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ABSTRACT 

The importance of protein-protein interactions in regulating key biological processes, 
particularly in relation to apoptotic regulation and cancer, has provided many challenges 
for traditional small molecule approaches to drug development. Historically, the 
majority of small molecules targeted at protein-protein interfaces have been unable to 
provide the tight binding affinities and steric bulk required to disrupt such interactions, 
as they often occur along flat and extended protein surfaces. In this work we have 
investigated the combination of peptide-based therapeutics, with modularly constructed 
dendritic scaffolds, targeted at disrupting crucial protein-protein interactions involved in 
apoptosis.   

In particular, we have selected the interaction between the anti-apoptotic protein Mcl-1 
and its pro-apoptotic, BH3 only, binding partner NOXA. The Bcl-2 family of anti-
apoptotic proteins, of which Mcl-1 is a member, has been linked to a wide variety of 
human cancers. Specifically, over-expression of Bcl-2 related proteins has been 
correlated to resistance of many tumours to the normal chemotherapeutic approaches in 
use to date.  Over the past decade there has been significant research focus on the anti-
apoptotic proteins Bcl-2 and Bcl-XL resulting in the development of small molecule 
Bcl-2 inhibitors such as ABT-737. However, recent investigations have shown that 
knockdown of a single Bcl-2 family protein within the apoptotic cascade may be 
insufficient for the effective treatment of some cancers. Resistance to ABT-737 in some 
malignancies has been linked to the over expression of the less well-known anti-
apoptotic protein Mcl-1, highlighting the need for greater investigation into its potential 
as a therapeutic target. 

The potential development of a therapeutic targeted at inhibiting the anti-apoptotic 
effect of Mcl-1 within this work was focused on the design and synthesis of a series of 
NOXA derived peptides bearing a C-terminal poly arginine transport sequence (R5). 
The peptides were synthesised using solid phase peptide synthesis methods and 
investigated for their cellular transport and cytotoxicity. It was determined that the 31 
residue NOXA peptide PAELEVECATQLRFRQRRRRR has an IC50 of ~3µM and that 

the C-terminal poly-arginine tag provided stabilisation of α-helical secondary structural 
motifs in addition to facilitating transport across the cellular membrane. Truncation of 
the NOXA derived peptide to 15 residues incorporating only the conserved BH3 region 
of the protein resulted in a complete loss of pro-apoptotic activity. 

Concurrently, studies were conducted into the assembly of dendritic scaffolds based on 
the principles of click chemistry and convergent dendrimer synthesis. This work was 



 

 xxiv 

successful in producing a series of modular ‘building blocks’ including bi- and tri-
functional core moieties, tri-functionalised peripheral dendrons bearing a variety of 
functionalities (NO2, OMe, and Maleimide) and an internal branching unit designed to 
facilitate the ‘generational like’ growth of the macromolecules. The array of modular 
components was successfully combined in the synthesis of a series of corresponding 
dendritic assemblies bearing 6, 9 or 12 functional groups. The dendritic assemblies 
bearing 6 or 9 peripheral functionalities were achieved in very good yield and high 
purity without the need for chromatographic purification. 

Application of the dendritic scaffolds for the construction of peptide dendrimer 
conjugates was focused on the use of the maleimide functionalised 6-mer dendritic 
scaffold and cysteine terminated peptides. A total of five peptide-dendrimer conjugates 
were assembled ranging from the attachment of small di-peptide units to a series of 
conjugates bearing synthetic NOXA derivatives with a molecular mass of >17kDa.  The 
systems were unable to be investigated for cytotoxicity at this time however due to 
complications in purification. 

The results outlined within this work indicate that the neutralisation of Mcl-1 via 
synthetic NOXA derivatives provides a novel solution to the challenges presented by 
the protein-protein interactions crucial to drug resistant cancers. In particular the 
application of highly defined dendritic macromolecules such as those presented within 
this work may lead to effective co-therapies when used in conjunction with Bcl-2 
inhibitors such as ABT-737. Furthermore, it highlights the flexibility of a modular 
synthetic design that can be adapted to incorporate any cysteine-terminated peptide of 
biological interest or thiol containing therapeutic. 
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1.1 Apoptosis and Disease 

Apoptosis or programmed cell death is a highly regulated biological process responsible 
for maintaining homeostasis in complex, multicellular organisms.1 The disruption of the 
balance between cell proliferation and apoptosis can result in a number of severe health 
conditions2 including stroke,3 heart attack,4 autoimmune diseases,5 neurodegenerative 
diseases3,6 and liver failure.7,8 Furthermore, a reduction in apoptosis levels in cells often 
leads to tumour growth associated with a variety of cancers.8-10 Moreover, it has even 
been suggested that failure of apoptotic mechanisms is a primary contributing factor in 
up to 50% of medical conditions with many current therapies proving to be inadequate 
for effective treatment.7 The development of therapies directly targeted toward 
correcting the apoptotic balance may provide a means by which to treat such a wide 
range of conditions and therefore has proved an obvious focus for recent research.7-9,11-13 
Targets currently under development utilise many of the most popular approaches to 
drug research utilised to date including; small molecule inhibition,14-16 peptidomimetic 
based assemblies,17 and antisense therapies,18 as well as rational drug design using 
bioinformatics and structural biology techniques.19 

Of particular interest over the last few years has been the Bcl-2 (B cell lymphoma 2) 
family of proteins. The controlled expression of both pro-apoptotic and anti-apoptotic 
members of the Bcl-2 family has been shown to be crucial in the regulation of 
programmed cell death.20-22 In particular, the over expression of the anti-apoptotic Bcl-2 
regulatory protein is thought to be a significant contributing factor in the resistance of 
many cancers to standard therapeutics such as chemotherapy or radiotherapy.23 In most 
cases an over expression of Bcl-2 family proteins results in a poor prognosis for 
patients.8  

1.1.1 The Bcl-2 family of Proteins and their role in apoptosis 

Members of the BCL-2 family of proteins are key regulators of the mitochondrial, or 
intrinsic, apoptotic pathway.12 This pathway is activated in response to extracellular 
triggers arising from cell stress, such as DNA damage, oncogene activation, high levels 
of reactive oxygen species (ROS) and even viral infection.12 In order for apoptosis to 
occur via this pathway, oligomerisation of the key control BH3 domain proteins Bax 
and Bak must occur. This oligomerisation facilitates permeabilisation of the outer 
mitochondrial membrane allowing for the release of apopgenic factors such as 
cytochrome C, required for apoptosome formation and caspase activation, leading 
eventually to DNA fragmentation and cell death24,25 (Figure 1-1). The anti-apoptotic 
members of the BCL-2 family (Bcl-2, Bcl-XL and Mcl-1) however, can sequester their 
multi-domain pro-apoptotic counterparts (Bax and Bak), blocking the oligomerisation 
and thereby inhibiting apoptosis and prolonging cell life.26 While this process in itself 
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does not cause cancer, failure of the cell to respond to death stimuli can increase the 
chances for the cell to become malignant. A full evaluation of the biochemical 
processes of apoptosis is outside the scope of this Thesis; however, for detailed 
descriptions on the genetic and biochemical aspects of the apoptotic cascade, the reader 
is directed to a number of comprehensive publications covering this highly active 
field.11,27-30 

 

Figure 1-1: Summary of cellular pathways leading to apoptosis. Key interactions of the 
pro-apoptotic BCL-2 family of proteins and anti-apoptotic BH3 only proteins are 
highlighted. Image adapted from Zhuang and Brady.25 

 

1.1.2 The Bcl-2 Family Structure and Function 

Structurally, the members of the BCL-2 family of proteins vary widely in size, 
containing anywhere from one to four Bcl-2 homology (BH) domains. This 
combination of BH domains is a defining feature of the cellular role of the protein, 
defining it as either pro-apoptotic (members lacking the BH4 domain) or anti-apoptotic 
(containing all four BH domains).31 The anti-apoptotic members of the family include 
Bcl-2, Bcl-XL, Mcl-1 and Bcl-W.32 Of these, Mcl-1 and A1 are exceptions to the rule, 
each containing only three of the four BH domains.31 Both Bcl-2 and Bcl-XL have been 
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shown to be over expressed in a majority of cancers including 30-60% of prostate 
cancers, 70% of breast carcinomas, and 70% of chronic lymphocytic leukaemias33,34 
(Figure 1-2).  

 

Figure 1-2: Expression of Bcl-2 is found in most types of cancer including both solid 
tumours and hematologic conditions. Graphic sourced from Genta Inc.35 
 

The large number of pro-apoptotic members of the BCL-2 family can be divided into 
multidomain BH1-3 and BH3 only members. The multidomain proteins include Bax, 
Bak, and Bok/MTD, with the BH3 only proteins forming the largest sub-grouping of the 
BCL-2 family. BH3 only proteins are universally pro-apoptotic and include the widely 
investigated Bid, Bad, Bim, Bik, and the lesser investigated NOXA. Figure 1-3 
illustrates the relative sizes, domains (BH and trans-membrane [TM]) and functions 
(anti or pro-apoptotic) of the Bcl-2 family of proteins.31 
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Figure 1-3: The BCL-2 family of proteins domain homology, relative size and each 
proteins pro- or anti-apoptotic activity.31 Red outlines indicate the protein binding 
partners of key importance to this work; the anti-apoptotic Mcl-1 and the pro-apoptotic 
NOXA. 

 

The three dimensional structures for Bcl-XL,36 Bcl-2, Bcl-XL bound to Bak and Bcl-XL 

bound to Bad,37 and more recently Mcl-1,38 have been determined in either the solid 
and/or solution state, using X-ray crystallography or NMR structure elucidation 
methods. These studies have revealed that the highly conserved BH1 and BH2 domains 
of the anti-apoptotic proteins (Bcl-XL, Bcl-2, Mcl-1) form a highly hydrophobic groove 
along the protein surface into which the amphipathic α-helical BH3 region of the pro-

apoptotic (Bak, Bad, Bim and NOXA) proteins bind24 (Figure 1-4).  

This conserved binding motif suggests that the development of antagonists targeted to 
the hydrophobic groove of Bcl-2 have the potential to provide chemotherapeutic agents 
that may retain potency against cancers resistant to current therapies. 
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Figure 1-4: Three-dimensional structures of Bcl-XL in complex with the BH3 peptide Bad 
(pdb 2BZW) (left) and Mcl-1 in complex with Bim (pdb 2PQK) (right). The hydrophobic 
binding groove characteristic of the anti-apoptotic proteins of the BCL-2 family is 
highlighted in yellow. 
 

1.1.3 Controlling BCL-2 like proteins for therapeutic benefit 

The importance of Bcl-2 proteins in regulating cell death pathways has lead to 
widespread investigation into manipulation of these protein interactions for therapeutic 
benefit.34,39 Particular attention has been given to down regulation of the anti-apoptotic 
Bcl-2 and Bcl-XL proteins in relation to cancer therapies. Table 1-1 lists a number of 
approaches that are based on the manipulation of members of the BCL-2 family of 
proteins and that were either in clinical or preclinical trials during 2006.12 
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Compound 
 
 
 

Class Mechanism Academic Institution / 
company 

Developmental 
stage 

Genasense Antisense 
oligonucleotide 

Anti-apoptotic mRNA 
down regulation 
(BCL-2) 

Genta Clinical 

HA14-1analogs Small molecule Anti-apoptotic 
inhibition 

Raylight Chemokine 
Pharmaceuticals 

Preclinical 

Compound 6 Small molecule Anti-apoptotic 
inhibition 

University of 
Michigan 

Preclinical 

Antimycin A3 Small molecule Anti-apoptotic 
inhibition 

University of 
Washington 

Preclinical 

BH3ls Small molecule Anti-apoptotic 
inhibition 

Harvard University Preclinical 

AT101: (-) Gossypol Small molecule Anti-apoptotic 
inhibition 

Ascenta Therapeutics Clinical 

Apogossypol Small molecule Anti-apoptotic 
inhibition 

The Burnham 
Institute 

Preclinical 

Theaflavanin Small molecule Anti-apoptotic 
inhibition 

The Burnham 
Institute 

Preclinical 

Polyphenol E Small molecule Anti-apoptotic 
inhibition 

Mayo Clinic Preclinical 

GX15-070 Small molecule Anti-apoptotic 
inhibition 

Gemin X Clinical 

ABT-737 Small molecule Anti-apoptotic 
inhibition 

Abbott 
Laboratories/Pfizer 
(Idun) 

Preclinical 

IFI-983L, IFI-194 Small molecule Anti-apoptotic 
inhibition 

Infinity 
Pharmaceuticals / 
Novartis 

Preclinical 

CPM-1285 analogs Lipidated peptide Anti-apoptotic 
inhibition 

Raylight Chemokine 
Pharmaceuticals 

Preclinical 

Terphenyl derivative  Peptidomimetic Anti-apoptotic 
inhibition 

Yale University Preclinical 

SAHBs Stapled peptide Anti-apoptotic 
inhibition 

Dana-Farber Cancer 
Institute / Harvard 
University 

Preclinical 

4-Phenylsulfanyl-
phenylamine 
derivatives 

Small molecule Pro-apoptotic 
inhibition (BID) 

The Burnham 
Institute 

Preclinical 

3,6-
Dibromocarbazole 
piperazine 
derivatives of 2-
propanol 

Small molecule Pro-apoptotic 
inhibition (BAX) 

Serono Preclinical 

Humanin peptides Peptide Pro-apoptotic 
inhibition (BAX) 

The Burnham 
Institute 

Preclinical 

Ku70 peptides Peptide Pro-apoptotic 
inhibition (BAX) 

The Blood Centre of 
South Eastern 
Wisconsin 

Preclinical 

 

Table 1-1: Potential therapeutics designed to target the Bcl-2 family of proteins in clinical 
or preclinical trials, their mechanism of action and therapeutic class adapted from.12 

 



 

 8 

 

The majority of clinical intervention strategies targeted at Bcl-2 like proteins to date 
have focused around the more traditional approach of small molecule therapies. The 
publication of the NMR derived structure of the anti-apoptotic Bcl-xL bound to a 16 
amino-acid fragment of the pro-apoptotic Bak40 provided invaluable insight into the 
complex protein-protein interactions that exist between binding partners in the BCL-2 
family. The high level of homology between members allowed for 3D structural models 
of Bcl-2 to be refined and the process of structure based or rational drug design to begin 
in earnest.19 This has since resulted in the design of a number of small molecule Bcl-2 
and Bcl-xL inhibitors:41,42 HA14-1,19 ABT-737,43 2-methoxy antimycin A3,44 BH3I-1 and 
BH3I-2’45 (Figure 1-5). One of the more promising of these compounds is the recently 
reported small molecule Bcl-2 antagonist ABT-737, developed by Abbot laboratories.43  

Oltersdorf et al. used a combination of structure based design, nuclear magnetic 
resonance screening and a combinatorial parallel synthesis approach to design a 
compound that would retain a high binding affinity for Bcl-2 and Bcl-xL along with, 
what they believed to be crucial, binding motifs for retention of activity.43 The resulting 
compound ABT-737 has been shown to prolong survival through the regression of 
established solid tumours, as well as demonstrated killing of both lymphoma and small-
cell lung carcinoma,46 with IC50 values as low as 35 ±1nM.43 Furthermore, ABT-737 
was also shown to have a synergistic effect, enhancing cytotoxicity, when used in 
conjunction with other chemotherapies or radiation.43  
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Figure 1-5: Structures of the nonpeptidyl small molecule inhibitors of anti-apoptotic 
proteins Bcl-2 and Bcl-XL: HA14-1,19 ABT-737, 2-Methoxy antimyacin A3,44 Compound 
6,47 BH3I-1 and BH3I-2’45 and an example of the helix mimetic terphenyl derivatives 
developed by Kutzki et al.48 
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One reason put forward for the success of ABT-737, over and above that of earlier 
generation Bcl-2 small molecule antagonists such as HA14-1, compound 6 and BH3I-1 
etc., has been attributed to their lower binding affinities to the target proteins when 
compared to the native BH3 binding partners and ABT-737.41 The high binding affinity 
of ABT-737 has seemingly overcome one of the greatest challenges facing small 
molecule inhibitors of protein-protein interactions. Historically this has been difficult to 
achieve given the high binding specificity of what are generally large polypeptide 
substrates. It was recently reported however, that although ABT-737 showed potential 
in preclinical trials as a single-agent therapy against lymphoma and small-cell lung 
cancer (known to over-express high levels of Bcl-2 related proteins), resistance was 
observed when tested against acute myeloid leukaemia.49 Resistance to ABT-737 was 
directly linked to phosphorylation of Bcl-2 or a corresponding over-expression of the 
Bcl-2 related protein Mcl-1. Neutralisation of Mcl-1 through co-expression of the pro-
apoptotic NOXA was seen to re-establish activity of ABT-737.50 

In addition to the more traditional small molecule based inhibitors, alternative 
approaches have also been investigated including antisense therapies and peptide based 
strategies. One of these, the antisense oligonucleotide Oblimersen (Genasense), 
produced by Genta Inc., showed great potential during ex vivo studies. However, FDA 
approval of Genasense was withheld in 2004 as it was found to have no significant 
impact on patient survival and high levels of non-specific interaction with healthy cells 
when used in vivo.51 
A number of peptide based strategies have also been examined. These include short 
BH3-like α-helical derived peptides from Bid, Bad and Bak targeted to the BH1-BH2 
hydrophobic binding groove of anti-apoptotic Bcl-2 family members.52,53 Elaborate 
hydrocarbon stapled BH3 mimetics, designed to maintain secondary structure,54 
complex cell based delivery systems such as microinjection55 and liposomes,56 and 
transduction peptide fusions57,58 have also been attempted. While these systems have 
demonstrated cytotoxicity through increased apoptosis, and thereby provide proof of 
concept for targeting of the BH3 binding groove, many have suffered however from 
generic cellular toxicity, poor cellular transport, reduced secondary structure stability 
and short half-lives due to protease degradation.39 Furthermore, it may be anticipated 
that these strategies are also likely to encounter resistance in cancers that over express 
Mcl-1 in similar fashion to ABT-737, as by design, they are also intended to function as 
Bcl-2, Bcl-XL antagonists. 
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1.1.4 Growing potential of the Bcl-2 like anti-apoptotic protein Mcl-1 as a 
prospective drug target. 

The Bcl-2 like anti-apoptotic protein Mcl-1 was first identified in myeloid cell 
leukaemia-1 and, as with other pro-apoptotic proteins, has been associated with a 
variety of cancers.59,60 More importantly however, Mcl-1 has been linked to the failure 
of patients to achieve complete remission after single agent cytotoxic therapy.32 Unlike 
the other Bcl-2 homologs, Mcl-1 retains the BH domains 1-3 along with the C-terminal 
hydrophobic trans membrane domain, but not the BH4 region. Notably, Mcl-1 
possesses an additional large NH2-terminal region containing two distinct areas rich in 
the amino acids proline (P), glutamic acid (E), serine (S) and threonine (T), known as 
PEST sequences, that are not present in any of the other BCL-2 family proteins. PEST 
sequences have been associated with proteins known to have short half-lives and 
therefore rapid cellular turn over.61 Indeed Mcl-1 has been shown to have a half-life 
between 30mins and a few hours (dependent on cell type and conditions). This is 
consistent with suggestions that Mcl-1 functions as an early ‘quick’ response regulator 
of apoptosis, controlling the activation of the intrinsic apoptotic pathway, particularly in 
response to DNA damage25,62 and undergoes rapid down-regulation during apoptosis.63 

 

Figure 1-6: Schematic showing the functional domains of the Mcl-1 protein and caspase 
cleavage sites within the N terminal PEST Region. Cleavage fragments are also shown 
(b)25 
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Degradation of Mcl-1 occurs through cleavage of the protein at either of two caspase 
cleavage sites located at aspartate residues 127 and 157 (Figure 1-6) located within the 
PEST region.25 The resultant fragments retain the characteristic BH1, BH2 and BH3 
domains of the Bcl-2 related proteins; however, there remains within the literature some 
debate as to their role.25 Furthermore, investigations into this area have resulted in 
contradictory conclusions as to the pro-apoptotic64,65 or anti-apoptotic66,67 role of the 
fragments.25 However, what is clear is that the N-terminal region of the Mcl-1 protein 
plays a critical role in mediating its anti-apoptotic behaviour and cellular location,68 as 
such a thorough investigation into this often-overlooked region is required.  It is only in 
the past 4-5 years (2004-2008) that the importance of Mcl-1 has been widely realised 
alongside the more extensively investigated Bcl-2 and Bcl-xL proteins. Over the latter 
stages of this project the number of publications relating to this area has seen a notable 
increase resulting in a far greater understanding of the role of Mcl-1 in cellular 
apoptosis.25,69-73 

Mcl-1 provides a number of advantages as a drug target; one of these is the selective 
binding interaction exhibited by Mcl-1 to its pro-apoptotic counterpart NOXA in 
contrast to the promiscuous binding of the other Bcl-2 family members. Chen et al. 
showed that the pro survival BH3-only members of the Bcl-2 family exhibit differential 
targeting of their anti-apoptotic binding partners. They were able to clearly show that 
the pro-apoptotic BH3 protein NOXA binds selectively and with high affinity to 
Mcl-1.74  

 

Figure 1-7: Schematic overview of binding specificities of the BH3 only proteins and their 
corresponding Bcl-2 related anti-apoptotic binding partners as described by Chen et al.74 
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This specificity is believed to explain the insensitivity of cells over-expressing Mcl-1 to 
the otherwise highly potent Bcl-2, Bcl-xL inhibitor ABT-737. Over-expression of Mcl-1 
has been directly linked to high rates of B-cell lymphoma, human B-cell chronic 
lymphocytic leukaemia and acute mylogenous and lymphocytic leukaemias.75 In many 
cases Mcl-1 has been found to be higher at the time of relapse linking it to observed 
resistance to current therapies.75 The prevalence of Mcl-1 in those disease states where 
Bcl-2 inhibition has previously been the main focus for treatment highlights the need to 
expand the scope of investigation to systems that fall outside the spectrum covered by 
inhibitors such as ABT-737. 

The successful search for a small molecule Bcl-2 antagonist to provide a single solution 
to deregulated apoptosis across so many disease states is, at this point, unrealistic. 
Instead a broader approach to the design of synergistic treatments that can be tailored as 
required to a patient’s individual needs might indeed be more successful.62 Such an 
approach is similar in strategy to the systems now being employed for the treatment of 
HIV. Indeed it may well prove beneficial to look outside the restrictive space of 
‘typical’ drug candidates such as small molecules for more novel chemotherapeutic 
agents.76 

1.1.5 Peptides as therapeutics 

Peptides are ubiquitous throughout biology controlling most physiological processes. 
This can be through their role as hormones and neurotransmitters or as a direct result of 
their interactions with cells acting as agonists or antagonists for receptors. The power 
that peptides exert within the body has made them extremely appealing as therapeutic 
targets. However, the widespread use of peptides as therapeutic agents has been 
hampered by several significant drawbacks, such as, low bioavailability, short half-lives 
in vivo, and complicated synthetic and purification requirements.77,78 Even so there 
remains greater than 50 protein and peptide based therapies in clinical use today 
including various interleukins, interferons, growth factors, hormones, vaccines and even 
peptides derived from toxins for the treatment of, for example, chronic pain.79 

Insulin was the first cellular peptide to be therapeutically administered and remains 
today as one of the most highly prescribed drugs worldwide.80 While there have been 
many advances in insulin research over the past 50 years the search for an orally active 
small molecule replacement has as yet failed to deliver a therapeutically viable 
replacement.80 Like all peptides, insulin has a short half-life in the body due to the 
presence of enzymes specifically designed to break down exogenous peptides 
throughout the blood and tissues and it must be delivered intravenously. Synthetic 
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insulin is synthesised using recombinant DNA technology, as are the majority of protein 
or peptide based drugs on the market today.80  

Following the discovery of solid phase peptide synthesis (SPPS) in 1963 by Merrifield 
and the development of purification techniques such as high pressure liquid 
chromatography there was great interest throughout the pharmaceutical industry in 
developing novel peptide based treatments through controlled organic synthesis.77,81 
However, the low bioavailability of many of these products lead to most of them being 
abandoned in late phase clinical trials. Focus shifted from using peptides into newly 
emerging peptidomimetics where the aim was to alter the basic peptide structure in such 
a way as to make them resistant to peptidases in vivo thereby increasing the 
bioavailability and half-life times.78 Many strategies have been employed with research 
into peptidomimetics growing rapidly. Some of the strategies employed include the use 
of unnatural D-amino acids, cyclic peptides as well as rational design to attempt to 
produce small molecules that try to closely mimic the functional groups present along 
the peptide chain.78 While some of these strategies have yielded results and have in fact 
produced effective therapeutics, the majority have been unable to provide an effective 
application across the broad range of potential peptide therapies.78 

Advances in SPPS and purification techniques now mean that automated systems are 
available that allow for the relatively routine production and purification of 
polypeptides from 30-100 amino acid residues in length, and in many cases peptides 
still offer many appealing characteristics over the more traditional small molecule 
approach.81 

The high levels of specificity exhibited by peptides are most often attributed to their 
specific binding interactions to their target, which are controlled not only by the 
functional groups located on the peptide side chains, but also arising as a direct 
consequence of their complex secondary (α-helices and β-sheets) and, in larger 
systems, tertiary structures. This specificity can result in lower generic cellular toxicity 
as well as a decreased chance of interactions with other prescribed medications and 
resultant side effects. Where short half-lives have often been seen as a disadvantage to 
peptide therapies this trait has the advantage that peptides suffer little to no 
accumulation within the organs and tissues of the body leading to reduced systemic 
toxicity.79 Coupled with this is that they are also unlikely to suffer from the 
development of resistance, a problem facing many antibiotics and chemical based 
therapies today. Perhaps one of the most promising areas for peptide therapies however 
is in the use of treatments based on direct protein-protein interactions, an area where 
small molecules have been unable to provide the tight binding affinities required to 
disrupt the interactions of what are, essentially, large macromolecular systems.76 In 
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these areas peptide based drugs provide some of the best leads for medical conditions 
such as cancer and HIV. 

The potential of peptide-based therapeutics has been recently demonstrated. In March of 
2003 Roche Pharmaceuticals received FDA approval for their HIV fusion inhibitor 
FUZEON® T-20 (Enfuvirtide).82 This molecule is a 36-residue linear polypeptide 
containing only naturally occurring L-amino acid residues with a molecular weight of 
4492 Da. No major modifications have been made to the peptide structure other than the 
conversion of the C-terminal carboxyl functionality to a corresponding carboxamide 
and N-terminal acylation83 (Figure 1-8). The peptide is delivered through direct 
subcutaneous injection as a suspension in sterile water with a dosage of 90mg being 
administered in a 1ml injection.84 Enfuvirtide is primarily prescribed to patients 
exhibiting resistance to other HIV treatments such as antiretroviral agents, but it has 
also shown to be effective when used in combination with other HIV treatments.83 
Enfuvirtide works by directly blocking the entry of the HIV-1 virus into cells as it 
prevents the fusion of viral proteins to cellular membranes. The conformational changes 
required for successful fusion of the membranes are blocked when Enfuvirtide binds to 
the HR1 receptor of the gp41 subunit of the viral glycoprotein.83  

 

 

 

Figure 1-8: Structure of Fuzeon® T-20 (Enfuvirtide) a 36 residue polypeptide treatment 
for HIV fusion inhibitor produced by Roche Pharmaceuticals 



 

 16 

The successes of FUZEON® and other peptide drugs such as Nesiritide and Eptifibatide 
has shown that peptide-based therapeutics can be manufactured cost-effectively and on 
bulk scale. Thereby representing novel alternatives to conventional therapeutics that can 
potentially tackle areas of medical research that are as yet inadequately addressed using 
small molecule therapies. The attempts to restrict peptide based drugs to compounds 
with rules based on molecular weights lower than 600, i.e. traditional pharmaceutical 
drug design rules designed primarily for small molecule-based approaches, resulted in 
major detriments to this highly valid field of research.79 Recent trends away from those 
restrictions however, have opened up new avenues of research that may just provide 
answers to the bioavailability and transport issues previously limiting the development 
of peptide-based systems. 

One promising area of research that may have application in peptide based drug 
therapies in facilitating transport across cellular membranes is the application of 
transduction peptides. 
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1.1.6 Enhancing transport and cellular uptake with transduction peptides. 

Delivery of therapeutic agents across the plasma membrane of cells has often proven to 
be problematic, if not impossible, for these highly charged or large molecules that are 
typically unsuitable for transport via endocytosis or via a transmembrane shuttle 
protein.85 This has greatly reduced the number of potential drug candidates due to the 
restrictive physical properties required for passive cellular uptake.86 The discovery of 
transduction peptides or cell permeable peptides (CPP) as they are otherwise known, 
has opened up many new avenues for the cross membrane cellular transport of larger 
molecules, as well as compounds that fall either side of the narrow polarity 
requirements. 

The observed transport of full length proteins or protein domains within naturally 
occurring systems led to the discovery of the first of these peptide sequences in HIV-1 
(Tat transactivator) and Drosophila melanogastor (Antennapedia). Of particular interest 
is the successes of the HIV-1 Tat(47-57) protein transduction domain sequence 
(YGRKKRRQRRR) that has been shown to facilitate the successful transport of large 
biomolecules, as well as inorganic structures such as iron nano-particles, across the 
phospholipid membrane.87 Further research has also shown the effectiveness of 
designed ‘non-natural’ peptide sequences that share similar cross membrane transport 
properties.87 There are now a wide variety of sequences ranging in size from 10-30 
amino acid residues finding application as transduction peptides. These include, but are 
not restricted to: 

• Polyarginine (using both L and D amino acids)88,89 
• Tat (47-57): YGRKKRRQRRR87 
• Transportan:  GWTLNSAGYLLKINLKALAALAKKIL90 
• Antennapedia: RQIKIWFQNRRMKWKK91,92 
• Nuclear localisation sequences such as: VQRKRQKLMP and SKKKKTKV93 

The variety of ‘cargos’ delivered across extracellular membranes using transduction 
peptides is as varied as the peptides being used. Moieties such as 120 kDa proteins, 
peptide nucleic acids (PNA),94,95 plasmids,96,97 liposomes,98,99 and small interfering RNA 
(siRNA)100,101 have all been transported and delivered successfully. Unlike other carrier 
systems, such as liposomes, the active cargo is not altered or masked in any fashion by 
the addition of the CPP. This, in conjunction with the ability to synthesise and purify 
transduction peptides on a large scale in the laboratory, using standard solid phase 
synthesis and HPLC purification, makes them appealing for medicinal applications. 
Furthermore, the use of cell penetrating peptides, conjugated to biologically active 
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peptide sequences or proteins, have been shown to successfully interfere with protein-
protein interactions and act as therapeutics in animal models.102 

1.1.7 Enhancing potency through multivalency 

The term multivalency refers to systems in which multiple copies of a ligand or 
functional element are present within a single molecule.103 Multivalent interactions are 
replete throughout biological systems and include antibody binding, cell recognition 
and viral interactions to name a few.103,104 In many cases these interactions result in a far 
greater biological effect being exhibited than that experienced from simple monovalent 
systems.104 

The enhanced effect of multivalent systems over their monovalent counterparts has 
been reported throughout the literature, primarily through the development of multi 
antigenic peptide (MAP) systems for synthetic vaccines.105-107 Of significant note is the 
work of Nomizu and co-workers using a laminin-derived oligopeptide constructed with 
the MAP method. The final constructs were of varying size containing 4, 8 and 16 
peripheral groups and showed a dose dependent relationship between the number of 
peripheral peptides attached and increases in inhibitory activity, in vivo, on tumour 
metastasis.106 Significantly, the multimeric peptide bearing 16-inhibitory peptides 
exhibited a 97% reduction in cell colony growth when compared to only 50% reduction 
for the monovalent system at the same dose.106 The idea of cooperative binding utilised 
in multivalent systems, has also shown success through their employment in 
antimicrobial peptide systems,108 the delivery of cancer therapeutics109 and in the 
enhancement of cell transduction through multivalent forms of the cell penetrating 
peptide Tat.103  

One highly effective way to incorporate multivalency into a system is through the 
application of multivalent scaffolds such as dendrimers. 
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1.2 Dendrimers and Dendritic Polymers 

1.2.1 Background 

Dendrimers and other dendritic polymers form a unique class of macromolecules that 
differ greatly from traditional linear and branched polymeric systems in both overall 
structure and observed properties. The term, dendrimer, is derived from the Greek 
dendron (tree) and meros (part), providing an accurate description of the characteristic 
branching architecture of these highly ordered three-dimensional macromolecules.110  

Dendrimer chemistry has been a rapidly growing field since its inception in the early 
1980s when D.A. Tomalia published the full synthesis and characterisation of the 
‘starburst’ poly(amidoamine) (PAMAM) dendrimers in 1985.111 The number of reviews, 
books and journal publications relating to dendrimer synthesis, characterisation, 
properties and application has been rapidly increasing over the past decade (Figure 1-9), 
placing dendrimers at the forefront of research in many fields including organic and 
inorganic chemistry, materials science, nanotechnology and the biological sciences.112  

 

 

Figure 1-9: The rapid rise in dendrimer related publications since 1985. Dendrimer 
related publications have risen steeply over the past decade now averaging between 1600 
and 1800 publications per year. (Source SciFinder Scholar) 
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Dendrimers are discrete nano-sized particles typically possessing dimensions between 
30-100Å.113 Their multipodent exteriors and large surface areas can provide highly 
organised structures with large molecular weight to size ratios.114 The iterative methods 
used to synthesise dendrimers provide many opportunities for tailoring of the final 
macromolecules for specific applications and properties.115 This flexibility has been 
utilised in the formation of dendrimers containing a diverse array of functionalities 
throughout the periphery, branching arms and core regions.112 These have included 
metal ions,116 carbohydrates,117 amino acids and peptides,118 in addition to cyclams,119,120 
porphyrins110 and hydrogen bonding motifs.112,115,121 Diversity in structure has inevitably 
lead to diversity in application. Dendrimers are now being used in catalysis, biosensors 
and electronics, as well as in biological applications such as imaging agents for MRI or 
delivery agents for both drug molecules and gene therapy agents.122  

1.2.2  Structure and Properties 

A dendritic macromolecule is commonly synthesised from a series of repetitively 
branching ABx type monomers (where x ≥ 2) and, unlike their ‘classical’ linear 
polymeric counterparts, it is possible to precisely control the size and molecular weight 
of the dendrimer during synthesis leading to the formation of highly monodisperse 
macromolecules. 

 

Figure 1-10: Cartoon Illustrating the three main 
architectural regions of the dendritic structure. 

