular

dichroism (CD) and looking for changes in spectra before and after binding to the
dendrimer systems.

91



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 conformations of Chy occur in the CD spectra at
232 and 204 nm.” The experiment was conducted by comparing 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 sufficiently dynamic/flexible and can
change shape to maximise binding, through a process known as the induced fit

mechanism. 877 The results are shown in Figure 57.
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Figure 57. CD spectra for chymotrypsin alone and when bound functionalised dendrimer in
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
temperature. 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

spectrum 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
temperatures (relative to unbound protein).

Therefore, Chy and the protein/dendrimer complexes were heated from 37°C to 65°C
with interval time 1°C per minute. Figure 59 shows the change in intensity relating to

the denatured protein plotted against temperature at 230 nm. The results obtained for the
functionalised dendrimers and Chy were similar as those obtained for Chy alone.
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Figure 58. Temperature profiles of percentage denaturation of chymotrypsin when bound to a
functionalised dendrimer at 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 structural changes
to the protein (as a result of binding).
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2.4 Conclusion

Our aim was to use non-functionalised dendrimers and incorporate targeting and binding
groups non-covalently into the surface of the dendrimer. A number of linear chains were
synthesised and encapsulated 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
dendrimer’s terminal to binding. We 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. The next 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
dendrimer-chain complexes that contains a number of different amino acids, which can
be presented at their surface (Figure 59). In addition, we will develop a dynamic
combinatorial approach, to synthesise functionalised dendrimers using different amino
acids chains that can form cross-links to template together or with 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 self-selected dendrimer-protein complex.
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2.6 Experimental
2.6.1 Instrumentation

NMR Spectroscopy
'H NMR and 3C NMR spectra were measured using Brucker AV X400 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 lonisation Time of Flight (MALDI-TOF)
Spectrometry and Electrospray lon Mass (ESI-MS) and were performed to analyse the
sample.

UV/Vis spectroscopy
The measurement was carried out by Analytik Jena AG Specord S600 and recorded by
the Software (WinASPECT).

Circular Dichroism Spectrometer (CD)
The protein solution was analysed by a Jasco (Model J-810) at the wavelength 200-
250°C. The result obtained was studied using origin software.

2.6.2 Synthesis of PAMAM dendrimers

Synthesis of PAMAM GO0.5 (4 OMe) 1

Ethylenediamine , 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 at room temperature for 24 hours. The excess solvent and unreacted
methyl acrylate were removed and purified. The product (50 g, 98 %) G0.5 1 obtained
as a yellow oil.

FTIR (vmax/cm™), 2954 (OCHs, stretch), 1730 (C=0, ester), 1440 (CH_, bend),1174 (C-
0), 1124, 1039 (C-N); *H NMR (400 MHz, MeOD), 3.68 (12H, s, OCHs), 2.77 (8H, t,
J 7.0 Hz, NCH,CH>CO), 2.53 (4H, s, CH2N), 2.48 (8H, t, J 7.0 Hz, NCH.CH,CO); 3C
NMR (100 MHz, MeOD), 174 (C=0),52.0, 51.0 (CHz), 48.5, 32.0 (CH>); Mass spec
(ES) 405 (MH"), 427 (MNa"*) ,ES-MS C1s H3» N2 Og =406 (calculated)

Synthesis of PAMAM G1.0 (4 NH2) 2

A PAMAM GO0.5 1 (49.40 g, 0.12 mol) in methanol (120 mL) was stirred and EDA
(309.26 g, 5.14 mol) was added drop-wise for 45 minutes. The mixture was allowed to
react at room temperature for 3 days. Methanol and the excess of EDA were removed
at 45 °C at reduced pressure and purified with an azeotropic solution (1.0 L mixture of
9:1 toluene: methanol) and washed again with methanol (100 mL). The purification
process was carried out several times until the EDA was completely removed and dried
at reduced pressure. The final product (60g, 95 %) obtained G1.0 2 as a yellow oil:
FTIR (vmadcm™), 3286 (N-H, stretch), 2937 (C-H, stretch),1646 (C=0), 1560 (N-H,
bend), 1462, 1442 (C-H, bend); 'H NMR (400 MHz, MeOD), 3.27 (8H, t, J 6.5 Hz,
CONHCH), 2.76 (8H, t, J 7.0 Hz, CH2NCH»), 2.74 (8H, t, J 6.5 Hz, CH2CH>NH>),
2.55 (4H, s,CH2N), 2.38 (8H, t, J 7.0 Hz, CH,CONH); *3C NMR (100 MHz, MeQOD),
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174.0 (C=0), 52.0, 50.0 , 42.0, 40.5, 32.5 (CH2); Mass spec (ES), 517 (MH"), 539
(MNa"), ES-MS C22 Hag N1o O4 =516 (calculated)

Synthesis of PAMAM G1.5 (8 OMe) 3

A PAMAM G1.0 2 (30.72 g, 59.46 mmol) in methanol (100 mL) was stirred at 0 °C and
methyl acrylate (103.24g, 1.20 mol) was added in droplets for 45 minutes. The mixture
was allowed to react at room temperature for 3 days. After completion of the reaction,
the solvent was concentrated at reduced pressure at 45 °C. The product was dried and
(63 g, 89%) G1.5 3 obtained as a yellow oil:

FTIR (vmad/cm™), 3312 (N-H, stretch), 2952 (C-H, stretch), 2876, 1735 (C=0, ester),
1650 (C=0), 1537(N-H), 1436 (CH2, bend); *H NMR (400 MHz; MeOD) 3.68 (24H, s,
OCHg), 3.27 (8H, t, J 6.5 Hz, NHCH>), 2.80 (24H, t, J 7.0 Hz , NCH), 2.57 (12H, t, J
6.5 Hz, CH:N), 2.48 (16H, t, J 7.0 Hz, CH.CO), 2.41 (8H, t, J 7.0 Hz, CH,CO); 3C
NMR (100 MHz, MeOD), 172.5 (C=0),171.5 (C=0), 53.0, 52.0 (CH3), 51.5, 50.5, 49.5,
38.0, 33.5, 33.0 (CH2); Mass spec (ES), 1205 (M),1227 (MNa*), ES-MS CssHgsN10020
=1205 (calculated)

Synthesis of PAMAM G2.0 (8 NH2) 4

A PAMAM G1.5 3 (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 mixture was allowed to react at room
temperature for 6 days. The purification process was carried out with an azeotropic
solvent (2.0 L mixture of 9:1 toluene: methanol) and washed with methanol again (100
mL) until the EDA was completely removed. The product was dried and (47 g, 97 %)
G2.0 4 achieved as a sticky yellow oil:

FTIR (vmax/cm™), 3286 (N-H, stretch), 2938 (C-H, stretch), 1646 (C=0, amide), 1561
(N-H) ; 'H NMR (400 MHz, MeOD), 3.27 (24H, t, J 6.0 Hz, NHCH>), 2.81 (24H, t, J
7.0 Hz, NCHy), 2.74 (16H, t, J 6.0 Hz, CH2NHz), 2.60 (12H, t, J 7.0 Hz, CH2N), 2.35
(24H, 1, J 6.5 Hz, CH,CO); *C NMR (100 MHz, MeOD), 174.0 (C=0), 173.5 (C=0),
52.5,51.0,50.0,42.0,41.0, 37.5, 33.2,32.5 (CH2); Mass spec (ES), 1430 (MH"), ES-
MS Ce2 Hi2s N2s O12 = 1429 (calculated)

Synthesis of PAMAM G2.5 (16 OMe) 5

A PAMAM G2.0 3 (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 mixture allowed
to react at room temperature 5 days. Methyl acrylate and the excess solvent were
removed at 45 °C at reduced pressure. The product was dried under a high vacuum to
yield G2.55 (42 g, 72 %) as a sticky yellow oil:

FTIR (vmaxd/cm™), 3298 (N-H stretch), 2952 (C-H stretch), 1735 (C=0, ester), 1645
(C=0, amide), 1552 (N-H, amide bend), 1435 (CH); *H NMR (400 MHz; MeOD) 3.69
(48H, s, OCHs), 3.28 (24H,t, J 6.5 Hz, NHCH2), 2.82 (24H, t, J 7.0 Hz, NCH>), 2.79
(32H,t,J 7.0 Hz, NCH>), 2.62 (12H, t, J 7.0 Hz, NCH>), 2.58 (16H, t, J 6.5 Hz, CH2N),
2.49 (32H, t, J 7.0 Hz, CH.CO) ;BC NMR (100 MHz, MeOD), 173.0 (C=0),
172.5(C=0), 171.5 (C=0), 53.0, 52.5 , 52.0 (CH3), 50.0 ,49.7, 49.5 , 37.5, 37.0 ,34.0,
33.5, 32.0 (CHy);

Mass spec (ES), 2806 (MH™), ES-MS Ci126 H224 N2g O44 = 2807 (calculated).

Synthesis of PAMAM G3.0 (16 NH2) 6

A PAMAM G2.5 5 (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 mixture was allowed to
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react at room temperature for 10 days. The crude product was purified with azeotropic
solution (2.0 L mixture of 9:1 toluene: methanol) to remove EDA at 45 °C. The final
product washed with methanol (100 mL) and EDA was completely removed by
repeating the purification process. The product was dried to give a G3.0 6 (28 g, 97 %)
as a yellow oil:

FTIR (vmax/cm™), 3290 (N-H, stretch), 3090 (C-H stretch), 1639 (C=0), 1562 (N-H),
1487 (CH2); 'H NMR (400 MHz, MeOD), 3.27 (24H, t, J 7.0 Hz, NHCHy), 2.82(32H,
t,J 6.0 Hz, CHoN), 2.70 (56H, t, J 7.0 Hz, CH2N), 2.59 (32H, t, J 6.0 Hz, NCH>), 2.38
(56H, t, J 7.0 Hz, CH.CO); *3C NMR (100 MHz, MeOD), 175.0 (C=0), 174.6 (C=0),
174.4 (C=0),51.4,49.1, 41.64, 39.9, 36.8, 33.8 (CH); Mass spec (ES), 3257(MH"),
ES-MS Ci42 Hags Nsg O2s= 3256(calculated).

Synthesis of PAMAM G3.5 (32 OMe) 7

A PAMAM G3.0 6 (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 react for 4 days. Methyl acrylate and the excess solvent were removed at 45
°C at reduced pressure. The product of G3.5 7 (38 g, 81 %) obtained as a sticky yellow
oil:

FTIR (vmax/cm™), 3296 (N-H stretch), 2952 (C-H stretch), 2832, 1736 (C=0, ester),
1642 (C=0, amide), 1550 (N-H bend), 1440 (CH.); *H NMR (400 MHz, MeOD), 3.69
(96H, s, OCH3), 3.29 (24H, t, J 5.0 Hz , NHCH?), 2.86 (32H, t, J 6.0 Hz, NCH>), 2.78
(56H, t,J 7.0 Hz ,NCH>), 2.65 (64H,t,J 7.0 Hz, NCH>), 2.58 (32H, t, J 6.0 Hz, CH2N),
2.49 (64H, t,J 7.0 Hz , CH,CO), 2.40 (56H, t, J 7.0 Hz, CH,CO);**C NMR (100 MHz,
MeOD), 173.5(C=0), 53.0,52.5,49.8,49.5, 49.0 (CH3), 37.4, 36.5, 33.5, 31.5 (CH2);
Mass spec (ES), 6014 (M), ES-MS Cz70 Hago Nsg Og2 = 6014 (calculated).

Synthesis of PAMAM G4.0 (32 NH2) 8

A PAMAM G3.5 7 (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 mixture was allowed to react for
10 days at room temperature. The crude product was purified with an azeotropic solution
(2.5 L mixture of 9:1 toluene: methanol) at 45 °C to ensure the EDA was completely
removed. The crude product was washed with methanol (100 mL) and concentrated.
The product of G4.0 8 (21 g, 92 %) obtained as a yellow oil:

FTIR (vmax/cm™), 3282 (N-H, amide stretch), 3088, 2945 (C-H stretch), 1645 (C=0),
1558 (N-H bend), 1468 (CH, bend); *H NMR (400 MHz, D20), 3.25 (56H, t, J 6.0 Hz,
NHCH,), 3.15 (64H, t, J 6.0 Hz, NHCH>), 2.74 (120H, t, J 7.0 Hz, NCH,), 2.63 (64H,
t, J 6.0 Hz,NH.CH> ), 2.54 (60H, t, J 6.5 Hz, NHCH>), 2.34 (120H, t, J 6.50 Hz,
CH2CH>); 3C NMR (100 MHz, D20), 175.0 (C=0), 51.5, 50.0, 42.0 , 40.0, 36.5, 33.0,
32.5 (CH2); Mass spec (ES), 6913 (M), ES-MS Cazo2 Hsos N1220g0 = 6913 (calculated).

Synthesis of PAMAM G4.5 (64 OMe ) 9

A PAMAM G4.0 8 (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 days. Methyl acrylate and the excess solvent
were removed at 45 °C at reduced pressure. The product of G4.5 9 (22 g, 91 %) obtained
as a sticky yellow oil:

FTIR (vmax/cm™), 3415 (N-H stretch), 2933 (C-H stretch), 1724 (C=0, ester), 1645
(C=0), 1568 (N-H bend), 1436 (CH bend); *H NMR (400 MHz, MeOD), 3.69 (192H,
s, OCHs), 3.29 (120H, g, J 5.5 Hz, NHCH?), 2.85 (128H, t, J 7.0 Hz, NCHy), 2.79
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(120H, t, J 7.0 Hz, NCH>, 2.63 (60H, t, J 6.0 Hz, CH.CH>), 2.58 (64H, t, J 6.0 Hz,
CH.CH2N), 2.49 (128H, t, J 7.0 Hz, CH.CH>), 2.41 (120H, t, J 7.0 Hz, CH,CH2CO);
13C NMR (100 MHz, MeOD), 173.5 (C=0), 173.0 (C=0), 53.0, 52.5, 51.0, 50.0, 49.5,
38.0, 37.5, 34.0, 33.0 (CH>); Mass spec (ES), 12410 (MH"), ES-MS CssgHgg2N1220188=
12411 (calculated).

2.6.3 Synthesis of PAMAM-COOH dendrimers

Synthesis of PAMAM G1.5-COOH (8 COOH)

A PAMAM G1.5 3 (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 45 °C. The excess solvent was removed at 45 °C at
reduced pressure. The product of G1.5-COOH 10 (7.0 g, 27 %) obtained as a white
sticky solid:

FTIR (vmax/cm™) , 3266 (N-H stretch), 2819, 1645 (C=0), 1559 (N-H bend), 1403 (CH.
bend), 1317, 1155, 1117, 1036, 946; 'H NMR (400 MHz, D-0), 3.25 (8H, t, J 6.0,
NHCH>), 2.72 (24H, m, N(CH2CH>), 2.54 (12H, t, J 7.0 Hz,CH>CH2N), 2.35 (8H, t, J
7.5 Hz, CH,CH>CO), 2.28 (16H, t, J 8.0 Hz, CH,CH,C); *C NMR (100 MHz, D20),
182.0 (C=0, carboxylic acid), 173.5 (C=0), 51.0, 50.5, 50.0, 49.0, 36.5, 34.0, 32.5
(CH); Mass spec (ES), 1093(M*), 1115 (MNa"), ES-MS CusHsoN10020 = 1092
(calculated).

Synthesis of PAMAM G2.5-COOH (16 COOH) 11

A PAMAM G2.5 5 (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 refluxed at 45 °C for
3 days. The excess solvent was removed at 45 °C at reduced pressure and dried under a
high vacuum. The product of G2.5-COOH 11 (26 g, 92 %) obtained as a pale yellow
solid:

FTIR (vmax/cm™), 3255 (N-H stretch), 3095, 2942, 2838, 1645 (C=0), 1555 (N-H bend),
1398 (CH: bend); *H NMR (400 MHz, D-0), 3.25 (24H, t, J 6.0 Hz, NHCH,CH,), 2.73
(56H, m, N(CH2CH>), 2.55 (28H, t, J 7.0 Hz , CH2CH>), 2.35 (24H, t, J 7.0 Hz,
CH2CH2CO), 2.28 (32H, t, J 8.0 Hz, CHCHCO); *C NMR (100 MHz, D0), 181.5
(C=0, carboxylic acid), 174.5 (C=0), 52.0, 51.5, 50.0, 49.0 , 36.5, 34.5, 33.0, 32,5
(CHy); Mass spec (ES), 2582 (M), ES-MS Ci110H192N26044 = 2582 (calculated).

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

A PAMAM G3.5 7 (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 45 °C. The product was concentrated at reduced pressure at 45 °C
and dried under a high vacuum. The product of G3.5-COOH 12 (8.0 g, 97 %) obtained
as a yellow solid:

FTIR (vmax/cm™) , 3265 (N-H stretch), 1638 (C=0), 1560 (N-H bend), 1398 (CHy>),
1318, 1205, 1155, 1029, 875; 'H NMR (400 MHz, D;0), 3.23 (56H, t, J 7.0 Hz,
NHCH,CH), 2.75 (120H, m, N(CH.CHy), 2.56 (60H, t, J 6.0 Hz, CH2CH:N), 2.37 (56H,
t, J 7.0 Hz, CH,CH,CO), 2.30 (64H, t, J 8.0 Hz, CH2CH-CO); *C NMR (100 MHz,
MeOD),179.0 (C=0, carboxylic acid), 173.5 (C=0), 52.0, 51.0, 50.0, 37.5, 35.5, 33.5
(CHy); Mass spec (ES), 5563 (MH"), ES-MS Ca3sH416N58092 = 5562 (calculated).
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Synthesis of PAMAM 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 at 45 °C for 3
days. The excess solvent was removed at 45 °C at reduced pressure and dried under a
high vacuum. The product G4.5 PAMAM-COOH (8.0 g, 98 %) obtained as a yellow
sticky oil:

FTIR (vmax/cm™), 3255 (N-H, amide stretch), 3074, 2945, 2819, 1645 (C=0), 1558 (N-
H, amide bend), 1402 (CH, bend); *H NMR (400 MHz, D-0), 3.23 (120H, m, NHCH_),
2.74 (248 H, m, NCH>CHy), 2.56 (124H, t,J 7.0 Hz, CH,CHy), 2.35 (120H, t, J 7.0 Hz,
CH,CH,CO), 2.26 (128H, t, J 8.0 Hz, CH,COOH); $3C NMR (100 MHz, D-0), 181.5
(C=0, carboxylic acid), 173.5 (C=0, amide), 52.0,51.1, 50.0, 48.5,36.5,34.5, 32.0
(CHy); Mass spec (ES), 11522 (MH"), ES-MS Cag4HgsaN1220188 = 11521 (calculated).

2.6.4 Synthesis of PAMAM-OH dendrimers

General procedure to synthesis neutral PAMAM dendrimer

To a solution of half generation dendrimer in DMSO was added with potassium
carbonate and ethanolamine in droplets. The mixture was stirred and refluxed for 3 days
at 50 °C. The crude product was filtered at reduced pressure to remove any solid
residues. The filtered product was washed with acetone (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. The product was precipitated in acetone and
allowed to settle and the upper layer (acetone) was decanted off. Traces of solvent were
removed at reduced pressure. The product was dried to yield PAMAM-OH dendrimer

Synthesis of PAMAM G1.5 OH (8 OH) 29

A PAMAM G1.5 3 (28.62 g, 0.024 mol) was dissolved in 14 mL of DMSO. Potassium
carbonate (32.82 g, 0.24 mol) and ethanolamine (14.50 g, 0.24 mol) were added portion
wise to the mixture and was stirred and refluxed for 3 days at 50 °C. The purification
was followed as mentioned above. The product was dried to yield G1.5-OH 29 (14 g,
40 %) as a concentrated yellow oil:

FTIR (vma/cm™) , 3295 (N-H stretch), 3097, 2948, 2845, 1643 (C=0), 1560 (N-H),
1445 (CHy), 1363, 1315, 1223, 1066; *H NMR (400 MHz, D20), 3.58 (16H, t, J 5.5 Hz,
CH2CH20H), 3.24 (24H, m, NHCH2CH>), 2.76 (24H, m, N(CH2CH>), 2.56 (12H, t, J
7.0 Hz, CH2CH2N), 2.37 (24H, t, J 7.0 Hz, CH2CH,CO);**C NMR (100 MHz, D20),
175.0 (C=0), 173.5 (C=0), 60.0, 52.0,50.0, 49.0, 41.5, 37.0, 33.0, 33.0 (CHy); Mass
spec (ES), 1438 (MH), 1460 (MNa*), ES-MS Ces2H120N18020 = 1438 (calculated).

Synthesis of PAMAM G2.5 -OH (16 OH) 30

A PAMAM G2.5 5 (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 at 50 °C for 3 days. The
purification was followed as mentioned above. The product was dried to give G2.5-OH
30 (15 g, 94 %) as an orange oil:

FTIR (vma/cm™) , 3395 (N-H stretch), 2955, 1640 (C=0), 1564 (N-H), 1445(CH>),
1315, 1072, 1026; *H NMR (400 MHz, D20), 3.56 (32H, t, J 5.5 Hz, CH,CH,0H), 3.23
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(56H, m, NHCH,CH), 2.76 (56H, t, J 7.0 Hz, N(CH,CH), 2.53 (28H, t, J 7.0 Hz,
CH,CH:2N), 2.34 (56H, t, J 7.0 Hz, CH,CH-CO); *C NMR (100 MHz, D,0), 175.5
(C=0), 174.5 (C=0), 60.0, 51.5,49.0,41.5,39.0, 36.5, 33.0 (CH,); Mass spec (ES),
3272 (MH), ES-MS C142H272N42044 = 3272 (calculated).

Synthesis of PAMAM G3.5-OH (32 OH) 31

A PAMAM G35 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 reaction mixture was refluxed for 3 days at 50 °C. The crude
product was filtered under vacuum to remove any residues. The purification was
followed as mentioned above. The final product was dried to obtain G3.5-OH 31 (12 g,
99 %) as an extremely sticky orange solid:

FTIR (vma/cm™) , 3265 (N-H), 3072, 2918, 2826, 1640 (C=0), 1549 (N-H), 1438
(CHy), 1364, 1295, 1030, 958, 885, 824; *H NMR (400 MHz, D-0), 3.56 (62H, t,J 5.5
Hz, CH2CH>0H), 3.25 (120H, m, NHCH>CH>), 2.75 (120H, m, N(CH>CH>), 2.55 (60H,
t, J 6.0 Hz, CH2CH2N), 2.36 (120H, CH.CH:N); **C NMR (100 MHz, D;0), 175.1
(C=0), 174.5 (C=0), 61.5, 60.0,52.0, 49.0, 44.0,42.0, 37.0, 33.0 (CH>) ; Mass spec
(ES), 6941 (MH"), ES-MS Cs302H576N90O92 = 6940 (calculated).

2.6.5 Synthesis of Linear Chain

Synthesis of methyl-3-butyramidopropanoate
H

S g fagd

o} o)
The mixture of butyric acid chloride (1.31g, 12.3 mmol) and beta alanine methyl ester
hydrochloride (1.885g, 13.5 mmol) were dissolved and stirred in dried DCM (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 hydrogen carbonate
solution. The solution was combined and dried with Mg.SO4 and filtered. The organic
solvent was removed at reduced pressure and the final product (1.92g, 65%) was
obtained as a viscous dark yellow oil:
FTIR (vmax/cm™), 2935 and 2875(C-H stretch), 1685 and 1640 (C=0 stretch), 1540
(N-H bend), *H NMR(400 MHz; MeOD) 3.79 (2H, m, CH>), 3.60 (3H, s, CH3), 2.58
(2H,t,J 7.0 Hz, CHy), 2.32 (2H, t, J 7.0 Hz, CH2CH>), 1.39 (2H, m, CH>), 0.92 (3H, t,
J7.5Hz, CH3 CHy); *3C NMR (100 MHz; MeOD) 173.6, (C=0), 51.9 (CHs), 40.8, 35.5,
35.3, 22.2 (CH2), 13.1 (CHs3); Mass spec (ES) 174 (MH"), ES-MS CgH1sNO3z = 173
(calculated).

Hydrolysis of methyl-3-butyramidopropanoate
o o I\/I_ethyI-S-butyramidop_ropanoate (2.0 g) was added
with KOH (2 ml, 2M) in THF (10 mL) and 1.0 mL of
water. The mixture was refluxed at 70 °C for 24 hours.
HO N
H The solvent was removed at 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 was combined and
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dried with Mg.SO4 and filtered and dried under a high vacuum. The product (2.0 g,
96%) obtained as a white powder:

FTIR (vmax/cm™), 3550 - 3200 (broad, s),2935 and 2872 (C-H stretch), 1680 and 1640
(C=0 stretch), 1540 (N-H bend).

Boc protected chain (16)
O o}
N /U\/\N J\Ok
H H

n-propylamine 14 (1.0 g, 0.0169 mol), Boc-B-alanine 15 (3.41 g, 0.018 mol) and DMAP
(4.40 g, 0.036 mol) were dissolved in DCM (100 mL). EDC.HCI (3.45 g, 0.018 mol)
and triethylamine (5.17 g, 0.0507 mol) were added to the mixture. The mixture was
allowed to react under nitrogen condition. The crude product was washed with brine
solution (100 mL x 3), and the aqueous layers were backwashed with DCM and the
phases separated. The organic layers were collected and dried with Mg>SOa. The solvent
was concentrated at reduced pressure and dried under a high vacuum to give boc chain
16 (4.0 g, 96 %) as a white powder:

FTIR (vma/cm™) , 3335 (N-H stretch), 2968 (C-H), 1682, 1645 (C=0), 1528 (N-H
bend); *H NMR (400 MHz; CDClIs) 5.85 (1H, s,CH2NH), 5.25 (1H, s, CONH), 3.45
(2H, g, NHCH2 CH?>), 3.25 (2H, g, J 6.0 Hz NHCH, CH>), 2.45 (2H, t, J 6.0 Hz, CH,CO),
1.55 (2H, m, CH2CH2CHs), 1.45 (9H, s, CH2CHa), 0.95 (3H, t, J 7.5 Hz, 3x CH3); 13C
NMR (100 MHz; CDCls); 172.5 (C=0), 155.8 (C=0), 80.5 (COCHz), 41.5, 37.0, 36.5,
29.0 (CHas), 23.0 (CH2); Mass spec (ES) 230 (MHY), ES-MS Ci1H2N.03= 231
(calculated).

Boc deprotection chain (17)
o)

\/\N/U\/\NH

H 2
Boc protected chain 16 (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 crude product was washed with
water (5 x 25 mL) and concentrated under vacuum. The final product was dried under a
high vacuum to yield amide chain 17 (1.4 g, 82 %) as a yellow oil:
FTIR (vmax/cm™) , 2978 (N-H), 1645 (C=0), 1558 (N-H); *H NMR (400 MHz; D;0)
3.10 (2H, t, J 6.98 Hz, CH2CH?>), 2.98 (2H, t, J 7.0 Hz, CH2CH?>), 2.51 (2H, t,J 7.0 Hz,
CH2CH?), 1.36 (2H, m, CH3CH>), 0.75 (3H, t, J 7.0 Hz, CH,CHs); 3C NMR (100 MHz;
D.0) 171.5 (C=0), 43.0, 41.5, 36.0, 32.0 (CH), 21.5 (CH3); Mass spec (ES) 131
(MH"), ES-MS CgH14N20 = 130 (calculated).

Amide chain (18)
(0] o) o
NN PN G /<
H H N O
Boc deprotection chain 17 (2.65 g, 0.020 mmol) 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 was washed with brine (100 mL x 3), diluted HCI,
and the aqueous layers were backwashed with DCM. The organic layers were combined
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and dried with Mg>SO4 and the solvent was removed at reduced pressure. The final
product was dried under a high vacuum to yield 18 (4.5 g, 78 %) as a cream coloured
powder:

FTIR (vmax/cm™), 3306 and 2965 (N-H),2935 and 2875 (C-H), 1689 and 1635 (C=0),
1538 (N-H); *H NMR (400 MHz; CDCls) 6.83 (1H, s), 6.28 (1H, s), 5.32 (1H, s, NH),
5.18 (1H, s, NH), 3.55 (2H, g, J 6.0 Hz), 3.37 (4H, m, CH.CH,), 3.24 (2H, g, J 7.0 Hz),
2.55 (2H, m, CH,CH?>), 2.43 (4H, m, CH.CH), 1.55 (2H, m, CH.CH3 ), 1.42 (9H, s, 3 X
CHs), 0.95 (3H, t, J 7.0 Hz,CH2CHs); **C 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 (CH), 12.0 (CH3); Mass spec (ES) 302
(MH"), 324 (MNa"), 202 (MH" - Boc). ES-MS C14H27N304= 301 (calculated).

Amine chain (19)

Amide chain 18 (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 removed at reduced pressure at 50 °C, purified with water (2 x 100 mL) and
dried to give a dark brown oil. The crude product was purified again with DCM (2 x
100 mL), diluted HCL(2 mL) and with water (100 mL). The excess solvent was removed
at 50 °C at reduced pressure and dried under high vacuum. The product contained
impurities and was used to the next step. The crude product (3.0 g, 93%) obtained as a
dark brown oil:

FTIR (vmax/cm™), 2938 (N-H stretch), 1645 (C=0, stretch), 1555 (N-H bend), 1178
and 1130 (C-N); *H NMR (400 MHz; CDCls), 7.86 (2H, t, J 6.0 Hz), 7.75 (2H, s), 3.26
(2H, dd, J 13.0 Hz, 7.0 Hz, CH>), 3.18 (4H, s), 2.96 (6H, m), 2.54 (2H, t, J 7.0 Hz), 2.45
(4H, m, CH,CH2NH,), 1.38 (2H, m, CH,CHs), 0.90 (3H, t, J 7.0 Hz, CH,CHz); *C NMR
(100 MHz; CDCls) 172.5, 170.5, 170.0 (C=0), 40.5, 36.0, 35.5, 35.0, 33.0, 32.0, 23.0
(CHy), 12.0 (CHs); Mass spec (ES) 202 (MH"), 223 (MNa") ES-MS CgH19N30,=
201(calculated).