 The dendritic architecture 
consists of three major 
regions (Figure 1-10); the 
central core, internal radial 
branching units and the 
multivalent, multipodent, 
periphery.121

This unique structural arrangement results in the formation of distinct 
microenvironments within the body of the macromolecule. The combination of these 
interior voids and the multivalent periphery provides for both endo- and exo-receptor 
characteristics. Moreover, the ability to tailor these environments to exhibit specific 
desirable properties continues to propel dendrimer chemistry into new and diverse 
areas. Many of the properties that have come to be associated with dendrimers, such as 
core encapsulation, are only evident in constructs of higher generations. For dendrimers 
of a certain size (generally 4th generation and higher) the steric factors associated with 
the large number of peripheral groups affect a conformational change within the 
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molecule,114 resulting in the formation of densely packed globular structures that are 
reminiscent of globular proteins in biological systems, in terms of (both) size and 
appearance. The stage of dendrimer synthesis at which this occurs is highly dependent 
upon the degree of branching and therefore the freedom of movement within the 
internal structure of the system. Tomalia has referred to this phenomenon as the 
‘dendritic state’,114 and it is after this conformational change has occurred that the 
dendrimers exhibit the majority of the properties that have made them so appealing 
across many disciplines in the scientific community. Such properties include: core 
encapsulation, increased solubility in organic solvents, low intrinsic viscosity and 
thermal behaviour.115 
Figure 1-11 illustrates some of the differences between dendrimers and more 
conventional linear polymeric systems as well as some of their applications. While not 
all dendritic polymers undergo the conformational changes that typify the ‘dendritic 
state’ many of these multivalent assemblies such as dendrigrafts, dendrons and hyper-
branched polymers share similar architectural features and in turn the potential for use 
in highly tailored, novel applications.114 

 

Figure 1-11: Illustration of the four major classes of macromolecular architectures and 
their application.114 
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1.2.3 Synthetic Strategies  

The unique architecture of dendritic systems necessitates a well-planned synthetic 
strategy if the synthesis of such complex macromolecules is to be successful. Such 
requirements have resulted in significant research efforts being focused on formulating 
successful and efficient methods for dendrimer construction.112 The synthesis of 
dendrimers is a stepwise process, with each new generation of the dendrimer construct 
being added to the previous one. Before each new step in the synthetic pathway, the 
required functional groups for the next phase of growth must be activated.123 Control via 
repeated protection and activation of the monomer subunits is essential to protect the 
dendrimer construct from undergoing undesirable polymerisation reactions, which 
could result in the formation of hyper-branched polymers rather than the desired 
dendritic macromolecule. Dendrimer construction has traditionally fallen into two main 
categories, these being convergent or divergent synthesis.114 
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1.2.3.1 Divergent Synthesis 

 
 

 

Figure 1-12: Schematic Diagram 
illustrating generational growth 
according to a divergent synthetic 
methodology.124 

Dendrimers were first synthesised 
utilising a divergent (or cascade) 
approach by Tomalia et al. in the 
synthesis of poly(amidoamine) 
(PAMAM) starburst dendrimers,111 
making it one of the most widely used 
synthetic methods for the bulk scale 
production of dendrimers.114  

This method is essentially a 
macromolecular strategy with the 
polymer being assembled generation-
by-generation, radiating out from the 
core to the periphery (Figure 1-12). 
With each linear increase in dendrimer 
growth the number of reactions required 
for production of the next generation 
increases exponentially.125 It is therefore 
essential that only synthetic reactions of 
high yield and specificity be 
incorporated when considering 
dendrimer formation via this route.115 
Nevertheless, while this provides a 
remarkably fast growth pattern 
(doubling of

molecular weight at each generation), the rapid increase in functional chain ends at 
higher generation results inevitably in polydispersity.125 Thus, while divergent synthesis 
provides a fast route to large, highly branched, macromolecular structures, the lack of 
control over purity at higher generations can be of considerable concern depending on 
the desired application. Where strict control over the dendritic structure is required, it is 
more common for synthesis to be attempted via a convergent synthetic pathway.125 
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1.2.4 Convergent Synthesis 

 

 

Figure 1-13: Schematic diagram 
illustrating dendrimer 
construction according to a 

convergent synthetic methodology.124 

 

The convergent synthetic strategy was first applied 
to dendrimers in 1989-90 by Hawker and Frechét123 
and has since become the preferred method of 
synthesis for large monodisperse dendritic 
structures. In this method synthesis begins at the 
periphery of the dendrimer, working steadily 
inwards with each successive step before finally 
attaching the preformed dendritic ‘wedges’ or 
dendrons to the central core moiety (Figure 

1-13).126 This approach affords the opportunity for 
purification of the dendritic components at each 
step along the synthetic pathway. While the 
dendrimer growth is more laborious, the use of this 
technique allows for a more controlled, modular 
approach to dendrimer construction. Furthermore, 
while a convergent synthesis is necessarily an 
iterative process like the divergent synthetic 
approach,114 it is noteworthy in that the number of 
reactions required for each step to be carried to 
completion remains constant throughout the 
synthesis (generally as few as three).127 This 
contrasts to the exponential increase in the number 
of reactions required in the divergent methodology. 

The level of purity obtainable via convergent synthesis has made this the preferred 
method of construction for dendrimers in fields such as nanotechnology where the poor 
polydispersity encountered with divergent synthesis is problematic.110 Convergent 
synthesis has been used successfully to produce dendrimers incorporating 
pyrimidines,126 melamine,128 carbohydrates,117 polyethers,123,129 polyesters,130 polyamides, 
polyphenylenes, polysiloxanes, and many others.112  

1.2.4.1 Other synthetic methodologies: 

Although the majority of dendrimers are constructed using either a standard divergent 
or convergent iterative process, recently developments have been made in alternative 
and/or “faster” synthetic pathways for the construction of high molecular weight 
dendrimers.131 While a full discussion of all the synthetic strategies employed for 
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dendrimer construction is not relevant here, these newer / alternate methods, for 
example double stage convergent growth and double exponential growth aim to provide 
faster, less tedious, methods for dendrimer construction by combining the most 
desirable aspects of the two more traditional approaches.131 Regardless of the synthetic 
approach employed for the construction of dendrimers, the overriding synthetic aim is 
the development of a methodology based around highly efficient chemical reactions. 
One area providing a rich source of coupling reactions suitable for dendrimer synthesis 
is that of ‘click’ chemistry. 

1.2.5 The growing impact of ‘click’ chemistry on dendrimer synthesis 

The term “click chemistry’ was first coined by Sharpless et al. and refers to the re-use 
of traditional reactions - often overlooked in modern synthesis- for the facile 
construction of chemical assemblies.132 These reactions are thermodynamically favoured 
and proceed under mild conditions, often requiring only simple purification techniques 
(i.e. crystallisation) and are high yielding for a single final product. The principle 
reactions listed by Professor Sharpless as falling under the umbrella of ‘click’ chemistry 
are:132 

• Nucleophilic substitution reactions such as ring openings of strained 

heterocyclic electrophiles (epoxides, azridines etc.) 

• Non-aldol type carbonyl chemistry including the formation of ureas, amides, 

thioureas and aromatic heterocycles 

• Cycloadditions of unsaturated species including Diels-Alder transformations and 

1,3-dipolar cycloaddtions 

• Additions to carbon-carbon multiple bonds: i.e. epoxidation, dihydroxylation 

and Michael additions. 

 

The success of dendrimer synthesis is reliant on the efficiency of the coupling reactions 
used at each stage of dendrimer growth. Click chemistry offers a series of reactions that 
when applied to dendrimer synthesis has the potential to yield a high degree of 
monodisperse products suitable for a myriad of applications.  
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Scheme 1-1: Typical 'click' style reaction, the acid catalysed reaction between a primary 
azide and an alkyne to form the corresponding stable 1-4 triazole linkage. 

For the most part ‘Click Chemistry’ has been dominated by the Cu(I) catalysed reaction 
between primary azides and alkynes to give stable 1-4 disubstituted 1,2,3-triazole 
linkages (Scheme 1-1). This high yielding reaction is being applied across a wide cross-
section of disciplines including in the construction of dendrimer libraries,133 in 
organometallic chemistry,134 for the functionalisation of carbohydrates,135 in the 
development of enzyme inhibitors,136,137 in DNA sequencing138 and drug discovery.139 
There is also a growing interest in the Cu(I) catalysed azide/alkyne coupling amongst 
materials science140 and surface chemistry141 research groups. 

The great success of what is often considered to be the archetypal click reaction (when 
applied to dendrimer chemistry) has resulted in triazole dendrimers being synthesised 
both convergently142 and divergently143 using this coupling strategy. Indeed, there has 
been particular focus on the formation or functionalisation of dendrimers through the 
use of triazole linker groups. Hawker and co-workers were the first to show the 
successful application of the coupling using a convergent methodology to create 
dendrimers of up to three generations, with high purity and good yield by utilising a 
variety of polyacetylene cores and monomers.144 They later patented the process. Lee et 
al. also successfully applied the Cu(I) catalysed cycloaddition to the formation of 
dendrimers utilising both a tripodal acetylene core145 and the alternate tripodal azide 
core.142 In both cases the formation of the triazole linkage was used only for the 
attachment of the preformed dendrons to the core not for generational growth of the 
dendrons themselves. Unlike the Hawker synthesis144 the systems produced by Lee et 
al.142,145 required purification by column chromatography resulting in lower overall 
yields (in some cases as low as 40%).145 It is likely that under the reaction conditions 
used, the non Cu(I) catalysed electrocyclic cycloaddition competed with the Cu(I) 
catalysed pathway and isomeric mixtures of both 1,4 and 1,5 disubstituted 1,2,3-
triazoles were obtained.142 Optimisation of the conditions however, resulted in Lee and 
coworkers successfully producing dendrimers based on Fréchet style poly(benzyl ether) 
dendrons up to 4th generation in yields greater than 85%.146 They also successfully 
linked azide functionalised PAMAM style dendrons to both bi and tetrapodal cores; 
showcasing the flexibility of the copper(I)-catalysed triazole formation as a linking 
reaction.147 
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Recently an alternative ‘click’ based strategy has been employed by Hawker and 
coworkers based on solvent-free thiol-ene reactions as both the principal growth 
reaction and also as a method for external functionalisation.148 The drive for a change 
away from triazole based dendrimer synthesis is an attempt to reduce catalyst usage thus 
resulting in a more ‘green chemistry’ focused approach.148  

Undoubtedly, the adaptation of ‘click’ reactions is likely to see considerable application 
in the field in the future. Certainly, we are now seeing greater investigation into 
reactions that fall under the umbrella of Sharpless’ definition of  ‘click’ reactions that 
have generally been overlooked previously. One such ‘click’ style reaction is the 
formation of ureas through the facile reaction of isocyanates and amines.   

1.2.6 Urea Based Dendrimers 

While often being overlooked as a ‘click’ style reaction, the formation of urea linkages 
has been widely used throughout the literature in relation to dendrimer synthesis. 
Primarily the bulk of literature utilising this reaction is concerned with the peripheral 
functionalisation of the commercially available poly(propylene imine). The peripheral 
amine groups have been reacted with a wide variety of isocyanate functionalised 
building blocks yielding dendrimers with a diverse range of physical and chemical 
properties (Figure 1-14). Poly(propylene imine) dendrimers have been functionalised 
with ferrocene,149 lipophillic carbon chains ranging from simple hexyl systems up to 
dodecyl,150 phenyl groups,151,152 adamantine-urea153 as well as a series of branched 
isocyanate building blocks.154 
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Figure 1-14: Summary of isocyanate containing chemical building blocks utilised to 
functionalise polypropylene imine dendrimers through the formation of urea linkages to 
the external amine periphery. 

In addition to their use as molecular scaffolds dendrimers have also been successfully 
used to form host-guest complexes with a variety of ligands. The successful inclusion of 
guest molecules such as phosphine ligands,155 poly(ethyleneglycol),156 drug moieties157 
and even protected peptide sequences have been reported.158 Such host-guest 
interactions show significant potential with applications in the material sciences. 

Construction of dendrimers utilising urea linkages as the primary linking strategy for 
generational growth of the dendritic structure has only been investigated by a handful of 
groups, with the literature focussed on divergent synthetic methods such as the one-pot 
divergent growth of Okaniwa et al.159,160 Other methods have included the formation of 
polycarbamate/urea dendrimers from an AB2 style diisocyanate building block cis-4-
isocyanatomethyl-1-methylcyclohexylisocyanate by Peerlings et al.161 and the growth of 
urea linked dendritic wedges from amino terminated polystyrene beads by Lebreton et 
al. who utilised a solid phase synthesis approach.162,163 A summary of some of these 
methods is provided in Figure 1-15. 
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Figure 1-15: Overview of synthetic strategies for dendrimer synthesis utilising urea 
linkages as the primary growth strategy. Included is the “one-pot” synthetic method of 
Okaniwa and Co workers (Scheme A), the divergent method of Peerlings et al. (Scheme B) 
and the solid phase method of Lebreton et al. (Scheme C)  

 

Convergent synthetic methods for dendrimer construction utilising amines and 
isocyanates to form stable urea linkages remains a largely overlooked field within the 
literature, with only a few publications in this area.164,165 Ambade and Kumar 
investigated the formation of dendritic wedges and hyper-branched polymers using an 
iterative, convergent process whereby terminal amine groups were coupled with BOC 
protected diisocyanate building blocks, deprotection and subsequent repetition of the 
coupling yielded dendritic wedges bearing up to eight peripheral ester groups (Scheme 

1-2).165 These systems in addition to more classical hyper-branched urea-linked 
polymers161,166 typically lack the radial symmetry often associated with dendrimers 
lacking final attachment to a central core moiety. The use of a urea linkages provide 
structures that are stable to a wide variety of conditions making dendritic scaffolds 
constructed using these methods well suited to applications in both the materials and 
biological sciences.  
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Scheme 1-2: Convergent synthesis of urea linked dendritic wedges as reported by Ambade 
and Kumar.165 

1.2.7 Flexibility in Dendrimer Functionality and Application 

Historically, efforts in dendrimer research were initially centred on establishing 
maximum control over synthetic aspects such as branching patterns, properties, and 
other essentially synthetic and structural concerns. However, dendrimers are now being 
synthesised on a commercial scale. A number of dendritic molecules, of varying 
generational size, are available on the market. The availability of the dendrimer species 
and the ease of their surface modification in particular, enabled a shift in the focus of 
research efforts to more application-based investigations.112 Indeed, Svenson and 
Tomalia reported in 2005 that there were already 100 distinct dendrimer families and 
greater than 1000 chemical functionalisations to dendrimer peripheries that had been 
reported throughout the literature.167  

Polyamidoamine (PAMAM) dendrimers are one of the most widely investigated 
dendritic scaffolds for biological applications.122 This can be attributed to their long-
standing commercial availability facilitating access to dendritic scaffolds ready for 
functionalisation without the need for lengthy ‘in house’ synthesis. Although a useful 
approach, there remain a number of potential areas for concern in relation to these 
scaffolds particularly in relation to overall product purity due to the divergent synthetic 
methods used for their construction. As mentioned earlier with divergent synthesis 
monodispersity is not guaranteed and consequently the purity of the final product, 
which is essential when testing any compound as a potential therapeutic, will be limited. 
The use of undefined mixtures or only partially reacted species can lead to unwanted 
side effects and variable dosage amounts. Another concern with PAMAM derived 



 

 32 

structures is the inherent toxicity of the scaffold itself.168 The poly cationic nature of any 
unreacted terminal end groups leads to generic cellular toxicity making capping of any 
free terminal amine moieties necessary if they are to be considered for medicinal 
applications. 

While the multivalent nature of dendritic molecules makes surface modification of 
dendrimers manufactured via divergent methods trivial, and this approach has therefore 
dominated investigative research focus in recent times, it is of course still possible for a 
diverse array of functional groups to be embedded within dendrimer interiors by 
utilising methods analogous to the archetypal convergent synthetic approach.112 In these 
often step-wise strategies the repeating monomers are replaced by synthons, which may 
vary with each synthetic step, thus enabling the construction of sophisticated custom 
designed dendrimers for potential applications in fields ranging from catalysis to 
medical applications in the development of novel pharmaceuticals.124 While this 
approach requites a more considered synthetic effort than straight forward surface 
modifications of commercially available frameworks, it has the advantage that it affords 
species where all 3 regions of the dendritic product can be tailored to better suit their 
intended end point functions. 

1.2.8  Biological and therapeutic applications of dendrimers 

The highly defined structure and multivalent characteristics of dendrimers has instigated 
numerous studies focused on their potential for biomedical applications.169 Due to their 
size and globular shape dendrimers have often been referred to as artificial proteins.  

For example the tetrahedral nitrogen cored PAMAM dendrimers of generations 3, 4 and 
5 mimic closely the shape and size of insulin (3nm), cytochrome C (4nm) and 
haemoglobin (5.5nm) respectively.167 Unlike the recombinant production of proteins 
though, dendrimer synthesis can be highly controlled yielding stable macromolecular 
constructs for tailored applications in large yield. Dendrimers have been extensively 
studied as drug carriers through encapsulation of small molecules,157,170 non-viral 
delivery vectors for nucleic acids171 and drug delivery122,172,173 and have been 
investigated as medical diagnostic reagents for magnetic resonance imaging,170,171,174

 

protein mimetics171 and for anti-cancer and anti-viral therapeutic applications.174   

However, although dendrimers have shown great potential in many areas, the realisation 
of that potential for the commercial market has proved a greater challenge. Only a few 
products incorporating dendrimer technology have thus far found commercial 
application. These products include Stratus CS™, a cardiac marker produced by Dade 
Behring; SuperFect™ a Gene Transfection agent from Qiagen, and Alert Ticket, a 
system used for anthrax detection produced by the US Army Research Laboratory.  
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Therapeutic uses of dendrimers are less prevalent due to the lengthy approval process 
required before new therapeutics can be released to the open market. Nearing the end of 
phase three clinical trials however, is Vivagel® (Starpharma, Melbourne, Australia) a 
topical vaginal cream for HIV prevention. The active dendrimer component SPL7013 
(Figure 1-16) is a lysine-based dendrimer with a sulphonic acid functionalised periphery 
attached via amide linkages. The final dendrimer has a formula mass of 16581.53 Da.175 
The polyanionic dendrimer is thought to interact with gp120 proteins present on the 
surface of the HIV virus preventing binding of the virus to gp120 receptors on the cell 
surface thus inhibiting infection. The polyvalent nature of the anionic dendrimer surface 
results in unique macromolecular properties unattainable through small molecules. In 
addition to prevention of HIV, SP7013 has shown to be an effective preventative for 
genital herpes (HSV-2) and is in further development as a condom coating. The success 
of Vivagel® highlights the potential of harnessing polyvalent architectures such as 
dendrimers for complex therapeutic challenges. 

 

 

Figure 1-16: Structure of SPL7013 the active dendrimer component of Vivagel™. The 
polylysine branching arms are grown out from the central core in a generational manner 
before addition of the sulphonic acid functionalised periphery using amide linkages. 

One application embracing the benefits of dendrimer size and flexibility of function is 
the development of “tailored” pharmaceuticals based on dendrimer technologies that 
contain a therapeutic region, targeting region and detection capability built into the one 
dendritic macromolecule176 (Figure 1-17). This technology is being implemented by 
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Avidimer177 in the design of their lead compound ATI-001. ATI-001 is based on the 
systems introduced by Kukowasaka-Latallo et al. who were able to show the successful 
targeting of 5-polyamidoamine dendrimers functionalised with folic acid and the cancer 
chemotherapeutic methotrexate.176 The dendrimer construct was tested against cancer 
cell lines known to over express the folate receptor and included breast cancers, ovarian 
cancer and colon cancer amongst others. It was shown that the dendrimer constructs 
were able to selectively target cancer cells and exhibit a cytotoxic effect greater than 
similar doses of free methotrexate with lower generic toxicity.176 

 

 

Figure 1-17: Schematic overview of dendrimer constructs being developed by Avidimer. 5-
polyamidoamine dendrimers are functionalised by covalent attachment of 4-5 folic acid 
moieties and 5-6 methotrexate molecules. 
 

1.3 Project overview and background to current research 

We believe that the potential for dendrimers to play a major role in targeted therapies is 
most significantly realised through the opportunities for a tailored modular synthesis 
provided by a convergent synthetic approach. The often protein-like attributes of 
dendrimers and dendritic assemblies are well suited to the construction of therapies 
targeted toward the disruption of key protein-protein interactions; which often render 
conventional small molecule therapeutic approaches ineffective.  

This work investigates the combination of biologically active peptides with dendritic 
scaffolds as potential therapeutics. These systems are intended to disrupt the anti-
apoptotic mechanism of the Bcl-2 like protein Mcl-1.  We have incorporated the design, 
synthesis and characterisation of a series of modular building blocks based around the 
principles of click chemistry to facilitate construction of dendritic frameworks suitable 
for the attachment of therapeutically active peptides.  Included within this work is an 
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investigation of test systems utilising synthetic peptides based on the BH3 protein 
NOXA, functionalised with C-terminal cell penetrating poly-arginine regions. The in 
vitro apoptotic activity of these peptides provides a comparison data set from which the 
potential for enhanced cellular toxicity of multivalent constructs can be determined, as 
well as highlighting the potential of the pro-apoptotic BH3 peptide NOXA for 
continued development as a cancer therapy. The resultant multivalent architectures 
bearing 6 or more peptide units have the potential to be highly customised for a variety 
of disease applications. Moreover the modularity of these scaffold systems allows for 
future designs to potentially incorporate multifunctional systems functionalised with 
transport, targeting and therapeutic moieties in a known stoichiometirc ratio with high 
purity and monodispersity. 

Novel approaches to the development of cancer therapies targeted at re-establishing the 
apoptotic balance within cancer cells has the potential to yield therapies that may 
exhibit lower generic toxicity profiles reducing harsh side-effects in patients and 
prolonging survival. Furthermore, with the emerging importance of Mcl-1 in systems 
such as myeloid cell leukaemia and the resultant resistance to promising therapies such 
as ABT-737 there is a clear need for further investigations into the Mcl-1 / NOXA 
system.  
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Chapter 2:  DESIGN AND SYNTHESIS OF TARGET PEPTIDES 

DERIVED FROM PRO-APOPTOTIC NOXA 
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2.1 Target selection and sequence design  

Historically, the majority of research effort in relation to BCL-2 family proteins has 
focused on Bcl-2 and Bcl-xL in a variety of human malignancies, with comparatively 
little investigation into the therapeutic potential of Mcl-1.  Furthermore, recent 
revelations into the impact of Mcl-1 over expression on the efficacy of Bcl-2 inhibitors 
such as ABT-737 have significant implications in relation to its validity as a therapeutic 
target. The lack of research into potential inhibitors for the anti-apoptotic Mcl-1 
prompted us to investigate potential peptide based therapeutics derived from the pro-
apoptotic Mcl-1 binding partner NOXA.  

2.1.1 Background 

Recent studies by Chen and co-workers on a series of BH3-only proteins, demonstrated 
the selectivity of the pro-apoptotic NOXA system.74 The binding of NOXA to Mcl-1 
was found to promote Mcl-1 degradation, thus inducing cellular apoptosis.74 Their 
binding affinity studies, combined with cellular assays involving retroviral expression 
of the BH3-only series of proteins, showed that the proteins can be grouped according 
to distinct subclasses, dependent on their specific binding interactions (Figure 2-1). 
Moreover, this work highlighted that not all BH3 proteins have equivalent function 
within the apoptotic cascade and the efficient promotion of apoptosis within cancer cells 
is likely to require neutralisation of both anti-apoptotic protein subclasses. 

 

Figure 2-1: Schematic overview of the selective binding interactions exhibited by the BH3 
only proteins and their corresponding Bcl-2 related anti-apoptotic binding partners, as 
described by Chen et al.74 

The results obtained by Chen and co-workers highlight the need for a therapeutic 
targeted at neutralising Mcl-1. To this end our studies focused on the development of 
peptides derived from the pro-apoptotic Mcl-1 binding partner, NOXA as potential 
cancer therapeutics. It is expected that such therapeutics would provide effective co-
therapies for the treatment of drug resistant cancers, particularly when used in 
conjunction with other BCL-2 family inhibitors such as the Abbot compound ABT-737.  
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Unfortunately, cell viability data obtained from retroviral expression of recombinant 
proteins alone (such as that produced by Chen et al.) fails to provide insight into other 
key areas necessary for assessing the potential development of derived pharmaceuticals, 
such as cellular transport, IC50 data and other pharmacodynamic properties. As a 
primary focus for this project was the development of multivalent systems to investigate 
their potential for increased stability and potency, it was prudent to initially investigate 
the cellular uptake and chemotherapeutic effect of synthetic NOXA sequences. The 
results obtained would then be used as a baseline of activity to enable comparison 
between the free peptides and their multivalent counterparts. To our knowledge there 
are currently no in vitro assays reported addressing the cellular transport and 
cytotoxicity of synthetic NOXA derivatives.  

NOXA is a 54 amino acid polypeptide encoded by the PMAIP1gene (Phorbol-12-
myristate-13-acetate-induced) (APR_HUMAN Q13794) and is the smallest of the 
BCL-2 family proteins. The polypeptide chain contains two significant regions residues 
41-50, responsible for mitochondrial location, and residues 29-37, which correspond to 
the pro-apoptotic BH3 domain178 (Figure 2-2). 

10 20      
M P G K K A R K N A Q P S P A R A P A E L E V E C 

30 40 50 
A T Q L R R F G D K L N F R Q K L L N L S K L F C 
   ---------BH3 Region----------    -----Mitochondrial locator----- 
S G T -COOH terminus               
                         

Figure 2-2: Primary amino acid sequence for the wild type NOXA (human) peptide. 
Shaded regions indicate the BH3 region (residues 29 to 37) and the mitochondrial locator 
sequence (residues 41 to 50). The dotted red line indicates the region selected as the target 
sequence for this work. 

We designed a series of sequences initially derived from the sequence published by 
Chen et al.74 The initial sequence for investigation corresponds to residues 18-43 of the 
full length NOXA protein, with the addition of a 5 residue poly-arginine transporter tag 
at the carboxy terminus. In addition, a control sequence was also developed based on a 
random permutation of NOXA(18-43).  The amino acid sequences for both the control 
and active sequences investigated are provided in Table 2-1. 

 Amino acid composition (NC) 

NOXA18-435R PAELEVECATQLRRFGDKLNFRQKLLRRRRR 

SCRAM5R CLPRFDTQGRVRANEAQLKELEKLLFRRRRR 

Table 2-1: Initial sequences investigated based on the Human pro-apoptotic BH3 protein 
NOXA. The control sequence (SCRAM5R) is a random permutation of the test sequence 
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NOXA18-435R. Both sequences include a poly-arginine tail at the carboxy terminus of the 
peptide chain. 

2.1.2 C-terminal modifications of NOXA sequences 

2.1.2.1 Addition of a Polyarginine tag R5 

The C–terminal modifications used in our sequences have been designed to both 
facilitate cell transport and to provide greater stabilisation to helical secondary structural 
elements. As discussed in section (1.1.6 pg17) the addition of polycationic amino acid 
tags has been employed extensively as a strategy for enhancing the cellular uptake of 
peptides, with varying levels of success.86,179,180 A study conducted by Mitchell and co-
workers revealed that effective transport is achieved with homopolymers of arginine 
from 5 to 11 residues in length. It was also noted that cellular cytotoxicity of the 
homopolymers increased with increasing peptide length88 with the most efficient levels 
of transport being observed using arginine regions of either 8 or 9 residues.88,180,181 
Polymers of 8 arginine residues in length were shown by Suzuki et al. to be similar in 
translocation to the widely used transduction peptide HIV-1 Tat(48-60).181 In addition, 
arginine has been shown by Mitchell et al. to be more effective than other commonly 
used cationic amino acid homopolymers of equal length, such as lysine, ornithine and 
histidine.88 The use of a poly-arginine tag consisting of 5 arginine residues was chosen 
for addition to the synthetic NOXA derived peptides targeted in this work. The presence 
of large homopolymeric regions within a sequence can result in complications during 
synthesis, this combined with the overall length of the target NOXA peptide (26+5R = 
31 residues) made the use of octa-arginine regions prohibitive. Furthermore, the 
possibility of toxicity, introduced via multiple arginine residues present in the sequences 
was considered; excessive use of these regions may reduce specificity and also increase 
generic toxicity of any therapeutic compound derived from such a sequence. 

Additional to the transport properties of arginine homopolymers, arginine residues have 
also been shown to stabilise the formation of α-helical secondary structure in short 
peptides – the active secondary structure in NOXA (vide infra). In work conducted by 
Forood et al., it was demonstrated that the addition of arginine to the carboxyl-terminal 
of peptides provided additional stabilisation of the helical structure.182 It was considered 
likely that the stabilisation was facilitated through the strong multiple hydrogen bonding 
characteristics of the guanidino group of the arginine side chain (Figure 2-3).182  

 



 

 42 

 

 

Figure 2-3: Structure of C-terminal arginine residue highlighting 
the key hydrogen bond donor groups of the guanidino side chain. 
Also highlighted is the C-terminal carboxamide functionality, 
which ensures greater stability at the negative end of the helical 
dipole (left). The side chain is shown in the protonated form 
found at biological pH. 

The stabilisation effect was also found to be enhanced when the carboxyl terminus was 
converted through to a corresponding carboxamide, thereby eliminating electrostatic 
repulsion between the negatively charged carboxyl and the negative pole of the helix 
dipole.182 It was suggested that the stabilisation observed is a result of the capping of the 
helix region with the positively charged carboxamide creating a favourable interaction 
with the helical dipole.182 Structural studies on several of BCL-2 family members have 
revealed that on binding to the BH1-3 hydrophobic groove of their anti-apoptotic 
binding partners, BH3 only peptides maintain an α-helical conformation.23,36,38,40,183 It 
was therefore anticipated that the addition of a C-terminal poly arginine tail to the 
NOXA derived sequence would also contribute to the biological efficacy of the peptide 
by also stabilising the formation of α-helical structural motifs required for binding to 
the hydrophobic groove of Mcl-1. Additionally, we chose to incorporate a C-terminal 
carboxamide functionality on our synthetic NOXA derivatives using an approach 
employing aminomethyl-based resins. The details of the resin selection are outlined in 
the succeeding synthetic discussion. 

2.2 Synthesis of the Target peptides derived from NOXA 

2.2.1 Selection of a synthesis methodology 

Peptides are complex molecules with a wide variance in properties that can complicate 
synthesis. There are two main approaches to peptide synthesis, these being solution 
phase and solid phase. In the latter the peptide is tethered to a solid polymeric support 
and assembled in a synthetic cycle with deprotection of the terminal residue of the 
peptide chain followed by coupling of the next residue in the sequence (Figure 

2-4).184,185 The growing peptide chain remains tethered to the polymeric support via the 
C-terminus throughout the synthesis allowing removal of excess reagents by simple 
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washing and filtration of the resin bed. Final deprotection and cleavage from the resin 
releases the fully deprotected peptide.   

 

Figure 2-4: Overview peptide synthesis using SPPS methods. 

The two most common chemistries for solid phase peptide synthesis (SPPS) are divided 
according to the primary α-amino protection strategies employed. In the case of 

tert-butoxycarbonyl (Boc) SPPS (developed by Merrifield in the 1960’s),186 the α-amino 
group of the terminal residue is protected by the Boc protecting group, which requires 
high concentrations of strong acids such as TFA to be removed. The required 
orthogonal protection of the reactive amino acid side chains therefore uses protecting 
groups such as OBzl that are stable to this chemistry.187 Once the peptide chain is fully 
assembled, cleavage from the resin and concurrent removal of side chain protection is 
achieved using very strong and highly toxic acids such as hydrofluoric acid (HF) or 
trifluoromethanesulfonic acid (TFMSA), which require specialised disposal methods as 
well as HF resistant synthesis vessels.188 It is the use of these cleavage reagents that has 
reduced the viability and popularity of this method in the modern laboratory. The 
alternative method introduced by Carpino in 1972189 and further developed by Atherton 
in the 1980’s,190 uses fluorenylmethoxycarbonyl (Fmoc) as the primary protecting group 
and has become the preferred protocol for the majority of laboratory scale peptide 
synthesis. The base labile N-α Fmoc protecting group is readily removed with a mild 
organic base, usually 20% piperidine in DMF, facilitating the use of acid labile Boc 
type amino acid side chain protecting groups and resin linkers that do not require the 
use of HF for cleavage.184,191 This approach allows for final deprotection and cleavage of 
the completed peptide using less toxic TFA solutions.  
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Although it is standard procedure for the coupling reagent o-benzotriazol-1-yl-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) to be used in conjunction 
with N-hydroxybenzotriazole HOBt to form the activated ester, in this work it was 
decided to omit HOBt from the coupling reaction. The use of HOBt has been used 
traditionally to reduce epimerisation and increase coupling efficiency during attachment 
of the new residue.184 It should be noted however that the overall structure of HBTU is 
very similar to that of HOBT and a similar reduction of epimerisation could be expected 
from HBTU alone. HOBT is not used in conjunction with other uronium salts such as 
o-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) 
and neither is the corresponding partner HOAt due to its highly explosive 
properties.192,193 Subsequent to this decision HOBt has been reclassified as a desensitised 
explosive192 by the United Nations resulting in the removal of HOBt from sale by major 
reagent providers such as Merck Biosciences (Nova Biochem®). Indeed, Nova Biochem 
issued a communication indicating it would no longer stock HOBt as a standard peptide 
synthesis reagent,193 citing studies that confirmed the reduction in epimerisation and 
increase in coupling efficiency obtained through the combination of HOBt/HBTU 
compared to that of HBTU alone was negligible.193 It was even determined that in some 
cases use of this material increased epimerisation of residues.194 

 

 

Figure 2-5: Chemical Structures of common peptide synthesis reagents HOBT, HBTU and 
HATU 

Thus all the peptide sequences described in this work were synthesised using Fmoc 
based SPPS strategies using standard protocols with the exclusion of HOBt. Variations 
on deprotection times and coupling times were adapted to suit the individual sequences. 
A reduced equivalency of HBTU (2.9eq) was used in respect to the amino acid residues 
being coupled (3eq). This reduces the chance of forming tetramethylguanidinium 
derivatives, which can result in the irreversible capping of the N-terminus of the 
growing peptide chain (Figure 2-6).185  
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Figure 2-6: Capping of the peptide chain by formation of N-terminal 
tetramethylguanidinated peptides. 

2.2.2 C-terminal carboxamides through the use of aminomethyl-based resins  

One way to increase solubility of synthetic peptides is to incorporate C-terminal 
carboxamide functionality in place of the standard ‘free’ carboxyl functionality (Figure 

2-7). This approach has the added advantage of increasing the half-life of the peptide 
through increased resistance to carboxy peptidases. 

 

 

Figure 2-7: Diagram showing the carboxamide (-CONH2) and ‘standard’ carboxyl (-
COOH) groups that can form the C-terminus of a synthetic polypeptide 

The formation of the carboxamide at the C-terminus is readily achieved through the use 
of aminomethyl-based resins such as trialkoxybenzylamine (PAL) or trialkyloxy 
benzhydrylamine (Rink amide) resins195 (Figure 2-8). While both of these resins were 
used at varying times throughout this project preference was given to the Rink amide 
resin due to its lower cost and greater availability compared to PAL.  Both resins have 
good swelling properties in a variety of non-polar organic solvents with resin 
substitutions between 0.05 and 0.07 mmol/gram. 

 

Figure 2-8: Aminomethyl-based resin resins commonly used in SPPS for the synthesis of 
C-terminal carboxamide peptides. 
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2.2.3 Evaluation of target peptides for possible synthetic difficulties 

The success of the peptide synthesis is largely determined by the accessibility of the 
terminal amine functionality of the growing peptide chain. The condensation reaction 
between an amino acid and the activated carboxyl functionality should proceed in a near 
qualitative fashion. However, there are many factors that can reduce the overall 
efficiency of the reaction thereby reducing yields. The potential complications in the 
synthesis of any particular peptide can be hard to predict, as generally they are 
dependent on the individual sequence being synthesised rather than any one specific 
residue.196 It is possible however to recognise regions within a sequence that have a high 
likelihood of reducing coupling efficiency or undergoing unwanted side reactions. Prior 
to commencing synthesis of any polypeptide each target sequence was assessed for 
potential problematic regions that have the potential to cause difficulties during the 
synthesis of the polypeptide.187 

2.2.3.1 Considerations due to overall length of the peptides 

Synthesis of a polypeptide of 31 residues provides a number of challenges.  The number 
of reactions required for each sequence has a drastic effect on the overall maximum 
yield that can be expected. This can be clearly seen in Table 2-2, which illustrates 
potential coupling yields and the relative average efficiency of each coupling reaction 
relative to the number of reactions that must successfully complete. In the case of a 30-
residue peptide the expected overall yield will be as low as 4% prior to purification, 
even if each reaction proceeds with a 90% individual yield.  

 

Table 2-2: Theoretical maximum yields for peptide synthesis based on overall length of the 
final polypeptide product.184 

A number of methods have been developed in an effort to increase overall coupling 
efficiency for peptide synthesis, including increasing molar equivalents of the amino 
acid from 1.5 to 3 or even 5. For this work we have used an increased equivalency of 
each amino acid residue of 3eq. This provided the greatest concentration of reagents 
given the 10ml volume of our standard reaction vessel without encountering solubility 
issues. Efficiency of the coupling reaction is largely dependent on concentration of the 

No. of Reactions  Yield of each reaction (%) 

  100 99 95 90 

10 Overall Yields 100 90 60 35 

20  100 81 36 12 
30  100 74 21 4 
40  100 67 13 1 
50  100 61 8 <1 
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reactants, as this increases the dispersion of the reagents through out the polymeric resin 
support, thus maximising the interaction with reactive functionalities on the internal 
resin surface. Another method adopted for particularly difficult sequences is to heat the 
reaction vessel during coupling. This method works in two ways, (i) by increasing the 
solubility of reagents thereby allowing greater concentrations to be used and (ii) through 
the increased energy provided by heating the reaction. One significant drawback to this 
approach however is an increased chance of side reactions such as dehydration; this is 
significantly increased where peptides contain asparagine and glutamine.196 Another 
concern when heating the reaction vessel is the increased potential for racemisation of 
the amino acids as they are added to the peptide chain. Given the sensitive nature of 
residues such as cysteine, asparagine and glutamine within our target sequence, heating 
of the reaction vessel was not considered to be a viable approach in this work, any 
potential gain in coupling efficiency would likely have been counteracted by a decrease 
in the overall purity of the final product due to side reactions, deletions or poor 
stereochemical control. 

2.2.3.2 Aggregation potential due to chain length and homopolymeric Arg regions  

The potential for inter-strand aggregation between the growing chains on the surface of 
the resin, as a result of hydrogen bonding and areas rich in hydrophobic residues, can 
have a drastic effect on coupling efficiency.184 This has been found to be of significant 
concern with longer peptides and has been observed generally during the coupling 
cycles of residues 12-20. As outlined previously however, coupling difficulties are 
generally sequence specific and the reduction of coupling efficiency as a result of inter-
strand aggregation has been reported as early as residue 4. A number of strategies exist 
to alleviate the effects of aggregation including the addition of chaotropic salts, DMSO, 
tertiary amines and the addition of 2,2,2-trifluoroethanol (TFE).197 The use of such 
additives is primarily aimed at disruption of the hydrogen bond networks potentially 
formed between the growing peptide strands and disruption of hydrophobic interactions 
both inter-strand and also between the peptide and the solid support.184 For this work we 
selected the use of TFE due to its ease of handling, ready availability and prevalence 
throughout the literature. TFE has been shown to reduce the effects of aggregation 
during peptide synthesis when added to the solvent mixture at 20% (v/v), thereby 
improving coupling efficiency.198 This is of direct benefit where interactions with the 
resin are of concern but also during the synthesis of long peptide chains, as is the case 
here. While the exact mechanism by which TFE aids synthesis is not fully understood, 
there is an observable increase in resin swelling on its addition which is also likely to 
assist in coupling efficiency through greater access of reagents to the inner surfaces of 
the solid support.  
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2.2.3.3 Presence of difficult amino acids 

In addition to the potential for side chain reactions occurring during the synthesis of the 
peptide chain (this largely controlled through the use of appropriately selected 
orthogonal protection strategies) there are a number of amino acid residues which can 
prove problematic during the final cleavage and purification of synthetic peptides.184,185 
These residues include tryptophan, cysteine, methionine, glutamine (when present on 
the N-terminus) and aspartic acid (when next to glycine or alanine). The target 
sequences based on NOXA synthesised in this work were analysed for problematic 
residues with the presence of the cysteine residue the only significant concern. It should 
be noted that aspartimide formation between aspartic acid residues and adjacent 
residues with small side chains is a common concern in Fmoc solid phase synthesis. 
This is a common occurrence with approximately 0.5% of deprotection cycles involving 
Asp-X (where X is Gly or Ala), particularly when using Fmoc-Asp(OtBu).185 There is 
only one Asp residue present in the target NOXA sequences (Asp34). Inspection of this 
region shows that the residues flanking either side of the Asp are: Gly33 and Lys35. 
The position of the Gly residue N-terminal to the Asp will not result in aspartimide 
formation as this reaction occurs between the α-carboxy amide bond and the side chain 

of the β-carboxy side-chain (Figure 2-9). 

 

Figure 2-9: Base catalysed aspartimide formation of the sequence Asp-Gly 

Cysteine, Methionine and Tryptophan 

Peptides containing residues such as cysteine, methionine and tryptophan are readily 
oxidised. In the case of cysteine (the only one of these residues present within the target 
NOXA peptide targeted for this work) the reactive thiol side chain is prone to oxidation 
and or racemisation.184 Oxidation of the thiol can lead to the formation of disulphide 
bonds between the peptide chains. This is prevented during synthesis through the use of 
side chain protection of the reactive thiol moiety. A number of orthogonal protecting 
groups are available for cysteine residues; in this work trityl (Trt) protection was 
employed, as it is highly labile under TFA cleavage conditions generating the free 
sulphydryl peptide directly from the cleavage reaction.185 Following cleavage and 
deprotection of the synthetic peptide, the presence of cysteine can result in sequences 
that are difficult to isolate in high purity, thereby reducing yields. Limiting the peptides 
exposure to air can reduce the oxidative formation of disulphides between the peptide 

N
H

O

O

OH

N

O

N
H

Peptide Peptide N
H

O

O

N

O

Peptide

Peptide

H



 

 49 

chains. In most cases peptides linked through the formation of di-sulphides will elute 
later during HPLC later than the monomeric components of a mixture allowing for 
separation of potential dimers. If di-sulphide formation is unavoidable treatment of the 
peptides with an excess of the reducing agent dithiothreitol will cleave the disulphide 
linkages through reduction of the S-S bond. In some cases substitution of cysteine 
residues for the ‘similar’ but less reactive amino acid serine (R-SH  R-OH) has been 
adopted as a strategy to avoid the synthetic complications that can arise from multiple 
cysteine residues. We adopted the cysteine to serine (Cys  Ser) approach to avoid 
complications arising from non-specific attachment of sequences containing two 
cysteine residues within the native NOXA sequence. Hence the cysteine residue C25 was 
substituted for serine. This then allowed for the incorporation of a C-terminal cysteine 
residue, which, we would require for subsequent conjugation of the peptide to our 
dendritic scaffolds in later investigations, see section (Chapter 5: pg125).  

2.2.4 Attempted automated synthesis of target peptides NOXA(18-43)R5 and 
SCRAMR5 

Initially, attempts were made to synthesise the target sequences using an Advanced 
Chemtech Omega 396 automated synthesiser. Unfortunately these attempts were 
repeatedly unsuccessful. A number of protocol changes were investigated in order to 
isolate the problems. These included increasing the molar equivalents of amino acids 
used from three molar equivalents to five, lengthening cycle times for deprotection and 
coupling cycles and using the more efficient HATU in place of HBTU for amino acid 
coupling steps. However, in all cases, following cleavage from the resin there was no 
indication that the target peptides were successfully formed. Consultation with other 
users of the Advanced Chemtech synthesisers indicated that synthesis of peptides 
greater than 15 to 20 residues in length were unlikely to be successful using the system 
available.199 Thorough testing of the machine and subsequent servicing failed to 
improve the synthetic outcome with delivery of reagents found to be inconsistent even 
when the synthesis was setup directly following machine servicing. Due to ongoing 
complications with the automated system it was decided to attempt synthesis of the 
target sequences using manual solid phase techniques. 

2.2.5 Synthesis of target peptides using manual SPPS 

Manual solid phase peptide synthesis allows for greater control over the stepwise 
synthesis of the polypeptide chain in comparison to automated methods. With each 
extension cycle, the successful removal of the terminal Fmoc moiety and subsequent 
coupling of each new residue in the sequence can be monitored through the use of the 
Kaiser (ninhydrin) test for primary amines200 (Figure 2-10), thus allowing for 
optimisation of each step in the chain growth.  A small sample of the resin is isolated 



 

 50 

from the reaction vessel and treated with a few drops of each of the test solutions and 
heated. Following a deprotection step the resin should produce a distinctive deep blue / 
violet colour indicating a positive result for the deprotection. In the case of resin tested 
subsequent to a successful coupling cycle however, the α-amino functionality is 
blocked by the newly added Fmoc protected amino acid; the test would thus produce a 
negative result (i.e. resulting in no colour change).185 It should be noted that the Kaiser 
test produces a red/brown colouration as a positive test result in the presence of 
secondary amines and this alteration of colour can be observed even following 
subsequent reactions up to three residues away.185 During synthesis of the target 
sequences within this work, resin beads were sampled and tested for reactive amines 
using a standard Kaiser test after removal of the N-α Fmoc group and following 
coupling of each residue. These tests allowed for direct confirmation if the preceding 
reaction had occurred to an acceptable level, simply by inspection of the tested beads 
and allowed for repetition of the preceding synthetic step where required. 

 

Figure 2-10: Qualitative Kaiser (ninhydrin) test for reactive amines: Formation of the 
brightly coloured Ruhemann’s Purple dye indicates a positive test result.  

Syntheses of the target sequences were carried out using a 100mg or 200mg scale of 
solid support resin; equating to 0.035 or 0.07mmols of functionalisation respectively. 
An excess of 3 molar equivalents of amino acid was used for each coupling cycle, after 
initial removal of the N-terminal Fmoc moiety using 20% piperidine in dry DMF. 
During the course of the syntheses the reaction vessel was not maintained under strict 
anhydrous conditions; however, precautions were taken to reduce exposure of the 
reaction mixture to excess moisture where possible. These precautions included the 
preparation of fresh reagents at the beginning of each day of synthesis and the use of 
high purity (HPLC, or peptide grade) solvents. Furthermore DCM was freshly distilled 
each day and stored over 4Å molecular sieves. A standard synthesis began with 
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swelling of the resin in dry DCM for 30mins. Initial activation of the resin is crucial as 
this determines the maximum loading capacity of the resin. To ensure optimum loading 
capacity, the initial deprotection consisted of treating the resin with 20% piperidine in 
DMF for 20mins followed by removal of the solution by filtration. The deprotection 
solution was then refreshed and the reaction allowed to proceed for a further 20mins. 
The coupling of the first residue was also achieved using a double coupling method. 
The initial reagents were removed by filtration and refreshed as with the additional 
deprotection step, to ensure maximum functionalisation of the resin with the first amino 
acid of the desired peptide. 

Due to the overall length of the sequences being produced, TFE (20% v/v) was added to 
all coupling cycle mixtures after residue 4. A coupling time of 30 mins was used for 
each cycle, with 2.9 equivalents of HBTU, 4 equivalents of DIPEA and 3 equivalents of 
the desired amino acid. During the course of this work this procedure was optimised to 
a coupling time of 20mins followed by addition of 1ml TFE (for a reaction vessel size 
of 10ml and resin scale of 200mg) and coupling for a further 20mins. This process was 
found to provide consistently higher coupling rates, reducing the requirement for 
repeated couplings. Fresh reagents were added and the procedure repeated where 
necessary in accordance with the results obtained from the Kaiser test. Following the 
successful coupling of each residue, a capping cycle was performed. Capping is 
essential to avoid deletions within the growing peptide chain; the resin is treated with a 
mixture of acetic anhydride in DCM (50:50) to facilitate acetylation of un-reacted 
amines on the growing peptide chain (Figure 2-11) prior to commencing the next cycle. 

 

Figure 2-11:Capping of un-reacted peptide chains through acetylation with acetic 
anhydride. 

Each full cycle in the synthesis requires approximately 1.5-2hrs to complete if no 
complications are encountered. In total therefore, a single synthesis of NOXA(18-43)5R 
or SCRAM5R could take up to ten days. Thus, when it was necessary to leave the resin 
bed overnight, the synthesis was always halted following a capping cycle and the resin 
thoroughly washed and dried before being stored under N2 at -20°C overnight. 

Once all residues had been added to the peptide chain the final residue was deprotected 
using the standard solution to remove the terminal Fmoc group. This cycle was repeated 
twice to ensure complete removal of the Fmoc moiety before N-terminal modification, 
such as the addition of a fluorescent label or final cleavage from the resin. The 
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completed sequence was cleaved from the solid support resin using a standard cleavage 
cocktail of triisopropyl silane, H2O and TFA (0.25, 0.25, 95).185 Due to the presence of 
cysteine within the synthetic sequence, it was essential to add a scavenger such as the 
triisopropylsilane (TIS) into the cleavage cocktail to remove highly reactive 
carbocations produced during the acid catalysed removal of the Boc side chain 
protecting groups (Figure 2-12). Failure to do so can result in a high level of undesired 
addition products being formed due to the strong nucleophilic character of the 
deprotected cysteine thiol side chain. 

 

Figure 2-12: TFA catalysed BOC deprotection. The acid catalysed deprotection reaction 
results in the formation of highly reactive carbocations, use of scavengers such as 
triisopropylsilane in the cleavage solution mop up these reactive species, reducing 
unwanted nucleophilic additions to the newly deprotected peptide chain. 

The crude peptides were isolated from the cleavage mixture after precipitation from 
cold diethyl ether (-20°C) and centrifugation of the mixture to form a pellet of the crude 
peptide. The resultant pellet was then washed and isolated again through centrifugation 
prior to lyophilisation. Once dried the crude peptides were obtained as fine powders 
dependent on the scale of resin used and the peptide length. Yields were commonly 
between 40-80mg of isolated crude material. 

Crude peptides were analysed using MALDI-TOF mass spectrometry to confirm the 
overall success of the synthesis through identification of the desired parent ion. 
MALDI-TOFMS allows for the identification of crude mixtures through direct 
identification of the component masses. While ESI mass spectrometry was used within 
this project for characterisation of purified peptides, this method was not suitable for the 
analysis of crude mixtures. Deconvolution of the complex spectra obtained from 
mixtures of multiply charged species of a number of different peptides and 
contaminants is a complicated and time-consuming process. Indeed, dependent on the 
complexity of the overall spectra, identification of particular fragment patterns can be 
effectively impossible. A characteristic MALDI-TOF spectrum is given in Figure 2-13. 
The crude FITC-NOXA peptide with the parent mass of 4239.26 Da is clearly visible. It 
should be noted however that the intensity of the peaks obtained through MALDI-
TOFMS is not quantitative as the intensity is dependent on the ionisation and flight of 
the parent molecule. However the method provides an unambiguous qualitative result, 
even for complex mixtures, and is therefore particularly suited for crude product 



 

 53 

analysis. Once the success of the synthesis was confirmed via MALDI-TOF MS the 
crude peptide was purified using reverse phase HPLC. 

 

Figure 2-13: MALDI-TOF MS spectrum of the crude FITC-NOXA5R showing formation 
of the full length product (Mass 4239.26 Da) 

2.3 Purification and Characterisation of the Target Peptides 

2.3.1 HPLC Purification of Target Peptides 

The purification of peptides was routinely carried out using reverse phase HPLC. 
Investigation of the available literature provided standard methods for purification 
based on C18 reverse phase columns with a mobile phase mixture of 0.1% TFA/H2O 
(A) and 0.1% TFA/MeCN (B) with gradients developed from 0-100% over 1 hour.201 
Peptides in this work were typically solubilised in a minimum volume of 0.1% 
TFA/H2O prior to filtration through 0.45µm syringe filters to remove any 
insoluble/microscopic particulate matter. In the case of the labelled sequence FITC-
NOXA5R, TFA concentration was increased to 0.5% (v/v) in order to achieve adequate 
dissolution and separation of the peptide sample. Solubility of the crude peptides, 
particularly FITC-NOXA5R, was found to be low (often <1mg/mL), resulting in 
prolonged purification times. HPLC purification was monitored using a UV detector set 
to 215nm corresponding to the absorbance point of the carbonyl of the peptide bond. 
For sequences labelled with FITC a second wavelength was monitored at 494nm, which 
corresponds to the absorption maximum of fluorescein (Figure 2-14 shows a 
characteristic HPLC trace for the FITC labelled NOXA). 
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Figure 2-14: Characteristic HPLC trace monitored at 215nm (peptide bond) and 494nm 
(fluorescein) of a crude synthetic mixture (FITC-NOXA5R) 

Elution gradients were determined for each of the target peptides synthesised, to ensure 
optimal separation in each case (example gradient: 0-20min, 25-45%B; 20-35min, 45-
55%B; 35-45min, 55-80%B.). The major fractions of each crude mixture were 
subsequently collected and analysed using ESI-MS or MALDI-TOFMS to identify the 
fractions containing the desired full-length peptide product. Once identified, the 
remaining crude peptide was separated using a semi preparative scale C18 pH stabilised 
column. The fractions were collected, and the solution dried through lyophilisation. The 
purity of the peptide samples was confirmed using analytical scale HPLC. Figure 2-15 
shows the analytical trace for FITC-NOXA5R. The Y drift of the baseline is a 
consequence of the absorbance of the MeCN / TFA mixtures used in the mobile phase 
and the signal at ~12mins corresponds to the solvent front post injection. The major 
peak at 30.147mins corresponds to the full length FITC-NOXA5R peptide and has a 
calculated purity of ~95%. 
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Figure 2-15: Characteristic analytical HPLC trace of the synthesised peptides. The trace 
shown is that for FITC-NOXA5R monitored at 215nm with a calculated purity of 95% by 
integration. 

2.3.2 Complications in purification from N-terminal FITC labelling. 

The N-terminal modification of peptide sequences, through the addition of the 
fluorescent label Fluorescein, presented a number of complications during purification. 
Initially this labelling was carried out using the commonly used reagent fluorescein 
isothiocyanate (FITC). The use of FITC reportedly provides a clean method by which 
the desired label can be attached through the facile reaction between the isothiocyanate 
moiety and the N-terminal amine of the peptide chain with no additional requirement 
for coupling reagents. However, during the course of this work, we experienced 
equipment failure and for a period of several weeks were unable to access our HPLC 
and freeze drier. This resulted in a number of prepared peptide samples bearing FITC at 
the N-terminus, needing to be stored in 0.1% TFA/ water solutions, or as crude cleavage 
products (with residual TFA). Thus these samples were stored, frozen (-20°C), for a 
period of two months. Analysis of the sequences post storage revealed significant 
degradation. This was most clearly seen in the analysis of the transduction peptide Tat, 
which had been synthesised in preparation for the formation of hetero-bi-functional 
dendrimer systems and as an alternate transport sequence to the C-terminal poly 
arginine region. HPLC purification of the stored peptide and collection of the major 
peak corresponding to both a 215 and 494nm absorbance produced a product with a 
mass corresponding only to the expected molecular weight of the FITC Label and the 
final residue of the peptide. This was confirmed through NMR spectroscopy of the 
obtained product with the spectra being consistent for FITC-R, and not the desired 
9-residue peptide (FITC-RKKRQRRRC). 
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Analysis of the remaining samples stored over this period indicated that indeed cleavage 
of the label and the terminal amino acid residue had occurred in all samples to varying 
degree.  Further consideration of the literature as to the cause of the peptide degradation 
revealed the likely cause to be Edman Degradation, a reaction used in protein 
sequencing.202 This reaction is generally carried out by the reaction of phenylisocyanate 
with the terminal amino group of the polypeptide to be sequenced, forming the 
corresponding phenylthiocarbamyl derivative.203 When this derivative is treated with 
acid the peptide bond between the terminal residue and the next in the chain is cleaved, 
affording the anilinothiozolinone (ATZ) derivative of the N-terminal residue and the 
remaining intact polypeptide. Rearrangement of the ATZ derivative yields the final 
phenylthiohydantoin derivative of the terminal residue (Figure 2-16). Although the 
Edman degradation is a well known reaction in protein chemistry and although the 
reaction has obvious ramifications in peptide synthesis, with respect to appropriate 
choice of dye and reaction conditions for N-terminal labelling, the reaction is largely 
overlooked in the peptide synthesis literature. However, if we compare the structures 
formed in the reactions of FITC with the protein and that of the Edman reagent, 
phenylisocyanate (Figure 2-17), we can readily see the similarities in the two cases. 
Under acidic conditions therefore it is reasonable that the FITC-phenylthiocarbamyl 
derivative can be formed resulting in the same peptide bond cleavage of the final 
residue. Thus, long term storage of the peptides labelled with FITC in an acidic 
environment, even at low temperatures isn’t reasonable. 

 

Figure 2-16: N-terminal amino acid cleavage through Edman Degradation  
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Figure 2-17: Reaction of FITC and a polypeptide chain results in the formation of a 
Phenylthiocarbamyl derivative similar to that formed by reaction with phenyl isocyanate 
during peptide sequencing utilising the Edman degradation reaction. 

Unfortunately the considerable time and reagent investment required for the synthesis 
and purification of the longer 31 residue sequences used within this work did not enable 
us to repeat the synthesis of those target peptide sequences. Hence in those cases we 
collected both the FITC-NOXA(18-43)5R  peptide and the unlabelled (i.e. loss of FITC 
and the C-terminal proline) NOXA(19-43)5R peptides and used these in subsequent 
cellular assays. The use of unlabelled peptides for cell viability assays is preferred, as 
this removes ambiguity in the cytotoxicity results that may be introduced through the 
incorporation of such a large, hydrophobic moiety i.e. FITC. All confocal microscope 
and fluorescence microscope studies on those systems were carried out using the FITC-
NOXA(18-43)5R sequence with cell death assays such as the MTS and Annexin V 
assay carried out using the non-labelled NOXA(19-43)5R.  All other sequences (< 31 
residues) that were synthesised over this period in the project, bearing the N-terminal 
FITC label, were re-synthesised. Where N-terminal labelling was required, 5(6)-
carboxyfluorescein was coupled to the deprotected N-terminus of the peptide chain 
using HBTU. The same coupling procedure was used, as per the preceding amino acid 
residues, only with an extended reaction time of between 6 to 8 hours, dependent on the 
result of a Kaiser test following fluorescein attachment. 

2.3.3 Confirmation of Mass Using MALDI-TOF MS and ESI-MS 

The overall size and complexity of peptides often makes full characterisation using 
standard chemical methods difficult. NMR spectroscopy while possible, was not 
feasible for the rapid / routine qualitative structural investigation, given the quantity and 
size of sequences produced in this work (vide infra 2.2.3.1). Therefore, following 
analytical HPLC, each of the sequences was analysed using mass spectrometry. Mass 
determination in this fashion provides confirmation of the successful synthesis of the 
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complete peptide. Deletions or synthetic modifications can be easily identified through 
distinct mass discrepancies (Some of the more common synthetic and post synthetic 
modifications determinable by mass are given in Table 2-3 

Modification to amino acid residue Mass Difference (Da) 

Acetylation +42.04 

Carboxylation of Asp or Glu +44.01 

Aspartimide formation  +64 

Incomplete removal of Pbf Protection +252 

TFA adduct (TFA salt formation) +114 

Amino acid deletions i.e. Arg -156 

Table 2-3: Some possible modifications of the synthetic peptide chain that can be detected 
using mass spectrometry including amino acid deletions, incomplete deprotection of side 
chains and post synthetic modifications. While not an exhaustive list the majority of 
modifications are well documented throughout the peptide synthesis and mass 
spectrometry literature. 184,185,204 
The most commonly used techniques for mass determination of peptides are ESI-MS 
and MALDI-TOFMS. Both techniques provide a soft ionisation with low excess energy 
facilitating the formation of stable ions with minimal to no fragmentation.204 In the case 
of ESI-MS the mass range limits of most machines are often below the overall mass of 
the peptides being analysed. Ionisation of the peptide produces a detectable 
“fingerprint” of multiply charged ionisation states. Analysis of this “finger-print” is 
possible using de-convolution algorithms. The specific algorithms used are generally set 
according to the software and instrumentation available. ESI-MS spectra obtained for 
this project were analysed using the maximum entropy (MaxEnt) de-convolution 
package provided with the MassLynx software. A characteristic fingerprint obtained 
from the ESI-MS showing the multiple ionisation states can be seen in Figure 2-18. The 
corresponding solution obtained from maximum entropy de-convolution of this 
spectrum is shown in Figure 2-19. The peptide mass of 2495.00 Da is consistent with 
the M[H+] ion of the expected calculated mass of  2494.78 Da.  
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Figure 2-18: ESI-MS spectrum of tSCRAM5R showing the "finger-print" created by the 
multiple charge states of the sample peptide. 

 

 

Figure 2-19: Maximum entropy de-convolution of the spectrum shown in figure 16.  The 
algorithm solves for the overall Mass of the sample peptide indicating a mass of 2495.00 
Da. 

The use of MALDI-TOF MS for the analysis of proteins and peptides is common. The 
mass ranges detectable using this technique generally far exceeds those capable for 
most commonly available ESI-MS systems. Also MALDI-TOF MS is more tolerant of 
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contaminants within the sample making it well suited to the analysis of crude or 
complex mixtures. One drawback to the use of MALDI-TOF MS however, is its 
reliance on user capability and external calibration. At it’s worst MALDI-TOFMS can 
provide spectra with errors as high as 0.1%. Competitive ionisation within standard 
samples can result in suppression of signals that may be clearly evident in other 
samples. For this work MALDI-TOFMS was used for mass confirmation of peptides 
both as crude mixtures and purified samples. In the case of purified peptides samples 
were prepared using α-CHCA as the primary matrix. Whilst this matrix is considered a 
‘hot’ matrix with high levels of ionisation that lead to possible fragmentation or adduct 
formation, it was found that the sequences derived from NOXA showed poor ionisation 
and flight with cooler matrices such as DHB and sinnapinic acid, where mass peaks 
were rarely observed. The machine was calibrated using both “in-spot” calibration 
(where the system calibrants are included within the sample spot) and “off-spot” 
calibration techniques (individual sample spots are prepared for the analyte and the 
calibrants), with calibrants selected to border the calculated mass of the sample peptide. 
In most cases for the peptides tested, high purity angiotensin II (MW: 1046.54 Da) and 
porcine insulin (MW: 5777.60 Da) were used for calibration. It was found that “in-spot” 
calibration provided the optimum detection of the sample peptides, likely due to co-
ionisation effects within the crystalline matrix. It should be noted however that samples 
required high laser powers to facilitate sufficient ionisation for detection. 

In the early stages of this work mass determination of the synthesised peptides was 
carried out using both ESI-MS and MALDI-TOF MS techniques. Primarily MALDI-
TOF MS was used for analysis of both crude mixtures prior to purification as well as 
characterisation of the purified product. Operator proficiency and sample preparation is 
essential in MALDI-TOFMS techniques. Therefore during the early stages of the 
project, masses determined by MALDI-TOF were also verified using ESI-MS to 
confirm the accuracy of our MALDI-TOF MS results.  

2.4 Summary and Conclusions 

2.4.1 Completed target sequences 

A total of thirteen peptides derived from NOXA were synthesised for application within 
this work using manual peptide synthesis procedures. Sequences included the 
incorporation of a homopolymeric arginine region at the C-terminus consisting of 5 
arginine residues to facilitate cellular transport and stabilise secondary structures within 
the peptide. The full series of sequences produced are outlined in Table 2-4 through 
Table 2-6 below. 
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Sequence Ref Sequence 1 letter code Calc. 
Mass 

Obs. 
Mass 

FITC-NOXA5R* FITC-
PAELEVECATQLRRFGDKLNFRQKLLRRRRR 4244.89 4239.26 

NOXA5R AELEVECATQLRRFGDKLNFRQKLLRRRRR 3758.39 3757.90 

FITC-SCRAM5R FITC-
CLPRFDTQGRVRANEAQLKELEKLLFRRRRR 4244.89 4243.92 

SCRAM5R LPRFDTQGRVRANEAQLKELEKLLFRRRRR 3752.37 3774.50* 

Table 2-4: Target peptides and control peptides derived from pro-apoptotic NOXA 
synthesised for this work. Included is the calculated mass and observed mass of the 
synthetic sequences following HPLC purification. *Mass difference of 4 amu attributable 
to instrument calibration error. ** [M+Na] 
 

In addition to the “full-length” sequences a series of truncated BH3 only NOXA 
peptides were also synthesised for investigation. These sequences presented in Table 
2-5 included labelled and unlabelled peptides. The design and testing of the full length 
and truncated sequences is covered in Chapter 3. 

Unfortunately, due to time constraints, cellular work utilising the labelled sequences 
(FITC-tNOXA, FITC-tNOXA5R and FITC-tSCRAM5R) was unable to be completed 
for inclusion within this body of work. However, biological studies on these systems is 
ongoing in our research group, these sequences were designed to assess the relative 
cellular uptake of poly-arginine tagged sequences and were successfully obtained. 

Sequence Ref 
Sequence 1 letter code Calc. Mass Obs. Mass 

tNOXA5R VECATQLRRFGDKLNRRRRR 2529.93 2530.00 

tSCRAM5R DTQGRVRANEAQLKERRRRR 2494.78 2495.00 

tNOXA VECATQLRRFGDKLN 1749.00 1749.67 

tNOXA5R (CtoS) VESATQLRRFGDKLNRRRRR 2514.85 2515.00 

Table 2-5: Truncated BH3 only NOXA sequences synthesised for cell testing within this 
work. Mass spectrometry results are included indicating calculated mass and observed 
mass for each sequence following purification by HPLC 
 

An additional series of peptides bearing N-terminal cysteine residues to facilitate 
conjugation to maleimide functionalised dendritic scaffolds was prepared. These 
sequences presented in Table 2-6 were used as mixtures and not subjected to HPLC 
purification. Confirmation of peptide mass for these sequences was performed using 
MALDI-TOFMS of the reaction mixture to confirm presence of the full-length peptide. 
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Sequence Ref Sequence 1 letter code Calc. Mass Obs. Mass 

CtNOXA5R (CtoS) CVESATQLRRFGDKLNRRRRR 2617.01 2616.6 

CtSCRAM5R CDTQGRVRANEAQLKERRRRR 2596.39 2597.3 

CtNOXA(KtoE)5R CVESATQLRRIGDELNRRRRR 2615.96 2616.2 

CNOXA(CtoS)5R CPAELEVESATQLRRGDKLNFRQKLLR
RRRR 

3942.59 3945.8 

Table 2-6: Peptide sequences derived from the pro-apoptotic NOXA prepared for 
conjugation to dendritic scaffolds. All sequences bear N-terminal cysteine residues. 
Included is the calculated and observed mass for each sequence. Peptides prepared for 
conjugation were used as reaction mixtures and not subjected to HPLC purification. 

2.4.2 Optimisation of synthesis and purification of the target peptides 

Unless otherwise specified all sequences were purified using HPLC to maximise purity 
prior to sequences being tested in cellular assays.  This rigorous purification coupled 
with synthetic challenges resulted in reduced overall yields (generally between 3 and 
10mg) of the target peptides. Future work involving the synthesis of these peptides will 
need to address the issues of long synthesis and purification times. Given proper 
optimisation of protocols and the use of resins with greatly reduced loading capacity it 
would be advisable to re-visit the use of automated synthesis for these sequences. The 
incorporation of TFE into the automated synthetic protocol would also aid in the 
reduction of aggregation and potentially lead to greater overall success. Manual 
synthesis of each sequence has provided insight into residues with problematic 
couplings (details of double coupling and extended deprotection cycles required for 
each synthetic peptide can be found in the experimental section of this work); this 
information can now be utilised in the development of automated protocols with double 
coupling procedures included within the cycle for these residues.  