Boc-protected tyrosine chain (20)

OH
O (o) 0 ;
H

HN_ O
g
(0]

Amide chain 19 (1.0 g, 4.98 mmol) was dissolved in THF (40 mL) and Boc-Tyrosine-
OH (1.4 g, 498 mmol), DMAP (1.21 g, 9.96 mmol) were added followed by
triethylamine (1.52 g, 0.015 mol) and EDC.HCI (0.78 g, 4.0 mmol). The reaction
mixture was allowed to react 24 hours under nitrogen 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
concentrated to yield a yellow oil which crystallised 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 removed at reduced pressure. The
product of Boc chain 20 (1.5 g, 65%) obtained as a white powder:

FTIR (vmax/cm™), 3305 and 2968 (N-H, stretch), 2935 and 2878 (C-H ), 1688 and 1639
(C=0 stretch), 1536 (N-H bend), 1168 (C-N ); *H NMR (400 MHz; MeOD) 7.04 (2H,
d, J 8.5 Hz, m-CHa/), 6.72 (2H, d, J 8.5 Hz, 0-CHa(), 4.18 (1H, t, J 7.0 Hz, CH,CH),
3.42 (4H, m, CH.CHy), 3.15 (2H, t, J 7.0 Hz, CH2CH>), 2.98 (1H, dd, J 14.0 Hz, 6.0 Hz,
diastereotopic CH2), 2.75 (1H, J 14.0 Hz, 9.0 Hz, diastereotopic CH>), 2.38 (2H, t, J 7.5
Hz , NHCH>), 2.31 (2H, q, J 6.0 Hz, NHCH.CHz), 1.55 (2H, m, CHsCHy), 1.38 (9H, s,
3x CHa), 0.95 (3H, t, J 7.5 Hz, CH.CHjs); *C NMR (100 MHz; MeOD) 174.5, 173.5
(C=0), 132, 128.5, 115.5, 49.0, 41.0, 36.0, 35.0, 23.0 (CH), 28.5 (CHz3); Mass spec
(ES) 487.5 (MNa"), 387.4 (MNa*-Boc), ES-MS C23H3sN4Ogs = 464 (calculated), UV
Absorbance (MeOH) Amax (hnm) 278, 225.

Tyrosine chain (21)

OH
0] o) )(‘)Sj

H NH;

Boc-protected tyrosine chain 20 (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 under vacuum. The product dried under high
vacuum for overnight. The product of tyrosine chain 21(1.5 g, 65%) as a white powder.
FTIR (vma/cm™), 3288 and 3086 (N-H ), 2936 (C-H ), 1634 (C=0), 1536 and 1512
(N-H), 1185 and 1138 (C-N ); *H NMR (400 MHz; MeOD) 7.08 (2H, d, J 8.5 Hz, m-
CHar), 6.78 (2H, d, J 8.5 Hz, 0-CHar), 3.96 (1H, t, J 7.0 Hz, CH.CH), 3.42 (4H, m,
CH2CH2NH), 3.15 (2H, t, J 7.0 Hz, CH2CH>), 3.05 (1H, dd, J 14.0 Hz, 7.0 Hz,
diastereotopic_ CHz2), 2.95 (1H, dd, J 14.0 Hz, 8.0 Hz, diastereotopic CH>), 2.40 (2H, t, J
7.0 Hz, CH2CHp), 2.35 (2H, g, NHCH.CH), 1.55 (2H, m, CHsCH>), 0.92 (3H, t,J 7.5
Hz, CH,CHa); 3C NMR (100 MHz; MeOD) 173.5, 173.5, 171.0 (C=0), 133.0, 126.0,
117.0 (ArC), 60.0, 43.0, 38.0, 37.5, 37.5, 36.8, 36.5 (CH>), 24.0, 12.0 (CHz3), Mass spec
(ES) 365 (MH"), ES-MS C1gH2sN40O4 = 364 (calculated).; UV Absorbance (MeOH) Amax
(nm) 275, 227 .

Boc-protected phenylalanine (32)

0]

N

H HN_ O
W{‘
(@]

vma/cm™ (FTIR) 3048 (N-H), 2928 (C-H ), 1638 (C=0 ), 1529 (C=C aromatic) and
1514 (N-H), 1180 and 1136 (C-N); *H NMR (400 MHz; MeOD) 7.40 ( 2H, t, J 9.0 Hz,
m -CHAr), 7.29 (2H, d, J 8.5 Hz, 0-CHAr) , 7.27 (1H,t, J 9.0 Hz, p-CHAr), 3.98 (1H, t,
J 7.0 Hz, CH2CH), 3.45 (4H, m, CH2CH>), 3.15 (2H, t, J 7.0 Hz,CH> CHy), 3.05 (1H,
dd, J 14.0 Hz, 8.0 Hz, diastereotopic CHy), 2.95 (1H, J 14.0 Hz, 8.0 Hz, diastereotopic
CHy), 2.42 (2H, t,J 7.5 Hz, CH2CH>), 2.38 (2H, q, J 7.0 Hz, CH>CH>NH), 1.58 (2H, m,

o o
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CH3CH2CHy), 1.44 (9H, s, 3x CHa), 0.95 (3H, t, J 7.5 Hz, CH,CHj3); 3C NMR (100
MHz; MeOD) 173.5, 172.5, 170.2 (C=0), 130.0, 122, 120.6 (Car), 57.0, 43.0, 38.0, 38.0,
37.5, 35.5, 24.0, 12.0 , 82% yield; Mass spec (ES) 447 (MH"), ES-MS C23H3sN4Os =
448 (calculated);UV Absorbance (MeOH) Amax (nm) 275, 227 .

Phenylalanine chain (33)

NH,

FTIR (Vmax/cm b, 3035(N H), 2923 (C-H), 1634 (C=0), 1528 (C=C aromatic) and
1515 (N-H) and 1330 (C-N); *H NMR (400 MHz; MeOD) 7.40 ( 2H, t, J 9.0 Hz, m -
CHAr), 7.29 (2H, d, J 8.5 Hz, 0-CHAr) , 7.27 (1H,t, J 9.0 Hz, p-CHAr), 3.96 (1H, t, J
7.2 Hz, CH2CH), 3.45 (4H, m, CH2CH2NH?>), 3.15 (2H, t, J 7.0 Hz,CH> CH,), 3.09 (1H,
dd, J 14.0 Hz, 8.0 Hz, diastereotopic CH2), 2.95 (1H, dd, J 14.0 Hz, 8.0 Hz,
diastereotopic CH2), 2.40 (2H, t, J 7.0 Hz ,CH>NH), 2.35 (2H, q J 7.0 Hz, CH2CH>),
1.58 (2H, m, CH3sCH,CH>), 0.98 (3H, t, J 7.0 Hz, CH2CHz3); *C NMR (100 MHz;
MeOD) 173.5,172.5,171.5 (C=0), 129.4, 128, 120.6 (ArC), 55.4 (C), 38.0 (CH>), 25.0,
12.0 (CHgs), 65% yield; Mass spec (ES) 347 (MH*), ES-MS CisH2sN4O3= 348
(calculated); UV Absorbance (MeOH) Amax (nm) 275, 227 .

Boc-protected valine chain (34)

HHNO

FTIR (vmax/cm™), 2932 (N-H stretch), 1640 (C=0, stretch), 1552 (N-H, bend), 1324,
1170 and 1131 (C-N); *H NMR (400 MHz; MeOD), 4.55 (1H, d, J 5.5 Hz, CH), 3.45
(4H, m, CH2CH>NH>), 3.10 (2H, t, J 7.0 Hz,CH2 CH>), 2.66 (1H, sept, CH(CH3)2), 2.40
(2H, t, J 7.0 Hz ,CH2NH), 2.35 (2H, q J 7.0 Hz, CH2CH?>), 1.58 (2H, m, CH3CH>CH>),
1.44 (9H, s, 3x CH3), 1-0.98 (6H, d, CH(CH3)2), 0.95 (3H, t, J 7.5 Hz, CH2CHs); 3C
NMR (100 MHz; MeOD) 173.0, 172.0, 160.5 (C=0), 80.0 (C), 64.0, 41.0, 37.0, 34.5,
32.0,29.0 (CHg), 19.5 (CH3),12.0 (CHa); 72% yield ; Mass spec (ES) , 399 (MH"), 299
(MH™ - Boc) ES-MS C19H3sN4Os = 400 (calculated); UV Absorbance (MeOH) Amax
(nm) 275, 227.

Valine chain (35)

NH,
FTIR (Vmaxlcm by, 2940 (N- Hstretch), 1657 (C=0 stretch), 1566 (N-H bend), 1280 and
1130 (C-N); 'H NMR (400 MHz; MeOD), 5.28 (1H, s, NH), 3.55 (1H, d, J 5.5 Hz, CH),
3.45 (4H, m, CH>CH>NH»), 3.10 (2H, t, J 7.0 Hz,CH>CH2), 2.40 (2H, t, J 7.0
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Hz ,CH>NH), 2.35 (2H, q J 7.0 Hz, CH2CH>), 2.26 (1H, sept, CH(CHz)2), 1.58 (2H, m,
CH3CH2CH?), 1-0.98 (6H, d, CH(CHs)2), 0.91 (3H, t, J 7.5 Hz, CHCHj3); 3C NMR
(100 MHz; MeOD) 172.5, 170 (C=0), 41.0, 38.0, 35.0, 32.0, 29.0 (CH,), 18.5
(CH3),13.0 (CHz3); 55% yield; Mass spec (ES) 299 (MHY), 323 (MNa"), ES-MS
C14H28N403= 300 (calculated).; UV Absorbance (MeOH) Amax (M) 275, 227 .

2.6.6 Encapsulation of the chains within the PAMAM dendrimer

Preparation of TRIS buffer solution

Tris(hydroxymethyl)aminomethane (TRIS) (6.05 g, 0.05 mol) was added into 500 mL
of distilled water. The pH of the solution was monitored and adjusted with hydrochloric
acid until the pH of the solution was reached 7.46. The TRIS buffer solution obtained
had a concentration of 0.1 M.

General procedure for the encapsulation

Dendrimer and the chain (excess 10 eq) were dissolved in methanol. The solutions were
combined and stirred for 24 hours in room temperature. The solvent was removed at
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 a-Chymotrypsin for Binding Assay

Preparation of phosphate buffer

Disodium hydrogen phosphate (14.48 g) and monosodium dihydrogen phosphate (1.75
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 concentration 0.1 M.

Preparation of functionalised dendrimer (Z)

Dendrimer and linear chain (excess 10 eq) in methanol and was stirred for 24 hours at
room temperature. Methanol was removed at reduced pressure to vyield a
dendrimer/linear chains co-precipitate. The co-precipitate produced was dissolved in
phosphate buffer and filtered.

Preparation of 4 nitroaniline solution (Beer -Lambert)

A series of 4-nitroanaline 28 in DCM solution with different concentrations was
prepared. The A absorption values were used at 410 nm and Beer- Lambert was shown
the relationship between absorbance and concentrations of 4-nitroanaline 28.

Preparation of a-chymotrypsin solution

a-chymotrypsin (5 mg) was dissolved in 200 mL of phosphate buffer (pH=7.46, 0.1 M)
to give 1.0 x 10°® M solution. Protein solution was 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 COOH 12

General procedure:

All of the specimens were dissolved in 0.1 M of phosphate buffer (pH 7.46) at 25 °C.
Dendrimer prepared with different concentration (0.5, 1.0, and 2.0 uM), and were
incubated with 1.0 x 10°® M a-chymotrypsin for 24 hours prior to assay. For control
experiment, the cuvette began with a-chymotrypsin and buffer solution (1.0 mL a-
chymotrypsin and 1.0 mL phosphate buffer) or 2.0 mL protein-dendrimer/functionalised
solution and was added with 0.5 mL BTNA 26. Hydrolysis of the BTNA 26 substrate
was monitored by recording the 4-nitroaniline absorbance at A =410 nm at 120 second
intervals for a period of 2400 s.

Assay of Dendrimer-Chymotrypsin Activity

For each final concentration of dendrimer (0.2, 0.4, and 0.8 uM), the initial velocity
was measured at BTNA 26 (substrate) concentrations of 2 uM, 4 uM, 6 uM, and 8 uM.
All experiments were performed at an enzyme concentration of 0.4 pM. Initial velocity
for each dendrimer/substrate combination was obtained by linear fittings of 4-
nitroaniline production over the time using Graphpad prism 7.0. Initial velocity
conditions were observed in all cases. All measurements were recorded at least three
times. The data obtained was plotted and analysed using the mixed mode inhibition
model and transformed into Lineweaver-burk plot.

*For G3.5-OH 31 with concentration (0.4, 0.8 and 1.6 uM) and the linear chain was
used excess of 10 eq respectively.
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Chapter 3

Functionalised Dendrimer For

Measuring Binding To Cytochrome- C
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3.0 Introduction

An electron transport protein of great significance for electron transfer as well as
apoptosis, cytochrome-c constitutes an appealing target. Otherwise referred to as
mitochondrial protein, cytochrome-c is made up of 104 amino acids and one heme
group, with the latter serving as electron transporter in energy transduction because it
can shift between ferrous (Fe?*) and ferric oxidation states (Fe®").”® There are two minor
and three major helices constituting the cytochrome-c structure and they give rise to a
heme pocket by folding in a round shape. ’® Cationic lysine residues and hydrophobic
domains are arranged along the border of the heme edge surface. This is indicative of
strong dependence electrostatic interactive with its protein partner, cytochrome- c
peroxidase (Figure 60). The interaction happening in the protein active site can be

accommaodated by targeting the residues to take advantage of non-covalent interactions.