Purification using HPLC provides the greatest levels of purity for the peptide samples, 
which is essential for sequences to be used for cellular testing. Lack of solubility and 
separation greatly increased the time required for purification. The use of cationic 
exchange columns or small size exclusion columns is now more widely adopted prior to 
HPLC purification reducing the components within the crude mixture and it is likely 
that such pre-treatment methods would be beneficial in reducing the overall HPLC 
requirements for adequate purification of these sequences in any future work. 
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3.1 Background 

As mentioned previously (1.1.3) the small molecule Bcl-2 inhibitor ABT-737 has 
shown reduced efficacy against certain cancers such as acute myeloid leukaemia.49 One 
reason proposed for this lack of activity is the over expression of the pro-apoptotic 
protein Mcl-1.49,50 In addition to myeloid cell leukaemia, the survival of B-lymphoma 
cells has been directly linked to the activation of high levels of Mcl-1 through B-cell 
receptor (BCR) signalling pathways.205 With B-lymphomas making up the majority of 
all lymphoma cases,206 it can be predicted that drugs that specifically target only Bcl-2 
and Bcl-xL are also likely to face similar challenges, as these compounds, like ABT-737 
are also inactive against Mcl-1. It could therefore be postulated that compounds such as 
the synthetic NOXA sequences developed within this work, targeted at directly 
inhibiting Mcl-1 would be well suited, especially when used as a co-therapy, to promote 
apoptosis in these systems. To this end cellular studies within this work were focused 
on using the human lymphoma cell line SU-DHL4, these cells are diffuse large B-cell 
lymphoma cells containing activated BCR and therefore express a high naturally 
occurring level of Mcl-1.206 

In vitro assays using the synthetic NOXA sequence, NOXA5R and the control peptide 
SCRAM5R were carried out on the human lymphoma cell line, SU-DHL4. Joann Cox 
and Jenny McCaron at QIMR carried out preliminary testing, with further testing 
carried out by the author with assistance from Bryan Day and Jenny McCaron. 

3.2 Preliminary studies on cellular uptake of NOXA5R 

Preliminary investigation into the cellular uptake of the peptides was carried out using 
fluorescence microscopy. Fluorescently labelled NOXA5R (FITC-NOXA5R) was 
dissolved to a stock concentration of 500µM in phosphate buffered saline (PBS) and 

cells treated with the drug at final well concentrations of 20, 50 and 100µM. Cells were 

visualised using both bright field and fluorescence microscopy (Figure 3-1). Visual 
inspection of cells treated with FITC-NOXA5R clearly showed the peptide had 
traversed the cellular membrane with fluorescence evident throughout the cell at all 
concentrations, 100% cellular uptake was observed at a concentration of 100µM 
indicating successful transport of the FITC-NOXA5R peptide. While cell death was 
observed at the higher concentrations in these preliminary studies the broad 
concentration range used provided little detail toward determining accurate 
concentrations for effective cell toxicity. Of note however is that cellular uptake of the 
target peptide was achieved and importantly, transport through the cellular membrane 
resulted in observable fluorescence throughout the cytoplasm with no indication of the 
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peptide being isolated / localised within cellular compartments (Figure 3-1: Plates A, D 
& G).  

 

 

Figure 3-1: Florescent (left), bright field (middle) and overlay (right) microscope images of 
SUDHL-4 cells treated with FITC-NOXA5R at 20 (A,B,C), 50 (D, E, F) and 100µM 
(G,H,I).  Clearly evident is the florescence throughout the cells resulting from uptake of 
the test peptide FITC-NOXA5R. High levels of cell death are seen at both peptide 
concentrations of 50 and 100µM.  
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3.2.1 Assessing the effect of peptide degradation 
Foetal calf serum is a common supplement added to cell culture media, providing many 
of the proteins required to maintain cell health in vitro. However, the serum mixture 
also contains many extracellular enzymes such as peptidases and proteases capable of 
peptide degradation. The peptides used in this work were synthesised with no specific 
alterations to inhibit proteolytic degradation leaving them susceptible to breakdown. It 
would be expected therefore, that cells treated with the target peptide and grown in 
media supplemented with FCS (+FCS) would show a reduced cellular effect over those 
treated in the absence of FCS (-FCS), as breakdown of the peptide would result in an 
overall reduced effective concentration or loss of crucial structure for activity.  

Cells were treated with FITC-NOXA5R at 10 and 20µM with and without FCS and 
incubated. After 4hrs –FCS cells were supplemented with FCS and all wells incubated 
for a further 24hrs and visualised using a fluorescence microscope (Figure 3-2: Plates 
A-D). 

 
Figure 3-2:Microscope images of SUDHL4 cells treated with FITC-NOXA5R with FCS 
(A-C, G-I) and without (D-F, J-L) at 10 (A-F) and 20µM (G-L).  
These test results show clearly that apoptosis is far greater in those cells cultured 
without the initial addition of FCS and transfected with FITC-NOXA5R at both 
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concentrations (Figure 3-2: Plates D-F and J-L). Unfortunately due to undetected 
peptide precipitation from the stock solution on freezing, some undissolved peptide is 
evident within each of the wells (seen as orange ‘lumps’ in the bright field images 
Figure 3-2). Whilst this precludes this data from being used quantitatively, it is clear 
from a qualitative viewpoint that the presence of FCS within the cell media does have a 
drastic effect on cellular toxicity. This strongly suggests that the observed apoptotic 
response is a direct consequence of the NOXA peptide.* The reduced activity in the 
presence of FCS is likely due to protease degradation of the peptide sequence; a 
common issue facing many potential peptide therapies. All subsequent experiments 
were carried out with the addition of the foetal calf serum 4hrs post treatment of the 
cells with the test peptides as a standard protocol, thereby allowing time for cellular 
uptake, while minimising the peptides exposure to protease degradation.  

While the obvious effects of peptide degradation raise concerns for the application of 
such systems for therapeutics, these investigations were only preliminary. Future work 
has the potential to incorporate a variety of techniques developed to reduce peptide 
degradation in vivo such as substitution of D-amino acids or the incorporation of helix 
‘stapling’ modifications207-209 in a similar fashion to those incorporated into the 
development of the BID BH3 stapled peptide developed by Walensky et al.54 The 
adoption of a helix-stapled sequence has the added advantage of ‘locking’ the target 
peptide into the desired secondary structural motif. 

It should be noted that the primary aim of this work was the attachment of therapeutic 
peptide sequences to dendritic scaffolds and not the optimisation of monovalent 
systems. Furthermore, it has been reported that synthetic peptides in a dendritic 
arrangement (such as multiple antigen peptides (MAPs)) show resistance to proteolytic 
degradation210 potentially removing the requirement of further alteration of the peptide 
chain to prolong serum half-life. 

3.2.2 Cellular localisation of transported peptides 

Cells that had been incubated with FITC-NOXA5R were visualised using confocal 
microscopy, to confirm that the fluorescence observed in previous testing was due to the 
transport of the peptide sequence across the cellular membrane and dispersing 
throughout the cytoplasm and did not arise from the material simply adhering to the 
cellular membrane. Cells were incubated with FITC-NOXA5R at concentrations of 
1µM and 5µM using fully dissolved peptide stock solutions. The cells were incubated 
for 24hrs prior to visualisation. The fluorescence observed was clearly distributed 
                                                 
* Control wells of cells incubated without FCS in the absence of the NOXA peptide remained 
healthy, indicating that the cytotoxic effect exhibited was not due to cellular stress as a result of 
reduced FCS levels. 
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throughout the cell, indicating effective transport with no observable localisation or 
compartmentalisation within cellular vesicles or within the nuclear membrane. At a 
concentration of 1µm the cells remained healthy, in contrast with those treated at 5µm 
that showed significant levels of cell death with the apparent formation of apoptotic 
bodies (Figure 3-3, Plate C), indicating a concentration dependent cytotoxic response.  
Dispersion of the peptide throughout the cytoplasm is desirable allowing greater 
interaction with the target protein MCl-1, which is widely found within the cytoplasm. 

 

Figure 3-3: Confocal microscope z-section images fluorescent (left) and transmission 
(right) showing uptake of FITC-NOAXA5R at 1µM (A&B) and 5µM (C&D) in SU-DHL4 
cells incubated for 24hrs. The morphological changes evidenced at 5µM are consistent 
with apoptosis and the formation of apoptotic bodies. 

3.3 Apoptotic response to NOXA peptides as determined by cell 
proliferation assays  

Cell proliferation assays were carried out on 30,000 cells in 96 well plates with the 
concentration of the test peptides varied from (0-50µm – preliminary experiments) or 

(0-20µm). Cells were plated out in serum free media for treatment with the peptide 

agent and subsequently incubated for 4hrs. 11µL of foetal calf serum was then added to 
each well and the cells were incubated for a further 48hrs prior to analysis using the 
MTS assay211 for cell death.  Cells were treated with varying concentrations of the 
synthetic NOXA sequence NOXA5R and the assay was also conducted using the 
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synthetic control peptide SCRAM5R. Both sequences were used without N-terminal 
FITC labelling to improve solubility and remove the potential for non-specific 
interactions arising from the bulky and highly hydrophobic FITC moiety. 

Inspection of the cells at 24hrs post treatment showed significant cell death at all 
concentrations above 5µM in cells treated with the active NOXA peptide (Figure 3-4: 
A-F), while the cells treated with the control peptide appeared to have significantly less 
cell death at the same concentrations (Figure 3-4: G-L).   

 

 

 

Figure 3-4: Bright field microscope images of SUDHL4 cells treated with NOXA5R 
peptide (A-F) and SCRAM5R control peptide (G-L) 
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The cells were subjected to MTS211-214 cellular assay after 48hrs incubation and the 
results plotted as a dose dependency curve (Figure 3-5). Analysis of the data indicated 
an effective IC50 for the NOXA peptide to be in the region of 3.5µm and the control 

peptide as high as 35µm, 10X that observed for the active peptide.  These results 
confirmed the pro-apoptotic activity of our NOXA sequence and the low cellular 
toxicity observed for the control sequences discounts generic toxicity, as a result of the 
peptide length or the presence of the poly arginine tag.  

 

Figure 3-5: Dose response curve for SUDHl4 cells treated with NOXA5R (A) and 
SCRAM5R (B) 

3.4 Design synthesis and testing of truncated (BH3 only) NOXA 
peptides 

Having successfully established the pro-apoptotic activity of the NOXA sequence 
NOXA5R we designed a series of truncated sequences encompassing only the BH3 
domain of the full length NOXA peptide. These truncated sequences provided targets 
with shorter synthesis times and projected greater aqueous solubility and, in addition, 
are better suited to construction of large multivalent constructs, as per the overall aim of 
the project.  

The region for truncation was selected based on the observed retention of activity in 
other BH3 only peptide models. In particular a study by Shangary et al. on seventeen 
variations of the Bax BH3 peptide determined that a minimum length of 15 amino acids 
was required to maintain activity and that amino acids on the C-terminal end of the BH3 
region were less critical than those of the N-terminus.23 Structural investigations also 
revealed that helical structure was required for biological activity, however, the 
presence of helical structure did not assure that activity was retained.23 Our truncated 
sequence is shown in Figure 3-6 relative to the wild type NOXA and the NOXA(18-43) 
sequence described previously. This target region correlates to the core BH3 region of 
human NOXA as assessed by alignment with the pro-apoptotic Bim and published by 
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Chen et al.74 Importantly the region incorporates key binding residues determined from 
the high-resolution X-ray crystal structure of the Bcl-xL-Bim complex published by Liu 
et al. in 2003.  
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Figure 3-6: Primary amino acid sequence for NOXA. Red dashed region indicates residues 
of NOXA(18-43). Residues in Blue indicate the region used for BH3 domain only 
truncated NOXA sequences 

A selection of four sequences were synthesised for investigation (Table 3-1). In addition 
to the truncated NOXA and control sequences (tNOXA5R and tSCRAM5R) a cysteine 
to serine mutant (tNOXA(CtoS)) and a non-arginine labelled peptide (tNOXA) were 
also synthesised. The substitution of serine in place of cysteine is a common strategy for 
reducing synthetic complications associated with cysteine residues. The structure of 
serine provides similar size and properties without the reactive thiol side chain. Of 
interest to this work the removal of the cysteine within the peptide chain allowed for the 
addition of an N-terminal cysteine residue for latter site specific attachment to a pre-
constructed dendritic scaffold via a maleimide-mediated bio-conjugation. By ensuring 
the presence of only one cysteine within the sequence the point of bio-conjugation is 
specific without using protected peptides or complicated orthogonal protection 
strategies. 

Sequence Ref Sequence 1 letter code Calc. Mass Obs. Mass 

tNOXA5R VECATQLRRFGDKLNRRRRR 2529.93 2530.00 
tSCRAM5R DTQGRVRANEAQLKERRRRR 2494.78 2495.00 
tNOXA VECATQLRRFGDKLN 1749.00 1749.67 
tNOXA5R (CtoS) VESATQLRRFGDKLNRRRRR 2514.85 2515.00 

Table 3-1: Truncated BH3 only NOXA and control sequences tested as free peptides 

The truncated sequences were tested for pro-apoptotic activity using the MTS cell death 
assay following the same procedures as those utilised previously (Section 3.3). In order 
to ensure consistency, NOXA5R and SCRAM5R were also included in the assay. 
Surprisingly, loss of all activity was observed across all truncated forms of the peptide 
(Figure 3-7), in some cases cell proliferation even appeared to increase. However, the 
results obtained for NOXA5R were consistent with those already obtained with high 
levels of apoptosis identified.  
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Figure 3-7: Graph showing percentage viability of SUDHL-4 cells following transfection 
with NOXA peptides NOXA5R, tNOXA, tSCRAM5R, tNOXA5R at concentrations from 0 
to 20 µM 

3.4.1 Confirmation of apoptosis through Annexin V cellular assay 

Apoptotic cells can be characterised by a number of distinct morphological changes 
including (but not exclusive to) membrane blebbing, cell shrinkage, DNA fragmentation 
and the formation of apoptotic bodies.11,215 These alterations in cellular morphology can 
be detected by the way the cells scatter light when passed through a laser beam using 
flow cytometry.215 In particular, early stages of apoptosis show a decrease in forward 
light scatter (FSC) as a result of cell shrinkage while latter stage apoptosis exhibits a 
corresponding increase in the right angle (or side) scatter (RSC).215 Alterations in 
plasma membrane permeability, characteristic of latter stage apoptosis, are detectable 
through the application of the Annexin V assay. In this method incorporation of the 
DNA intercalating dye 7AAD provides a simple and accurate technique for the 
detection of apoptosis. 

In a normal healthy cell the cellular membrane is maintained in an asymmetric fashion 
with phosphatidyl serine residues present only on the face of the phospholipid bilayer 
encompassing the cell cytoplasm. Under apoptotic conditions this distinction between 
the two layers of the phospholipid membrane is disrupted and migration of phosphotidyl 
serine to the outer layer of the lipid membrane is observed (Figure 3-8). Binding of 
Annexin V to the exposed phosphotidyl serine residues occurs in the presence of Ca2+ 
ions and the amount of bound Annexin V can be detected using flow cytommetry.216 
The loss of membrane integrity of the apoptotic cells allows penetration of the 7AAD 
stain, facilitating its binding to cellular DNA. Viable cells will appear 7AAD negative 
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on analysis, as the dye is unable to penetrate the intact phospholipid bi-layer of healthy 
cells. 

 

Figure 3-8: Schematic representation of Annexin V binding to phosphatidyl serine present 
on the outer membrane of apoptotic cells. During apoptosis asymmetry of the 
phospholipid membrane is disrupted and phosphatidyl serine migrates to the outer 
membrane where labelled Annexin V can bind with high affinity in the presence of Ca2+ 
ions.216 
Annexin V assays incorporating the 7AAD stain were conducted on all sequences 
previously tested using the MTS proliferation assay. Consistent with the data already 
obtained, the NOXA5R peptide showed an increase in overall observed apoptosis of 
greater than 40%, with the truncated and control sequences exhibiting no increase in 
apoptosis above that observed in the no agent control (Figure 3-9). 

 

Figure 3-9: Graphical representation of the percentage of apoptotic cells on analysis of 
flow cytometry data acquired for the Annexin V assay of SU-DHL4 cells treated with each 
of the synthetic NOXA peptides. 

Although these results confirmed that the cellular death observed as a result of treatment 
with NOXA5R was an apoptotic response, it provided no further insight into the reasons 
behind the complete loss of activity observed for the truncated peptides. 
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The Mcl-1 binding groove has been determined to be highly conserved with other Bcl-2 
related family proteins and since this work was carried out it has been shown through 
solution phase NMR-studies that NOXA binds to Mcl-1 as a highly ordered alpha helix. 
One possibility for the loss of activity observed in the shorter sequences could be loss of 
helical secondary structure, therefore reducing the effective binding to the MCl-1 
protein. To test this theory investigation into secondary structural features of the 
synthesised peptides was carried out using circular dichroism (CD) spectroscopy.  

 

3.5 Studies into secondary structure of synthetic NOXA peptides. 

One of the most widely used techniques for evaluation of secondary structural elements 
in peptides and proteins is CD spectroscopy. This is largely due to the ease by which 
data can be obtained and interpreted. For many peptides or proteins investigation of 
structural features through high-resolution techniques such as X-ray crystallography and 
NMR spectroscopy is not always feasible due to costly and often lengthy, complicated 
sample preparation requirements. In addition data interpretation is often complicated 
requiring a high level of expertise. The theory of CD spectroscopy in relation to protein 
and peptide characterisation has been extensively summarised throughout the literature 
with a number of detailed resources available and will not be covered here at 
length.217,218 In the case of peptide and protein samples a number of key transitions have 
been recorded that give rise to distinctive spectra within the far UV region (from 180 to 
240nm) These are the π  π* and n  π* transitions of the nitrogen atom within the 

amide bond (Figure 3-10A). The intensity of these transitions is dependent on the 
torsional angles φ and ψ of the bond, which, inturn define secondary structure i.e. for a 

right-handed α-helix φ = -57° with ψ = -47° and for a parallel β-Sheet φ = -119° with ψ 

= 113°.195 For α-helices negative bands are observed with minima at 222nm and 208nm, 

the spectra also show a strongly positive peak at ~193nm. Anti-parallel β-sheets exhibit 
a negative band with a minima at 218nm and a weaker positive transition at 195nm, 
while random coil or unstructured peptides and proteins generally have a low positive 
elipticity above 210nm transitioning to a negative band with an observe minima around 
195nm.217 The characteristic spectra observed for these three main structural features are 
given in Figure 3-10B.219   
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Figure 3-10:  Reference spectra for characteristic CD spectra of α-helix, β-sheet and 
random coil secondary structures.219 

B A 
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3.5.1 Circular Dichroism Studies of NOXA5R 

Investigations into the helical structure of the 26mer NOXA peptide were originally 
carried out by Chen et al. using circular dichroism (CD) and these studies revealed that 
the NOXA peptide adopted no observable secondary structural conformations in buffer 
alone, however, a helical confirmation was observed in phosphate buffer supplemented 
with 30% TFE.74 TFE has long been used in CD experiments to induce helical structures 
in proteins. Unordered systems that undergo conformational change in the presence of 
TFE are considered to have a high propensity to adopt a secondary structure.220 The 
results published by Chen et al. are consistent with the literature of known BH3 
peptides; indicating an α-helical structure is necessary for binding to the hydrophobic 
groove of pro-apoptotic Bcl-2 family members. Spectra obtained for our sequence 
NOXA5R (Figure 3-11) revealed characteristic α-helical absorbance in the region of 
208, 222 and 195nm at a concentration of 30% TFE, with no indication of secondary 
structure observed in the absence of the organic co-solvent (results not shown). 

 

Figure 3-11: CD spectrum of NOXA5R supplemented with 30% TFE. Red arrows indicate 
key absorbances characteristic of an α-helical secondary structure. 
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3.5.2 CD investigations of truncated NOXA sequences  

With the secondary structure of the 31-residue sequence NOXA5R elucidated the 
truncated sequences tNOXA, tNOXA5R and tSCRAM5R were also tested at varying 
concentrations of TFE from 0-30%. tNOXA was included as a structural control to 
confirm the influence of the C-terminal polyarginine tag on the stabilisation of 
secondary structure. The CD spectra obtained for these sequences are provided in 
Figure 3-12. 

  

 

 

 

Figure 3-12: CD spectra obtained for 
NOXA peptides tNOXA5R, tNOXA 
and tSCRAM5R. Each sample was 
analysed with increasing 
concentrations of TFE from 0-30% 
 

 

 

The overall length of a peptide is known to have an effect on the stability of helical 
structure, with short peptides rarely maintaining α-helical structures in aqueous 
solution. This is consistent with the results observed for the truncated peptides with the 
intensity of the spectra being much lower than that observed for the longer NOXA5R 
peptide. The distinctive spectrum shape indicating an α-helical structure however was 
evident in both the control peptide (tSCRAM5R) and the NOXA derived peptide 
(tNOXA5R).  
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Despite the widespread use of the estimation of a peptides relative helicity by the mean 
residue elipticity at 222nm, there remains much debate as to the accuracy of these 
calculations, particularly with reference to short peptides.219,221,222 A commonly used tool 
for the calculation of percentage helicity from CD is the web-based interface 

Dichroweb∗ which uses a combination of algorithms,223 however this software was not 

accessible for this work and calculations were done manually according to two literature 
methods: 

• % Helicity = ([θ]222 / MAX[θ]222) with MAX[θ]222 = -40000 * [1-(k/ Np)] where k is 

the finite length correction and Np the number of amino acid residues. The 
value of 3.0 has been used for k as determined by Baldwin et al. for the 
calculation of %helicity of carboxamide-terminated peptides. 

• The ratio of [θ]208 and [θ]222  provides an additional method for determining 
helicity of a sequence. Values between 1.25 and 1.75 are considered to indicate 
a typical α-helical secondary structure.221,224 

The value determined for %helicity is greatly influenced by the selection of an 
appropriate value of k contributing to the controversy surrounding these calculations 
and is highlighted in the work reported by Fairlie et al. who reported variances in 
percentage helicity from 53% to 100% for the same peptide, dependent on the value of k 
used in the calculations.222 In particular this calculation has been questioned in relation 
to short peptides.222 The calculated values according to these two methods are given for 
tNOXA5R and NOXA5R below (Table 3-2).   

                                                 
∗ DICHROWEB is a widely used online server allowing analysis of CD spectral data with comparisons between experimental data 
and calculated theoretical structures.  This service is a limited user service requiring a password for access. Access to this system 
was unable to be obtained within the time frame of this work. As a result percentage helicity has been calculated manually 
according to published procedures. 
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  %TFE  ([θ]222 / MAX[θ]222)*100  [θ]222/ [θ]208  
tNOXA5Ra  0  ‐‐c  0.71 

  10  4.8  0.60 
  20  9.7  0.85 
  30  11.9  0.83 

NOXA5Rb  30  428d  1.54 
a Absorption bands measured at 223.3 and 208.3 
b Absorption bands measured at 221.8 and 207.8 
c No negative band at 222nm 
d percentage calculations thrown out by intensity of spectrum obtained [θ] >44000 

Table 3-2: Calculated value for %helicity and the ratio of [θ]208 and [θ]222  for sample 
sequences tNOXA5R and NOXA5R. An increase in α-helical secondary structure is 
observed with increasing concentration of the organic co-solvent TFE.  

Despite the variance in result obtained through calculation of percentage helicity, the 
overall shape of the spectra can provide clear insight into the presence of secondary 
structural elements. For all C-terminally modified NOXA sequences tested (NOXA5R, 
tNOXA5R, and tSCRAM5R) there is a distinct increase in the characteristic absorbance 
corresponding to an α-helix as the concentration of TFE is increased. Furthermore, in 
the case of tNOXA the spectrum is indicative of an unstructured or random coil peptide 
even at 30% TFE with the system showing no propensity for α-helix formation. 
Comparisons between the tNOXA and tNOXA5R spectra clearly reveal the increased 
α-helical stability provided by the C-terminal arginine residues, as expected. 

Although there is a reduction in overall helicity as compared to the longer NOXA5R, 
helicity is still observed in both the tSCRAM5R and tNOXA5R sequences. It is unlikely 
that a reduction in helicity alone can account for the complete loss of function observed 
in both the MTS and Annexin V assays for the truncated NOXA derivatives. However, 
it is possible that while encompassing the conserved BH3 domain, the truncated region 
is lacking key residues specific to the Mcl-1 recognition motif.  

Since the inception of this project there has been a significant research into establishing 
the three dimensional structure of Mcl-1 and its binding partners, with NMR solution 
structures and X-ray crystal structures now available within the literature.70,183,225 The 
publication of these structures provided further insight into the binding requirements 
and geometries of this highly selective protein–protein interaction. 

 Figure 3-13 shows the three dimensional structure of the human NOXA sequence 
-PAELEVECATQLRRGDKLNFRQKLLR- bound to human Mcl-1, the area of 
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truncation for the truncated NOXA sequences used in this work (tNOXA and 
NOXA5R) is represented as a magenta tube.**  

 

Figure 3-13: Three-dimensional representation of the human NOXA sequence bound to 
Mcl-1. N- and C-termini of the proteins are indicated. The yellow surface area represents 
the binding groove of Mcl-1 (within 5Å of the bound peptide). The 26-residue NOXA 
peptide is represented in green with the truncated section representing tNOXA 
highlighted as a magenta tube. 

Work conducted by Czabotar et al. in 2007 revealed that the six C-terminal residues 
-FRQKLL- are essential for NOXA induced degradation of Mcl-1.225 Removal of these 
residues results in the stabilisation of Mcl-1 i.e. a decrease in apoptosis, in a similar way 
to that seen on the binding of Bim to the Mcl-1 protein.225 Our results obtained for the 
truncated NOXA sequences through MTS and Annexin V assays are thus now readily 
explained because the omission of this key C-terminal region -FRQKLL-. Furthermore, 
the suggestion that Mcl-1 is in fact stabilised on removal of these residues explains the 
apparent increase in cell populations treated with the truncated NOXA sequences 
tNOXA5R and tNOXA(CtoS)5R.  

                                                 
** Structure generated using the VMD software226,227 from a computational model 
constructed by Dr. C.L. Brown.228 
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One thing that is apparent with the structural studies on Mcl-1, within the current 
literature, is the lack of information regarding the large, still poorly delineated N-
terminal region of the protein, which is not shared with other BCL-2 proteins. There is 
significant potential for this unique 150 amino acid region of the protein to interact with 
ligands bound along the hydrophobic groove. A greater understanding of the structure / 
function relationship of this portion of the protein may provide further insight into the 
complex mechanisms involved in the Mcl-1 apoptotic response. 

3.6 Summary and conclusions 

Cellular investigations into the synthetic NOXA derivatives FITC-NOXA5R and 
NOXA5R were successful in showing increased apoptosis in human lymphoma cells 
with a demonstrated increase in apoptosis of up to 40% when delivered from outside the 
cell. A preliminary IC50 value for the active NOXA5R sequence of 3uM was 
determined, thereby successfully establishing a baseline of activity for the assessment of 
multivalent dendritic NOXA systems. Furthermore, the synthetic peptides were shown 
to transport effectively throughout the cell cytoplasm via the addition of a homo-
polymeric five Arg tag to the peptide C-terminus. The neutralisation of Mcl-1 for 
therapeutic benefit was further illustrated in work carried out at QIMR by Bryan Day 
(using our synthetic peptide tNOXA(19-43)5R, but separate to this work). Studies 
showed an increase in apoptosis in U87 glioma cells of >20% when compared to the 
control (SCRAM5R) with a greater increase in apoptosis (>25% compared to the 
control peptide) observed when the cells were treated in combination with ABT-737.229 

Attempts to design a sequence of shorter overall length resulted in a complete loss of 
apoptotic activity, with minor increases in cell population observed on treatment with 
tNOXA5R and tNOXA(CtoS)5R. Investigations into the secondary structural elements 
of the sequences confirmed the α-helical conformation of NOXA5R and the stabilising 
effect of the poly arginine tag, with a reduction in overall helicity observed for the 
shorter truncated sequences. The reduction in helical content however failed to provide 
adequate explanation for a total loss of activity. 

Close inspection of the 3D structures of human NOXA and human Mcl-1 obtained from 
very recent literature, indicated that truncation of the sequences from the C-terminus 
had resulted in the removal of leucine residues Leu42 and Leu43, potentially crucial 
residues due to apparent hydrophobic interactions between these residues and the Mcl-1 
protein. This observation was confirmed on publication of detailed structural studies of 
Mcl-1(mouse) bound to human NOXA, which revealed that the removal of key 
C-terminal residues prevented degradation of Mcl-1 and the subsequent apoptotic 
cascade.  
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The results here highlight the potential for peptide-based therapies targeted at Mcl-1 as 
it is unlikely that a small molecule will be able to interact with the long flat binding 
groove of this target in such a way as to induce degradation and promote apoptosis.  



 

 

Chapter 4:  DESIGN AND SYNTHESIS OF THE DENDRITIC 

SCAFFOLD 
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4.1 Development of the dendritic Scaffold 

 A modular, convergent, approach to dendrimer synthesis enables the construction of 
highly tailored scaffolds that possess both flexibility in the extent and type of peripheral 
substitution and also in the degree of internal branching. We have therefore developed a 
number of fundamental building blocks that can be assembled using a “mix and match” 
approach to form a variety of different macromolecular species (Figure 4-1). This 
approach can further be extended to allow the formation of heterobifunctional systems 
such as that illustrated in Figure 4-1. Three basic molecular subunits types are required 
for this approach with these being, the core, branch point and the peripheral wedge or 
dendron. 

 

Figure 4-1: Cartoon illustrating the modular nature of the synthetic strategy and the three 
main types of building blocks used for this work: the exterior dendrons, internal 
branching unit and a central core. The use of a modular based system allows for a ‘mix 
and match’ approach. 
 

The success of our modular based strategy is illustrated by the ease of which a large 
family of dendritic molecules has been constructed.164 Systems bearing 6 and 9 
peripheral groups have been extensively studied both within this work and in parallel 
with other work within our research group. The synthesis of these systems has recently 
been published.164 The collective body of results are summarised in succeeding sections. 

4.2 Synthesis of the dendrimer core components 

Three core units were selected for investigation, namely 4,4’-
methylenebis(phenylisocyanate) 1, mesityl azide 2, and benzene-1,3,5-tricarbamido-N-
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N-N-tris(acetic acid) 3 (Scheme 4-1). These three compounds are tailored for attachment 
of two or three dendrons and have the advantage of possessing a high degree of 
molecular symmetry, which facilitates the structural characterisation of the reaction 
products. Furthermore cores 2 and 3 enabled investigations into the impact of steric 
crowding around the central core region.  

 

Scheme 4-1: Compounds selected as core units bearing two or three points of attachment. 

The bi-functional 4,4’-methylenebis(phenylisocyanate) is commercially available 
through Sigma-Aldrich while compounds 2 and 3 were prepared according to literature 
procedures outlined below. 

 

4.2.1 Synthesis of Mesityl Azide 

Mesityl azide 2 has been shown to be useful in the assembly of urea-based 
dendrimers.164,165 The core 2 was readily synthesised from commercially available 
benzene 1,3,5-tricarbonylchloride 4 in good yield (71%) according to Scheme 4-2.  

 

Scheme 4-2: Synthesis of mesityl azide according to published procedures. 

The product 2 was isolated from solution as a precipitated solid requiring no 
chromatographic purification. Confirmation of the acyl azide functionality was achieved 
through infrared spectroscopy, where a characteristic band corresponding to the acyl 
azide was clearly evident at 2149.9cm-1. 1H and 13C NMR analysis of the product 
revealed it to be of sufficient purity for further synthetic use without need of additional 
purification. Once formed the acyl azide core is stable and can be stored at -20°C until 
required. 
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4.2.2 Synthesis of Benzene-1,3,5-tricarbamido-N-N-N-tris(acetic acid) 

The “linker extended” core 3 has been utilised successfully in the synthesis of 
carbohydrate functionalised dendrimers previously by Ashton et al.117 It has also been 
used in the design of dendritic species bearing hydrogen-bonding motifs in our research 
group.230 The use of an amino acid derived spacer reduces steric crowding around the 
central aromatic ring and also provides an additional area for potential future 
functionalisation by substitution of the amino acid linker unit at its periphery. Although 
we limited the amino acid component in this work to glycine, it would be possible to 
synthesise equivalent core constructs using a variety of methyl ester protected amino 
acids. This unit therefore represents a scaffold, where, if desired, chiral bias could be 
incorporated into the derived dendrimer systems. 

The protected tri-functional core 5 was prepared from 1,3,5 benzoyl chloride 4 and 
glycine methyl ester to afford the desired product as a pale yellow solid (65%, lit. 
56%117). No further purification was required following aqueous workup. Subsequent 
hydrolysis of 5 with NaOH afforded the tri-carboxylic acid core 3, after re-acidification 
with HCl, in reasonable yield (51%, lit. 100%117) (Scheme 4-3). 1H NMR analysis of the 
final product confirmed complete conversion from the intermediate salt to the acid. 

 

Scheme 4-3: Synthesis of the core unit 6 based on 1,3,5 benzoyl chloride, incorporating a 
glycine linker arm. 
The symmetry of the components utilised within this work facilitated facile structural 
characterisation of the reaction products. 1H NMR spectra of the products readily 
revealed the extent of peripheral reaction, as a direct consequence of the high degree of 
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radial symmetry inherent within these molecules. Incomplete conversion at any point in 
the synthetic pathway is clearly evident through a corresponding increase in the 
complexity of the spectra arising from a concurrent loss of symmetry. This fundamental 
characteristic of these systems greatly simplifies analysis and characterisation of these 
compounds (Figure 4-2). 

 

Figure 4-2: 1H NMR Spectrum (400MHz, DMSO-d6) of the LEC (3). The simplicity of the 
spectrum is a direct result of the high degree of radial symmetry. 

4.3 Synthesis of the Branching Units 

In order to expand the level of functionalisation at the periphery appropriate branch 
point synthons were designed and constructed for inclusion within our array of modular 
components. Two branching units were investigated within this work (Figure 4-3).  

 

Figure 4-3: Branch points selected for this work based on 3,3'-iminodipropionitrile and 
1,3,5 isophthalic acid. 

 

The design of the first branch point synthon, 6, was based on the same 3,3’- 
iminodipropionitrile derived branch utilised by Ashton et al. in the synthesis of their 
carbohydrate functionalised dendrimers.117 This branch provides a flexible linking arm 
allowing for the construction of less rigid dendritic constructs. The second branch was 
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based on the t-BOC protected 1,3,5-isophthalic acid 7. Unlike 6, the branch point 7 is 
restricted by the central aromatic functionality and possesses limited flexibility. In 
contrast to 6 a branch point of this type typically provides a more rigid scaffold for the 
growth of the dendritic constructs.  

4.3.1 Synthesis of the bis branch based on 3,3’- iminodipropionitrile 

 

Scheme 4-4: Hydrolysis of 3,3'iminodipropionitrile - (a) HCl, MeOH; (b) refluxing acetyl 
chloride, MeOH 
Synthesis of the branch point 9 was initially attempted via an acid catalysed hydrolysis 
of commercially available 3,3’- iminodipropionitrile 8 to the corresponding di-
carboxylic acid (Scheme 4-4a). However, attempts to synthesise this di-acid using a 
variation on the published protocol of Stoddart and co-workers117 were unsuccessful. 
Anhydrous HCl was not available and attempts using concentrated aqueous HCl 
produced the product in low yield and in the presence of significant impurities. 
Attempts to purify the material were unsuccessful. Consequently an alternate literature 
procedure was utilised using acetyl chloride,231 in place of HCl, successfully forming 
the methyl protected analogue 9 (Scheme 4-4b). The reaction was found to be highly 
time and moisture sensitive. However, if the mixture was maintained appropriately 
under strictly anhydrous conditions, the desired product was reliably obtained, usually 
in a quantitative yield.  

 

Scheme 4-5: Extension of the branch point focal amine functionality (*) via coupling of Z-
Gly-OH 

Extension of the focal point secondary amine (*) in this system was shown to be 
necessary for the reactivity of the branch by Ashton et al.117 It was noted that 
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condensation of a protected glycine subunit to the focal nitrogen atom provided a 
second unhindered amine for attachment following deprotection (Scheme 4-5); this 
greatly enhanced subsequent reactivity between core and branched dendrons by 
reducing steric crowding around the reacting nitrogen atom. Our attempts to replicate 
the published synthesis however met with varied success. The yields of 12 proved to be 
very inconsistent. Initially, when tested on a small scale, the reaction afforded the 
product in a 50% yield and in high purity. However, attempts to scale up the reaction 
proved extremely difficult. Typically yields decreased dramatically and it was necessary 
to isolate the resultant products using column chromatography. 

Our inability to reliably produce good yields of the branch synthon 12 on a large scale 
prompted us to explore alternative strategies for the extension of the branch unit. The 
use of commercially available N-α-Cbz-glycine N-hydroxysuccinimide ester (Z-Gly-
OSu) 13 should have enabled the formation of the fully protected and extended branch 
unit 12 in one synthetic step (Scheme 4-6). NHS esters react readily with nucleophiles 
such as primary and secondary amines to form stable amide bonds without the need of 
additional coupling reagents or additives and hence should result in a product requiring 
less purification.   

 

Scheme 4-6: Proposed extension of the branch focal point using Z-Gly-NHS 

However, even using this approach, our initial preparative attempts at the synthesis of 
12 revealed a mixture of products. Subsequent 1H NMR analysis of the commercially 
obtained starting material (Z-Gly-OSu) indicated an overall purity of this material of 
only ca. 50%. Some 50% of the material had hydrolysed to the free Z-Gly-OH.  Rather 
than purify the starting material, prior to subsequent synthesis, the material was fully 
converted to the desired NHS ester 13. Thus, the mixture (Z-Gly-NHS/Z-Gly-OH 
50:50) was reacted with N-hydroxysuccinimide in which DCC was employed as the 
coupling reagent (Scheme 4-7) and the success of the reaction was confirmed by 1H 
NMR analysis. Pure Z-Gly-OSu was obtained as a white powder (8.36g of starting 
material mixture afforded 6.33g of converted product) following recrystalisation from 
CHCl3 / hexane. Unfortunately however, attempts at the extension reaction (Scheme 4-6) 
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with the newly purified starting material were still unable to yield the desired product 
12 in appreciable yield. 

 

Scheme 4-7: Synthesis of N-carbobenzoxyglycine succinimide ester (N-Z-Gly-OH). 
4.3.2 Synthesis of the branch unit based on 1,3,5 isophthalic acid 

The discouraging results obtained in our attempts at the synthesis of the branch unit 6 
prompted us to explore an alternate branch based on 1,3,5-isophthalic acid 14. This 
material is a suitable stand-alone branch point synthon requiring only protection of the 
amine functionality for use in dendron synthesis. While it is possible to extend the 
primary aromatic amine in a similar way to that attempted with the 3,3’ 
iminodipropionitrile based branch 12, our efforts focussed exclusively on the non-
extended aromatic amine. However, future work could potentially extend this system if 
it was found to be necessary.  

Protection of the amine was readily achieved using di-tert-butyldicarbonate in DMF 
(Scheme 4-8). The crude product was isolated through precipitation in dilute HCl and 
excess di-tert-butyldicarbonate was removed through additional precipitations to yield 
the desired compound 7 in good yield (70%) and high purity. 

 

 

Scheme 4-8: Preparation of the t-BOC protected 1,3,5-isophthalic acid 
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4.4 Modular components for peripheral functionalisation 

Tris-(hydroxymethyl)aminomethane (TRIS) was our tripodal scaffold of choice for the 
construction of our peripheral dendrons. Functionalisation of the peripheral arm was 
readily achieved via a nucleophilic acyl substitution reaction between t-BOC protected 
TRIS 15 and a corresponding benzoyl chloride (Scheme 4-9). This reaction has been 
used successfully, by us, to prepare a wide variety of 3-mer dendrons incorporating 
functional groups such as the para-substituted nitro, methoxy, and maleimide and the 
meta-substituted nicotinoyl and nitro compounds from the corresponding benzoic acid / 
benzoyl chloride precursors. 

 

 

Scheme 4-9: Generic overview of the synthesis of 3-mer dendrons from t-BOC protected 
TRIS 

The acid chloride components used as part of this work are shown in Figure 4-4. 
Compounds 16, 17, 19 and 20 are all commercially available. 

 

Figure 4-4: Acid chloride derivatives selected for the formation of our peripheral 3-mer 
dendrons.  

 

In most cases, the success of the acid chloride coupling step to form the ester was 
insensitive to the aromatic functional group of the acid chloride synthon. However, the 
position of the functional group on the aromatic ring (i.e. meta or para to the acid 
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chloride) was found to be a significant factor in the overall reactivity and stability of the 
final product. This difference is discussed in further detail later in this chapter (4.4.1.2). 
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4.4.1 Synthesis of the 3-mer dendrons 

The t-BOC protected branching scaffold 15 was readily obtained by the treatment of 
tris-(hydroxymethyl)aminomethane 21 with di-tert-butyldicarbonate in THF at room 
temperature (Scheme 4-10). The reaction proceeds reliably with the product 
precipitating from solution with high purity and in good yield (71%).   

 

 

Scheme 4-10: Synthesis of the t-BOC protected TRIS branching arm. 

The resultant scaffold, when treated with 3.3 equivalents of the appropriate acid 
chloride in the presence of Et3N afforded the corresponding 3-mer dendritic wedges via 
a standard nucleophilic acyl substitution (Scheme 4-11 and Scheme 4-12). 

 

 

Scheme 4-11: Synthesis of protected 3-mer dendrons bearing a series of para-substituted 
functional groups. 
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Scheme 4-12: Synthesis of protected 3-mer dendrons functionalised at the meta-position of 
the aromatic ring. 

 All target dendrons were obtained in high purity and good yield (22 96%, 23 70%, 24 
63%, 25 93%, 26 83%), after purification via recrystalisation or column 
chromatography. The characteristic 1H NMR spectrum for the para-methoxy 
functionalised t-BOC protected 3-mer dendron 23 can be seen in Figure 4-5. The 
resonances of the conserved scaffold (δ (ppm) 4.63 tris-CH2, 7.33 NH, 1.33 t-Boc-CH3) 
remain relatively consistent, with little change in chemical shift being observed in all 
products.

 

Figure 4-5: 1H NMR spectrum (d6-DMSO, 400MHz) of t-BOC-p-OMe 3-mer (23) 
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4.4.1.1 Activation of the para-substituted 3-mer Dendrons 

 

Scheme 4-13: Deprotection and exchange to the freebase of the selected 3-mer dendrons. i. 
TFA/DCM, O/N. ii. DMF, Na2CO3, DCM, iii. TFA/DCM O/N, Na2CO3, DCM 

Removal of the t-BOC protecting group from the dendrons was a facile process 
resulting, in most cases, in the quantitative conversion of the protected analogue to the 
corresponding trifluoroacetate salt. In a typical process the protected dendron was 
dissolved in a minimum volume of DCM and TFA added (1ml / gram of the protected 
3-mer) and the liquor was refrigerated overnight (4°C). Subsequently the solvent was 
removed in vacuo affording the TFA salts. It was established, while testing the coupling 
procedures of the dendrons to the core (discussed in further detail in section 4.6), that 
the TFA salts made were too unreactive for direct reaction with the selected isocyanate 
cores. Consequently, all dendrons were routinely treated with 1M-sodium carbonate 
following deprotection to yield the corresponding freebase species as per Scheme 4-13. 
Initial treatment of the reaction liquor resulting from the deprotection of the dendrons 
22 (nitro) and 23 (methoxy) with Na2CO3 resulted in immediate precipitation of the 
corresponding un-reacted TFA salts 27 and 28.  Thus in these cases full conversion to 
the freebase was achieved by dissolution of the isolated salts in a minimum volume of 
DMF that was then diluted, with DCM and the solution washed repetitively with 
aqueous 1M aqueous sodium carbonate solution.   Removal of the solvent in all cases 
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yielded the desired free base compounds 29 and 30. The greater solubility of the 
deprotected maleimide 3-mer dendron resulted in the direct conversion through to the 
free base dendron 31 on initial treatment with Na2CO3, without isolation of the TFA salt 
(reaction path iii Scheme 4-13). Isolation of the dendrons in this manner, prior to 
subsequent coupling steps was chosen over the addition of a base into the final coupling 
reaction in order to reduce the components required in the final stage and thereby 
increase the likelihood of high purity products without the need for extraneous 
purification.  

A comparison between the 1H NMR spectra of the deprotected p-methoxy 3-mer 
dendron TFA salt 28 and the free base 30 can be seen in Figure 4-6. Conversion from 
the salt to the freebase amine is easily detected through the dramatic upfield shift of the 
resonances corresponding to the amine protons (from 8.90ppm to 2.10ppm 
respectively). 
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Figure 4-6: 1H NMR of the deprotected p-methoxy 3-mer dendron TFA salt 28. 

 

 

Figure 4-7: 1H NMR of the deprotected p-methoxy-3-mer dendron following treatment 
with 1M NaOH to afford the freebase amino dendron 30. 
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4.4.1.2 Effect of Substitution Position on Dendron Reactivity 

The influence of the position of functionalisation (meta / para) of the acid chloride 
components used was notably observed during the deprotection steps of the process. 
TFA catalysed removal of the t-BOC protecting group of dendrons terminated with 
aromatic groups bearing substituents in the meta position proceeded as expected, with 
the corresponding TFA salts being obtained in excellent yield (32: 99% and 33: 80%) 
(Figure 4-15). However, in contrast to the para-substituted systems, treatment of the 
TFA salts of the meta-substituted -NO2 and nicotinoyl 3-mers with 1M Na2CO3 was less 
successful. Reduced yields were obtained for the meta-NO2 species  (80% crude with 
only ~70% attributable to the desired product 34, while analysis of the products 
obtained for the nicotinoyl dendron 33, after treatment with 1M sodium carbonate 
(Scheme 4-14), revealed complex 1H NMR spectra consistent with significant hydrolysis 
of the ester linkages of the 3-mer dendron 35.  

 

 

Scheme 4-14: Deprotection of the meta-NO2 and nicotinoyl 3-mer dendrons and 
conversion to the corresponding freebase forms. 

The alteration from para to meta substitution on the aromatic components appears to 
have had a significant effect on the chemical stability of the final dendrons. The 
difference in reactivity of these two molecules was further confirmed following 
attempts at coupling the small quantity of 34 obtained with the tripodal core 1,3,5-
benzenetricarbonyl triazide 2 as per Scheme 4-15. Analysis of the crude reaction 
mixture indicated a complex mixture of products with no indication of successful 
formation of the urea linkage. Due to the significant loss of purity in both the 
deprotection and subsequent coupling stages, work with the meta substituted dendrons 
was not continued as a part of this project. 
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Scheme 4-15: Attempted synthesis of the meta-NO2-9-mer (37) from 1,3,5-
benzenetricarbonyl triazide and 1,1,1-tris(3-nitrobenzoyloxymethyl)-methylamine. 
  

4.5 Linking of Modular Components  

All individual components or “building blocks” discussed thus far were designed in part 
to enable the assembly of the target dendritic constructs via the formation of stable urea 
linkages. A highly efficient route to the formation of ureas is via a straightforward 
fusion reaction of an amine with an isocyanate (Scheme 4-16). This reaction proceeds 
without any need for additional coupling reagents and is highly specific thereby 
reducing or eliminating the concomitant formation of undesired by-products or the need 
for separation of a catalyst from the product mixture.   
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Scheme 4-16: Reaction of an isocyanate and amine to afford the corresponding stable urea 
linkage. 

The synthetic methodology we selected for the formation of the isocyanates uses an 
acid chloride and an excess of sodium azide affording the acyl azide compound. When 
heated the acyl azide rearranges via a Curtius rearrangement (an alkyl migration with 
the loss of N2) resulting in the desired isocyanate.232 The mechanism for azide formation 
and the subsequent Curtius rearrangement are provided in Scheme 4-17.  

 

 

Scheme 4-17: Mechanism for the formation of an acyl azide from an acid chloride using 
sodium azide. Subsequent decomposition to the isocyanate via the Curtius rearrangement 
involves an alkyl migration to the nitrogen and loss of N2. 

The overall reaction is very clean because contamination of the product through 
undesired side reactions is avoided; with the only by-product of the Curtius 
rearrangement (when carried out in anhydrous conditions) being gaseous nitrogen.  
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4.5.1 Attempted activation of the linker extended core  

Activation of the linker extended core 3 was attempted using two synthetic procedures 
as outlined in Scheme 4-18.  

 

Scheme 4-18: Proposed conversion of the linker extended core (3) to the corresponding 
isocyanate (40) 

Previously, formation of the acid chloride species 38 was readily achieved via treatment 
of the linker extended core 3 with SOCl2 during the synthesis of an allyl functionalised 
compound in previous work within our research group.230 Therefore initial 
investigations into the synthesis of the tri-azide 39 were focussed on the formation of 
the acid chloride 38 followed by treatment of the halogenated core with an excess of 
sodium azide (Scheme 4-18). The acyl azide species 39 was successfully formed, 
although only isolated in low yield. Inspection of the 1H NMR spectrum for 39 
confirmed the loss of the signal at 12.65 ppm corresponding to the acid protons of 3 and 
confirmation of the acyl azide functionality was achieved using IR spectroscopy with 
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observation of the diagnostic peak at 2123.8 cm-1 corresponding to the acyl azide.  An 
alternate route using DPPA (Scheme 4-18b) was attempted in an effort to increase the 
overall yield of 39.  A number of varying reaction conditions and post-synthetic 
workups were attempted, however isolation of the desired species was unsuccessful. 

4.5.2 Activation of the bis-branch point 

Formation of the acyl azide derivative of 7 was achieved using a protocol based on the 
synthesis of 1,3,5-isophthalic azide developed by Ambade and Kumar et al.165 The 
t-BOC protecting group of 5-[(tert-butyloxycarbonyl)amino]-isophthalic acid 7 is stable 
to the reaction conditions utilised and does not interfere with the functionalisation of the 
arms. Treatment of 7 with DPPA in NMP overnight, under a nitrogen atmosphere at 
room temperature proceeded smoothly, affording the azide functionalised branch point 
41 (Scheme 4-19). Repeated precipitations in water enabled isolation of the product 
from the NMP and DPPA mixture, affording the product 41 as a spectroscopically pure 
solid in good yield (70%).  Inspection of the IR spectra for 41 revealed a strong peak at 
2150cm-1 confirming the presence of the acyl azide. The functional group inter-
conversion to yield the isocyanate 42 was performed in situ in refluxing toluene, 
directly prior to addition of the amine component and as such was not isolated for 
characterisation. 

 

 

Scheme 4-19: Formation of the acyl azide branch point and conversion to the isocyanate 
via Curtius rearrangement. 
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4.5.3 Formation of the completed dendritic constructs: attachment of the peripheral 
dendrons to the core. 

 

4.5.3.1 ‘One-pot’ strategy for the formation of dendritic species using the LEC as 
the central core moiety. 

Although isolation of the acyl azide derivative of the linker extended core 39 was 
successful the low yields achieved were unsuitable for incorporation into the array of 
building blocks desired for our modular synthetic scheme. A final attempt at the 
synthesis of model dendritic structures utilising this core was attempted using a test 
‘one-pot’ strategy based on literature precedent.233 The ‘one-pot’ reaction was carried 
out according to Scheme 4-20 using p-amino-acetophenone 43 as the reactive amine. 
The linker extended core 3 was combined with DPPA, Et3N and three equivalents of p-
amino-acetophenone 43; the mixture was refluxed in dioxane for 24hrs. Following 
aqueous workup with NaHCO3 an orange solid was isolated and was confirmed by 1H 
NMR to be the desired product 44 in the presence of a small amount of impurity,  
confirmation of the formation of the urea linkage of 44 was achieved via gCOSY. This 
compound was synthesised as a proof of concept only and exhibited limited solubility in 
standard organic solvents, hampering purification, as a result the material was not 
subjected to full characterisation.  
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Scheme 4-20: 'One-pot' synthesis using DPPA. The isocyanate functionality is generated in 
situ in the presence of a stoichiometric amount of p-amino-acetophenone. 
 

Subsequent attempts at the synthesis focussed on adapting this process for attachment of 
one of our freebase peripheral 3-mer dendrons, using the para-nitro functionalised 
dendron 29, to the core 3 according to Scheme 4-21. In all cases examined however the 
reaction was unsuccessful as analysis of the reaction mixtures revealed a complex 
mixtures of products indicative of an unsymmetrical system. It appeared in this case, 
where the larger less reactive tertiary amine was used (in contrast to the smaller aniline 
used in the test reaction) that the carboxylic acid groups on the core were preferentially 
reacting through an intra-molecular reaction with the newly formed isocyanate moieties.  
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Scheme 4-21: Attempted repeat of 'one-pot" strategy using the p-nitro 3-mer dendron. 
 

The reaction of isocyanates with carboxylic acids results in the formation of an unstable 
intermediate that is rapidly broken down with the loss of CO2 as shown in Figure 4-8.234 
Such a process is consistent with the observed 1H NMR for the reaction above. The 
amine of the 3-mer dendron 29 represents a significantly weaker nucleophile, when 
compared to the test compound p-amino-acetophenone 43, and as such seems to be 
unable to compete with the carboxylic acid functionality under the conditions used, 
resulting in no product being detected. 

 

Figure 4-8: Reaction between an isocyanate and carboxylic acid resulted in the formation 
of an unstable intermediate that rapidly decomposes to yield a newly formed amide bond 
and carbon dioxide. 
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Given the harsh reaction conditions needed for the ‘one-pot’ reaction and the possibility 
of unwanted side reactions occurring if the reaction was utilised for peptide attachment, 
further investigation into this reaction was not pursued at this time.  

It is noteworthy that, subsequent investigation within the research group has shown that 
increasing the concentration of the 3-mer species in the solution favours coupling (as 
expected). However, while this may prove useful in future work into the development 
of analogous dendritic species, a synthesis requiring a large excess of a protein 
functionalised nucleophile was not a reasonable candidate for method development for 
the current project. Thus work on systems utilising the linker extended core 3 in relation 
this approach was halted at this point. 

4.6 Synthesis of dendritic constructs bearing six peripheral groups. 

Initial reactions for the synthesis of a 6-mer dendritic species were carried out using the 
TFA salt of the p-NO2-3-mer 27 and the bi-functional core molecule 4,4’-
methylenebis(phenylisocyanate) 1. Stoichiometric amounts of the two components were 
stirred under a dry nitrogen atmosphere for 24hrs in DMF. However, preliminary 
investigation of the reaction mixture via 1H NMR indicated a complex mixture of 
products and significant amounts of un-reacted starting materials were observed 
indicating the reaction had failed to go to completion.  

 

Scheme 4-22: Synthesis of the p-NO2-6-mer. Reaction Conditions: i (a) TFA, DCM O/N ii. 
1M Na2CO3 (aq) iii. N2, DCM, RT, 18hr. 

 

The deactivated TFA salt was therefore an inappropriate choice as the primary source of 
the required nucleophile. However, subsequent treatment of the 3-mer dendron -TFA 
salt 27 with aqueous Na2CO3 afforded the corresponding free base species 29 in good 
yield. The coupling reactions were repeated with the free base 29 according to the 
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original reaction conditions (Scheme 4-22), however the use of DMF was not required 
due to the increased solubility of the freebase 3-mer species and the reaction was carried 
out in DCM. After ~2hrs the formation of a white precipitate was observed.  The 
reaction was allowed to proceed for a further 16hrs at room temperature and the 
precipitate collected. Analysis by 1H NMR showed the precipitate to be the desired 
product 46 in a very respectable 71% un-optimised yield. The crude 1H NMR for this 
compound can be seen in Figure 4-9 showing the high level of purity obtained with no 
additional purification required. The radial symmetry of these systems produces spectra 
that are easily interpreted and the formation of the new urea linkage is clearly evident 
using standard 2D-NMR techniques. This is illustrated in Figure 4-10, which shows an 
expanded region of the gHMBC spectrum for 46. Cross-peaks confirming the formation 
of the urea linkage are highlighted. If the symmetry of the molecule is broken through 
incomplete conversion, the resultant spectra are noticeably more complex when 
compared to the fully formed species. 

 

 

Figure 4-9: 1H NMR spectra (400MHz, 298K, d6-DMSO/ d6 acetone) of the crude 4-NO2-6-
mer (46) isolated from the isocyanate test reaction. Highlighted peaks indicate the NH 
resonances of the urea linkage.  
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Figure 4-10: Expanded region of the gHMBC Spectrum obtained for the 4-NO2-6-mer (46) 
(400MHz, 298K, d6-DMSO/ d6 acetone). Axes are referenced using the 1H and 13C spectra. 
The crosspeaks correlating the NH protons and the central carbonyl resonance for the 
urea linkage are highlighted. 

The reaction was repeated successfully with each of the 3-mer dendrons (Scheme 4-23).  
All dendritic 6-mers were isolated in good yield and high purity. The compounds were 
characterised using standard techniques and the results were consistent with expected 
predicted values.  

 

Scheme 4-23: Synthesis of a family of 6-mer dendritic compounds using 4,4'-
methylenebis(phenylisocyanate) as the central core. 
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4.7 Assembly of dendritic structures bearing 9 peripheral 
functionalities 

Work by Dr Sarah Atkinson in a project run in conjunction with, and parallel to, this 
project conducted an extensive study on systems bearing 9 peripheral units utilising the 
tripodal core 2. A number of these systems were jointly synthesised in this work, with a 
view to assessing their potential application as scaffolds for subsequent bio-conjugation 
studies. Thus the full array of compounds bearing external functionalities based on the 
3-mer dendron 30 (methoxy), are covered elsewhere and the reader is directed to our 
publication164 and Dr Atkinson’s dissertation235 for in depth discussions of these 
compounds. Here, we confine the discussion to those specific studies that were directed 
toward further elaborating the dendritic species with biologically active peptides and 
proteins. 

Scheme 4-24 outlines those compounds synthesised as part of this work, the synthesis 
parallels that outlined for the preparation of the 6-mer dendritic species 46 to 48. In a 
similar fashion to the synthesis of the 6-mers, the resultant 9-mers were readily isolated 
from the reaction mixture after removal of the solvent in vacuo or through simple 
filtration of precipitated material. In all cases the compounds afforded are 
spectroscopically pure and in most cases, after optimisation of conditions, were isolated 
in near quantitative yield. They were readily characterised using standard techniques 
with highly diagnostic 1H NMR; again as a result of the radial symmetry inherent in the 
compounds. The 1H NMR of the crude p-OMe-9-mer is provided for illustration in 
Figure 4-11. 
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Scheme 4-24: Synthesis of 9-mer dendritic compounds prepared from 1,3,5-mesityl azide 
and the corresponding 3-mer. 

 

Figure 4-11: 1H NMR spectrum (d6-DMSO, 400MHz) of the para-NO2 functionalised 
dendritic 9-mer (49) 
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4.8 Functional group interconversions as a route to increased 
application 

The modular nature of the dendritic compounds outlined within this work makes them 
potentially useful for a wide variety of applications, across a number of disciplines, 
including medical and materials science. The potential applications are widened through 
the facile conversion of functional groups such as the nitro and methoxy to the 
corresponding amine and phenolic species respectively. Of particular interest to this 
work are the amino functionalised dendritic compounds as these provide an alternate 
route to bio-conjugation of biologically relevant molecules through standard amide 
bond forming coupling strategies. 

The amino functionalised dendritic constructs were prepared according to  

Scheme 4-25. Conversion from the nitro functionalised molecule was achieved via 
hydrogenation in DMF at high pressure (650psi, 55°C, 5%Pd/C). Tituration of the crude 
residue with diethyl ether followed by successive washes with DCM afforded the target 
compound 53 in a yield of 62%, the partial solubility of the compound in the wash 
solvent (DCM) may account for the reduction in the isolated yield. In addition to the 6-
mer species 53 the corresponding 4’-amino functionalised 9-mer dendritic 
macromolecule 51 was also synthesised following the same procedure, affording 62% 
of the reduced species after tituration. 

 

Scheme 4-25: Conversion of the 4-NO2 6-mer to the corresponding p-NH2 6-mer via 
hydrogenation. The 9-mer dendritic species was also converted through to the 9-amino 
construct according to the same reaction conditions. 
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4.9  Periphery to branch: Formation of the dendritic wedge 

‘Generational-like’ growth can be achieved in modular systems through the 
incorporation of an internal branching ‘wedge’ synthon. Reaction of the peripheral 
3-mer dendrons with the branching unit enables expansion in the degree of peripheral 
substitution in the final product framework. In the case of the components used within 
this work coupling of the 3-mer dendrons to the bis-branch 41 yields a dendritic wedge 
bearing 6 peripheral groups. 

 

Scheme 4-26: Synthesis of the t-BOC protected 6-mer ‘wedge’ synthon bearing maleimide 
functionality at the periphery.  
 

The bis branch point was activated in situ with conversion to the isocyanate derivative, 
via the Curtius rearrangement in refluxing toluene as outlined previously. Following 
removal of the toluene solvent, the branch was treated with the freebase dendron and 
refluxed under a nitrogen atmosphere for 18hrs (Scheme 4-26). Removal of the solvent 
afforded a mixture of products. Purification via liquid chromatography afforded the 
target compound 54 as a pale yellow solid with a yield of 32% unoptimised.  Analysis 
of the 1H NMR (Figure 4-12) of the newly formed dendritic wedge reveals that 
molecular symmetry is maintained with the spectrum providing a clear diagnostic tool 
for the formation of the molecule. It was suspected that insufficient time was allowed at 
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reflux for the full conversion of the acyl azide branch point to the corresponding 
isocyanate. An increase in the reaction time for this step would be recommended for 
future attempts at the formation of this compound. Furthermore, it is essential for all 
residual toluene solvent to be removed prior to addition of the dendron. It was 
determined in the preliminary attempts at the synthesis of the 9-mer dendritic species by 
Dr Atkinson, using benzene 1,3,5-tricarbonyl azide 2 as the core unit, that failure to 
remove the toluene solvent drastically reduced the coupling efficiency of the reaction 
resulting in product mixtures.235 

 

Figure 4-12: 300MHz 1H NMR of the maleimide 6-mer-Wedge: tert-butyl 3,5-bis(3-(1,1,1-
tris(4-maleimidobenzoyloxymethyl) methyl)ureido)phenylcarbamate. 

 

4.9.1 Deprotection and exchange to the freebase of the 6-mer ‘wedge’ 

The removal of the t-BOC protecting group was carried out using the same 
methodology as that developed for the 3-mer dendrons (Scheme 4-27). Conversion 
through to the freebase amine was achieved via treatment with aqueous sodium 
carbonate and without isolation of the TFA salt, in a similar fashion to that employed 
for the maleimide 3-mer dendron 31. Initial deprotection of the dendron required an 
increased amount of TFA, compared to the 3-mer dendrons, to facilitate complete 
removal of the t-BOC protecting group. Due to time constraints and the limited amounts 
of maleimide wedge available, reactions for the formation of the maleimide 6-mer 
dendron and its subsequent deprotection were not optimised as a part of this work. It 
should be noted that residual amounts of un-reacted maleimide functionalised 6-mer 
dendron was observed to precipitate from the liquor with the initial treatment of 
Na2CO3, resulting in a lower than expected yield (19%) of the freebase dendron. 
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Scheme 4-27: Deprotection of the 6-mer-Wedge and exchange to the activated freebase 
ready for coupling to the core moiety. 

 

4.10 Preliminary investigation into the synthesis of dendritic systems 
bearing 12 functional groups at the periphery 

Due to the small amount of the deprotected free base dendron 55 being obtained, 
optimisation of the coupling reaction between the dendron and the core moiety 1 was 
not possible. However, initial investigations into the coupling of the 6-mer dendritic 
wedge 55 to the bis-core 1 (Scheme 4-28) appear to have been successful in forming the 
desired product. Analysis of the crude product obtained indicated successful product 
formation albeit in the presence of impurities. The loss of the diagnostic peak at 
6.56ppm corresponding to the NH2 protons of the freebase amine of the deprotected 6-
mer wedge in addition to the observation new resonances at 6.53 and 8.84ppm is 
consistent with the formation of the urea linkage between the core unit and the 6-mer 
wedge. Attempts at purifying the small amount of crude material obtained through 
simple recrystalisation were unfortunately unsuccessful. 
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Scheme 4-28: Synthesis of the maleimide 12-mer dendritic construct following coupling of 
the maleimide functionalised 6-mer dendritic wedge (55) to the bis-core (1) 
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4.11 Application of the scaffold for Bioconjugation 

4.11.1 Importance of the Maleimide 3-mer Dendron 

For the successful preparation of peptide-dendrimer conjugates proposed previously, the 
method of conjugation must be carefully selected to maintain the integrity of the active 
peptide. It is necessary to avoid complicated and harsh chemical procedures and 
preferable to utilise a protocol that will not require more than a minimal excess of the 
peptide component.  

Our criteria for a successful preparation were defined as follows: 

• Minimal excess of peptide required in relation to each attachment point. 

• High yielding. 

• Minimal or no by-product formation. 

• Flexible enough to be applied to a wide variety of peptides. 

• Solvent: water or water miscible. 

• Facile purification of products. 

To this end, we selected a methodology based around the reaction of a thiol group (R-
SH) with the maleimide moiety. This reaction is widely utilised in the field of bio-
conjugation, it provides a gentle and facile method for the attachment of bio-molecules 
to a wide variety of substrates and even surfaces. The Michael addition between the 
sulfhydryl and the maleimide functionality (Figure 4-13) is specific for thiols at pH 7.5 
with no requirement for added coupling reagents. 

 

Figure 4-13: The reaction between a maleimide and a thiol to form the corresponding 

thioether bond. 

Avoiding the use of coupling reagents provides a reaction mixture that contains only the 
desired starting materials, solvent and the slight excess of peptide. This then facilitates 
the potential recovery of un-reacted peptide starting material from completed 
conjugates, using standard HPLC purification techniques. Recovery of any un-reacted 
peptide is highly desirable as it minimises the wastage of an often difficult to synthesise 
or expensive to procure reagent. A similar methodology, also using the maleimide 
group to facilitate conjugation of thiol terminated peptides, has previously been applied 



 

 120 

to peptide-dendrimer conjugates by Mihov and Mullen et al., where they demonstrated 
the attachment of 4, 8 and up to 16 hexapeptides consisting of five lysine residues and a 
terminal cysteine to rigid polyphenylene dendrimers of varying generation.236,237 

It should be noted that while the reaction between the maleimide functionality and a 
thiol is said to be specific, this is in fact primarily a result of faster kinetics under the 
reaction conditions stated (pH 6.5 to 7.5). It is possible for the maleimide group 
undergo a variety of reactions as indicated in Figure 4-14.  However if the pH of the 
system is rigorously maintained within the requisite pH range, the sulphydryl addition 
product can be obtained exclusively.  

 

Figure 4-14: Possible reactions of maleimides under varying conditions. 

4.11.1.1 Synthesis of the Maleimide functionalised 3-mer dendron 

Synthesis of the terminal group 59 (Scheme 4-29) was based upon the literature 
preparation outlined by Tsutomu Oishi et al.238 N-(4-carboxyphenyl)maleimide 59 was 
produced in good yield (75%) following a simple ring closure of N-(4-
carboxyphenyl)maleimic acid  58. Polymerisation of the newly formed maleimide was 
reduced through the addition of a catalytic amount of the radical polymerisation 
inhibitor t-butyl catechol.238 

pH 6.5 to 7.5 
Michael addition of 
the sulphydryl occurs 
1000x faster than 
Michael addition of an 
amine. 

Michael addition of 
the amine occurs 
preferentially at pH 
8.5 
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Scheme 4-29: Synthesis of the maleimide functionalised benzoic acid end group N-[4-

(Chlorocarbonyl)phenyl]maleimide. 

Treatment of the acid 59 with SOCl2 afforded the corresponding acid chloride N-[4-
(chlorocarbonyl)phenyl]maleimide 18. This material was subsequently reacted with t-
BOC TRIS 15 as per Scheme 4-30 affording the protected 3-mer dendron 24. Amine 
deprotection with TFA followed by treatment with aqueous sodium carbonate afforded 
the freebase amine thereby activating the 3-mer dendron, ready for coupling to an 
appropriate isocyanate functionalised core moiety.  

 

 

Scheme 4-30: Synthesis of the Maleimide 3-mer dendron via acyl substitution 

It was observed that the addition of t-butyl catechol to the acylation reaction mixture 
resulted in an increase in the yield of the final product 25 (24%) verses (63%). A 
marked reduction in the formation of a deep red polymeric like gel was also observed: it 
is likely that the gel formed is a result of polymerisation of the maleimide groups. This 
is consistent with the maleimide group being well known for their ability to act as 
monomers in self-initiated free radical polymerisation reactions.239 

As discussed previously in this chapter, maleimide functionalised dendritic scaffolds 
were successfully constructed that incorporated six, nine or twelve peripheral groups. 
Our initial studies into the use of these scaffolds for the conjugation of oligopeptide 
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sequences were focused on the simplest of these systems, i.e. the dendritic 
macromolecule bearing 6 maleimide units 48.  

4.12 Attachment of a di-peptide Cys-Gly to the Maleimide 6-mer 
Scaffold 

Prior to attempting the attachment of the harder to procure and more expensive, 
biologically active oligopeptide units, to our scaffold, we conducted preliminary 
investigations into the attachment of peptide sequences to the dendritic systems using 
the commercially available di-peptide CysGly-OH.  Thus the reaction was carried out 
with the dipeptide 60 and the dendritic scaffold 48 in a 1:1 molar ratio of peptide to 
maleimide functionality (i.e. 6:1 overall) in a total volume of 5ml of DMF as the solvent 
(Scheme 4-31). The reaction was stirred for a total of 5 days. After 2 days the formation 
of an oily residue was observed which disappeared with the formation of a white 
precipitate over the remaining 3 days. Solvent removal afforded the crude product as an 
off white solid.  