Figure 60: The ribbon structure of cytochrome-c with a heme moiety

Scaffold macromolecules, including bipyridine metal complexes,”” fullerenes,”
dendrimers, 7 fullerene dendrimers "® and anthracene,®® can bind to compete with its
protein partner of cytochrome-c. As argued in the second chapter (page 22), dendrimers
provide a suitable platform to match interface of protein. Meanwhile, 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 a
relatively large surface characterised by hydrophobicity. Also, binding can be detected
by fluorescent emission spectrocopy, which simplies the binding studies. Fisher first
reported the binding of TCPP to cytochrome-c, with 0.05-5 mM Kq.8! In a different

study, Hamilton and colleagues produced cytochrome-c ligands of higher affinity using
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anionic functionalised calix[4]arene. }* 8 The number and position of the cationic sites
on the protein surfaces determines the binding affinities, given that the multi-anionic
site of the synthetic receptors was fixed on to rigid macrocyclic scaffolds. A
supramolecular complex resulted from the interaction between the terminal carboxylate

anions surrounding the heme depression and the cytochrome-c cationic 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 structures of (a) Calix [4]arene (b) Cyclic Peptide Loops, and (c)
Calix[4]arene attached to four peptide loops for the surface recognition to Cyt-c. Adapted with
permission from Hamilton and co-worker. 884

The interaction between cytochrome-c and the apoptopic protease activating factor
(APAF1) has been validated by earlier research.®® Such an interaction may induce
apoptosis. The calix[4]arene scaffold could disrupt the cytochrome-c- APAF1 complex,
with a Ky of 30 nM.%® Furthermore, Hamilton also showed that an amino acid
functionalised TPP was capable of recognising cytochrome-c. Moreover, as the amino
acid and peptide derivatives surrounding the external edge perturbed fluorescent
guenching to differing extents, then differing proteins could be recognised by the

different fluorescence quenching (Scheme 18).%°

109



TyrAsp

CH

o
HN )L A
;"?{ X N NH,

Lys 1,5-Pentane-Diamine
NH,

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

Figure 62: Scaffolds of tetraphenyl porphyrin with the hydrophobic and anionic groups
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Another observation derived from the tetraphenyl porphyrin studies, was the number of
existing hydrophobic and anionic groups determines the relative affinity of a receptor to
the surface of a protein, as shown in Figure 62. Such a receptor exhibits high-affinity
binding in a liquid environment. The receptor with the greatest affinity for the
cytochrome-c surface (20 nM Ky) is receptor (d) due to the highest number of carboxylic
acid and phenyl groups. These groups bind cytochrome-c by electrostatic and
hydrophobic interactions as illustrated in Scheme 19. Such a finding suggests that this
may not only have an ability for protein surface recognition but may also have promising

qualities of medicinal relevance. *

Negatively charged ,mvdrOPhObic
\ Interaction
- _

Synthetic receptor

Positively charged -

.‘.‘
0.' * Electrostatic
Q Interaction

Cytochrome-c

Scheme 19: The binding mechanism of cytochrome-c

Evidence was provided by Crowley and colleagues about the occurrence of a dynamic
assembly of porphyrin interactions displaying energetic similarity taking up a number
of distinct patches on the surface.®® Furthermore, it was observed that a decrease of up
to 50°C in the melting temperature of cytochrome-c was achieved by porphyrin with
appropriate functionality. By contrast, the melting temperature of cytochrome-c was
unaffected by porphyrin, highlighting that the “denaturing” effect depended on charge
complementarity. 4 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-c was triggered by a receptor based on tetrabiphenyl
porphyrin, suggesting preference for negative cooperative binding to cytochrome-c in

its unfolded state.®
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By comparison to free-base counterparts, metalloporphyrins exhibit quicker aggregation
in a liquid environment owing to improved n-r 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 development of dendrimers based on zinc (Il) porphyrin, with binding to
cytochrome-c being achieved based on the hydrophobic metalloporphyrin core and the
electrostatic binding, leading to a stable porphyrin/cytochrome-c complex. Meanwhile,
Tsukube and colleagues undertook the creation and synthesis of proteo-dendrimers
(la—4a) as synthetic receptors, comprising a polyanionic heptaglutamic acid unit, with
four lysines and each with 2 carboxylic acid (at the surface) for each dendrimer,
hydrophobic dendrons (benzyl ether groups), a hydrophilic polyether surface ensuring
solubility in water, and a fluorescent zinc porphyrinate as core serving as signalling
device (Scheme 20). Competitive inhibition disrupted the interaction between APAF1

and cytochrome-c.%?

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
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. R1
NH ‘ 0—(CH;)2>0—(CH,), —OMe
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OR RO < é ”””””””””””””

Scheme 20: The chemical structure of proteo-dendrimers (1a-4a)

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

the proteo-dendrimer’s polyanionic patch and the cytochrome-c polycationic patch (four
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protonated lysines), the interfacial area being around 1000 A2. Description of the
interactions of polyanionic G1.5-G4.5 PAMAM dendrimers was provided by Twyman
and colleagues as well. Cytochrome-c quenching was achieved by those dendrimers
based on G1.5—G4.5 CO2H terminal groups and binding non-covalently using TCPP as
a competitive (Hot) ligand . % Hence, this type of interaction between proteins could be

disrupted with the help of this category of receptors.*’
3.1 Aims and Objectives

In addition to a-chymotrypsin, cytochrome-c (Cyt-c) was also selected as a target
protein to assess dendrimer binding and the potency of the functionalised dendrimers.
The same non-covalent methodology for adding the targeting groups to a-chymotrypsin
was used. Cyt-c was specifically chosen as its binding surface is 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 developed by Hamilton as a method

to directly measure the binding of Tetracarboxyporphyrins (TCP) to Cyt-c.**

Recent studies undertaken within the Tywman group have found that a porphyrin cored
dendrimer could bind to the surface of Cyt-c and quench its fluorescent signal.®® These
dendrimers possessed a simple negatively charged surface. However, the use of covalent
chemistry to add the porphyrin core was difficult. The difficulty would be made worse
if covalent chemistry was also used to add targeting groups to the surface. To overcome
this limitation, the group initially studied a non-covalent system, where the signaling

porphyrin was encapsulated within a sample dendrimer Scheme 21(a).
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TCPP Cyt-C
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PAMAM 32-CO,H
(a) Ideal complex

Cyt-C

Tetracarboxyphenyl  ©
porphyrin
(TCPP)

(b) Possible complex
- False result

Scheme 21: Possible binding complexes that could form when the TCPP/dendrimer complex is
added to the protein. Both results are quenching. 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 to the interior of the dendrimers. If this complex bound, then
quenching of fluorescence would be observed. The method worked and quenching was
observed, but there were other possibilities that could have generated the same result.
TCPP is encapsulated within the dendrimer via hydrophobic and electrostatic
interactions. However, it is possible for TCPP to be released and bind independently to
the protein (via electrostatic interactions). This would generate a false result Scheme
21(b).

To overcome this problem, Tetraphenyl porphyrin TPP, which is insoluble and could
not bind to the protein was studied. However, this failed as TPP was not encapsulated
very well. The problem was solved using the phenolic porphyrin (Figure 63). The
phenolic group is acidic enough to bind electrostatically to the amines within the
dendrimer, but also not the protein. In addition, when the porphyrin was metallated, it
could also coordinate to the internal nitrogens of the dendrimer and help strengthen

binding (via a cooperative binding effect).
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Figure 63: The compound of 3-hydroxyphenyl porphyrin (phenolic porphyrin)
The aim of this project was to extend the above-mentioned approach by incorporating

binding groups non-covalently to the dendrimer, as shown in Scheme 22.

|
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+

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

Scheme 22: A ZnTHPP-dendrimer-chain 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. ZnTHPP 44 was synthesised using a two-step process, which
involved the synthesis of THPP 43, which was obtained (Scheme 23) from the reaction
of pyrrole 41 and 4-hydroxy benzaldehyde 42 in refluxing propionic acid for 3 hours.
The mixture was cooled to -5 °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 vacuum, yielding purple crystals. %

HO OH

o QA

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

Scheme 23:Synthesis of Tetrahydroxyphenyl Porphyrin (THPP) 43
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Figure 64: *H NMR spectrum of Tetrahydroxyphenyl Porphyrin (THPP) 43 in DMSO solvent
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The structure was confirmed by *H NMR (Figure 64), which showed peaks at 8.85 ppm
corresponding to the pyrrolic f-H of the porphyrin ring. Two doublets were also
observed, which corresponded to resonances of the phenylic protons at 7.18 ppm and
7.97 ppm (ortho and meta respectively). Further signals were observed with a chemical
shift of 9.99 ppm, related to the hydroxyl groups. The free base protons (inner NH) were
observed at -2.92 ppm due to strong shielding by the porphyrin macrocycle. The UV
spectrum showed an intense absorption at 418nm corresponding to the Soret band. Four-
Q bands, at 520 nm, 560 nm, 595 nm and 655 nm, were also observed. FTIR spectra
showed signals for OH, NH and C=N groups, at 3248 cm™, 2924 cm™ and 1609 cm™,
respectively. Mass spectrometry analysis confirmed the mass of the product with a
molecular ion at 679 (MH").

HO

o “)
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 ESE—
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Scheme 24: Synthesis of Zinc Tetrahydroxyphenyl Porphyrin (ZnTHPP) 44

Zinc was inserted into the porphyrin by refluxing THPP 43 with zinc-acetate in
dichloromethane (DCM) for 30 minutes in Scheme 24. The product was filtered to
remove unreacted zinc-acetate. The *H NMR spectrum showed that zinc had been
inserted, as the peak for the free base protons was no longer visible at -2.92 ppm. Mass
spectrometry confirmed insertion with a molecular ion peak observed at 743 (MH™). The
UV-Vis spectrum exhibited a Soret band at 425 nm and only two Q bands at 596 nm
and 661 nm; a reduction from the four bands of the free base porphyrin. The next step

was to encapsulate ZnTHPP 44 within a dendrimer via coordination.
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3.2.2 Complexation of ZNTHPP 44 with functionalised PAMAM

To form the dendrimer-chain porphyrin complex in Figure 65, a solution of ZnTHPP 44
with a concentration of 1.0 x 10° M in a phosphate buffer solution was prepared. A
dendrimer-chain complex solution was prepared using 5.5 mg of G3.5-OH 31 PAMAM
dendrimer and 3.6 mg of Tyr chains 21 dissolved in methanol. Methanol was removed
under reduced pressure and 1.0 L of the ZnTHPP 44 porphyrin buffer solution was
added. The final concentrations of G3.5-OH-Tyr 38 were 1.0 uM of dendrimer and 9.76
UM of the linear chain, respectively. UV/Vis spectroscopy was used to confirm the
encapsulation. We observed that when ZnTHPP 44 was added to the dendrimer solution,
the absorption of the porphyrin soret band shifted to a new signal at 430 nm (Figure 66).
The change was due to coordination binding between ZnTHPP 44 and the nitrogens
within dendrimer (Figure 67).
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Figure 65: The additional interaction provided by coordination of ZnTHPP
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Figure 66: The UV spectrum of ZnTHPP buffer alone and 1.0 uM functionalised G3.5-COOH
12 added to ZnTHPP buffer solution (1.0 pM).

Figure 67: The coordination binding made the absorption of the porphyrin soret band shifted
from 425 nm to 430 nm
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3.2.3 Assessment of binding between dendrimer and Cyt-c using non-covalent

targeting and non-covalent signaling.

The aim for this study was to confirm how important and how strong the polyvalent
interactions from the amino acids were to the binding of Cyt-c. Therefore, our initial
step was to incorporate binding groups non-covalently to a dendrimer that could not

bind Cyt-c. Our main target was to bind to the surface of Cyt-c as shown in Figure 68.

cytC
cytc
G3.5-—-OH + * f
cytC
cytc

P

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

= ZnTHPP

Figure 68: A functional group from the chains provide binding to active site of Cyt-c.

Our first experiment was carried out to measure any reduction in porphyrin emissions,
when a solution of Cyt-c (1.0 uM) was titrated into a solution of ZnTHPP buffer (1.0
HMM). No change in intensity occurred on the fluorescent reading confirming that the
porphyrin did not bind to Cyt-c. The next control was undertaken to determine if there
was any effect on intensity when 9.76 uM (maximum for encapsulation control) of 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 chains did not bind to ZnTHPP 44.
To confirm that G3.5-OH 31 did 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

120



porphyrin concentration). Again, no effect on Cyt-c fluorescence was observed. The
experiment was repeated with the addition of the tyrosine chain 21. The encapsulation
of experiment was carried out as previously described in section 3.2.2 (page 118).
Cytochrome-c (0.3 mg) was incubated in dendrimer-chain solution to give a final

concentration of 1.0 uM.
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Figure 69:Emission spectra reduced after each titration of 20 uL of Cyt-c to a solution of G3.5-
OH 31 (1.0 uM) in the presence of chains in ZnTHPP buffer.

This solution was then added in aliquots to a solution of the ZnTHPP/tyrosine/
dendrimer complex. As can be seen in Figure 69, the intensity of the porphyrin peak
decreased as the solution of Cyt-c was added. This confirms that binding occurred, as
the intensity of the ZnTHPP peak was only quenched when chromophore (Cyt-c) was
very close. The intensity at 610 nm was plotted against the concentration of Cyt-c and
the plot fitted to a 1:1 binding model using Graphpad Prism. The data and fit are shown
in Figure 70.
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Figure 70: A binding plot of intensity of the emission against the concentration of Cyt-c titrated
with the absence and presence of chains in neutral G3.5-OH 31 dendrimer at 1.0 uM ZnTHPP
buffer.

The data generated a dissociation constant, Kg, for G3.50H-Tyr 38 of 33 nM (Ka = 3.00
x 10’ M), This was similar to the research undertaken by Hamilton and colleagues,

who obtained a Kq for Tetraphenylporphyrin of 20+5 nM. 4/

Our data showed that binding was lower than the above-mentioned study, but our ligand
was neutral and lacked the strong electrostatic interaction of TCPP. Therefore, we
proposed to use the G3.5-COOH 12 anionic dendrimer in the next stage in an effort to
improve binding. The addition of a tyrosine chain to the dendrimer may lead to an
enhanced protein binding (and recognition).

We predicted that, if the chain functionalised dendrimer did not bind, or the chains
orientation was not compatible, the same dissociation constant would be obtained for
the dendrimer/ Tyr complex and G3.5-COOH 12 alone. Therefore, binding studies were
initially carried out with G3.5-COOH 12 dendrimer and the experiment was then
repeated using the tyrosine chains 21. In both cases ZnTHPP was encapsulated as the
probe. The data is shown in Figure 71 and clearly demonstrates increased binding

strength for the dendrimer/ Tyr complex.
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Figure 71:Emission spectra reduced after each titration of 20 uL of Cyt-c to a solution of (a) 1.0
MM of G3.5-COOH 12 alone and (b) 1.0 uM of G3.5-COOH- Tyr 24 in ZnTHPP buffer.

The emission for G3.5-COOH-Tyr 24 was quenched to a greater extent than with G3.5-
COOH 12 alone. Plotting the intensity vs [Cyt-c] and fitting the data to a 1:1 model
s to calculate Kq for G3.5-COOH 12 of 10.85 nm (Ka = 9.22 x 10’
M) and a Kq of 5.55 nM (Ka = 18.00 x 107 M) for the G3.5-COOH-Tyr 24 system.
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such, the protein will establish an equilibrium where the most stable species are in

solution. Specifically, the protein-dendrimer complexes.
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Figure 72: A binding plot of intensity of the emission against the concentration of Cyt-c titrated
in the absence and presence of chains

Although we have demonstrated that non-covalent interactions can form a complex that
can bind and detect Cyt-c, it remains unknown as to whether or not binding between
proteins and dendrimer alters or denatures the structure of the proteins. A previous study
within the group showed that the dendrimer did not denature Cyt-c and 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 structural differences
can be identified by comparing the CD spectra of Cyt-c in the presence and absence of
the functionalised dendrimer. The control experiment was carried out using Cyt-c (1.0
KUM) as the buffer. This was then repeated using a dendrimers-chain/protein complex,
with the final concentration of the dendrimer and tyrosine chain being 1.0 uM and 10
MM respectively. The measurements were carried out at 230 nm in the ZnTHPP buffer
(pH=7.46) at 37°C. As can be seen, the CD spectra for the two systems are similar. The
results are shown in Figure 73 and indicate that the CD spectra of the dendrimer without

a chain, or unfunctionalised dendrimer, concurs with the published data, and does not

denature Cyt-c. 32
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Figure 73: CD spectra of Cyt-c when bound to nonfunctionalised and functionalised dendrimer
(with tyrosine) in the ZnTHPP buffer.