 

Scheme 4-31: Synthesis of the di-peptide (CysGly) dendritic conjugate 
 

Attempted analysis of the reaction mixture via NMR spectroscopy was unsuccessful 
due to insolubility of the product in all the usual NMR solvents. Analysis of the solid 
was achieved through MALDI-TOF MS with the crude solid being suspended in the α-
CHCA matrix prior to spotting on the target rather than solubilised according to 
standard sample preparation techniques. The spectrum obtained is provided in Figure 

4-15. The formation of the fully functionalised peptide-scaffold conjugate 61 is 
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confirmed with the parent peak evidenced at 2757.4 Da (Calc. Mass 5756.75 Da Obs. 
Mass 2757.4 Da). The series of peaks seen in the spectrum are consistent with 
fragmentation of the arms; each peak differs by a mass of precisely 177.59 Da, which is 
consistent with the mass of a single di-peptide unit. However, poor solubility of the 
product in standard organic solvents or organic/aqueous mixtures hampered attempts at 
further purification; in particular the compound was unsuitable for analysis via HPLC or 
NMR, preventing further characterisation using these methods.  

 

Figure 4-15: MALDI-TOFMS spectrum of the successful formation of the peptide scaffold 
conjugate showing the parent mass at 2757.4 Da. 
It was anticipated that alteration of the peptide attached to the dendritic scaffold would 
greatly alter the solubility properties of the formed peptide-scaffold conjugate. Due to 
the limited solubility evidenced with the di-peptide conjugate it was decided to repeat 
the conjugation using a 7 residue generic peptide consisting of hydrophilic glycine and 
lysine residues. Discussion relating to the formation of dendritic constructs bearing 
larger peptide units is covered in Chapter 5 of this dissertation. 
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Chapter 5:  PEPTIDE DENDRIMER CONJUGATES - 

INVESTIGATIONS INTO MULTIVALENCY 
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5.1 Introduction 

 In 2007, during the latter stages of our work Andrezej Myc and co-workers reported the 
synthesis of a poly-disperse G5-PAMAM dendrimer conjugate functionalised with 
FITC, Ferulic acid (FA) and the BH3 peptide (Arg-Gln-Ile-Lys-Ile-Trp-Phe-Gln-Asn-
Arg-Arg-Met-Lys-Trp-Lys-Lys-Met-Gly-Gln-Val-Gly-Arg-Gln-Ala-Ile-Ile-Gly-Asp-
Asp-Ile-Asn-Arg-Arg-Tyr).240 Conjugation of the 34 residue peptide to the dendrimer 
was achieved using protocols established by Singh et al. for the reaction of starburst 
dendrimers with proteins.241 

The generation 5 PAMAM dendrimer was initially capped with acetic anhydride 
reducing the number of reactive amine groups present on the dendrimer surface from 
the original 128 active residues. This method is, of course, a random process that 
affords a dendrimer, in which the authors have only an approximate idea of the degree 
of functionalisation retained. Furthermore, the subsequent attachment of the peptide 
sequences to the periphery also cannot be carried out in a precise manner, with the 
overall number of peptide units attached controlled more by probability and dilution 
factors rather than a directed synthetic methodology. Consequently, the process results 
in multiple peptide-dendrimer conjugates being formed within the reaction mixture, 
with each conjugate possessing differing levels of functionalisation. Polydisperse 
systems of this nature are likely to encounter numerous challenges as therapeutics, as it 
is difficult to establish precise dosage information for mixtures that cannot be precisely 
reproduced. The systems we have proposed here, based on conjugation of a 
therapeutically active sequence to a modularly constructed dendritic scaffold provide a 
route to discrete macromolecular constructs with highly defined and specifically 
controlled degrees of substitution. Furthermore, the modular nature of the synthesis 
allows precise tailoring of the molecular size and properties of the organic scaffold as 
well as being suited to the attachment of any cysteine terminated peptide (or any other 
molecule) of interest.  
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5.2 Assembly of peptide-dendrimer conjugates 

5.2.1 Attachment of a seven residue oligopeptide: CGKKGKG to the Maleimide 
6-mer Scaffold 

The cysteine terminated peptide sequence (CGKKGKG) was synthesised by a research 
assistant ‘in house’ using the peptide synthesis techniques outlined previously (Chapter 
2.2.5 pg42). Analysis by ESI-MS revealed the presence of the full-length peptide 
sequence with a mass of 675.10 Da (Figure 5-1).  

 

Figure 5-1: ESI-MS Spectrum of the crude peptide mixture for the generic peptide 
CGKKGKG showing the parent mass of 676.58 (Calculated: 675.10). Also visible are the 
M2+ and M3+ ionisation states. 

Given that cysteine is the final residue to be attached during assembly of the peptide 
sequence, and only those sequences containing the cysteine thiol group would be 
reactive to the scaffold, we decided to use the crude peptide mixture without laborious 
HPLC purification. To account for any impurities in the peptide reaction mixture, a 2:1 
molar ratio of peptide to maleimide functionality was used. All components were 
completely soluble in a minimum volume of DMF (3ml) and remained so with no 
evidence of precipitation over the 3 days the reaction was allowed to proceed (Scheme 

5-1). Evaporation of the solvent yielded the crude product as a yellow oil. 
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Scheme 5-1: Synthesis of the oligopeptide, dendritic scaffold conjugate from the generic 
peptide CGKKGKG 

 Analysis of the crude reaction mixture by MALDI-TOF MS revealed the presence of 
the parent mass 5738.67 Da (Figure 5-2), which is consistent with the calculated mass 
of 5738.69 Da. As in previous spectra obtained for the di-peptide conjugate (4.12 pg 
122) the presence of peaks consistent with the loss of individual peptide arms was 
observed. Each fragment differs by a mass of 657.10 Da, the exact mass of the peptide 
sequence CGKKGKG. 

 

Figure 5-2: MALDI-TOF MS spectrum of the crude peptide dendrimer conjugate bearing 
6 peptide arms. Calc. Mass 5738.69 Da. Obs. 5738.67 Da. 
 

62 
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Consistent with our expectations the attachment of the longer, less hydrophobic 
sequence (CGKKGKG), to the dendritic scaffold resulted in a conjugate with greater 
aqueous solubility. By increasing the peptide chain length the core becomes further 
encapsulated by the peripheral arms thereby contributing less to the overall solubility 
properties of the conjugate.  
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5.3 NOXA Peptide Selection and Synthesis for Dendritic Attachment 

Our initial investigations into multivalent assemblies were focused on the truncated 
NOXA sequences previously outlined in Chapter 2 (tNOXA5R, tSCRAM5R). Although 
these sequences were found to be unsuccessful in inducing apoptosis in isolation it was 
deemed interesting to investigate the possibility of them inducing apoptosis when 
incorporated into a multivalent assembly. These sequences were synthesised with the 
mid-sequence cysteine of the native sequence replaced by a serine residue (SH  OH) 
as described in (2.2.3 pg46). This substitution allowed for the attachment of a cysteine 
residue to the N-terminus of our target sequences, thereby facilitating conjugation of the 
sequence (in a specific manner) to the maleimide end groups present on our dendritic 
scaffold. An additional sequence corresponding to the promiscuous NOXA mutant 
investigated by Chen et al. designed to bind both Bcl-xL and Mcl-1 was also 
synthesised. This sequence had the lysine residue within the BH3 domain of NOXA 
substituted for glutamic acid.74  

Following the promising results of our preliminary cell studies with the 31 residue 
NOXA peptide (Chapter 3.3 pg69) this longer sequence NOXA(18-43)5R was also 
added into the final array of sequences to be conjugated to the 6-mer maleimide 
dendritic scaffold. Modification of this sequence to facilitate conjugation to the scaffold 
was the same as for the truncated sequences described above. The full array of N-
terminal cysteine functionalised peptides is provided in Table 5-1 below. All synthetic 
peptides were prepared as per the methods outlined in Chapter 2 and the presence of the 
target peptide confirmed by MALDI-TOF MS prior to attempting conjugation.  

 

Sequence Ref Sequence 1 letter Code Calc. Mass 
Da 

Obs. Mass 
Da 

CtNOXA5R CVESATQLRRFGDKLNRRRRR 2617.01 2616.2 

CtSCRAM5R CDTQGRVRANEAQLKERRRRR 2597.93 2597.3 

CtNOXA(KtoE)5R CVESATQLRRFGDELNRRRRR 2615.92 2616.0 

CNOXA5R CPAELEVECATQLRRFGDKLNFRQKLLRRRRR 3942.59 3939.2 

Table 5-1: NOXA derived peptide sequences synthesised for conjugation to the Maleimide 
6-mer dendritic scaffold. Included are the calculated molecular weights and observed 
molecular weights from crude MALDI-TOF MS spectra. 
5.3.1 General procedure for conjugation reactions 

For the purpose of these initial conjugation reactions the peptides were used without 
purification as per the trial reaction outlined above. The scaffold 47 was treated with a 
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twofold excess* of the peptide component. The reaction mixture was allowed to stir for 
3-5 days under a nitrogen atmosphere Scheme 5-2. In all cases the crude reaction 
mixture was investigated by MALDI-TOF MS and the solvents removed in vacuo after 
the product was identified in the reaction mixture.   

 

 

 

Scheme 5-2: Preparation of peptide-scaffold conjugates incorporating poly-arginine 
labelled NOXA derived sequences. 
 

MALDI-TOF MS spectra for each of the conjugates formed as part of this work are 
provided in Figure 5-3 through Figure 5-5. Conjugation of the 31-residue CNOXA5R to 
the scaffold was not confirmed. Investigation of the reaction mixture using 
MALDI-TOF MS did not reveal the expected parent mass of the conjugate, 25337.1 Da.  

                                                 
* While this is an imprecise approximation, the peaks observed within the mass spectra 
indicated that the target peptides were present in significant quantity.  It is 
acknowledged by the author that MALDI-TOF MS does not provide quantitative data, 
however, the approximation was considered satisfactory for the purpose of the 
preliminary reactions. 
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Figure 5-3: MALDI-TOF mass spectrum showing the formation of the peptide dendrimer 
conjugate CtNOXACtoS5R with an overall mass of 17174.13 Da (calc: 17389.61 Da),refer 
to text for explanation of mass discrepancy. 

 
Figure 5-4: MALDI-TOF mass spectrum of the tSCRAM5R peptide-dendrimer conjugate. 
The Observed mass 17244.7 Da is consistent with formation of the dendritic species 
bearing 6 peptide 'arms' with a calculated mass of 17265.84 Da, refer to text for 
explanation of mass differences. 
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Figure 5-5: MALDI-TOF mass spectrum of the peptide-dendrimer conjugate bearing six 
peripheral peptide arms (CtNOXA(KtoE)5R) calc. mass: 17383.5 Da. The observed mass 
17245.8 Da is consistent (within potential error of the spectrum due to calibration 
inaccuracies). The peak observed at 23292.1 Da is the internal calibration standard 
trypsin with a calc. Mass of 23463.5. 

The mass spectra obtained for both the tSCAM5R and tNOXA(KtoE)5R conjugates do 
not show the same (potential) fragmentation pattern as observed in the earlier peptide-
dendrimer conjugates. It should be noted however that in both instances the laser 
powers required to observe flight of the parent molecules were much higher than 
previously required. The spectra obtained were of a lower resolution with the parent 
peaks for the conjugates observable only at a 10% intensity level. Mass differences 
observed between calculated and observed masses for the peptide-dendrimer constructs 
can be attributed to calibration errors and poor resolution of the spectrum. The poor 
flight characteristics of the samples, even in a hot matrix such as α-CHCA, resulted in a 
need for higher laser powers for successful spectra acquisition. Consequently the 
resultant increased noise lead to a loss of definition in the observed mass peaks, the 
peaks observed lacked isotopic resolution and span a range of 60 up to >150 Da, this 
range being within the error of the reported peaks and calculated masses. 

5.4 Attempted purification of the dendritic constructs 

One of the greatest challenges facing the development of large macromolecular 
constructs is that of purification. For the systems described here, a number of 
preliminary methods were investigated in an attempt to clearly determine the level of 
substitution achieved during the conjugation reactions as well as attempting to develop 
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a method of purification capable of yielding sufficient high purity product for in vitro 
cellular assays. All attempts at developing a purification methodology were trialled 
using the test peptide dendrimer conjugate, 62, to prevent unnecessary loss of the 
conjugates functionalised with the NOXA derived peptides. 

5.4.1 HPLC, and GPC/SEC chromatography 

HPLC purification of the reaction mixture was initially trialled using the same column 
conditions and mobile phase combination as that used for the purification of the target 
peptides described in Chapter 2 (2.3 pg53). The analytical trace obtained using a C18 
column with a solvent gradient of 0.1% TFA/H2O and 0.1% TFA/MeCN revealed a 
single peak at rt= ~23min (Figure 5-6). However, as an excess of the crude peptide was 
used in the conjugation reaction, and there is no apparent indication of these impurities 
within the HPLC trace obtained, this suggests that all the components of the reaction 
mixture were co-eluting from the column. Alterations in flow rate and mobile phase 
gradient were unsuccessful in separating the analyte mixture. It is possible that greater 
separation may be achieved in the future by experimentation with different column 
chemistry, such as the less hydrophobic packing materials C8 or C4 etc. 

 

Figure 5-6: HPLC trace for the peptide dendrimer conjugate bearing 6 arms 
(CGKGKKG) eluted with a mobile phase of 0-100% A at 1ml/minute using a Zorbax™ 
C18 HPLC column. 

In addition to the HPLC purification described above we also investigated the use of 
GPC technology. This technology was successfully employed previously in the 
purification of dendritic compounds within our research group. However, solubility of 
the peptide-dendrimer conjugate within the mobile phase (THF**) was limited. Even 

                                                 
** DMF would provide a better solubility profile for our conjugates and is suitable for 
use with the column packing employed, however, access to high grade DMF for 
chromatography was not possible within the given timeframe. 
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with low concentrations of material full separation was not achieved using this approach 
(Figure 5-7).  

 

Figure 5-7: GPC size exclusion spectra obtained at 100% THF as the mobile phase flow 
rate (0.5ml/min) red (1ml/min) blue, column: Phenomenex Phenogel™ (500Å) analytical 
(300x7.8mm). Full separation was unable to be achieved at varying flow rates. 

5.4.2 Polyacrylamide Gel Electrophoresis 

The protein like properties of PAMAM dendrimers (size, shape and amine content) has 
prompted the use of common protein characterisation techniques such as 
polyacrylamide gel electrophoresis (PAGE) for the identification and separation of 
complex mixtures of these often polydisperse dendrimers.242,243 This method was trialled 
in this work as a quick way to determine the degree of substitution of our systems. As a 
consequence of the size of the conjugated peptide units (up to 3950 Da) it was proposed 
that peptide-dendrimer conjugates with differing numbers of ‘arms’ attached to the 
scaffold should present as discrete bands in the PAGE gel. Our methods for the gel 
preparation and running conditions were adapted from work conducted by Sharma et al. 
where they investigated the effectiveness of a number of common protein stains and 
buffer conditions for a variety of PAMAM dendrimers.242,243 In accordance with on 
Sharma’s data we used a method tailored for lower generation PAMAM dendrimers 
(generations 0-3),243 as the overall properties of these molecules (molecular weight and 
radial distribution) were likely to most resemble our test peptide-dendrimer conjugate 
62.   

Gels were prepared using a resolving gel of 20% acrylamide solution and a stacking gel 
of 5% acrylamide. Electrophoresis was run under basic conditions in a TRIS, EDTA 
running buffer (90mM TRIS pH 8.3, 80mM boric acid, 2.5mM EDTA, 0.19M 
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glycine).243 It was noted by Sharma and co-workers that diffusion of the smaller 
dendrimers was lessened when electrophoresis was run at lower temperatures,243 in 
accordance with this finding our systems were run with the apparatus in an ice bath and 
the entire assembly placed in a cold cabinet at 4°C. Electrophoresis was run at 0.50 V 
for one hour at which time there was obvious streaking of the dye front through the gel 
lanes (Figure 5-8, left). The gels were stained with Coomasie blue, and left to destain 
(10% MeOH/ 10% acetic acid solution) overnight in the cold. Unfortunately, following 
de-staining no clear bands were observable, with apparent diffusion of the stain in large 
areas of the gel (Figure 5-8, right).  

 

 

Figure 5-8: Polyacrylamide gel electrophoresis (PAGE) resulted in diffusion of the 
samples throughout the gel. On de-staining no clear bands were visible. 
 

Further attempts at running PAGE gels with our sample using variations in voltage, 
running time, staining time etc. had no observable effect on the level of streaking or 
diffusion observed. Investigation into potential fixing methods prior to staining of the 
gels may provide a system that reduces diffusion of the sample throughout the gel, 
however, as studies into PAGE within this work were intended to be preliminary only, 
further investigation into this area was not pursued at this time. 

5.5 Attempted Characterisation by NMR spectroscopy 

Further analysis of the peptide-scaffold conjugate was attempted using NMR 
spectroscopy with limited success. A number of strategies were attempted at 
characterising the peptide-dendrimer conjugates using 1H NMR spectroscopy (400 
MHz). These strategies initially focused on variation of the solvent conditions (d6-
DMSO, D2O, d4-Methanol, d5-pyridine and d6-DMSO+d5-pyridine mixtures) however in 
all cases the spectra obtained were broad and provided non-interpretable data. 
Subsequently, experiments were carried out using variable temperature (VT) techniques 
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and spectra obtained at regular intervals over a range of 25 to 95°C. Although there was 
some improvement in the spectrum, the resolution was still insufficient to determine 
diagnostic information and provided little indication that spectra of significantly 
improved resolution would be obtained at higher magnet strengths such as 600 MHz. 
This is likely to arise as a result of intermolecular interactions between the dendritic 
macromolecules that occur at a slow rate compared to the NMR time scale.    

5.6 Future prospects for solving the purification problem 

A likely contributor to the issues encountered with purification could arise from the 
characteristic internal voids seen with dendritic structures (Figure 5-9). Un-reacted 
reagents such as the peptide and peptide fragments within the crude mixture can become 
incorporated within these voids in a similar manner to that harnessed for dendritic host-
guest complexes and dendrimer drug delivery platforms. The resultant supramolecular 
complex has the potential to act as a single molecular species, remaining intact 
regardless of attempts at chromatographic separation. These interactions are likely to 
primarily be the result of hydrogen bonding between the peptide backbone moieties of 
the attached peptide and/or the urea linkages of the dendritic scaffold with residual un-
reacted peptide and impurities. 

 

Figure 5-9: Structural features of dendritic molecules include the formation of distinct 
regions including interior voids between the core region and external periphery. 

Another possibility that can lead to poor separation characteristics is the potential for 
inter- and intra-molecular interactions of the dendritic constructs themselves. These 
peptide functionalised ‘arms’ when linked to the scaffold provide numerous 
opportunities for hydrogen bond interactions to propagate, forming hydrogen bonded 
macromolecular assemblies, further hampering purification efforts (Figure 5-10).  
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Figure 5-10: Cartoon illustration indicating the possible interaction between and within 
the dendritic macromolecules. 

If these interactions are indeed the cause of the poor separation observed in our systems, 
then greater success in purification may be achieved in the future through the addition 
of an organic co-solvent or chaotropic salts into the mobile phase of chromatographic 
based separation methods. A co-solvent such as TFE known to disrupt hydrogen-
bonded networks may be sufficient to facilitate greater separation of the components. It 
would also be recommended that purified peptides be used for future conjugations 
thereby reducing the overall number of contaminants present in the crude mixture. 

5.7 Summary and conclusions 

In this chapter we have shown the successful initial synthesis of a range of high-mass 
peptide-dendrimer conjugates, however these conjugates were unable to be taken 
through to in vitro testing due to complications in purification. While it is likely that the 
peak patterns observed in the MALDI-TOF MS spectra obtained for each material were 
a result of fragmentation of the carbon-sulphur bonds of the assembly, leading to loss of 
individual peptide ‘arms’, this cannot be ascertained for certain at this stage. Future 
work in this area will need to examine the potential increase in separation on the 
addition of organic co-solvents such as TFE, which may disrupt inter- and intra-
molecular hydrogen bond networks, potentially hampering purification. Further 
investigation is also advised into the use of ultra-filtration membranes for size 
exclusion. These membranes, commonly used for protein purification, were unable to 
be investigated within the bounds of this work due to time constraints and supply 
delays.  

With the complications encountered with purification of these molecules the simplest 
method to resolve this issue would be the use of fully purified peptides for the 
conjugation reaction. Attempts at the conjugation reaction with fully purified materials 
and stoichiometric amounts of the peptide have the potential to yield the required 
constructs with the purity levels required. Unfortunately given the time constraints of 
this project, full purification of each of the sequences via HPLC prior to conjugation 
was not viable. Work is ongoing in this area 



 

 140 

 



 

 

Chapter 6:  CONCLUDING COMMENTS 
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6.1 Thesis Summary 

The increasing incidence of drug resistant cancers has widely been attributed to the 
inhibition of apoptosis through the over-expression of the anti-apoptotic BCL-2 family 
proteins. The highly active area of Bcl-2 and Bcl-xL research has lead to the 
development of potent small molecule inhibitors targeted at these anti-apoptotic 
proteins. However, these inhibitors have failed to exhibit the same level of potency in 
cancers such as myeloid cell leukaemia that possess high levels of the anti-apoptotic 
protein Mcl-1. Hence there remains a need for the development of therapeutics targeted 
toward Mcl-1, in an effort to re-establish the apoptotic balance within those cancers 
over expressing this protein. Indeed, such new therapies have the potential to exhibit 
lower generic cellular toxicity than those targeted toward more widespread Bcl-2 
proteins, thereby reducing harsh side effects in patients and increasing patient 
compliance and prolonging survival.  

The apoptotic cascade is controlled by a series of complex protein-protein interactions. 
Therefore in an effort to complement and extend the efficacy of existing small molecule 
chemotherapies we designed potential therapeutics, based on proteins demonstrated to 
recognise and bind to Mcl-1. Our second, overarching, design consideration was that 
the selectivity afforded by therapies utilising protein-protein recognition could be 
further enhanced by incorporating any active protein-based systems onto dendrimer-
based assemblies/scaffolds to exploit the multivalent recognition advantages of the 
dendritic architectures. 

To this end we carried out the following investigations in this work. 

(i) The development and testing of a series of poly-arginine tagged, NOXA derived 
peptide sequences (Chapter 2) revealed that the human derived NOXA sequence 
NOXA(19-43) was transported effectively across the cellular membrane and dispersed 
throughout the cytoplasm. Furthermore we were able to show that the synthetic peptide 
NOXA(19-43) was indeed able to inhibit the anti-apoptotic  activity of Mcl-1 in the 
human lymphoma cell line SU-DHL4 with an IC50 of 3µM and a greater than 40% 
increase in observed apoptosis according to Annexin V staining (Chapter 3). However, 
truncation of the NOXA sequence, by removal of the N-terminal residues (-PAELE-) 
and the C-terminal residues (-FRQKLL-), resulted in a complete loss of activity when 
compared to NOXA(19-43). This result is in accordance with recent literature findings 
that the 6 residues directly outside the conserved BH3 region of the NOXA protein (-
FRQKLL-) are essential for promoting Mcl-1 degradation and thereby triggering 
apoptosis. 
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 (ii) The development of a suitable dendritic scaffold for the construction of peptide 
dendrimer conjugates was based on a highly modular, convergent synthetic approach. 
The principles of ‘click’ chemistry were utilised in the development of a linking 
strategy based on the facile reaction between an isocyanate and an amine moiety 
(Chapter 4). A series of component ‘building blocks’ was constructed incorporating the 
bi- and tri functional cores 1 and 36, the peripheral dendrons 29-31, and the internal 
branching unit 42. 

 

 

The overall success of this approach was shown through the successful synthesis of a 
series of dendritic macromolecules bearing 6 (46-48 & 53) or 9 (49-52) peripheral 
functionalities. In all cases the dendritic constructs were obtained in high yield and high 
purity following precipitation or removal of the solvent.  
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Combination of the internal branching unit 42 with a peripheral dendron produced a 
dendritic wedge 55 suitable for the generational like growth of these systems. 
Preliminary results indicated that the construction of systems bearing 12 or 18 
peripheral groups is feasible with this methodology.  

 

(iii) The primary focus for the development of the dendritic constructs in this work was 
the formation of maleimide functionalised dendritic scaffolds for the bio-conjugation of 
cysteine terminated, biologically active peptides. The 6-mer maleimide scaffold 48 was 
utilised in the formation of a number of peptide-dendrimer conjugates (61-64) 
functionalised with a generic 7 residue peptide consisting of lysine and glycine as well 
as a series of conjugates using NOXA derived peptide ‘arms’ (Chapter 5). 
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Cellular testing of the scaffolds was not possible within the time frame of this work due 
to complications encountered in the purification of the final peptide-dendrimer 
conjugates. However, it is evident that this methodology is viable for the construction of 
highly defined peptide-dendrimer conjugates of large molecular weights. 

6.2 Challenges and Future Work 

The challenges encountered with the automated synthesis of the test peptides within this 
work resulted in manual synthetic strategies being adopted. The increased labour 
involved with such a methodology is undesirable for the continued development of this 
work. Future work should investigate the development of automated protocols suitable 
for the synthesis of the NOXA derived sequences.  One potential cause of complications 
during synthesis of our sequences is the presence of the homopolymeric poly-arginine 
tag. During manual synthesis of the sequences multiple coupling reactions were often 
required to ensure the successful coupling of residues within this region.  The addition 
of TFE into the coupling cycle of the automated protocols, combined with the use of a 
resin with low substitution (e.g. 0.02 mmol/g), and an increase in the molar equivalents 
of the amino acids may be successful in producing these sequences more reliably. 

The loss of cellular activity observed on truncating the target NOXA sequence to the 
BH3 only region of the protein has been attributed to the removal of key residues 
(-FRQKLL-). A key focus of continued work in this area should be the synthesis and 
biological testing of sequences reincorporating these residues.  In addition to these 
sequences it is recommended that the use of helix stapling to stabilise secondary 
structures and increase stability in vivo be investigated. Of particular interest will be 
further investigations into the use of NOXA derived systems as co-therapies with 
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known chemotherapeutic agents such as cisplatin, cytarabine and the Bcl-2 inhibitor 
ABT-737. 

The incorporation of the internal branching unit into our modular synthetic scheme 
revealed the potential for our systems to be expanded for the development of highly 
ordered dendritic macromolecules, bearing 12 or 18 peripheral functionalities. 
However, the preliminary studies carried out here require optimisation in order for the 
full array of dendritic constructs to be realised. 

Our initial studies into the formation of peptide dendrimer-conjugates were hampered 
by complications with the purification of the final constructs. Further investigation into 
the construction of these systems should focus on the use of fully purified peptide 
reagents to reduce the components present that can potentially undergo supramolecular 
interactions with the completed dendritic macromolecules. Additionally the use of ultra-
filtration membranes for separation of the completed conjugates should be investigated 
along with the incorporation of chaotropic salts or organic co-solvents such as TFE. The 
incorporation of these methods is likely to yield peptide-dendrimer constructs of a 
highly defined chemical composition and purity suitable for biological testing. 
Furthermore, the recommended alterations to the peptide design such as helix stapling 
and incorporation of the 6 critical C-terminal residues should be carried through into the 
formation of the peptide-dendrimer conjugates. These constructs can then be tested for 
increased efficacy over their monovalent peptide counterparts.   

6.3 Conclusions 

The results outlined here highlight the potential for peptide-based therapies targeted at 
Mcl-1 to provide novel solutions to the increasing challenges presented by drug 
resistant cancers. In particular, the multivalent systems proposed here have the potential 
to provide novel pharmaceuticals that when used in conjunction with known Bcl-2 
inhibitors such as ABT-737 may lead to the effective treatment of cancers such as 
myeloid cell leukaemia and B-cell lymphoma. It remains unlikely that a small molecule 
will be able to interact with the long flat binding groove of the Mcl-1 protein in such a 
way as to induce degradation and promote apoptosis.  

Although the work contained in this dissertation has focused on the application of these 
systems to inhibition of the pro-apoptotic protein Mcl-1, the modular nature of the 
synthetic design allows it to be adapted to incorporate any cysteine terminated peptide 
or thiol containing molecule thus providing exciting avenues for future research.  
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7.1 Peptide Synthesis: Materials and Methods 

7.1.1 Materials 

For peptide synthesis DCM was distilled over calcium hydride under a nitrogen 
atmosphere and stored on 4Å molecular sieves directly prior to synthesis. All other 
chemicals and solvents were used as provided from commercial sources. Dimethyl 
formamide, piperidine, DIPEA and trifluoroacetic acid were sourced from Auspep Pty. 
Ltd. (Australia) and Nova Biochem (Distributed through Merck Biosciences) 
(Australia) as peptide synthesis grade reagents. All amino acids were sourced as their N-
α Fmoc protected derivatives, from both Auspep (Australia) and Nova Biochem 
(Australia), with the appropriate corresponding side chain protection shown in Table 
7-1. HBTU was sourced from G L Biochem (Shanghai, China) and used in the absence 
of HOBT. All other chemicals were sourced from Sigma Aldrich and used as provided. 

Nα-Fmoc-L-Amino Acid Side Chain 
Protecting Group 

Molecular Weight 
(g/mol) 

Aspartic Acid (D) OtBu 411.4 
Threonine (T) tBu 397.5 

Glutamine (Q) Trt 610.7 
Glycine (G) - 297.3 
Arginine (R) Pbf 648.7 

Valine (V) - 339.4 
Alanine (A) - 311.34 

Asparagine (N) Trt 596.7 
Glutamic Acid (E) OtBu 425.5 
Leucine (L) - 353.4 
Lysine (K) Boc 468.5 
Serine (S) tBu 383.4 
Cysteine (C) Trt 585.7 

Table 7-1: Amino acids and the corresponding side chain protecting groups used for solid 
phase peptide synthesis in this work. 

As per convention, peptide sequences are written left to right with respect to N to C 
terminus orientation. 

7.1.2 Manual Peptide Synthesis General Protocols 

General protocols for peptide synthesis were adapted from literature standards184,185 with 
minimal changes. Kaiser tests were performed directly after washing the resin with 
DCM, prior to the final rinse with DMF. This reduces the chance of misleading test 
results as a consequence of possible amine contamination in the DMF. 
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7.1.2.1 Protocol 1 – Resin Preparation: Swelling 

The dry resin was weighed out and placed in the appropriately sized reaction vessel and 
DCM added until the resin bed was fully immersed. The resin suspension was gently 
mixed for 30mins and excess DCM removed by vacuum filtration. The resin bed was 
then rinsed with one volume (10ml) of DMF. 

7.1.2.2 Protocol 2 –Nα  FMOC Removal (Deprotection) 

The reaction vessel was filled to 2/3 volume with the appropriate deprotection solution 
(80:20 DMF/piperidine) and the mixture stirred for 20 minutes before removal of the 
solution by vacuum filtration. Thorough washing of the resin bed was carried out 
according to protocol 3 prior to testing the resin using the colorimetric Kaiser test. Once 
a positive Kaiser test result was achieved the resin was rinsed with 1 volume of DMF 
prior to proceeding. 

7.1.2.3 Protocol 3 – Resin Washing  

The reaction vessel was filled 2/3 volume with DMF (~10ml) and the resin suspension 
left to stand briefly (10s) before the solvent was removed by vacuum filtration. To 
ensure thorough washing and complete removal of un-reacted reagents this process was 
repeated a further two times with DMF and then twice with DCM. 

7.1.2.4 Protocol 4 – Coupling of amino acids via HBTU 

The appropriate N-α Fmoc-protected amino acid residue (3eq) was added as a solid to 
the resin bed and the reaction vessel filled to 2/3 volume with DMF. The suspension 
was then agitated for 10-20s prior to the addition of DIPEA (3.5-4eq) and the mixture 
agitated to ensure complete dissolution of all reactants. HBTU (2.9eq) was added and 
the mixture stirred for 20 minutes. After 20 minutes, TFE (0.5ml) was added to the 
reaction vessel and the mixture stirred for an additional 10mins before removal of the 
coupling mixture by vacuum filtration. The resin bed was then washed thoroughly 
according to protocol 3. The success of the coupling cycle was monitored for each 
residue using the Kaiser test. In the event of a positive test result the coupling cycle was 
repeated until a negative test was achieved. 

7.1.2.5 Protocol 5 – Capping 

The reaction vessel was filled to 2/3 volume with capping solution (50/50 DCM/acetic 
anhydride) and the reaction vessel agitated for 7 minutes prior to removal of the capping 
solution by vacuum filtration. Thorough washing of the resin bed was carried out using 
3 portions of DCM before an additional rinse cycle according to protocol 3. 
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7.1.2.6 Protocol 6 (a) – N - Terminal Fluorescent Labelling FITC 

Fluorescein isothiocyanate (2.5eq) was added to the resin bed as a solid and the reaction 
vessel filled to 2/3 volume with DMF. The reaction vessel was wrapped in aluminium 
foil to avoid photo-bleaching of the fluorescent label and the mixture agitated for 2-8 
Hrs. Excess fluorescein was washed from the resin using protocol 3 and the presence of 
un-reacted amines tested for using the Kaiser test. If coupling was found to be 
incomplete the process was repeated until a negative Kaiser test was achieved. 

7.1.2.7 Protocol 7 – Final Cleavage 

Following attachment of the final residue and removal of the terminal Fmoc group the 
resin bed was washed thoroughly according to protocol 3 and rinsed an additional time 
with 1 volume (10ml) of DCM. The cleavage cocktail (TFA:H2O:TIS, 95:2.5:2.5) was 
added to the resin bed (10ml) and the mixture agitated for 1hr. The filtrate was collected 
and the resin bed rinsed with an additional volume of the cleavage mixture. The crude 
peptide was precipitated from the collected filtrate using cold Et2O (~20ml, -20°C) and 
the suspension centrifuged for 5min at 1000g. The resultant pellet was washed twice 
with cold Et2O (20ml, -20°C, centrifugation 1000g, 5min) to remove residual TFA, the 
ether layer discarded and the crude solid lyophilised.  The crude peptides were 
lyophilised to dryness and stored under N2 at -20°C prior to purification. Fluorescently 
labelled samples were stored wrapped in aluminium foil to avoid photo bleaching of the 
fluorescent label. 

7.1.2.8 Ninhydrin (Kaiser) Test 

The ninhydrin (Kaiser) test is a qualitative test for the presence of free amino groups. In 
all cases Ninhydrin tests were carried out via the addition of two drops of each of the 
three component solutions: 5% Ninhydrin in EtOH (w/v) (A), 80% phenol in EtOH (B) 
& KCN in pyridine (2mL 0.001M KCN in 98mL pyridine) (C) to a small sample (3-5 
beads) of the solid phase resin. The mixture was then heated to ~120°C for 4-6min. The 
presence of resin bound free amines is indicated by the formation of a dark blue - violet 
colouration of the beads. In the case of Pro, Asn and Asp a dark, reddish brown colour 
is observed.185 On successful coupling of Fmoc protected amino acids the Kaiser test 
produces a negative result with the resin remaining clear/ yellow in colour. 

7.1.3 Protocols for automated Synthesis 

For the most part, sequences for this work were synthesised using the manual protocols 
mentioned above. However, at varying times throughout the project automated 
synthesis was attempted using an Advanced Chemtech Omega 396 automated 
synthesiser. Attempts to synthesise peptides in this manner were conducted using the 
following protocols. 
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All reactions were carried out in the 3ml 96-well reactor block with all wells not in use 
appropriately blocked. Mixing of the reaction vessels was carried out via agitation of 
the reaction block at 600rpm. Resin swelling was achieved in dry DMF (1ml) for 
30mins prior to commencement of the first reaction cycle. 

Deprotection cycle:  Piperidine (1mL, 20% in dry DMF) was added to the resin and the 
suspension mixed for 5min.  The reactor wells were emptied and the resin deprotected 
for a further 20min with fresh piperidine (1mL, 20% in dry DMF) before being washed 
with dry DMF (1mL, 60s per wash, 3 washes).   

Coupling cycle:  The amino acid monomer solution (250µL, 0.5M in dry DMF), HBTU 

(250µL, 0.49M in dry DMF) and base mix (250µL, 0.4M DIPEA in dry DMF) was 
added to the resin bed and the suspension mixed for 30min.  The reactor wells were 
emptied and the resin washed with dry DMF (1mL, 60s per wash, 3 washes).    

Capping reaction:  Capping reagent (1mL, 5% acetic anhydride, 6% lutidine in dry 
DMF) was added to the resin and mixed for 10min.  The resin was again washed with  

DCM (1mL, 60s per wash, 3 washes) and DMF (1mL, 60s per wash, 3 washes). 
Synthesis was carried out in the C- to N-terminal direction and the deprotection-
coupling-capping cycle repeated until the final residue was attached.   

Final deprotection and cleavage from resin:  Two deprotection reactions (as described 
above) were performed on the last residue (N-terminus) to ensure complete deprotection 
of the N-terminal amino functionality.  The resin was washed with dry DMF (1mL, 60s 
per wash, 3 washes) then dry DCM (1mL, 60s per wash, 3 washes).  To remove the 
peptide from the support, and remove side chain protection groups, the resin was 
incubated with cleavage reagent (1mL, 20% m-cresol in TFA) for 2h with mixing.  A 
second incubation with cleavage reagent (2mL, 20% m-cresol in TFA) was performed 
for 30min without mixing.  The cleavage product was precipitated with cold diethyl 
ether and washed as per the protocol used for manual solid phase peptide synthesis 
described above. Over the course of the project different coupling times were also 
trialled (30min, 2x20min, 1hr).  

7.1.4 Attempted synthesis of NOXA derived peptides by automated protocols 

7.1.4.1 Attempted synthesis of NOXA5R and SCRAM5R 

NOXA5R: PAELEVECATQLRRFGDKLNFRQKLLRRRRR 

SCRAM5R: CLPRFDTQGRVRANEAQLKEELEKLLFRRRRR 
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50mg of resin per well (0.6mmol/g resin) with 5x excess of amino acid residue used per 
coupling cycle. The wells were set up for a total of 4 wells (2 wells per sequence). 

Synthesis was lost due to a machine error (loss of pressure sensor on the machine) 
encountered at residue 21. The pressure sensor was disabled and the synthesis restarted 
however no precipitate was collected following cleavage and work up of the reaction 
mixture. Diluter valves on the machine were replaced in an attempt to rectify the 
delivery problems. 

7.1.4.2 Attempted synthesis of FITC labelled tNOXA5R and tNOXA5R(CtoS) 

tNOXA5R: FITC-VECATQLRRFGDKLNRRRRR 

tNOXA5R(CtoS): FITC-VESATQLRRFGDKLNRRRRR 

50mg of resin per well (0.7mmol/g resin) with 5x excess of amino acid residue used per 
coupling cycle. The wells were set up for a total of 8 wells (4 wells per sequence). 

Synthesis ran to completion following an error with the washing protocol at residue 7, 
which was corrected, and the synthesis restarted. On cleavage the delivery syringe was 
observed to not be filling correctly, inspection of the final volume within the cleavage 
vials confirmed varying TFA volumes. On precipitation in ether no precipitate was 
observed for wells 4-8 and only minimal amounts obtained for wells 1-2. Inspection of 
the crude solid obtained by MALDI-TOF MS showed no indication of the completed 
peptide sequence. 

7.1.4.3 Attempted synthesis of cysteine terminated Cys-tNOXA5R(CtoS), Cys-
tSCRAM5R and Cys-tNOXA5R(KtoE) 

Cys-tNOXA5R(CtoS): VESATQLRRFGDKLNRRRRR 

Cys-tSCRAM5R: DTQGRVRANEAQLKERRRRR 

Cys-tNOXA5R(KtoE): VESATQLRRFGDELNRRRRR 

Synthesis was attempted with 2 wells per sequence and was unsuccessful with no 
product obtained. 

7.1.4.4 Attempted synthesis of fluorescently labelled tNOXA using 5-
carboxyfluorescein tNOXA: Fluorescein-VECATQLRRFGDKLN 

2 wells were prepared for the synthesis (50mg resin / well) however, machine error 
during the synthesis resulted in no formation of the target sequence. 

 

7.1.5 Purification 

HPLC of sequences was carried out on a Varian Star HPLC system fitted with high-
pressure degasser and a ProStar 300 dual wavelength detector. The HPLC trace was 
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monitored at a wavelength of 215nm (peptide bond) and 494nm where appropriate for 
sequences tagged with fluorescein. Column specification: Agilent Technologies 
Zorbax® 300SB-C18 analytical (4.6x150mm 5-Micron) and semi-preparative 
(9.4x250mm 5-Micron), columns were heated mildly to a constant temperature of 40°C. 
Gradients of 0.1% (w/v) TFA/H2O (solvent A) and 0.1% (w/v) TFA/MeCN (Solvent B) 
were used as the mobile phase.  Gradients were optimised for each sequence to provide 
adequate peak separation while minimising run times where possible. 

7.1.6 Characterisation 

7.1.6.1 Mass Spectrometry 

Mass Spectra were recorded on a Waters ZQ4000 LCMS with an ESCI source 
(multimoding source - ESI and APCI) or a Fisions VG-Platform II Spectrometer, 
LCMS connected to a Waters 600 HPLC with Waters 486UV/Vis detector running a 
liquid phase of formic acid / acetonitrile. Data acquisition and processing was done 
using MassLynx™ Version 4.0 SP4 (Waters) software. Peptide masses were resolved 
using MaxEnt1 and Transform for peptide and protein deconvolution as supplied with 
MassLynx™. MALDI-TOF Mass spectrometry was carried out on a Shimadzu Axima-
CFR Kompact MALDI-TOF MS with a nitrogen laser at 337nm. Data acquisition and 
processing was carried out using Launchpad V2.3.4 software. Laser powers were 
dependent on sample behaviour, mode (linear / reflectron) and matrices as specified 
below. Matrix and calibration chemicals were sourced from Sigma-Aldrich and diluted 
to appropriate concentrations between 5 and 20pmol using 0.1% TFA in H2O. 
Calibration of the spectra was carried out using either in spot or off spot external 
calibration techniques where appropriate. Angiotensin II (1046.54 Da) and Porcine 
Insulin (5777.60 Da) were used routinely for calibration. The larger calibrants Ubiquitin 
(8564.90 Da) and trypsinogen (23981.00 Da) were used for calibration of the peptide-
dendrimer conjugates. Where necessary matrix peaks were also included for low mass 
calibration.  

7.1.6.2 Circular Dichroism 

CD spectra were recorded at Griffith University Nathan on a Jasco 715 CD Polarimeter. 
Samples were recorded at room temperature using 0.1cm cuvettes and the machine 
calibrated with d10-camphor sulphonate. For the initial studies on NOXA(18-43) the 
peptides were dissolved in 30mM Sodium phosphate buffer (pH 7) or 20mM sodium 
phosphate buffer (pH 7) supplemented with 20% trifluroethanol. A blank spectrum was 
recorded and subtracted from the sample spectra obtained from two sequential scans. 
For the truncated sequences a series of samples were prepared from 0-30% TFE (NMR 
grade) and the spectra acquired from five sequential scans. 
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7.2 Synthesis of NOXA derived peptides via manual procedures 

The standard overview of the cycle arrangement used for the manual solid phase 
synthesis of peptides is provided in Figure 7-1 below.   

 

 

Figure 7-1: Standard cycle arrangement for peptide chain elongation 

7.2.1 Synthesis of the 31 residue target and control peptides 

7.2.1.1 Synthesis of the target peptide NOXA(18-43)5R 

PAELEVECATQLRRFGDKLNFRQKLLRRRRR 

Synthesis 1: 50:50 resin split for FITC labelling 

Synthesis of the peptide was performed according to the general protocols listed for 
manual synthesis (Section 7.1.2) with a standard cycle following the procedure outlined 
in Figure 7-1. PAL resin 0.5mmol/g 100-200mesh (200mg, 0.1mmol); HBTU (0.110g, 
0.29mmol), DIPEA (0.4mmol, 0.07ml), 0.3mmol of amino acid per coupling cycle with 
a total of 31 cycles. Pro (0.101g), Ala (0.093g), Glu (0.128g), Leu (0.106g), Val 
(0.102g), Cys (0.176g), Thr (0.119g), Gln (0.195g), Arg (0.195g), Phe (0.116g), Gly 
(0.089g), Asp (0.123g), Lys (0.140g), Asn (0.106). Double couplings were required for 
cycles: 6(Leu) and 8(Lys). Additional deprotection time required for cycles: 9(Gln), 
11(Phe), 15(Asp), 16(Gly), 24(Cys) and 25(Glu) (numbers refer to residue number 
being attached. Numbering is based on position in sequence with residues numbered 
from C-terminus (resin end) to N-terminus). On completion of the sequence the resin 
bed was split into two samples with 50% assigned for labelling with FITC and the 
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remaining resin portion to be cleaved. The unlabelled sequence was cleaved in error 
prior to final deprotection leaving the Nα- FMOC functionality attached to the 
sequence. Attempts at purifying the sequence with the group attached were unsuccessful 
with the sample “sticking” to the C18 stabilised column. Subsequent treatment of the 
cleaved sequence with 20% piperidine in DMF to remove the Fmoc protection resulted 
in degradation and loss of the sequence during work up. 

FITC labelling of 50% resin  

FITC-PAELEVECATQLRRFGDKLNFRQKLLRRRRR 

The remaining 50% of the resin was treated with FITC as per protocol 6a (7.1.2.6), 
2.5eq of FITC was used (0.146g) with a coupling time of 2hrs. Final cleavage was 
performed according to protocol 7 (7.1.2.7) and the crude product obtained as a bright 
yellow solid. The crude product was solubilised in aqueous TFA (0.1%) and MeCN 
(20:80). This combination provided the greatest solubility however for complete 
solubilisation > 50ml was required. Optimisation of the HPLC gradient resulted in a 
gradient of 0.5% (w/v) aq TFA (solvent A) and 0.5% TFA/MeCN (solvent B) being 
selected. Gradient conditions were 0-20min, 25-45%B; 20-35min, 45-55%B; 35-45min, 
55-80%B.  The product had a retention time of 30.1mins affording 7.6mg after 
lyophilisation with a 95% purity calculated by analytical HPLC. Expected Mass: 4243 
Da MALDI-TOF MS found: 4239.26 Da. Off-spot calibration, mass difference is within 
potential error range of ±0.1%. 

Repeat synthesis of FITC-NOXA5R:  

PAL resin 0.5mmol/g 100-200mesh (200mg, 0.1mmol), HBTU (110mg, 0.29mmol), 
DIPEA (0.4mmol, 0.07ml), 3 eq. amino acid per coupling cycle (0.3mmol) with a total 
of 31 cycles. Pro (0.101g), Ala (0.093g), Glu (0.128g), Leu (0.106g), Val (0.102g), Cys 
(0.176g), Thr (0.119g), Gln (0.195g), Arg (0.195g), Phe (0.116g), Gly (0.089g), Asp 
(0.123g), Lys (0.140g), Asn (0.106).  The crude peptide was solubilised and purification 
carried out as per the first synthesis. Two major peaks were identified, rt 27min Obs. 
Mass MALDI-TOF MS 4253.91 Da calc. 4243.92 Da (full length with label, 2.8mg 
after lyophilisation. This sample was not used for cell testing) and rt 21min Obs. Mass 
MALDI-TOF MS 3757.90 Da, calc. 3758.39 Da (full length peptide less label and final 
residue, 6.4mg after lyophilisation). 

7.2.1.2 Synthesis of the control peptide SCRAM5R 

CLPRFDTQGRVRANEAQLKELEKLLFRRRRR 

PAL resin 0.5mmol/g 100-200mesh (200mg, 0.1mmol), HBTU (110mg, 0.29mmol), 
DIPEA (0.4mmol, 0.07ml), 3 eq. amino acid per coupling cycle (0.3mmol) with a total 
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of 31 cycles. Pro (0.101g), Ala (0.093g), Glu (0.128g), Leu (0.106g), Val (0.102g), Cys 
(0.176g), Thr (0.119g), Gln (0.195g), Arg (0.195g), Phe (0.116g), Gly (0.089g), Asp 
(0.123g), Lys (0.140g), Asn (0.106). A reduced volume of TFE (0.5ml) was used per 
coupling cycle and was only added from residue 4. Double couplings were required for 
cycles: 1(Arg), 2(Arg), 4(Arg), 15(Gln), 20(Arg). Additional deprotection time required 
for cycles: 7(Leu), 27(Phe), 30(Leu) (numbers refer to residue number being attached. 
Numbering is based on position in sequence with residues numbered from C-terminus 
(resin end) to N-terminus). The peptide sequence was labelled with FITC (0.292g) with 
a coupling time of 2Hrs prior to cleavage using protocol 7 (7.1.2.7). The crude product 
was solubilised in 0.1% aq TFA and purified using HPLC with the following gradient: 
0-10min, 15-30%B; 10-35min, 30-37%B; 35-45min, 37-75%B. Two main peaks were 
identified and collected. rt 30.3min major labelled peak corresponding to the full-length 
peptide Calc. mass 4244.89 Da MALDI-TOF MS Obs. Mass 4243.92 Da and a major 
unlabelled peak with a RT of 26.8min MALDI-TOF MS Obs. Mass: 3774.20 Da 
[M+Na], corresponding to the target sequence less FITC and terminal Cys residue, calc. 
Mass: 3752.37 Da. Both peaks were collected and yielded 2.5mg and 7.7mg 
respectively after lyophilisation. 

7.2.1.3 Synthesis of cysteine terminated HIV-Tat 

FITC-RKKRQRRRC 

Rink resin 0.7mmol/g loading (500mg, 0.35mmol), HBTU (0.385g, 1.015mmol), 
DIPEA (0.181g, 0.244ml, 1.4mmol), 3eq. of amino acids per coupling cycle 
(1.05mmol) with a total of 9 cycles. Arg (0.681g), Cys (0.615g), Lys (0.492), Gln 
(0.641g). This sequence provided fewer possibilities for synthetic complications with no 
poly arginine tail and requiring the attachment of only 9 residues. TFE was only added 
to coupling cycles after Kaiser tests indicated a reduction in coupling efficiency, TFE 
was added from cycle 7 onwards. Double couplings were required for cycles: 2(Arg) 
and 9(Arg) (numbers refer to residue number being attached, numbering is based on 
position in sequence with residues numbered from C-terminus (resin end) to N-
terminus). The crude peptide was stored at -20°C in a solution of aq TFA (0.1%) 
resulting in the degradation of the target sequence via Edman degradation. 

7.2.2 Synthesis of truncated NOXA peptides for biological assay 

7.2.2.1 Synthesis of tNOXA5R  

VECATQLRRFGDKLNRRRRR 

RINK amide resin 0.7mmol/g (200mg, 0.14mmol), HBTU 2.9eq (154mg, 0.40mmol), 
DIPEA 3.5eq (0.50mmol, 85µl), 3 eq. amino acid per coupling cycle (0.42mmol) with a 
total of 20 cycles.  Ala (0.131g), Glu (0.179g), Leu (0.148g), Val (0.143g), Cys 
(0.123g), Thr (0.167g), Gln (0.108g), Arg (0.272g), Phe (0.163g), Gly (0.125g), Asp 



 

 159 

(0.173g), Lys (0.197g), Asn (0.125g).  Double couplings were required for cycles: 
3(Arg) and 8(Lys) (numbers refer to residue number being attached. Additional 
deprotection time required for cycle 2(Arg). Numbering is based on position in 
sequence with residues numbered from C-terminus (resin end) to N-terminus). The resin 
was split 50:50 after the final deprotection step but prior to final cleavage. One portion 
of resin was labelled with FITC as per protocol 6a (this sample was lost to Edman 
degradation during storage). The un-labelled portion was cleaved according to protocol 
7 and the crude peptide isolated as a white powder after lyophilisation. The crude 
product was solubilised in aqueous TFA (0.1%) and purified using HPLC. Optimisation 
of the HPLC gradient was carried out using a combination of 0.1% (w/v) aq TFA 
(solvent A) and 0.1% TFA/MeCN (solvent B). Final gradient conditions were 0-20min, 
5%-35%B; 20-35min 35-40%B; 35-60min, 40-90%B. The major product had a 
retention time of 24.6mins affording 5.37mg after lyophilisation Calc. mass: 2529.93 
Da ESI-MS (+ve) found: 2530.00 Da 

7.2.2.2 Synthesis of tNOXA 

VECATQLRRFGDKLN 
RINK amide resin 0.7mmol/g (200mg, 0.14mmol), HBTU 2.9eq (0.154g, 0.40mmol), 
DIPEA 3.5eq (0.50mmol, 85µl), 3 eq. amino acid per coupling cycle (0.42mmol) with a 
total of 15 cycles.  Ala (0.131g), Glu (0.179g), Leu (0.148g), Val (0.143g), Cys 
(0.123g), Thr (0.167g), Gln (0.108g), Arg (0.272g), Phe (0.163g), Gly (0.125g), Asp 
(0.173g), Lys (0.197g), Asn (0.125g). Double coupling was only required for residue 
10(Gln). The resin was split 50:50 after the final deprotection step but prior to final 
cleavage. One portion of the resin was set aside for fluorescent labelling at a later date 
and the resin dried and stored under N2 at -20°C. The second resin portion was cleaved 
according to protocol 7 (7.1.2.7) and the crude peptide isolated as a white powder after 
lyophilisation. The crude product was solubilised in aqueous TFA (0.1%) ~10ml 
(greater aqueous solubility compared to labelled peptides and compared to longer 
sequences) and purified using HPLC with a gradient of 0-40min 5%-50%B: 40-45min 
50-70%B; 45-55min 70%B. The major product had a retention time of 26.4mins 
affording 4.19mg after lyophilisation. Calculated Mass: 1749 Da ESI-MS(+ve) found: 
1749.67 Da. 

7.2.2.3 Synthesis of tNOXA(CtoS)5R 

VESATQLRRFGDKLNRRRRR 
RINK amide resin 0.7mmol/g (200mg, 0.14mmol), HBTU 2.9eq (0.154g, 0.40mmol), 
DIPEA 3.5eq (0.50mmol, 85µl), 3 eq. amino acid per coupling cycle (0.42mmol) with a 
total of 20 cycles.  Ala (0.131g), Glu (0.179g), Leu (0.148g), Val (0.143g), Cys 
(0.123g), Thr (0.167g), Gln (0.256g), Arg (0.272g), Phe (0.163g), Gly (0.125g), Asp 
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(0.173g), Lys (0.197g), Asn (0.251g). Double couplings were required for cycles: 
1(Arg), 6(Asn), 7(Leu), 9(Asp) and 16(Thr) additional deprotection time was required 
for cycle 5(Arg) (numbers refer to residue number being attached. Additional 
deprotection time required for cycles: 2(Arg). Numbering is based on position in 
sequence with residues numbered from C-terminus (resin end) to N-terminus). The 
crude product was solubilised in aqueous TFA (0.1%) and purified using HPLC. 
Optimisation of the HPLC gradient was carried out in a mobile phase of 0.1% (w/v) aq 
TFA (solvent A) and 0.1% TFA/MeCN (solvent B). Gradient conditions were 0-2min 0-
20%B; 2-35min, 20-40%B; 35-50min, 40-92%B. The major product had a retention 
time of 21.6mins affording 3.14mg after lyophilisation. Calc. Mass: 2514.85 Da, ESI-
MS (+ve) found: 2515.00 Da.  

7.2.2.4 Synthesis of tSCRAM5R 

DTQGRVRANEAQLKERRRRR 

RINK amide resin 0.7mmol/g (200mg, 0.14mmol), HBTU 2.9eq (0.154mg, 0.40mmol), 
DIPEA 3.5eq (0.50mmol, 85µl), 3 eq. amino acid per coupling cycle (0.42mmol) with a 
total of 20 cycles.  Ala (0.131g), Glu (0.179g), Leu (0.148g), Val (0.143g), Cys 
(0.123g), Thr (0.167g), Gln (0.256g), Arg (0.272g), Phe (0.163g), Gly (0.125g), Asp 
(0.173g), Lys (0.197g), Asn (0.251g). TFE (0.5ml) was added to coupling cycles after 
residue 3 on an attempt to increase overall yield of the synthesis. Double couplings 
were required for residues: 1(Arg), 2(Arg), 7(Lys) and 17(Gly). Additional deprotection 
time was required for residues 9(Gln) and 13(Ala). The resin was split 50:50 after the 
final deprotection step but prior to final cleavage. One portion of the resin was set aside 
for fluorescent labelling at a later date and the resin dried and stored under N2 at -20°C. 
The second resin portion was cleaved according to protocol 7 (7.1.2.7) and the crude 
peptide isolated as a white powder after lyophilisation. The crude product was 
solubilised in aqueous TFA (0.1%) and purified using HPLC with a mobile phase of 
0.1% (w/v) aq TFA (solvent A) and 0.1% TFA/MeCN (solvent B) and a gradient of 0-
10min 5-20%B; 10-35min 20%B; 35-55min 20-100%B. The major product had a 
retention time of 30.8mins affording 3.93mg after lyophilisation. Expected Mass: 
2494.78 Da ESI-MS  (+ve) found: 2495.0 Da 

Labelling of tSCRAM5R through coupling of 5(6)-carboxyfluorescein 

The stored resin ~100mg was placed into a reactor vial and dry DCM (3ml) added. The 
reaction vessel was agitated for 30min to ensure adequate resin swelling. The resin was 
rinsed with DMF and the solvent removed. Carboxyfluorescein (1.5eq, 0.105mmol, 
40mg) was added to the resin bed and DMF (2ml) added. The reaction vessel was 
agitated to ensure complete dissolution of the carboxyfluorescein before addition of 
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DIPCDI (1.7eq, 0.12mmol, 0.015g, 20µl). The reaction vessel was wrapped in 
aluminium foil and the reaction mixture stirred for two hours. The reagent solution was 
removed by vacuum filtration and the resin washed according to protocol 3 (7.1.2.3) 
prior to testing of the resin using the Kaiser test. A positive test result was achieved and 
labelling procedure was repeated with an increased coupling time of 8hrs. Subsequent 
washing and testing indicated a negative test result and the peptide cleaved from the 
resin according to protocol 7 (7.1.2.7) to afford the crude product as a bright yellow 
solid. The crude product was washed with ether, the pellet dried and stored under N2 for 
later purification.  

7.2.3 Synthesis of Cys terminated peptides for attachment to dendritic scaffolds. 

7.2.3.1 Synthesis of C-tNOXA(CtoS)5R 

CVESATQLRRFGDKLNRRRRR 

RINK amide resin 0.6mmol/g (200mg, 0.12mmol), HBTU 2.9eq (131mg, 0.35mmol), 
DIPEA 4.0eq (0.48mmol, 83µl), 3 eq. amino acid per coupling cycle (0.36mmol) with a 
total of 21 cycles.  Ala (0.112g), Glu (0.153g), Leu (0.127g), Val (0.122g), Cys 
(0.211g), Thr (0.143g), Gln (0.220g), Arg (0.233g), Phe (0.139g), Gly (0.107g), Asp 
(0.148g), Lys (0.169g), Asn (0.215g), Ser (0.138g). Double couplings were required for 
cycles: 1(Arg), 6(Asn), 7(Leu), 9(Asp) and 16(Thr). Additional deprotection time 
required for cycle 3(Arg). Numbering is based on position in sequence with residues 
numbered from C-terminus (resin end to N-terminus). The peptide was cleaved from the 
resin according to protocol 7 (7.1.2.7) and the crude peptide isolated as a white powder 
after lyophilisation. MALDI-TOFMS of the crude product confirmed the presence of 
the target peptide Calc Mass 2617.01 Da, Obs. Mass 2616.6 Da. 

7.2.3.2 Synthesis of Cys-tSCRAM5R 

CDTQGRVRANEAQLKERRRRR 

RINK amide resin 0.7mmol/g (200mg, 0.14mmol), HBTU 2.9eq (154mg, 0.40mmol), 
DIPEA 4.5eq (0.50mmol, 85µl), 3 eq. amino acid per coupling cycle (0.42mmol) with a 
total of 21 cycles.  Ala (0.131g), Glu (0.179g), Leu (0.148g), Val (0.142g), Cys 
(0.123g), Thr (0.167g), Gln (0.256g), Arg (0.272g), Phe (0.139g), Gly (0.125g), Asp 
(0.173g), Lys (0.197g), Asn (0.149g). Coupling cycles were adapted to be 20mins in 
length before TFE (0.5ml) addition and a further coupling time of 20mins. Double 
coupling was only required for cycle 17(Gly). Additional deprotection time required for 
cycle 19(Thr). Numbering is based on position in sequence with residues numbered 
from C-terminus (resin end to N-terminus). The peptide was cleaved from the resin 
according to protocol 7 (7.1.2.7) and the crude peptide isolated as a white powder after 
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lyophilisation. MALDI-TOFMS of the crude product confirmed the presence of the 
target peptide: Calc Mass 2596.39 Da, Obs. Mass 2597.3 Da. 

 

7.2.3.3 Synthesis of C-tNOXA(CtoS)5R with KtoE substitution at residue14 

CVESATQLRRFGDELNRRRRR 

RINK amide resin 0.7mmol/g (200mg, 0.14mmol), HBTU 2.9eq (154mg, 0.40mmol), 
DIPEA 4.5eq (0.50mmol, 85µl), 3 eq. amino acid per coupling cycle (0.42mmol) with a 
total of 32 cycles.  Ala (0.131g), Glu (0.179g), Leu (0.148g), Val (0.142g), Cys 
(0.123g), Thr (0.167g), Gln (0.256g), Arg (0.272g), Phe (0.139g), Gly (0.125g), Asp 
(0.173g), Lys (0.197g), Asn (0.149g). Coupling cycles were adapted to be 20mins in 
length before TFE (0.5ml) addition and a further coupling time of 20mins. Double 
coupling was required for cycles: 2(Arg), 3,(Arg) and 5(Arg). Numbering is based on 
position in sequence with residues numbered from C-terminus (resin end to N-
terminus). The peptide was cleaved from the resin according to protocol 7 (7.1.2.7) and 
the crude peptide isolated as a white powder after lyophilisation. MALDI-TOF MS of 
the crude product confirmed the presence of the target peptide Calc Mass 2615.96 Da, 
Obs. Mass 2616.2 Da. 

7.2.3.4 Synthesis of Cys-NOXA(18-43)5R with Cys to Ser substitution 

CPAELEVESATQLRRFGDKLNFRQKLLRRRRR 

RINK amide resin 0.7mmol/g (200mg, 0.14mmol), HBTU 2.9eq (154mg, 0.40mmol), 
DIPEA 4.5eq (0.50mmol, 85µl), 3 eq. amino acid per coupling cycle (0.42mmol) with a 
total of 32 cycles.  Ala (0.131g), Glu (0.179g), Leu (0.148g), Val (0.142g), Cys 
(0.123g), Thr (0.167g), Gln (0.256g), Arg (0.272g), Phe (0.139g), Gly (0.125g), Asp 
(0.173g), Lys (0.197g), Asn (0.149g). Coupling cycles were adapted to be 20mins in 
length before TFE (0.5ml) addition and a further coupling time of 20mins. Double 
coupling was required for cycles: 4(Arg), 18(Arg), 19(Arg), 23(Ala) and 24(Ser). 
Numbering is based on position in sequence with residues numbered from C-terminus 
(resin end) to N-terminus). The peptide was cleaved from the resin according to 
protocol 7 (7.1.2.7) and the crude peptide isolated as a white powder after 
lyophilisation. MALDI-TOFMS of the crude product confirmed the presence of the 
target peptide: Calc Mass 3942.59 Da, Obs. Mass 3945.8 Da. 
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7.3 Biological Testing 

7.3.1 Cell Culture 

SU-DHL-4 cells were obtained from the QIMR Leukaemia Research Facility. Cells 
were cultured in RPMI-1640 medium and supplemented with 10% foetal bovine serum 
(JRH Biosciences, Lenexa, KAN). Cells were incubated at 37°C in a 5% CO2 / 95% 
humidified air atmosphere. Cell cultures were split at 70-80% confluence and media 
refreshed every two days.  

7.3.2 Microscopy  

Confocal microscopy was performed by Joanne Cox at QIMR on a Leica TCS SP2 
using a scan speed of 400.  All cell images were taken using a 100X oil immersion 
objective lens. Images were taken after 24hrs incubation of the SU-DHL-4 cells with 
the FITC-labelled NOXA5R peptide. 

7.3.3 Determination of cell viability by MTS cell proliferation assay 

Stock solutions of the NOXA peptides were prepared to 5mM in MQ water and the 
stock solutions diluted to the required concentrations with RPMI-1640 for testing. Cells 
were plated into 96 well microtitre plates with a cell concentration of 6x105 cells. Cells 
were treated with the peptide solution and incubated for 3-4hrs prior to the addition of 
11µl of FCS. Cells were incubated for a total of 48hrs and MTS assays performed 
according to the manufacturer’s instructions (Promega, Australia). All experiments 
were conducted in triplicate and repeated. Cell viability was determined from the 
absorbance of the cells at 490nm as recorded on an ELISA 96-well plate reader. 

7.3.4 Flow cytometry using Annexin V staining for apoptosis detection. 

Apoptosis was determined using Annexin V cell staining with 7-amino-actinomycin-D 
(7AAD) used as the cell death marker. Sample cells were washed in PBS and 
resuspended in 2ml of 1x Annexin V binding buffer (10mM HEPES pH 7.4, 140mM 
NaCl, 2.5mM CaCl2). Annexin V-PE (5µl) (BD Pharmingen, San Jose, CA) was added, 
the samples mixed and then incubated at rt for 15mins. Samples were sorted on a FACS 
Calibur (BD Biosciences, San Jose, CA), and data analysed using Summit V3.1 
software (Cytomation Inc, USA). Flow cytometry and analysis was carried out at the 
QIMR with the assistance of Bryan Day. 

7.4 Synthesis of the dendritic scaffolds 

7.4.1 General procedures 

7.4.1.1 Reagents and Solvents  

All commercially available starting materials were used as supplied except where noted 
for compound 12. Solvents were distilled according to literature methods244 and 
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anhydrous solvents were distilled directly prior to use as required. THF and toluene 
were routinely pre-dried over sodium wire then distilled from sodium/benzophenone, 
DCM was dried prior to distillation from CaH2. Et3N in most cases was sourced as 
sureseal™ and packed under N2. DMF was stored under N2 over molecular sieves and 
was sourced as 99.9% Biotech grade solvent. Moisture / air sensitive reactions were 
carried out under a nitrogen atmosphere in oven dried or flame dried glassware. 

7.4.1.2 Purification 

Column chromatography was carried out using Merck silica gel 60Å (230-400 Mesh) as 
the stationery phase and mobile phases adjusted as necessary. Analytical thin-layer 
chromatography was carried out using Merck pre-coated aluminium plates coated with 
silica gel 60 F254 (0.2mm). Plates were visualised using ultra-violet light (λ 254nm) or in 
an iodine vapour tank. High-pressure liquid chromatography (HPLC) was carried out on 
a Varian Star HPLC system fitted with high-pressure degasser and a ProStar 300 dual 
wavelength detector using a C18 Zorbax™ stabilised semi–prep column. Solvents were 
HPLC grade and pre-filtered. Gel permeation chromatography (GPC) was done using a 
Phenomenex Phenogel™ (500Å) analytical column (300x7.8mm) attached to the 
Varian HPLC system as specified above.  