Hamilton et al. reported that tetrabiphenyl porphyrin-based receptors could bind with
high affinity towards the surface of Cyt-c (Kq = 0.6 nM) and demonstrated how binding
could affect the melting temperature of the protein using circular dichroism. % For this
study, we were interested to see whether the same technique could also be used to

determine any effect of binding upon protein stability using the dendrimer system that
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they had established. In effect, we aimed to establish whether the dendrimer /protein
would be more or less stable with regard to changes in temperature when bound to the
dendrimer. As such, the dendrimer protein complexes were heated from 37°C to 75°C,
at 1°C per minute. The results for the functionalised dendrimers bound to Cyt-c at 230
nm were the same as those obtained for Cyt-c alone, as shown in Figure 74. 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 by a simple denaturation process, as
the dendrimer binds to the protein.
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Figure 74: Temperature profiles of denaturation (unfolding) of Chy and when bound to a
functionalised dendrimer in the ZnTHPP buffer at 230 nm.
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3.3 Conclusion

In conclusion, the binding potency of the functionalised dendrimers was successfully
measured using non-covalent methods. The study also confirmed that no binding took
place between the neutral G3.5-OH 31 and Cyt-c, due to a lack of terminal functionality
that could bind to the protein surface. However, the same neutral dendrimer could bind
to Cyt-c if the tyrosine chains were encapsulated. The binding affinity for the tyrosine
functionalised system was 3.00 x107 M to the surface protein. The data is presented in
Table 25.

Cytochrome-c Kd Ka= 1/Kgq
(Dissociation (Association
constant), nM constant), 10’ M
ZnTHPP 0.00 not applicable
*TCPP alone 20.00 5.00
G3.50H-Tyr 38 33.00 3.00
G3.5 COOH 12 10.85 9.22
G3.5-COOH- 5.55 18.00
Tyr 24

Table 25: Comparison dissociation and association constant (Kq and Kj) with inhibitor to bind
Cyt-c in 0.3uM porphyrin buffer system. *TCPP without inhibitor (as reported by Hamilton*")

When the G3.5-OH 31 system was used, the ligands were neutral and lacked any strong
electrostatic interaction. Therefore, the next stage of the study investigated the G3.5-
COOH 12 anionic 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 out using G3.5-COOH 12
and the data was compared to that obtained from the functionalised dendrimer tyrosine
(G3.5-COOH-Tyr 24). The binding affinity of the G3.5-COOH 12 dendrimer was 9.22
x 10’ ML, When tyrosine was added, the binding of G3.5-COOH-Tyr 24 increased by
almost 100% to 18 x 10" M. Therefore, this clearly shows the importance of the

terminal groups on binding.

We assumed that the orientation of the linear chain in the complex had the ‘head’ group
pointing out, thus enabling it to interact with the protein surface; however, it is also

possible that the ‘tail” of the linear chain points out and can therefore bind the protein.
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It is suggested that future work is required to confirm this with other amino acids. This
study has concentrated on just one amino 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 (page 95)

Synthesis of Tetrahydroxyphenyl Porphyrin (THPP) 43

Freshly distilled pyrrole 41 (12.51 g, 180 mmol) and 4-hydroxylbenzaldehyde 42 (30.0
g, 120 mmol) were added and refluxed in propionic acid (500 mL) for 24 hours at 142
°C. The mixture was allowed to cool at room temperature and placed for 2 hours at -5°C.
The crude product was washed with the mixture of propionic acid and ethanol (1:1), and
chloroform repeatedly. The organic layer was concentrated in a vacuum, yielding (2.0
g, 2.5%) purple crystals.

vmax/cm™ (FTIR) 3248 cm™ (OH broad band), 2924 cm™ (NH stretch) ,1609 cm™ (C=N)
, 1463, 1378, 1172, 964,798, *H NMR (400 MHz; DMSO) 9.99 (s, 4H phenylic p-OH),
8.84 (s, 8H,B-pyrrole), 7.97 (d, J 8.50 Hz , 8H phenylic m -CH), 7.18 (d, J 8.50 Hz , 8H,
phenylic-0-CH), -2.92 (s,2H, NH-pyrrole); *C NMR (100 MHz; CDCl3) 134.5, 127.6,
126.5, 120.4 (CH2), 11.8 (CH3); Mass spec (ES) 679 (MH") , ES-MS Ca4H30N4O4= 678
(calculated), UV Absorbance (MeOH) Amax (hnm) 418;Q bands 520 nm, 560 nm, 595 nm,
655 nm

Synthesis of Zn inserted to THPP 44

A Tetrahydroxyphenyl Porphyrin 43 (2.0 g, 2.0 mmol) was 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 ZnTHPP 44 (250 mg, 47%) as a purple
crystal.

vmax/cm™ (FTIR) 2923(s), 3245 cm™ (OH broad band), 2924 cm™ (NH stretch) ,1609
cm? (C=N) , 1465, 1379, 1175, 968,792; *H NMR (400 MHz; DMSO) 9.97 (s, 4H
phenylic p-OH), 8.84 (s, 8H,B-pyrrole), 7.96 (d, J 8.50 Hz , 8H phenylic m -CH), 7.18
(d, 8H, J 8.50 Hz , phenylic-0-CH); **C NMR (100 MHz; CDCls) 134.5, 127.6, 126.5,
120.4 (CHy2), 11.8 (CHs); Mass spec (ES) 743 (MH") , ES-MS CuasH2sN404Zn = 742
(calculated), UV Absorbance (MeOH) Amax (M) 425 ;Q bands 596 nm, 661 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 x10° mol) ZnTHPP 44 to give
final concentration of 1.05 uM in phosphate buffer (pH=7.4).

Preparation of dendrimer (or dendrimer-chain) solution (2)

The PAMAM dendrimer solutions (Z) 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

Cytochrome-c (0.3 mg, 3.4x10" mol) was added in dendrimer (Z) (if functionalised;
dendrimer-chain) solution and shaken for 2 hours in room temperature to give a final
concentration of 1.0 pM

Assay of Cytochrome-c activity

Cytochrome-c solution (50 pL) 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 Assay for Circular Dichroism (CD) Spectroscopy

Preparation of dendrimer /chains solutions

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

Preparation of protein solutions

For native cytochrome-c was prepared in ZnTHPP buffer to give 1.0x10° M. Followed
by dendrimer/chain protein with Cytochrome-c in ZnTHPPP buffer.
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Chapter 4

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

Measuring the properties of graphene and its potential application has 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 graphite. ** 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 carboxylates)*® in Figure
75a. GO is chemically versatile, and has been explored in many areas ranging, from
biology, material science, and pharmacology. However, protein interactions have been

less well studied.

Synthetic inhibitors of protein interactions can overcome the aggregation of protein that
can be cause a range of diseases, including thromboembolism, ? diabetes ? and
Alzheimer’s disease. % The appeal of using a synthetic inhibitor lies largely in its
tailorable features, that can be designed, synthesised, and functionalised according to
the target protein. De and Dravid found unfunctionalised GO has been shown to bind
the serine protease surface of protein in Figure 75; a-chymotrypsin (Chy) and to inhibit

its function. 3!

PEG like
substitution

@ Aromatic /
Hydrophobic
Anionic/
Charged

@ cationic residue
@ active pocket

Figure 75:1llustration of a) Graphene oxide (unfunctionalised) b) The surface of a-chymotrypsin

and ¢) GO and Chy complexation. Reprinted with permission from [De, M. J. Am. Chem. Soc.
133, 17524-17527 (2011)]. **
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However, in nature, protein-protein binding has functional group selectivity. There are
several key amino acids which have been known to be important in terms of protein-
protein interactions such as tyrosine, tryptophan and phenylalanine and they are
primarily targeted for surface recognition.!? Although there have been a number of
reports describing the functionalisation of GO with amino acids, including a recent
paper describing a magnetic nano-hybrid system for protein purification,®® the
methodology and characterisation is often over simplified. For example, the most
common method of functionalisation describes the use of a coupling agent and an excess
of amino acid in its non-protected form. The result of which is reported as a monomeric
addition of the amino acid.®®°" However, this method does not produce a GO surface
functionalised with a monomeric layer of amino acid.®®% Instead, this methodology
produces a surface functionalised with an oligomeric amino acid surface. Although
coupling of the first amino acid will initially generate a monomeric functionalised
surface, the amino acid is unprotected 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 they 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 result in 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 cooperative ©t-wt interactions.
As a result, these interactions must be overcome before GO can bind to the protein
surface. In comparison, a single monomeric layer will not bind cooperatively to the
surface of GO. Therefore, any monomeric interactions between the amino acid and the
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 issues, may limit binding
of the mono layered GO. Therefore, it is possible for either the monomeric or oligomeric
system to bind strongest (with respect to each other, or GO). It is also possible that
neither will bind particularly well, and the unfunctionalised 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 will be assessed relative to their ability
to inhibit the activity of the protein a-chymotrypsin. This is possible because the
substrate entrance to the active site of a-chymotrypsin sits in the middle of its
binding/interfacial area. Therefore, when GO binds, it blocks the active site entrance
and the substrate cannot enter.”* This will result in a reduction of the enzyme’s activity,

which can be used to assess relative binding efficiency.®®
4.1 Aims and Objectives

The main aim of this project is to study the potential of functionalised GO as an inhibitor
of protein-protein interactions. De et al. demonstrated GO inhibited the activity of o-
chymotrypsin and displayed the highest inhibition when compared with all the other
previously reported artificial inhibitors.>* However, the limitations using GO
(unfunctionalised) in this study are its non-selectivity and low affinity to the cationic
surface of a-chymotrypsin. Therefore, we envisage to introduce surface recognition sites
in GO by functionalising its surface with amino acids as proposed in (Figure 76). The
layered GO will be utilised and its properties studied. To develop this strategy, we intend
to react the terminal carboxylic acids in GO with tyrosine, which possesses a high
affinity with “hot spot” areas on proteins. 3 We will repeat the same strategy using a-
chymotrypsin as a model protein to bind with GO (unfunctionalised), > which 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: Proposed functionalised GO sheet with amino acids for protein binding study
To achieve our aim, our initial target is to synthesis GO from graphite powder. The Tour
method is 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 literature. 1 Despite GO containing the same types of
functional groups (alcohols, epoxides, carbonyls, and carboxylates), the relative and
absolute abundance of carbon and oxygen (C/O) in the as-synthesised GO may vary
significantly from one method to another. 4% However, the functional groups in 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 approaches are used to functionalise GO with tyrosine. The first involves
the covalent attachment of tyrosine to GO upon reacting the a-amine group in tyrosine
methyl ester with the carboxylic groups in GO followed by hydrolysis of the methyl
ester to give the carboxylic acid. Although this involves a two-step process that is
difficult to prepare a monomeric 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 non-protected tyrosine (-NHz and COOH)
with GO. This will produce a GO surface with an oligomeric system/thicker layer of

tyrosine, as shown in Figure 77.

., 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 compare of 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 tyrosine and will allow
us to measure the importance of selectivity on the hot spot area of a-chymotrypsin .
These biofunctionalised nanomaterials will be prepared and characterised by FTIR,

Elemental Analysis (EA), Thermogravimetric analysis (TGA), RAMAN Spectroscopy,
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X-ray Photoelectron Spectroscopy (XPS), Scanning Electron Microscope (SEM) and X-
ray Diffraction (XRD). Their potential to inhibit «-chymotrypsin using various substrate
and GO concentrations will be used to determine Km, Ki, Vmax and a values, as well as
to determine the mode of binding. As a further investigation, we will also examine the
effects of protein binding on the structure and thermal stability of a-chymotrypsin using
Circular Dichroism (CD).

4.2 Results and discussion

The initial aim was to synthesise GO from graphite. The physical and chemical
properties of this receptor are well known, and the synthetic procedure is recognised *°
and making it a viable option for this study. However, a limitation of GO in dispersion
agents and its bulk structure is that it is difficult to analyse by liquid phase NMR or any
common measurement. Therefore, the analysis starts with FTIR and other material

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

GO can be synthesised from the oxidation of graphite by various methods as reviewed
in Brodie, Staudenmaier, and Hummers.*® In 2010, the Tour method improved the
Hummers’ method by excluding the NaNO3z from the reaction which makes the
procedure safer as did not generate toxic gas. 1°° Therefore, GO 46 was synthesised using
a Tour method as illustrated in Scheme 25. Graphite powder 45 was added to the 9:1
mixture of cool concentrated H.SO4/H3PO4 and KMnO4 was mixed (in droplets) to limit
the potential hazards of exothermic reaction. The strong oxidising agent (KMnO. and
H2S04/H3PO4) was intercalated into graphite to yield GO 46 (Scheme 25).
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KMnO,

L =

H,SO0,

Graphite 45 Graphene Oxide (GO) 46
Scheme 25: Schematic diagram to produce GO 46 sheets using the Tour method. %

The structure of the GO 46 obtained was confirmed by comparing its characterisation
data with published data.’® The completion of the reaction was monitored using FTIR
in Figure 78. No significant changes in the pure graphite observed and the indication of
successful oxidation of the inert bulk carbon structure when their important functional
group was visible. The broad peak was observed at 3400 cm™(OH), 1701cm™ (C=0),
1200 cm™* (C-OH), 1620 cm™}(C=C) and 1050 cm™* (skeletal C=0 or C-C) corresponding

to carboxylic and epoxy groups, confirming the presence of oxygen. 49100-101
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Figure 78: (a) FTIR spectra of graphite 45 and GO 46 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
spectra. XPS was used to probe the electronic/bonding environment of various atoms.
After deconvolution (Figure 78b), the spectrum of GO 46 shows three peaks at 285 eV,
286.99 eV , and 288.76 eV, corresponding to the carbon (sp?), the epoxide, and the
carboxyl, respectively. The O 1s peak binding energies were observed for C=0, C-OH
and O-C=0 group, at 531.0 eV, 532.59 eV and 534.80 eV respectively. %102,
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Table 26: RAMAN spectra and SEM images of graphite 45 and GO 46

RAMAN was used to identify the type of carbon on components and the band shape,
(Table 26). The structure of GO 46 was confirmed by two strong peaks at 1355 cm™
and 1593 cm™, corresponding to the D and G-bands. Graphite showed one sharp single
peak at 1575cm™. The Ip/lc of GO 46 is 0.80 indicated the sp? of a carbon bond was
converted/modified to the sp®-hybridized carbon on the surface of GO 46 due to the
attachment of oxygen-containing functional groups. *® The 2D band at 25003200 cm™*
can be observed broader and symmetrical, indicates the I.p/lg ratio shown a multilayer
(with less than five layers) of GO 46 sheets formed. %1% This layers’ presence has also
been proven by X-ray diffraction (XRD) as a diffraction peak centred at 10° due to the

a layer-to-layer distance attributed to inserted oxygen groups. 1%
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4.2.2 Chemical functionalisation of GO

Having successfully synthesised GO, the next step was functionalisation with a
monomeric and oligomeric layer of amino acid. As discussed, our aim is to study the
effects of the two different surfaces upon functionalised GO. We need to confirm the
structures synthesised (functional characteristics) are well characterised and desired

functionalisation of GO is achieved.
4.2.3 Functionalisation GO using a monomeric system

The first method involved providing a monomeric 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 GO 46 in water and stirring for 24 hours at 70 °C to
produce GO-Tyr (O2Me) 47. The process is illustrated schematically in Scheme 26.
The completion of the reaction was confirmed by FTIR spectra, the carbonyl peaks at
1703 cm observed and the OH groups broad peak was no longer visible. After isolation,
the functionalised GO was resuspended in water and the ester group hydrolysed using
potassium hydroxide. The experiment was conducted using ultrasonic oscillation for 2
hours to allow a multilayer of GO dispersed in water. A representation of the two-step

procedure is shown in Scheme 26.

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

ii) hydrolysis

Q 55 Qo

e R Q ®
Monomeric ? ?
?

Scheme 26: Hydrolysis of GO methyl ester tyrosine to produce monomeric tyrosine (GO-Tyr
Mono) 47
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Subsequent to conversion into carboxylic acids, FTIR peak showed at 1703 cm™ (C=0
(carbonyl group), 1695 cm™ (amide group) and 3032 cm™ (OH group). The elemental
analysis showed the percentage of carbon increased from 39.65% (unfunctionalised GO
46) to 47.51% (Tyr-mono 48) and no nitrogen was observed before functionalisation
(same with XPS 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 relative to the ratio of Ip/lg, suggesting that the area of a layer containing
moderate patches of tyrosine and a thin layer produced as the carbon sp® hybridized

increased slightly from 0.80 to 0.86 nm.
4.2.4 Oligomeric method on the surface GO with tyrosine and Phenylalanine

As mentioned earlier, to simplify the preparation, we used non-protected tyrosine and
phenylalanine (-NH>). The aim to react directly carboxylate of GO with the amine. The
oligomeric system was synthesised using the same initial step, except the non-protected
of amino acids (L-tyrosine and L-phenylalanine respectively) were used instead. An
excess of amino acid was added to produce amine-functionalised GO. The compound
was sonicated in an ultrasonic bath during and after the reaction. This is because the

ultrasound irradiation can cause the mechanochemical exfoliation of aggregated GO into

2
g, o
O
COH COH > ®
' / o ?‘/
o s EDC

multilayer GO sheets.

Cooperative
Q ) M- interactions
@2 Q_? o
i NyHN
NI N
(1:&
% Oligomeric Y.

Scheme 27: Synthesis of oligomeric tyrosine and possible binding on the surface of GO.
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Scheme 28: Illustrated mechanism self-polymerisation of tyrosine that would be produced on the
oligomeric system

n

However, using the excess of amino acid the possibility of self-polymerisation can occur
as illustrated in Scheme 28.?° Furthermore, we also considered the possibility that other
pathways might be involved, such as epoxide-ring opening by terminal nucleophiles of
tyrosine or acylation. 4% 9-192 These factors have been taken into consideration during
structural characterisation studies. FTIR spectroscopy confirmed the efficacy of
inserting amino acids on the surface of GO 46. The peaks obtained for GO functionalised
tyrosine and phenylalanine seems similar with their commercialised amino acid. Having
successfully attached amine on the GO sheets, we analysed the composition elements of
the compounds by elemental analysis and SEM-EDX. We knew these methods would
provide different values due to the different surface and bulk chemical compositions of
a sample; and also feature the method used. *-° Although not an appropriate tool alone
for characterisation, therefore, we need to combine the information with other
techniques. Nevertheless, the analyses are still reliable between the methods. The data
confirmed the nitrogen was found after functionalisation and the nitrogen can only be

derived from an amino acid in Table 27 .

ELEMENTAL ANALYSIS

Compound C (%) H (%) N (%) C:N ratio

GO 46 39.65 3.30 / /

GO-Tyr (Oligo) 49 4751 3.55 2.87 1:16

GO-Phe (Oligo) 50 4550 2.98 3.80 1:12

SEM-EDX
Compound C (%) N (%) 0 (%) C:N ratio
GO 46 52.87 / 47.13 /

GO-Tyr(Oligo) 49 60.07 5.93 33.99 1:10
GO-Phe (Oligo) 50 58.05 7.80 34.20 1.7

Table 27: The elemental analysis and SEM-EDX data for GO, Oligomeric system, GO-Tyr 49
and GO-Phe 50 to identify the atomic ratio of C:N.
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Therefore, the surface of GO 46 has been functionalised as the amount of bound Tyr
and Phe give reliable quantitative results. RAMAN spectrum (Figure 79) shows a
comparison between the oligomeric system of tyrosine and phenylalanine. The data
demonstrated that functionalisation of GO with phenylalanine shifted the G and D bands
to 1591 and 1352 cm™?, respectively. As expected, the D band of GO-Tyr (Oligo) 49
increased due to the functionality of tyrosine increased. The higher Ip/lg ratio also
indicated the bonding type of functionalised GO with tyrosine (1.02) was higher
compared to GO-Phe 50 (0.93). This confirmed that the vibration sp3-hybridized
increased consequently to the more hydrophilic patches of tyrosine. This is also
indicated that the compound was successfully attached with the oligomeric system,
meaning more sp® bonds produced, due to the more covalently subunits of tyrosine
bonding linked on the surface of GO.

GO-Tyr (Oligo)
Ip/lg =1.02

1589 cm™

1351 cm™*

GO-Phe (Oligo)

Raman Intensity (a.u)

1352 emt 1591 cm?

I/l =0.93

T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

Figure 79: RAMAN spectra of the oligomeric system of phenylalanine 50 and tyrosine 49

143



d=1.10 nm

(b) GO-Phe(Oligo)

d=1.00 nm

Intensity (a.u)

(a) GO-Tyr (Oligo) d= Layer distance

10 20 30 40 50 60

20 Degrees

Figure 80: XRD patterns of functionalised of GO-Tyr (Oligo) 49 and GO-Phe (Oligo) 50.

XRD spectra in Figure 80, showed the broad diffraction peaks at 26° because of inserted
aromatic rings on the surface of GO 46. 1® Chemical composition changes can be
observed after functionalisation as the peak shifted from 10° to 8.78°. As we expected,
d-spacing increased due to the oligomeric system inserted and produced the thicker
layer. Furthermore, no a significant difference with oligomeric method in regards of the
layer produced (1.0 nm for tyrosine and 1.1 nm of phenylalanine respectively).
Therefore, we summarised that GO 46 samples were successfully functionalised with

the flexibility of oligomeric amino acids for the entire volume.
4.25 Comparing Monomeric system and oligomeric system on the surface GO

Oligomeric and monomeric GO-Tyr was intensively studied in term of fixed and
flexibility spacer produced on the surface of GO. This is important to compare their
elements’ content and the degree of amine, as we study the effect of these structures in
the protein binding study. The elemental analysis and SEM-EDX were compared in
Table 28. The carbon content increased from around 40% for GO 46, to 45 and 48% for
the monomeric 48 and oligomeric 49 systems respectively. This increase in carbon
content with an increasing level of functionalisation is consistent with other reports.
Elemental analysis also showed that nitrogen was present in both the monomeric and
oligomeric systems, with a higher percentage observed for the oligomeric system
(around 5.5 % and 3% for the oligo and monomeric systems respectively). On its own,
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this does not necessarily indicate a higher level of functionalisation, as this is dependent

on the relative amounts of the other elements present.

However, the carbon to nitrogen ratio can be used to assess qualitatively the relative
levels of functionalisation. A lower ratio indicates a higher proportion of nitrogen,
relative to the carbon content. The ratio for the two systems was 1:8 and 1:16 for the
oligomeric and monomeric species respectively, confirming a higher level of
functionalisation for the oligomeric system. SEM-EDX mapping of the GO 46 surface
showed that only carbon and oxygen were present, whilst images for the monomeric and
Furthermore, SEM-EDX

analysis (Figure 81), indicated a carbon to nitrogen ratio of 1:4 for the oligomer and

oligomeric samples also showed nitrogen in Figure 81.

1:10 for the monomer, which correlate reasonably well with elemental analysis. This
data confirmed no impurities were involved in order to avoid undesired activity/reaction

during protein binding study.

ELEMENTAL ANALYSIS

Compound C (%) N (%) H (%) C:N ratio
GO 46 39.65 / 3.30 /
GO-Tyr (Mono) 48 4511 5.49 4.18 1.8
GO-Tyr(Oligo) 49 4751 2.87 3.55 1.16

SEM-EDX
Compound C (%) N (%) 0 (%) C:N ratio

GO 46 52.87 / 47.13 /
GO-Tyr (Mono) 48 58.40 16.82 24.77 1:4
GO-Tyr(Oligo) 49 60.07 5.93 33.99 1:10

Table 28 : The elemental analysis and SEM-EDX data for GO, GO-Tyr (Mono) 48 and GO-Tyr

(Oligo) 49 to identify the atomic ratio of C:N.
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Figure 81: Quantitative SEM-EDX element mapping of GO-Tyr a) Mono 48 and (b) Oligo 49 of all elemental. The scale bar is 20 um
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The N 1s XPS spectra showed two peaks, indicating two main bonding states of nitrogen
(Figure 82). The first, at a binding energy of 400.35 eV, is attributed to the nitrogen in
the amide bond, which form when the amino acid reacts with the carboxylates on the
surface (or the growing oligomer). The second peak comes at 400.7 eV, and can be
assigned to a nitrogen in an amine bond. **1%” The ratio of amide and amine peaks in the
oligomer is 1:0.33. However, more amine bonds appear to have formed in the
monomeric system, where a ratio of 1:1.35 was observed. The disparity comes from the
differences in the synthetic methods. During the synthesis of the oligomeric and
monomeric systems, the N-terminus of the amino acid can react with the surface
carboxylate groups to generate amides. The N-terminus can also react with the epoxides
on the surface of GO, to give an amine and this is possible for both the oligomeric and
monomeric synthesis. However, as a non-protected tyrosine is used in the oligomeric
method, the N-terminus can also react with the C-terminus of another amino acid or a
growing oligomer. Either will result in the formation of more amide bonds and fewer
amines and this is the reason why the amide peak for the oligomeric system is much

higher/more intense than the monomeric system.
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Figure 82: (a) Possible structure pathway functionalisation to present the deconvoluted of XPS
spectra of the N1s of (b) GO-Tyr (Mono) 48 and (c) GO-Tyr (Oligo) 49
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Figure 83: Interpretation of layer distance using XRD technique in functionalisation of GO
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XRD showed that for the monomeric system was measured as 0.86 nm, which is slightly
higher than the 0.80 nm recorded for GO 46. This similarity is to be expected, as
tyrosine is small and the aromatic functional group is probably lying flat on the surface
and minimising the d spacing (as a result of n—m interactions). However, the d spacing
for the oligomeric system was larger, at 1.00 nm, which is greater than either the GO,
or the monomeric functionalised system. Again, this to be expected as the oligomeric
system is longer/bigger and will take up more space on the surface. Although the
aromatic rings can lay flat on the surface, it is not necessarily true that all of the aromatic
rings will, or can lay flat. This is particularly true for longer oligomers, where it is likely
that “kinks” or “bulges” may form on the surface, which would result in a higher d

spacing (Figure 83).

TGA analysis (Figure 84) of GO 46 was similar to published data, ® with
decomposition taking place in three phases. Initially, around 25% weight loss occurred
at 50-120°C, which was related to the loss of water. The second phase appeared from
120-440°C, which corresponded to the loss of oxygen-containing groups and accounted
for around 30% weight loss. The final phase took place between 440 °C and 750 °C
(when the measurement was stopped) and is due to the pyrolysis of oxygen and unstable
carbons remaining in the structure to yield CO and C02.1%°1%® The monomeric and
oligomeric systems decomposed much faster with both showing an initial and fast
degradation corresponding to loss of water. In the case of the monomer, this was
followed by a fast decomposition from 100-600 °C (accounting for around 50% loss of
weight). The oligomeric system was equally unstable, showing a continuous and fast
decomposition from 120 °C to 450°C, which accounted for nearly 80% lost weight. For
both systems, this was followed by a final pyrolysis stage from 600 °C to 750 °C. The
faster degradation of the functionalised systems is a result of amino acid and oligomer
degradation, which is reflected in the relative increases in weight loss.
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Figure 84: TGA curves of GO, GO-Tyr (Mono) 48 and GO-Tyr (Oligo) 49.

We concluded that unfunctionalised GO 46, GO-Tyr (Mono) 48 and GO-Tyr (Oligo)
49, the carbon, oxygen, and nitrogen content increased significantly, the amount of sp?
carbons decrease as effectively converted into sp® hybridized and the d-spacing layer
increased respectively. This outcome indicated the functionalisation of GO with

different spacer ability was achieved.
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4.3 Using UV spectroscopy to assay Graphene Oxide inhibition of the

enzyme a-Chymotrypsin
4.3.1 Unfunctionalised Graphene Oxide (GO)

Protein binding of the functionalised GO was assessed using an enzyme inhibition assay.
The basic premise (with respect to protein binding) is based on the assumption that
binding to the surface of an enzyme may prevent or reduce substrate access to the active
site. This is particularly relevant for a-chymotrypsin, whose active site entrance is rich
in positive charge.!® We exploited this principle to demonstrate a size based
relationship between dendrimers and protein binding.>® De and Dravid also used the
same premise to demonstrate how simple GO, which is rich in negative charge, could
interact electrostatically with a-chymotrypsin.>* However, electrostatics are not the
only interactions involved in protein binding. The active site entrance of o-
chymotrypsin also contains functionality capable of engaging in a number of other
interactions (e.g. H-bonding, ©—n, and hydrophobic interactions). 11° Therefore, addition
of explicit functionality to the surface of GO should result in improved selectivity. To
test this, we carried out the hydrolysis of the enzyme substrate N-benzoyl tyrosine p-
nitroanilide (BTNA 26), using a-chymotrypsin.

OH
Hydrol
o) N _Hydrolysis rolysis . HW‘@‘
N N Chymotrypsm
H o

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

(absorbance - 410nm)

Scheme 29: UV absorbent product from a-chymotrypsin enzyme catalysed hydrolysis of BTNA
26
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As mentioned before, upon hydrolysis BTNA 26 generates nitroaniline 28 that is yellow
in colour (p-nitroaniline) and can be used to follow the hydrolysis over time, Scheme
29. Initial rates can then be determined from plots of nitroaniline 28 concentration
versus time. Initially, a baseline/control was established for the activity of a-
chymotrypsin in the absence of inhibitor, using BTNA 26 as the substrate. The reactions
were carried out using 2.0 uM BTNA 26 and 0.4 uM a-chymotrypsin (pH = 7.46-
phosphate buffer). For the control reaction, a typical reaction profile of nitroaniline 28
concentration (M) against time (s) was recorded in the absence of unfunctionalised GO
46 (Figure 85), and the rate or initial velocity (V) was calculated using linear regression
over 2400 seconds (GraphPad Prism 7.03). %

Concentration of
Nitroaniline 3, (uM)

0 500 1000 1500 2000 2500 3000
Time (s)

Figure 85: Rate plots for the hydrolysis of 2 uM BTNA 26 (substrate) with the Chy (enzyme) at
1.0 uM without inhibitor called control reaction.

Subsequently, the experiment was repeated in the presence of GO 46 (inhibitor). GO
was initially added at a concentration of 0.06 pug/mL. This was prepared by pre-
incubating Chy with GO 46 and the mixture was shaken for 24 hours prior to the assay.
The reaction profiles show the initial velocity for the control (Vo) and for the
experiments with added GO 46. The reaction rates were 1.380 x 10° Mstand 1.20 x 10°
¥ Ms?, respectively; thus, the presence of GO 46 decreases the reaction rate. The results
obtained indicate that at a GO 46 concentration of 0.06 pg/mL, the reaction is inhibited

by 13% as because of weak binding.

Therefore, it would be expected that higher levels of inhibition will be observed at a

higher concentration of GO 46. We decided to keep the final concentration of enzyme
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and substrate at a ratio of 1:5 and enzyme concentration at 0.4 uM. The concentration
of inhibitor was systematically increased from 0.06 to 0.12 pug/mL. It was observed the
reaction rate inhibition increased from 13% to 23% when the concentration of inhibitor
was doubled. Then, the experiment was carried out at inhibitor concentrations up to 0.24
pg/mL and 0.48 pug/mL. The data in Table 29 indicate that when concentration of GO
46 was increased, the initial velocity was reduced from 1.200 x 10 to 0.768 x 10° Ms

Las a result of increasing binding from 13% to 44%.

IN
]
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=+ 0.24 pg/mL GO
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Figure 86: Rate plots for the hydrolysis of 2 uM BTNA 26 (substrate) with the absence and
presence of GO 46.

Control
BTNA 26 0.00 pg/mL 0.06 pg/mL | 0.12 pg/mL 0.24 pg/mL 0.48 pg/mL
[S], UM GO 46 GO 46 GO 46 GO 46 GO 46
Initial velocity (V), nMs’*
1.380 1.200 1.062 0.948 0.768
2.0 (x0.571) (£ 0.502) (£0.440) (£0.0412) (£0.0341)

Table 29: Initial velocity data for the hydrolysis of 2.0 uM BTNA 26 (substrate) with the absence
and presence of GO 46.

Therefore, we decided to use the five concentrations of GO 46 inhibitor shown in Table
as our reference template. In further studies, the substrate concentration was increased
to an enzyme: substrate ratio of 1:10 at an enzyme concentration of 0.4 uM. 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 the initial rates, which were 2.23 x 10° Ms™? in the absence of GO 46 and
which decreased gradually to 1.40 x 10° Ms* in the presence of GO 46 at the maximum

concentration (0.48 pg/mL).
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Enzyme: substrate ratios of 1:15 and 1:20 were selected for further experiments. These

experiments were conducted at the same five concentrations of GO 46 (0, 0.06, 0.12,

0.24 and 0.48 pug/mL). For each of the GO 46 concentrations, the initial velocity data

were obtained (Table 30). In all cases, the reaction profiles and initial velocities were

reduced when compared to the reaction rate without GO 46 inhibitor. However, as the

substrate concentration was increased, a minimal increase in the initial velocity was

observed.
Control
BTNA 26 0.00 pg/mL 0.06 pg/mL | 0.12 pg/mL 0.24 pg/mL 0.48 pg/mL
[S], uM GO 46 GO 46 GO 46 GO 46 GO 46
Initial velocity (V), nMs™*

1.380 1.200 1.062 0.948 0.768

2.0 (+0.571) ( 0.502) (+0.440) (+0.0412) (+0.0341)
2.230 2.098 1.890 1.687 1.400

4.0 (+0.872) (+0.832) (+0.770) (+0.681) (+0.650)
2.780 2.580 2.380 2.100 1.800

6.0 (x0.109) (£0.902) (£0.962) (£0.863) (£0.781)
3.240 3.870 2.700 2.410 2.119

8.0 (+0.217) (+0.117) (+0.110) (+0.101) (+0.803)

Table 30: The summary of initial velocity data in the absence and presence of unfunctionalised
GO 46. Chy at 0.4 uM
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Then the data obtained was plotting in Mixed model inhibition using GraphPad Prism
7.03, Table 30 the data was fitted to Equation 1, which is the general rate equation that
describes enzymatic reactions in the presence of an inhibitor (as previously described in
section 2.2.7, page 54). In addition, the important « parameter can also be obtained with
this model and is informative with respect to the mechanism of inhibition as shown in

Scheme 30.%

Q) Q
ﬂ "
Inhibitor Chy
@ /5] ® | /s © \E
(31 O
OA O~
a>1 a=1 a<l1
Competitive Inhibitor Non-competitive Inhibitor Uncompetitive Inhibitor

Scheme 30: The degree of inhibition () with respect to the mechanism inhibition, @) When o >
1, the inhibitor and substrate compete for the enzyme, this condition is referred to as competitive
inhibition b) when a =1 is the condition in which the substrate binding to the enzyme is
unaffected by the inhibitor called non-competitive inhibition, ¢c) When a < 1, the inhibitor binds
to the enzyme-substrate(ES) complex preventing formation of product corresponds to
uncompetitive inhibitor.
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Figure 87: The mixed model inhibition of graphene oxide (GO) 46 transformed into a
Lineweaver-Burk plot and demonstrating a common y-intercept

GO system
Kinetic Unfunctionalised
inhibition data GO 46
Vinax, (Ms’? 6.00 (£ 0.050)
Alpha, a 3.74 (£ 0.044)
Ki, pg/mL 0.53 (£0.004)
Km , UM 6.13 (£0.013)

Table 31: Summary of kinetic parameters obtained from a linear fit of data for the
unfunctionalised GO 46.
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The values of Vmax, Km, and Kj, as best-fit values from the GO 46 data set (Figure 87),
are summarised in Table 31. The Vmax Obtained when it reached maximum velocity is
6.0 nMs* and the Kn 0f 6.13 UM is the concentration where the enzyme and the substrate
bind. The « value is 3.74, which indicates a competitive inhibitor (more than 1). The
results from the Lineweaver-Burk plot also show a competitive inhibitor as the same y-
intercept was obtained for all GO concentrations. This indicates that the inhibitor can
compete with the substrate in order to bind at the surface of the enzyme. The Kijvalueis
0.53 pg/mL which is provides information regarding the concentration of inhibitor
needed to inhibit Chy’s surface. Therefore, this value can be used as a reference to

compare with functionalised GO.

The results from this study demonstrate that GO is a competitive inhibitor which agrees
with De*! however, the actual value of a and K; obtained were different; in their study,
a is 3.94 and Kijis 2.71 pg/mL. For this reason, it was essential to study our GO first
before comparing the effect of functionalised GO. As mentioned earlier, the different
values of o and K; obtained in our study vs that of De may be attributed to the use of a
different substrate or variation in the GO preparation method used. Nevertheless, the
important K; value was obtained, and this is needed for studying binding affinity. Thus,
the smaller value of K; means that a smaller amount of inhibitor is needed in order to
inhibit the activity of Chy. With this information, we can compare directly which

inhibitors are better than others.
4.3.2 Inhibition using GO functionalised with oligomeric systems

As previously mentioned, the simplest method for preparing functionalised GO is to
react it with non-protected amino acids. Attention was focused on preparing the
aromatic amino acids, tyrosine and phenylalanine. These possess a similar flexibility
and a thick layer. A simple kinetic assay was carried out in order to study the importance
of functionality. The experiments were repeated using an enzyme: substrate ratio of 1:5
and a concentration of 0.48 pg/mL in an oligomeric system with tyrosine and

phenylalanine.
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Figure 88: Rate plots to hydrolyse 8 uM of substrate (BTNA) at 0.48 pg/mL of GO and
Oligomeric GO. Chy at 0.4 uM

The data shown in Figure 88 illustrate the hydrolysis performance both in the absence
and presence of functionalised GO. It is apparent that the functionalised GO binds better
because it inhibits the rate of hydrolysis of BTNA 26 better than simple GO 46. GO-Tyr
(Oligo) 49 and GO-Phe (Oligo) 50 both provide additional n-n interactions which is why
these may bind and inhibit better than GO. However, GO-Tyr (Oligo) 49 performs best
due to the additional hydrogen bonding provided by the phenolic OH, which can interact
with the residues around entrance to the enzyme active site. This additional interaction
contributes to the better stability of the GO complex as compared with GO-Phe. This
inhibitor sits at the active site entrance and blocks the approach of BTNA 26. As a result,
the highest affinity between GO inhibitor and Chy results in the most effective
inhibition. This explains why GO-Tyr is the most effective inhibitor in this study.

This simple study demonstrated that the oligomeric system and tyrosine are most
effective at binding with the Chy enzyme. Therefore, the next goal was compared the
oligomeric and monomeric systems of tyrosine. Both methods (oligomeric and
monomeric) present advantages and disadvantages and more research would be required
to verify which was best. Therefore, the experiment was carried out with the same
measurements used for unfunctionalised GO 46 (refer section 4.3.1). The results in
Table 32 and Lineweaver Burk Plot (Figure 89 ) were obtained to study the mode of
inhibition of GO-Tyr (Oligo) 49. The typical binding profile for the mode of inhibition

158



was observed and a common y-intercept in the Lineweaver Burk Plot showed that GO-

Tyr (Oligo) 49 is a competitive inhibitor.

BTNA 26 Control 0.06 pg/mL 0.12 pg/mL 0.24 pg/mL 0.48 pg/mL
[S],uM 0.00 pg/mL GO-Tyr GO-Tyr GO-Tyr GO-Tyr
GO-Tyr (Oligo) 49 (Oligo) 49 (Oligo) 49 (Oligo) 49 (Oligo) 49
Initial velocity (V), nMs™*
1.380 1.150 0.877 0.770 0.620
2.0 (£0.571) (x0.48) (£0.043) (x0.041) (x0.012)
2.230 1.940 1.743 1.480 1.120
4.0 (£0.872) (£0.760) (x0.680) (x0.620) (x0.500)
2.780 2.320 2.210 1.870 1.408
6.0 (£0.109) (£0.970) (x0.930) (x0.750) (x0.650)
3.240 2.755 2.420 2.170 1.730
8.0 (£0.217) (£0.113) (x0.108) (x0.101) (x0.42)

Table 32: The summary of initial velocity data in the absence and presence of oligomeric
tyrosine system (GO-Tyr) 49. Chy at 0.4uM.
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Figure 89: Mixed mode inhibition and Lineweaver-Burk plots for GO-Tyr (Oligo) 49

159




4.3.3 Inhibition using GO functionalised with a monomeric tyrosine

This system examines whether or not a single layer of tyrosine is able to bind to Chy
better than the oligomeric systems or unfunctionalised GO 46. Analogous measurements
to those use for the unfunctionalised GO 46 were used. This permitted investigation of
which layer demonstrates the most effective inhibition before and after
functionalisation. Table 33 shows the data for experiments with various substrate and
GO-Tyr concentrations. The Lineweaver-Burk plot (Figure 90) shows that a common
y-intercept was obtained, indicating competetive inhibition. The value of a = 4.84, and
Ki was reduced to 0.14 pg/mL after functionalisation as shown Table 34. The results
indicate that of GO-Tyr (Mono) 48, has a greater binding affinity to inhibit the activity
of Chy when compared to unfunctionalised GO 46. It can be assumed that the lack of
movement for monomeric tyrosine leads to stronger binding to Chy. Moreover,
monomeric tyrosine may enhance the hydrophobic interactions further between the
enzyme and GO 46 (less steric crowding). As a result, GO-Tyr (mono) 48 possesses
greater inhibitory activity when compared with unfunctionalised GO 46 or the

oligomeric GO system 49.

Control 0.06 pg/mL 0.12 pg/mL 0.24 pg/mL 0.48 pg/mL
BTNA 26 0.00 pg/mL GO-Tyr GO-Tyr GO-Tyr GO-Tyr
(ST, uM GO-Tyr (Mono) 48 (Mono) 48 (Mono) 48 (Mono) 48
H (Mono) 48
Initial velocity (V), nMs’*
1.380 1.071 0.759 0.510 0.368
2.0 (x0.571) (£0.48) (x0.42) (+0.039) (x0.029)
2.230 1.740 1.443 0.960 0.708
4.0 (x0.872) (x0.78) (x0.70) (+0.062) (x0.050)
2.780 2.160 1.822 1.270 0.968
6.0 (x0.109) (x0.970) (x0.890) (+0.810) (+0.066)
3.240 2.650 2.110 1.560 1.165
8.0 (x0.217) (x0.121) (x0.113) (x0.94) (£0.25)

Table 33: The summary of initial velocity data in the absence (Chy only) and presence of
monomeric tyrosine system (GO-Tyr Mono) 48.
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Figure 90: Mixed mode inhibition and Lineweaver-Burk plots for GO-Tyr (Mono) 48. Chy at 0.4
UM.

GO system Unfunctionalised Functionalised GO
Kinetic GO 46 GO-Tyr (Mono) 48
inhibition data
Vimax , NMs? 6.00 (£ 0.050) 6.00 (£0.033)
Alpha, a 3.74 (£ 0.044) 4.84 (£0.012)
Ki, pg/mL 0.53 (£0.004) 0.14 (+0.011)
Kn, pM 6.13 (x0.013) 6.36(20.022)

Table 34: Summary of kinetic parameters obtained from a linear fit of data for unfunctionalised
GO 46 and GO-Tyr (Mono) 48.
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4.3.4 Comparison of monomeric and oligomeric Tyrosine systems at the surface
of GO

In the previous section we discussed the inhibition properties of the oligo and
monomeric GO-Tyr systems. In general terms, both of these systems have advantages
and disadvantages (flexibility-cooperativity, mobility etc.). However, deciding which is
best based on a single data set (GO-Tyr) is not possible, and more research needs to be
carried out. Nevertheless, it is still useful to compare the systems directly (Figure 91) at
maximum concentration of substrate and inhibitor, 8.0 uM and 0.48 pg/mL respectively.
These concentrations were selected due to the anticipation that the strongest binding can
be observed. As can be seen, the typical profile was obtained and a decreased rate of

reaction for the monomeric system suggests that it is better than the oligomeric system.

8-
= -e- Control
= ;-
° 3 = GO
S 2 —— GO-Tyr (Oligo)
8 c M -+ GO-Tyr (Mono)
cc
3 g
c = 21
§E
0 I I I I I 1
0 500 1000 1500 2000 2500 3000

Time (s)

Figure 91: Rate plots for the hydrolysis at 8.0 uM of BTNA 26 and 0.48 pg/mL of inhibitor

The data in Table 35 summarises the results and shows the important parameters for
both systems. The Vmax obtained for the systems (unfunctionalised GO 46 and
functionalised GO) showed the same Vmax (unchanged) at 6.00 nMs™, and the K, value
gradually increased from 6.13 uM for unfunctionalised to 6.22 uM GO-Tyr (Oligo) 49
and 6.36 UM of GO-Tyr (Mono) 48 as a result of weaker binding between the BTNA
26 and the Chy. Here, we can conclude from o values, Lineweaver-Burk plots and other
information (Vmax unchanged and K increased) that in all of the system studied the GO

46 and functionalised GO inhibitors demonstrate competitive inhibition. It also can be
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observed that the o value increased from 3.74 for unfunctionalised GO 46, to 4.08 for
GO-Tyr (Oligo) 49 and further increased to 4.84 for GO-Tyr (Mono) 48.

GO system ) ) ) )
Kinetic Unfunctionalised Functionalised
inhibition data GO 46 GO-Tyr (Oligo) 49 | GO-Tyr (Mono) 48
Vinax , NMs™! 6.00 (+0.050) 6.00 (+0.014) 6.00 (+0.033)
Alpha, a 3.74 (£0.044) 4.08 (x0.008) 4.84 (+0.012)
Ki, pg/mL 0.53 (+0.004) 0.31 (£0.016) 0.14 (+0.011)
Km , UM 6.13 (+0.013) 6.22 (+0.017) 6.36(+0.022)

Table 35: Summary of kinetic parameters obtained from a linear fit of data for unfunctionalised
GO 46, functionalised GO-Tyr (Oligo)49 and GO-Tyr (Mono) 48.

Also, Table 35 demonstrates that when GO-tyr mono or oligo is bound to the enzyme,
Ki decreases from the original K; for the unfunctionalised GO, which confirms that
functionalised GO can exhibit different enzyme binding and inhibition activity. The K;
value of 0.14 pg/ml obtained with the monomeric system is lower than the oligomeric

system, despite the fact that oligomeric structure provides a flexible spacer. (Figure 92).

o
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_ & 7 @
o, @ YD
oM o 9] @) W/ O ¢
y - 4 (;) 7 (o} —(—\
e S
Ii:'m ?I}-H /! f" /'1. k
unfunctionalized GO Monomeric tyrosine Oligomeric tyrosine

S = tyrosine = Chy

Figure 92: Illustration of the binding relationship between GO, monomeric and oligomeric of
tyrosine with Chy

Therefore, it could be predicted that the oligomeric structure is flexible with a high
degree of freedom to move and this may facilitate strong binding and the ability to bind
to any sites on the protein. In contrast, the monomeric system produced does not have a
spacer and its lack of movement and flexibility could limit binding. However, this rigid
structure could also provide selectivity (due the fixed position of the amino acid

functionality). In addition, there may be space on the surface of GO that is free from the
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steric effects involved in the oligomeric system and that allows additional hydrophobic
interaction. Although interactions with the monomeric amino acids may be weaker than
those of the oligomer, the possibility of additional hydrophobic binding may provide a
reason for the enhanced binding observed for the monomer.

Another explanation could be that the oligomeric system can interact with the GO
surface in a cooperative way (n-n stacking from the aromatic groups). If this occurs,
then it may make it difficult for a protein to compete with these interactions. This could
be another explanation for why the monomeric system binds best. A final explanation
is that the two systems can interact with the protein in a way that alters its structure or
even denatures the protein. If the oligomeric system does this to a greater extent, then

its binding to the protein will be weaker.
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4.3.5 Effect of binding on Chy structure over time and temperature

Previous research has demonstrated that unfunctionalised GO 46 has no effect on the
structure of bound Chy. Although some denaturation was observed over time, this was
attributed to the protein aging in solution, as opposed to a direct consequence of
complexation with GO. 3! However, to confirm these findings with the functionalised
GO used in this study, the same experiments were repeated and studied using Circular
Dichroism (CD). By comparing the spectra of only native Chy solution with the Chy/GO
complex solution, any structural differences could be identified.

Experiments were carried out after a 1 hour incubation and concentrations of 0.4 uM
and 0.48 pg/mL for the protein and GO systems respectively. All measurements were
carried out at 37°C and at pH 7.35. The spectra obtained, which are shown in Figure 93,
unfunctionalised and functionalised GO have no characteristic peaks. Furthermore,
clearly show that none of the GO systems have an effect on the spectra, and therefore
no effect on the structure of the protein. The experiments were repeated after 24 and 36
hours, and no changes in the spectra were observed. Therefore, the GO systems inhibit
enzymatic activity without denaturing the protein. This means that the GO sheets can
adapt their structure sufficiently to match the surface curvature of the protein. ** As well
as monitoring the structures over time, we also studied the effect of heat on the structure
of Chy in the presence and absence of the GO. Experiments were performed at the same
concentrations and pH. The samples were heated up and the intensity of the peak at 230
nm was monitored with respect to temperature. The results in Figure 94 indicated no
differences in extent of denaturation with respect to temperature, generating similar
plots. Therefore, binding of the GO systems do not destabilise or stabilise the protein

structures.
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Figure 93: CD spectra of Chy(0.4 uM) with GO 46 and functionalised GO 48-50 (0.48 ug/mlL) over time
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4.4 Conclusions

Although we knew that graphene oxide could bind strongly to the surface of proteins, we
wanted to determine if a functionalised GO could bind proteins more strongly than a
corresponding unfunctionalised GO. As well as improving binding, it may be possible (in
the future) to introduce selectivity via functionalisation. The functionality selected for our
initial study, was the amino acid tyrosine. Tyrosine is one of the few amino acids known to
be important with respect to protein-protein binding and protein-surface binding. As well
as determining how a specific functional group may influence binding, we also wanted to
know if the extent of functionalisation (in regards of surface thickness and any spacer effect
provided by the oligomer) was an important parameter with respect to protein binding. As
such, we successfully synthesised graphene oxide with an oligomeric layer of tyrosine using
non-protected tyrosine and an EDC coupling methodology and a single synthetic step. A
monomeric functionalised graphene oxide was also synthesised using a slight variation of
the same method. The process involved two steps, the first of which involved the same EDC
mediated addition of C-protected tyrosine. A second step hydrolysed and removed the
protecting group to yield GO with a monomeric layer of tyrosine. All of the GO systems

were able to inhibit the function of chymotrypsin.

Kinetic analysis indicated that the monomeric system inhibited the best and therefore bound
the strongest, with a Kj value of 0.14 ug/mL. This is almost 4 times better than GO alone
(Ki 0.53 pg/mL) and double the affinity of the oligomeric functionalised GO (Ki 0.31
ug/mL). In addition, the kinetic analysis confirmed all systems bound and inhibited
chymotrypsin via the same competitive binding mechanism. As such, any differences in
binding affinity/inhibition are not related to differences in the mode or mechanism of
binding. When analysing the reasons for the differences in binding, we conclude that the
oligomeric system binds and inhibits less well (than the monomeric functionalised GO),
due to unfavourable interactions between the aromatic units of the oligomeric chain and the
graphene oxide surface. Consequently, protein binding is in competition with this strong
intramolecular binding and must be overcome before the amino acids can bind

cooperatively to the protein surface.
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Although the same intramolecular interactions occur for the monomeric system, they are
monomolecular and not cooperative. As a result, the intramolecular interaction between the
amino acids and GO are much weaker and can be easily broken by the protein when it binds
to the amino acids using stronger intermolecular cooperative interactions. Therefore, when
designing GO based systems for protein or polyvalent binding, it is important to take into
account any intramolecular cooperative effects, that will weaken any intermolecular
interactions. Overall, we have demonstrated that functionalised GO can bind to
chymotrypsin with high affinity and this affinity can be moderated by the level of
oligomerisation. In an effort to obtain new protein ligands and enzyme inhibitors that are
more selective with respect to their binding, we are currently exploiting the methodology

and results to design and construct new GO inhibitors.
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4.5 Experimental

4.5.1 Instrumentation

RAMAN spectrometer

Raman spectra of samples were recorded from 500 to 3500 cm™ on a Renishaw inVia
Raman Microscope using a green laser operating at wavelength of 514.5 nm and laser power
at20 mV.

X-ray photoelectron spectrometer (XPS)
X-ray photoelectron spectroscopy measurements were performed using monochromatic Al-
ka radiation (hv = 1486.69 eV). CasaXPS v 2.3.16 software was used to record curve fitting
and to calculate the atomic concentrations.

Thermogravimetric analysis (TGA)
Thermogravimetric Analysis (TGA) were performed using a Perkin Elmer Pyris in the
range of 25°C - 800°C. and analysed using origin software.

X-ray diffractometer (XRD)

XRD patterns were collected using a Bruker, D8 Advanced diffractometer with a copper
target at the wave length of A CuKa = 1.54178 A and a tube voltage of 40 kV and tube
current of 35 mA, in the range of 5-100° at the speed of 0.05°/min

Elemental Analysis (EA)
The elements analysed using a Vario MICRO Cube CHN/S analyser and solid samples were
used.

Scanning Electron Microscope (SEM)
The samples were analysed by a JEOL-7001F operated at 15 kV. Solid samples were used
for the SEM and EDX analysis.

Circular Dichroism Spectrometer (CD)
The protein solution was analysed by a Jasco (Model J-810) at the wavelength 200-250 nm.
The result obtained was studied using origin software.

* Characterisations of graphene oxide materials have been discussed in section 4.2 (page
136)
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Synthesis of Graphene Oxide (GO) 46

Graphite flakes 45 (3.0 g, 1.0 eq) was mixed to the 9:1 mixture of cool concentrated HaPO4/
H>SO4 (40: 360 mL) and added to 18.0 g of KMnOs (6.0 eq), a slight exotherm (around
40 °C) produced. The reaction was stirred and refluxed at 50 °C for 24 hours. The reaction
was allowed to cool at room temperature. The mixture reaction was poured onto ice (500
mL) with 3 mL of 30% H20.. The crude product was centrifuged (4000 rpm, 30 min) and
the supernatant produced was decanted off. The crude product was then washed several
times with 400 mL of water, 400 mL of 30% HCI, and 400 mL of ethanol until the pH of
the crude product was constant. Diethyl ether (400 mL) was added to coagulate and the
suspension formed was filtered. The precipitate obtained on the filter was vacuum-dried for
24 hours at room temperature. The product (5.8 g) obtained as a dark brown solid.

4.5.2 Synthesis of Functionalised Graphene Oxide

Graphene Oxide - Tyr-OCHs (Methyl ester) 47

GO (0.20 g, 1 eq) was dispersed in deionised water (100 mL) and was sonicated with
ultrasonic oscillation for 3 hours. The mixture was added to the 10eq of L-tyrosine methyl
ester (2.0 g, 12 mmol), DMAP (2.93 g, 24.0 mmol) and followed by triethylamine (3.67 g,
36.0 mmol) and EDC.HCI (4.64 g, 24.0 mmol). The reaction mixture was stirred and
refluxed at 75 °C for 24 hours. The reaction was allowed to cool at room temperature. The
crude product was washed with brine (100 mL x 3). The filtrate was centrifuged for 45
minutes (4000 rpm) and the supernatant produced was decanted off. The precipitate
produced was washed again with 2 L of water and ethanol and dried at 60 °C. The product
(0.40 g) obtained as a black solid.

Graphene Oxide - Tyr (Mono-Deprotection) 48

GO (0.20 g, 1 eq) was dispersed in 100 ml of deionised water and was sonicated with
ultrasonic oscillation for 4 hours. The mixture was mixed with 20 mL of KOH (2 M) and
refluxed at 75 °C for 24 hours. The reaction mixture was stirred and allowed to cool at room
temperature. 20 mL of sulfuric acid (2 M) was added and sonicated again with ultrasonic
oscillation for another 4 hours. The crude product was washed with brine solution (100 mL
x 4) and dried with Mg2SOa. The crude product was filtered and dried at 60 °C. The product
(0.33g) obtained as a black powder.

Graphene Oxide - Tyr (Oligo) 49

GO (0.20 g, 1 eq) was dispersed in deionised water (100 mL) and sonicated with ultrasonic
oscillation for 4 hours. The mixture was added to the excess of L-tyrosine and DMAP (2.93
g, 24.0 mmol), and followed by triethylamine (3.67 g, 36.0 mmol) and EDC.HCI (4.64 g,
24.0 mmol). The reaction mixture was stirred and refluxed at 75 °C for 24 hours. The
reaction mixture was allowed to cool at room temperature and washed with brine (100 mL
x 4). The filtrate was centrifuged for 45 minutes (4000 rpm) and the supernatant produced
was decanted off. The precipitate formed was washed again with water and ethanol. The
product was dried at 60 °C and (0.41 g) of product obtained as a black solid.
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Graphene Oxide - Phe (Oligo) 50

GO (0.20 g, 1 eq) was dispersed in deionised water (100 mL) and sonicated with ultrasonic
oscillation for 4 hours. The mixture was added to the excess of L-phenylalanine and DMAP
(2.93 g, 24.0 mmol), and followed by triethylamine (3.67 g, 36.0 mmol) and EDC.HCI (4.64
g, 24.0 mmol). The reaction mixture was stirred and refluxed at 75 °C for 24 hours. The
reaction was allowed to cool to room temperature and washed with brine (100 mL x 3). The
filtrate was centrifuged for 45 min (4000 rpm) and the supernatant produced was decanted
off. The precipitate formed was washed again with water and ethanol. The product was
dried at 60 °C and (0.44 g) of product was obtained as a black solid.

4.5.3 The inhibition of a-chymotrypsin using graphene Oxide

General procedure:

All of the specimens were dissolved in 5 mM of phosphate buffer (pH 7.4) at 25 °C. GO
prepared with different concentration (0.15, 0.30, 0.60 and 1.20 ug/mL), and were incubated
with 1.0 x 10 M Chy for 24 hours prior to assay. For control experiment, the cuvette began
with Chy and buffer solution (1.0 mL a-chymotrypsin and 1.0 mL phosphate buffer) or 2.0
mL protein-GO/functionalised solution and was added with 0.5 mL BTNA 26. Hydrolysis
of the BTNA 26 substrate was monitored by recording the 4-nitroaniline absorbance at A =
410 nm at 120 second intervals for a period of 2400 s.

Assay of GO-Chymotrypsin Activity

The enzyme activity was measured at final BTNA 26 (substrate) concentrations of 2.0 uM,
4.0 uM, 6.0 uM and 8.0 uM at different concentration of GO/functionalised GO. All
experiments were performed at an enzyme final concentration of 0.4 pM. Initial velocity
for each GO/substrate combination was obtained by linear fittings of 4-nitroaniline
production over the time using Graphpad prism 7.0. Initial velocity conditions were
observed in all cases. All absorption readings are recorded at least three times. The data
obtained was plotted and analysed using the Mixed mode inhibition model and transformed
into Lineweaver-burk plot.
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Chapter 5

Conclusion
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5.0 Conclusion

Having studied dendrimers and graphene oxide, it can be concluded that is possible to
functionalise the macromolecules to increase protein affinity. GO’s layer can be covalently
functionalised, while the dendrimers can be functionalised using a non-covalent method.
All the inhibitor systems were investigated in order to find their optimum binding and the
data that was obtained confirmed our predictions. These predictions were based on the work
of Thorn and Bogan regarding the general population of amino acids throughout a protein

and at their surface. 2

The data summarised in Table 36 shows that GO and functionalised GO are the best and
strongest inhibitors. However, higher binding is not always preferable, and it is more
important for the inhibitor to be specific and selective when binding to the surface of the
enzyme. Therefore, our aim was not to inhibit the protein, but rather to develop a method

for increasing selectivity.

Inhibitor Molecular weight o Ki (uM) / Ki
(gmol™) umoldm3 (ng/ml)

D w gy | ow | o

GO-TyArf 8(Mono) n/a (13:34112) n/a 0.14

*G3.5i(2300H 5562 %50705—“ 0.31 1.72

CIS-COPATIYT | 7746 (estimated) ( ig:ggz) 0.19 1.47

Table 36:The Kinetic parameters as a comparison for unfunctionalised or functionalised (GO and
dendrimer) to inhibit Chy.

GO is very hard to functionalise and it is impossible to control where on the surface each
amino acid goes. The study did not attempt to bind GO with another protein and it was
anticipated that the GO might not be selective. It is likely that GO can inhibit any type of
positively charged protein, since it has layers of negatively charged groups on the surface.

However, with respect to size and functionality, the dendrimers are both versatile and
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controllable. Although dendrimer binding is weaker than that of GO, it seems likely that it

is more selective and future work will investigate whether or not this is feasible.
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