PAGE gels and buffers were prepared according to standard protocols.245 Running 
conditions were carried out as per the method for alkaline gels reported by Sharma et 
al.242,243 Samples were loaded as 20µl aliquots per lane. Loading Buffer: 40% sucrose 
and 2% methylene blue. Running Buffer: 90mM Tris pH 8.3, 80mM boric acid, 2.5mM 
EDTA and 0.19M glycine. Stacking gel 5%: Acrylamide 837µl, 63mM Tris-Cl pH 6.8 

630µl, 0.06% APS 35µl, 0.06% TMED 2µl, diluted to a final volume of 5ml with MiliQ 
H2O. Resolving Gel 20%: Acrylamide 6.7ml, 90mM Tris-Cl pH 8.3 1.8ml, 80mM boric 
acid 1.33ml, 2.5mM EDTA 100µl, 0.1% APS 70µl, 0.038% TMED 3.5µl 

7.4.1.3 Characterisation 

Melting points were recorded using a GallenKamp Variable Temperature Apparatus 
using the capillary method and are uncorrected. Mass Spectra were obtained on a Fisons 
VG-Platform II spectrometer using Mass Lynx Version I (IBM) software for acquisition 
and processing. Electrospray ionisation in positive (ESMS+) and negative (ESMS-) 
modes was used. Where used lithium was added to the ionisation stream as LiBr. 
Fourier transform infra-red (FTIR) spectra were recorded on a Thermo Nicolet-Nexus 
FTIR spectrometer in the region of 4000-400cm-1. Samples were prepared as KBr discs 
and signal intensity was recorded using the following abbreviations: s = strong, m= 
medium and w = weak. NMR spectra 1HNMR (200MHz, 300MHz or 400MHz) and 13C 
(50MHz, 75MHz or 100MHz) were recorded on Varian Gemini, 300MHz Varian NMR 
System or Varian Unity INOVA respectively as stated. Chemical shifts were referenced 
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to the residual solvent peaks: CDCl3
 7.24ppm (1H), 77.23ppm (13C), d6-DMSO 2.50ppm 

(1H), 39.51ppm (13C), D2O 4.80ppm (1H), d6-Acetone 2.05ppm (1H), 29.92ppm (13C), d8-
toluene 2.09ppm (1H), 137.86 (13C) and d7-pyridine 7.22ppm (1H), 150.35 (13C). Spectral 
data is presented according to chemical shift (δ ppm), multiplicity, coupling constants 
(in Hz), integration and assignment respectively. Standard abbreviations for multiplicity 
are used as follows; s: singlet, d: doublet, t: triplet, dd: doublet of doublets, ddd: doublet 
of doublet of doublets, dddd: doublet of doublet of doublet of doublets, dt: doublet of 
triplets ddt: doublet of doublet of triplets, q: quartet, m: multiplet. Elucidation of 
ambiguous 1H and 13C NMR assignments was achieved through the use of 2D NMR 
techniques such as gCOSY, gHSQC or gHMBC where required. High-resolution mass 
spectrometry was carried out by the FTMS Facility Griffith University. Elemental 
analysis of novel compounds was carried out by the Micro analytical Service, 
Department of Chemistry, University of Queensland. 
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7.4.2 Synthesis of the modular components for scaffold construction 

7.4.2.1 Benzene 1,3,5-tricarbonyl azide (2) 

Sodium Azide (6g, 92mmol) was added to a stirred solution of 
benzene 1,3,5-tricarbonyl chloride (2g, 7.54mmol) in dry THF 
(10ml) under an atmosphere of N2. The reaction mixture was 
stirred at RT for 18hrs. The resultant solution was poured into 
an excess of H2O (150ml) and the product extracted with Et2O 

(250ml). The organic fraction was washed with aq NaOH and H2O and dried over 
MgSO4. The solvent was removed in vacuo at RT to yield the product as a white solid 
(959mg, 3.36mmol, 45% Lit.165 71%). IR(KBr) 2149.9cm-1 (s, CON3), 1700.9cm-1 (s, 
C=O). 1H NMR (400MHz, DMSO-d6) δ ppm 8.64 (s, 3H, Ar-H) 13C NMR (100MHz, 

DMSO-d6) δ 170.19 (CON3). 133.68 (ArC-H), 132.05 (ArCq). 

7.4.2.2 Benzene-1,3,5-tricarbamido-N-N-N-tris(acetic acid) (3) 

2M aqueous NaOH solution (25ml) was added 
to a stirred solution of the tri-ester Benzene-
1,3,5-tricarbamido-N,N,N-tris(methyl acetate) 
(2.5g, 6.1mmol) in MeOH (50ml) at 0°C and the 
resultant solution stirred for 3hrs. The resultant 
precipitate was dissolved with the addition of 

H2O (25ml) and neutralised using Amberlite IR-120(H+) ion exchange resin. The resin 
was removed by filtration and the solvents evaporated. The crude product was re-
acidified with 1N HCl in H2O to ensure full conversion from the salt. The product was 
isolated as a fine white powder (1.13g, 2.96mmol, 51%, Lit.117 100%). M.p. 224-226°C 

(Lit.117 224-226°C). ESMS (+ve) 404.1 (MNa+, 65%), ESMS (-ve) 380.1 (M-, 100%). 
1H NMR (400MHz, CDCl3): δ (ppm) 12.65 (br, s, 3H, OH), 9.08 (t, 3H, 3J=6Hz, 
CONH), 8.49 (s, 3H, ArH), 3.96 (d, 6h, 3J=6Hz, CH2); 13C NMR (50MHz, CDCl3): δ 
(ppm) 171.10 (COOH), 165.67 (CONH), 134.51 (ArC), 128.89 (ArC) 41.33 (CH2).  
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7.4.2.3 Benzene-1,3,5-tricarbamido-N,N,N-tris(methyl acetate) (5) 

A solution of benzene 1,3,5-tricarbonyl chloride 
(4g, 15mmol) in DCM (50ml) and DMF (20ml) 
was added drop-wise to a stirred mixture of Gly-
OMe.HCl (7.5g, 60mmol) and triethylamine 
(20.9ml, 150mmol) in DCM / DMF (2:1, 75ml) at 
0°C for 4hrs. The reaction mixture was allowed to 

come to room temperature and stirred overnight. The reaction was filtered; the filtrate 
collected and the solvents removed in vacuo.  The resultant residue was redissolved in 
CHCl3 (200ml) and washed with 5%aq HCl (2x50ml) Sat. aq NaHCO3 (2x50ml) and 
H2O (1x50ml). The organic phase was collected, dried over MgSO4 and the solvent 
removed in vacuo to give the product as a white powder (3.89g, 9.2mmol, 61%, Lit.117 
56%). mp 180-182.2°C (Lit.117 181-183°C). ESMS (+ve) 446.2 (MNa+, 100%), 430.0 
(MLi+, 100%), 424.5 (M+, 65%). 1H NMR (200MHz,) δ (ppm) 8.19 (3H, s, ArH), 7.99 
(3H, t, 3J=6Hz, NH), 4.15 (6H, d, 3J=6Hz, CH2), 3.77 (9H, s, CH3); 13C NMR (50MHz,) 
δ (ppm) 171.22 (CONH), 166.67 (COOCH3), 134.55 and 128.79 (ArC), 52.68 (OCH3). 
42.12 (NHCH2). 

7.4.2.4 5-[(tert-Butyloxycarbonyl)amino]-isophthalic acid (7) 

Di-tert-butyl-dicarbonate (3.60g, 16.49mmol) was added to a 
stirred solution of 5-aminoisopthalic acid (3.0g, 16.5mmol) in 
DMF (30ml) and the solution stirred o/n at room temperature. 
The resultant liquor was poured into an excess of dilute acid 
(1M HCl) (200ml) and the precipitate collected by filtration. 
The precipitate was redissolved in a minimum amount of 
DMF and the procedure repeated, yielding the product as a 

fine white powder (3.4g, 12.1mmol, 73%). M.p. >250°C decomp. , Lit. >250°C 
decomp.246 (ESMS) (-ve) 280.2 (MH-, 100%), 1H NMR (300MHz, d6DMSO): δ (ppm) 
13.17 (2H, brs, OH), 9.78 (1H, s, NH), 8.30 (2H, d, 4J= 2Hz, ArH), 8.08 (1H, t, 4J=2Hz, 
ArH), 1.47 (9H, s, CH3); 13C NMR (75MHz, , d6DMSO) δ (ppm) 166.55 (OC=O), 
152.73 (ArC=O), 140.25 (ArC), 131.64 (ArC), 123.47 (ArC), 122.50 (ArC), 79.69 (Cq-
CH3), 28.05 (CH3). 
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7.4.2.5 Methyl 3-((2-(Methoxycarbonyl)ethyl)amino)propionate (9) 

Prepared according to published procedures.231 A solution of acetyl 
chloride (14.9g, 0.19mol, 13.5ml) in methanol (70ml) was heated 
at reflux for 5min. 3,3’-iminobis-(propionitrile) (5g, 0.04mol, 
4.9ml) was then added and the reaction mixture refluxed for 8hrs. 
An additional volume of acetyl chloride (5.5g, 0.07mol, 5ml) was 

added and the reaction kept at reflux for a further 3hrs before cooling to room 
temperature overnight. The cooled mixture was filtered and the filtrate evaporated in 
vacuo to give the desired hydrochloride in quantitative yield as a hydroscopic white 
solid (9.13g, 40mmol, 99%, Lit.231 88%). ESMS (+ve) 190.11 (MH+, 100%), 1H NMR 
(400MHz, D2O) δ (ppm) 3.62 (s, 6H, CH3), 3.26 (t, 4H, 3J=6.4Hz, CH2), 2.74(t, 4H, 
3J=6.4Hz, CH2); 13C NMR (100MHz, D2O) δ (ppm) 173.06 (C=O), 52.89 (CH3), 43.28 
(CH2), 30.11 (CH2). 

7.4.2.6 N-(Nα-Benzyloxycarbonylglycinamido)–3,3’–bis(methyl propionate) (12) 

Successful preparation according to Ashton et al. (small scale) 

Et3N (0.76ml, 5.5mmol) was added to a stirred suspension of the hydrochloride salt of 
Methyl 3-((2-(Methoxycarbonyl)ethyl)amino)propionate (1g, 
4mmol) at 0°C and the mixture stirred for 1hr. Diethyl ether 
(5ml) was added and the reaction mixture filtered, the solid 
discarded and the filtrate evaporated at reduced pressure until 
constant weight to give 3-3’- iminobis(methyl propionate) as a 
white solid. The freebase was dissolved in DCM (20ml) and 
the solution brought to 0°C before the addition of DCC 

(0.99g, 4.8mmol) and HOBT (0.65g, 4.8mmol). The amino acid, Z-Gly-OH (1.0g, 
4.8mmol) was dissolved in DMF (8ml) and added drop-wise and the reaction was 
allowed to come to room temperature slowly with stirring for a further 42hrs. The 
reaction mixture was filtered and the solvent removed in vacuo, affording the crude 
product as a clear oil. The oil was re-dissolved in EtOAc and washed successively with 
10% aq HCl (2x15ml), saturated NaHCO3  (2x20ml) and water (2x15ml). The organic 
portion was collected, dried over MgSO4 and the solvent removed in vacuo to give the 
desired product as a clear oil. (0.871g, 2.29mmol, 52% Lit.117 92%) ESMS(+ve) 381.22 
(MH+, 100%), 403.19 (MNa+, 85%). 1H NMR (400MHz, CDCl3) δ (ppm) 7.31 (m, 5H, 
), 5.73 (br, s, 1H, NH), 5.08 (s, 2H, CH2Ph), 4.04 (d, 2H, GlyCH2), 3.67 & 3.64 (s, 3H, 
OCH3), 3.56 (t, 4H, 3J=7Hz, CH2CH2N), 2.58 (t, 4H, 3J=7Hz, CH2N) 13C NMR(75 MHz, 
CDCl3) δ (ppm) 171.33, 172.44 (COOMe), 168.41 (CON), 156.12 (CONH), 136.53 
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(ArC), 128.66 (ArC), 128.13 (ArC), 127.75 (ArC), 66.52 (CH2Ph), 52.14 (COOCH3), 
51.77 (COOCH3), 42.81 (Gly-CH2), 42.18 (CH2N), 44.51 (CH2N),  32.35 (CH2CH2N), 
33.17 (CH2CH2N). 

Repeat of synthesis 5 X scale 

An attempt at increasing the scale of the successful synthesis of 12 was attempted using 
the method as outlined above.  Et3N (3.8ml, 27.5mmol) was added to a stirred 
suspension of the hydrochloride salt (5g, 20mmol) at 0°C and the mixture stirred for 
1hr. Diethyl ether (20ml) was added and the reaction mixture filtered, the solid 
discarded and the filtrate evaporated at reduced pressure until constant weight to give 3-
3’- iminobis(methyl propionate) as a white solid. The freebase was dissolved in DCM 
(100ml) and the solution brought to 0°C before the addition of DCC (4.95g, 24mmol) 
and HOBT (3.15g, 24mmol). The amino acid, Z-Gly-OH (5.0g, 24mmol) was dissolved 
in DMF (20ml) and added drop-wise and the reaction was allowed to come to room 
temperature slowly with stirring for a further 30hrs. Analysis of an aliquot of the 
reaction mixture after 30hrs indicated the reaction had not gone to completion. An 
additional portion of the amino acid starting material and the coupling reagents (DCC 
4.95g, HOBT 3.25g, Z-Gly-OH 5g in DMF 20ml) were added in an attempt to push the 
reaction to completion and the reaction stirred for an additional 30hrs under N2. The 
reaction mixture was filtered and the solvent removed in vacuo, affording the crude 
product as a clear oil. 1H NMR analysis indicated a mixture of materials. Dissolution of 
the crude for column chromatography resulted in the precipitation of a white solid by-
product (DCU). TLC of the filtrate revealed the presence of two components, column 
chromatography of the remaining residue using a mobile phase of 10% EtOAc in DCM) 
afforded a small amount of product (860mg, 2.2mmol, 11%)   

Alterations to the formation of the freebase amine (10) prior to coupling for the 
synthesis of N-(Nα-Benzyloxycarbonylglycinamido)–3,3’–bis(methyl propionate) (12) 

The above reactions (at both scales) were repeated as written with the exception of the 
preparation of the freebase amine prior to coupling. Generation of the freebase was 
achieved via treatment of the HCl salt with sat. aq. NaHCO3 in a biphasic system with 
DCM O/N. The reaction conditions, method of freebase generation and scale according 
to the amount of HCl salt, along with resultant yields and notes on purification 
requirements are listed in Table 7-2 below for the remaining attempts at the synthesis of 
N-(Nα-benzyloxycarbonylglycinamido)–3,3’–bis(methyl propionate) 12. 

Scale Method of freebase 
generation 

Reaction 
time 

Purification requirements Yield 

5g Et3N, 0°C,1hr* 36hrs - - 
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1g Et3N, 0°C,1hr 
5days 

Column chromatography 
5%hexane/ CHCl3 

10mg 
(0.5%) 

1g Sat. aq. NaHCO3/DCM 
18hrs O/N 

- 
- 

1g Sat. aq. NaHCO3/DCM 
18hrs 36hrs 

Column chromatography 
5%hexane/ CHCl3 

200mg 
(10.3%) 

1g DIPEA in situ 36hrs - - 

Table 7-2: Additional reactions carried out for the synthesis of the extended branch 12, 
included are variations in the generation of the freebase amine 10 prior to coupling.  

* Reaction carried out without the addition of HOBT. 

7.4.2.7 Alternate route to the synthesis of N-(Nα-Benzyloxycarbonylglycinamido)–
3,3’–bis(methyl propionate) (12) using Z-Gly-NHS 

 Reaction with Z-Gly-NHS 

Triethylamine (0.37g, 2.2mmol) was added to a suspension of the salt 9 (500mg) in 
CHCl3 (15ml) at 0°C and stirred for 1hr. the reaction mixture was filtered and the 
filtrate evaporated at reduced pressure to afford the freebase as a white solid (~33% 
yield by weight). The freebase was used as is with no purification or characterization in 
the following steps. 
The free base (140mg, 0.74mmol) was dissolved in dry DMF (5ml) and a solution of 
NHS-Glycine-Z in DMF (5ml) was added drop-wise and the reaction maintained at 
between 0–4°C in an ice bath. After the addition the reaction mixture was allowed to 
come to RT and stirred for a further 24hrs. The solvents were removed in vacuo to 
afford the crude product as a yellow oil (952mg). Purification was attempted using 
column chromatography with a mobile phase of 5% MeOH in CHCl3 however NMR 
analysis revealed residual contamination from Z-Gly-OH and starting materials with no 
indication of product formation. 

 Repeat of NHS-Gly-OH (larger scale and under N2) 
The reaction was carried out as per the previous attempt (Attempt 2) with the following 
alterations: Et3N (0.73g, 7.2mmol, 1ml), HCl Salt 9 (1.0g, 4.4mmol) in CHCl3 (30ml), 
affording 756mg of the converted freebase amine.  The freebase 10 (756mg, 4.4mmol) 
was dissolved in DMF (10ml) and stirred at 0°C under N2, Z-Gly-NHS (3.37g, 11mmol) 
in DMF (10ml) was added dropwise to the solution and the reaction maintained at 0°C. 
The reaction was allowed to come to RT and stirred under N2 for 24hrs. The solvent 
was removed in vacuo, the residue taken up in DCM and the organic portion washed 
with H2O to remove residual DMF. Solvents were removed and the oil lyophilised to 
afford a yellow oil (1.2g, 72%, crude). Analysis of the crude indicated the presence of 
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two distinct products as previously with an observable OH signal attributable to 
hydrolysed starting material. 1H NMR analysis of the starting material Z-Gly-NHS 
revealed the purity to be only 50%. 

The above reactions were repeated using the freshly synthesised and purified N-
carbobenzoxyglycine succinimido ester 13 with no indication of product formation. 

7.4.2.8 Synthesis of N-Carbobenzoxyglycine succinimido ester (13) 

Prepared according to a published protocol with 
minimal alterations.247 A mixture of DCC (4.13g, 
20mmol), ~50:50 composition of Z-Gly-OH and 
Z-glycine succinimido ester (8.36g, ~20mmol of 
Z-Gly-OH) and N-hydroxy succinimide (2.30g, 

20mmol) was stirred in MeCN (100ml) at 0-5°C (ice bath) for 5hrs. The mixture was 
filtered to remove DCU and the filtrate evaporated in vacuo to give a yellow oil. 
Recrystalisation from CHCl3 / hexane afforded the product as a fluffy white solid 
(6.33g, 20mmol, 100% conversion from 50:50 starting material). M.p. 110°C Lit.247 

111°C. ESMS (+ve) 306.22 (MH+, 55%). 1H NMR (400MHz, DMSO-d6) δ 7.94(t, 
3J=6Hz, 1H, NH), 7.35 (m, 5H, ArH), 5.07 (s, 2H, PhCH2O), 4.20 (d, 3J=6Hz, 2H, 
NHCH2C=O), 2.81 (s, 4H, CH2-CH2) 13C NMR (75MHz, DMSO-d6) δ 172.48 
(RCH2C=OO), 171.32 (NC=OCR), 156.21 (OC=ONH), 136.72 (ArC-CH2), 128.06 
(ArC), 127.52 (ArC), 127.42 (ArC), 65.18 (CH2-Zptn), 41.87 (CH2 Gly), 24.92 (H2C-
CH2). 

7.4.2.9 Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(hydroxymethyl)methyl-
amine (t-BOC-TRIS) (15) 

Trishydroxymethylaminomethane (11.5g, 95mmol) was added to a 
stirred solution of di-tert-butyl-dicarbonate (21.1g, 97mmol) in dry 
THF (200ml) and stirred under a nitrogen atmosphere for 3 days. The 
resultant white precipitate was filtered, washed with dry THF and 
dried at reduced pressure to give the product as a fluffy white solid 
(14.05g, 63.5mmol, 70%). M.p. 146-147°C Lit.248 147°C. ESMS (+ve) 

243.93 (MNa+, 100%). 1H NMR (400MHz, d6-DMSO) δ (ppm) 5.72 (br. s, 1H, NH), 
4.45 (t, 3H, 3J= 6Hz, OH), 3.45 (d, 6H, 3J= 6Hz CH2), 1.31(s, 9H, CH3). 13C NMR 
(100MHz, d6-DMSO) δ (ppm) 155.08 (C=O), 77.88 (Cq-CH3), 60.49 (CH2), 60.27 (Cq-
CH2), 28.25 (CH3). 
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7.4.3 Synthesis of the peripheral 3-mer Dendrons 

7.4.3.1 Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(4-nitrobenzoyloxy 
methyl) –methylamine (22) 

A solution of 4-nitrobenzoyl chloride (13.84g, 74.6mmol) in DCM (40ml) was added 
drop-wise to a suspension of t-BOC-TRIS (5g, 22.6mmol) 
and Et3N (11ml, 79.1mmol) in DCM (100ml). The reaction 
mixture was heated to a gentle reflux and stirred overnight 
(18hr) before cooling to room temperature. The mixture 
was filtered and the filtrate evaporated at reduced pressure. 
The resultant residue was re-dissolved in DCM and washed 
successively with NaHCO3 (2x50ml) and brine (1x50ml) 
and the organic phases collected, dried over MgSO4 and the 
solvents removed in vacuo. The crude product was purified 

by column chromatography (4% EtOAc/DCM) to give 22 as a white powder (14.60g, 
21.8mmol, 96%). M.p. 145-147°C, ESMS (+ve) 691.1 (MNa+, 45%). 1H NMR 
(400MHz, d6-DMSO): δ (ppm) 8.29 (m (AA’), 6H, Ar-H), 8.18 (m (BB’), 6H, Ar-H), 
7.50 (br. s, 1H, NH), 4.81 (s, 6H, CH2), 1.34 (s, 9H, CH3); 13C NMR (50MHz, d6-
DMSO): δ (ppm) 163.83 (CO2R), 154.73 (NH-C=O), 150.29 (ArC-NO2), 134.67 (ArC-
CO2H), 130.74 (ArC-H), 123.76 (ArC-H), 78.79 (Cq-CH3), 63.78 (CH2), 56.56 (Cq-
CH2), 28.00 (C-CH3). 

7.4.3.2 Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(4-methoxybenzoyloxy 
methyl) –methylamine (23) 

A solution of p-anisoyl chloride (25.44g, 149.2mmol) in dry 
DCM (100ml) was added drop-wise to a stirred suspension 
of t-BOC-TRIS (10g, 45.2mmol) and Et3N (22.04ml, 
158.2mmol) in DCM (100ml). The reaction mixture 
warmed to a gentle reflux (54°C) and stirred under N2 for 
48hrs. The resultant reaction mixture was filtered, the 
filtrate collected and solvents removed in vacuo. The crude 
reaction mixture was redissolved in a minimum of DCM 
washed with NaHCO3 (2x 100ml) and brine (1x 100ml). 

The organic fractions were combined, dried over MgSO4 and solvent evaporated. The 
compound was recrystallised from DCM/hexane and the product washed with cold Et2O 
to give the product as a fine white powder (19.83g, 31.82mmol, 75%). M.p. 128.4-
129°C, ESMS (+ve) 646.17 (MNa+, 100%). 1H NMR (400MHz, d6DMSO): δ (ppm) 
7.90 (m (AA’), 6H, ArH), 7.33 (br s, 1H, NH), 6.99 (m (XX’), 6H, ArH), 4.63 (s, 6H, 
CH2), 3.81 (s, 9H, O-CH3), 1.33 (s, 9H, C-CH3); 13C NMR (100MHz, d6DMSO): δ 
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(ppm) 164.93 (CO2R), 163.24 (ArC-OCH3), 154.69 (NH-C=O), 131.37 (ArC-H), 
121.52 (ArC-CO2H), 113.93 (ArC-H), 78.45 (Cq-CH3), 62.83 (CH2), 56.76 (Cq-CH2), 
55.48 (O-CH3), 28.04 (C-CH3). 

7.4.3.3 Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(4-maleimidobenzoyloxy 
methyl)–methylamine (24) 

4-Maleimidobenzoic acid (12g, 55.2mmol) was 
dissolved in neat SOCl2 (120ml) with a catalytic 
amount of tert-butyl catechol. The reaction mixture 
was refluxed under an atmosphere of N2 for 2hrs. 
Excess SOCl2 was removed by evaporation under 
vacuum until constant weight was achieved (13g, 
55.2mmol of acid chloride). The resultant yellow solid 
was added slowly to a stirred suspension of t-BOC-
TRIS (3.7g, 16.72mmol), Et3N (5.92g, 58.52mmol) and 

tert-butyl catechol (0.02g) in dry DCM (120ml) and refluxed under an atmosphere of N2 
for 20hrs. The reaction mixture was cooled to RT, filtered and solvents removed in 
vacuo. The resultant residue was redissolved in DCM (100ml) and washed successively 
with sat. NaHCO3 aq. (2x100ml) and brine (1x100ml), the organic layer was dried over 
MgSO4 and solvents removed. The crude residue was purified by column 
chromatography using 10% EtOAc/DCM as the mobile phase, affording the desired 
product 24 as a fluffy yellow solid (8.63g, 10.53mmol, 63%) M.p. 110-112°C. (ESMS) 

(+ve) 8.41.6 (MNa+, 100%). 1H NMR (400MHz, CDCl3) δ 8.04 (m (AA’), 6H, Ar-H), 
7.44 (m (XX’), 6H, Ar-H), 6.85 (s, 6H, HC=CH), 5.21 (br. s, 1H, NH), 1.42 (s, 9H, 
CH3). 13C NMR (100MHz, CDCl3) δ 168.84 (C=ONC=O), 165.18 (CO2R), 154.40 
(NHC=O), 135.80 (ArC-NR), 134.37 (RHC=CHR), 130.56 (ArC-H), 128.20 (ArC-
CO2R), 125.33 (ArC-H) 78.52 (Cq-CH3), 64.27 (CH2), 57.48 (Cq-CH2), 28.29 (CH3). 

7.4.3.4 Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(3-nitrobenzoyloxy 
methyl)-methylamine (25) 

A solution of nitrobenzoyl chloride (13.84 g, 74.6mmol) in DCM (40 ml) was added 
drop-wise to a stirred suspension of t-BOC-TRIS 
(5 g, 22.6mmol) and Et3N (8g, 79.1mmol) in dry 
DCM (100 ml) the reaction mixture was brought to 
a gentle reflux and stirred for 48h under an 
atmosphere of N2. The reaction mixture was 
filtered and the solvents removed in vacuo. The 
crude residue was redissolved in 150ml DCM and 
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washed with sat. NaHCO3 (3x100ml) and brine (2x100ml). The organic fractions were 
collected, dried over MgSO4 and the solvent removed at reduced pressure to afford the 
crude product as an off-white foamy solid. Purification was carried out using column 
chromatography with a mobile phase of 4% EtOAc/DCM Rf: 0.83, affording 25 as a 
white solid (14.1g, 21.09mmol, 93%). M.p. 151-152 °C, ESMS (+ve) 691.2 (MNa+, 
100%), 675.5 (MLi+, 80%). 1H NMR (400MHz, CDCl3): δ (ppm) 8.77 (3H, ddd, 
J2,4=2.4Hz, J2,5=0.5Hz, J2,6=1.6Hz, ArH2), 8.40 (3H, ddd, J4,5=8.2Hz, J4,6=1.2Hz, ArH4), 
8.33 (3H, ddd, J6,5=7.8Hz, ArH6), 7.64 (3H, ddd, ArH5), 5.23 (1H, br s, NH), 4.86 (6H, 
s, 3xOCH2), 1.41 (9H, s, 3xCH3); 13C NMR (50MHz, CDCl3) δ (ppm)  163.83 (ester 
C=O), 154.25 (urethane C=O), 148.15 (ArC3), 135.23 (ArC6), 130.82 (ArC1), 129.82 
(ArC5), 127.81 (ArC4), 124.50 (ArC2), 80.96 (Cq-CH3), 64.38 (CH2), 57.46 (Cq-CH2), 
28.20 (CH3). 

7.4.3.5 Synthesis of N-(tert-Butyloxycarbonyl)-1,1,1-tris(nicotinoyloxymethyl)-
methylamine (26) 

Nicotinoylchloride hydrochloride (s) (13.28g, 74.6mmol) 
was added gradually to a stirred suspension of t-BOC-TRIS 
15 (5 g, 22.6mmol) and Et3N (8g, 11ml, 79.1mmol) in dry 
DCM (100 ml) under an atmosphere of N2. The mixture was 
warmed to a gentle reflux  (54°C) and stirred for 72h. The 
reaction mixture was filtered, the filtrate collected and 
solvent remover in vacuo. The residue was redissolved in 
DCM 75ml and washed with sat. NaHCO3 aq. (3x50ml) and 

brine (2x50ml). The organic phase was collected, dried over MgSO4 and solvent 
removed at reduced pressure. Recrystalisation of the crude mixture from DCM/hexane 
afforded 26 as a pale yellow solid (10.13g, 18.9mmol, 83%). M.p. 128-130°C, ESMS 
(+ve) 537.0 (MH+, 100%), 543.0 (MLi+, 100%). IR (KBr pellet, cm-1) 3225 (m, NH), 
3040 (m, C-N), 2975 (w, ArC), 1712 (s, C=O).  1H NMR (400MHz, CDCl3): δ (ppm) 
1.28 (9H, s, CH3), 4.73 (6H,s,CH2 ), 5.59 (1H, s, NH), 7.33 (3H, m, 5J5,2 = 0.9Hz, 3J5,6 = 
4.9Hz, 3J5,4 = 8.0Hz, ArH5), 8.21 (3H, m, 4J4,6 = 1.8Hz, 4J4,2 = 2.2Hz, 3J4,5 = 8.0Hz, 
ArH4), 8.73 (3H, m, 4J6,4 = 1.8Hz, 3J6,5 = 4.9Hz, ArH6), 9.16 (3H, m, 5J2,5 = 0.9Hz, 4J2,4 = 
2.2Hz, ArH2); 13C NMR (50MHz, CDCl3): δ (ppm) 28.31 (CH3), 57.48 (Cq TRIS), 
63.92 (CH2), 80.40 (Cq BOC), 123.53 (C5), 125.457 (C3), 137.21 (C4), 150.97 (C2), 
153.94 (C6), 154.63 (urethane C=O), 164.74 (ester C=O). 

7.4.3.6 Synthesis of 1,1,1-tris(4-nitrobenzoyloxymethyl)-methylamine 
trifluoroacetic acid salt (27) 
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N-(tert-butyloxycarbonyl)-1,1,1-tris(4-nitrobenzoyloxy 
methyl)–methylamine (13.5g, 20.2mmol) was dissolved in 
DCM (150ml) and TFA (12ml) added to the solution and 
the resultant liquor kept at 4°C overnight. The reaction 
mixture was poured into an excess of 1M Na2CO3 and the 
product filtered off as a white solid (12.38g, 18.14mmol, 
90%) M.p. 156.4-157.7 °C ESMS (-ve) 112.85 (CF3COO-, 
100%), (+ve) 569.14 (MH+, 35%) 989.22(2M+ less 

CF3COO-, 100%) 234.87 (M3+Li, 100%). 1H NMR (400MHz, d6-DMSO): δ (ppm) 9.29 
(br. s, 3H, NH3

+), 8.36 (m, (AA’BB’), 12H, Ar-H), 4.80 (s, 6H, CH2). 13C NMR 
(50MHz, d6-DMSO): δ (ppm) 163.75 (CO2R), 150.52 (ArCNO2), 134.12 (ArC-CO2R), 
131.21 (ArCH), 123.66 (ArCH), 63.62 (CH2), 56.36 (Cq).  

7.4.3.7 Synthesis of 1,1,1-tris(4-methoxybenzoyloxymethyl)–methylamine 
trifluoroacetic acid salt (28) 

N-(tert-butyloxycarbonyl)-1,1,1-tris(4-methoxybenzoyloxy 
methyl)–methylamine (7.76g, 12.45mmol) was dissolved in 
DCM (25ml) and TFA added (8ml). The solution was left at 
4°C overnight before the resultant liquor was poured into and 
excess of 1M Na2CO3 (200ml) and the product collected by 
filtration as a white solid (7.86g, 12.34mmol, 99%). M.p. 148-
150°C ESMS (+ve) 134.72 (CF3COO-Na+, 55%) 524.18 (M+, 
100%) 1H NMR (300MHz, d6-DMSO): δ (ppm) 8.90 (br. s, 

3H, NH3
+), 8.06 (m (AA’), 6H, Ar-H), 7.03 (m (XX’), 6H, Ar-H), 4.62 (s, 6H, CH2), 

3.82 (s, 9H, O-CH3). 13C NMR (100MHz, d6-DMSO): δ (ppm) 164.83 (CO2R), 163.54 
(ArC-OCH3), 131.92 (ArC-H), 120.85 ((ArC-CO2R), 113.93 (ArC-H), 62.95 (CH2), 
56.54 (Cq), 55.55 (O-CH3). 

7.4.3.8 Synthesis of  1,1,1-tris(4-nitrobenzoyloxymethyl)-methylamine (29) 

1,1,1-tris(4-nitrobenzoyloxymethyl)-methylamine trifluoroacetic acid salt (5g, 
7.32mmol) was dissolved in DMF (40ml) and diluted with 
DCM (100ml), the liquor was washed with 1M Na2CO3 
(2x100ml) and H2O (2x75ml). The organic layer was 
collected, dried over MgSO4 and the solvent removed in 
vacuo to give the desired free amine as a white solid (3.68g, 
6.47mmol, 88%) M.p. 149-150.2°C ESMS (+ve) 569.12 
(MH+, 35%) dimer 1137.21 (2M+, 100%). 1H NMR (300MHz, 
d6-DMSO): δ (ppm) 8.22 (m, (AA’BB’), 12H, Ar-H), 4.52 (s, 
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6H, CH2), 2.30 (br. s, 2H, NH2). 13C NMR (75MHz, d6-DMSO): δ (ppm) 164.04 
(CO2R), 150.21 (ArC-NO2), 134.73 (ArC-CO2R), 130.81 (ArC-H), 123.65 (ArC-H), 
67.30 (CH2), 54.24 (Cq).  

7.4.3.9 Synthesis of 1,1,1-tris(4-methoxybenzoyloxymethyl)–methylamine (30) 

N-(tert-butyloxycarbonyl)-1,1,1-tris(4-methoxybenzoyloxymethyl)–methylamine 
trifluoroacetic acid salt (7.86g , 12.34mmol) was dissolved in a 
minimum amount of DMF (~10ml) and DCM (150ml). The 
organic layer was washed successively with 1M Na2CO3 
(2x150ml) and water (3x150ml), dried over MgSO4 and the 
solvent removed in vacuo to afford the desired free base as a 
white solid (5.87g, 11.21mmol, 90%). M.p. 119-121°C ESMS 
(+ve) 524.17 (M+, 100%) 1H NMR (400MHz, d6-DMSO): δ 
(ppm) 7.91 (m (AA’), 6H, Ar-H), 6.96 (m (XX’), 6H, Ar-H), 

4.36 (s, 6H, CH2), 3.81 (s, 9H, CH3), 2.10(br. s, 2H, NH2). 13C NMR (100MHz, d6-
DMSO): δ (ppm) 165.13 (CO2R), 163.16 (ArC-OCH3), 131.38 (ArC-H), 121.59 (ArC-
CO2R), 113.88 (ArC-H), 66.48 (CH2), 55.45 (CH3), 54.25 (Cq). 

 

7.4.3.10 Synthesis of 1,1,1-tris(4-maleimidobenzoyloxymethyl)–methylamine) (31) 

N-(tert-butyloxycarbonyl)-1,1,1-tris(4-maleimidobenzoyloxymethyl)–methylamine 24 
(1.5g, 1.83mmol) was dissolved in a minimum 
volume of DCM (25ml) and TFA (1.5ml) added. The 
liquor was refrigerated at 4°C overnight and then 
poured into an excess of 1M Na2CO3 (100ml) and an 
extra 30ml of DCM added. The organic phase was 
collected, washed with an additional portion of 
Na2CO3 (100ml), dried over MgSO4 and the solvent 
removed in vacuo affording the product 31 as a 
yellow powder (1.09g, 1.52mmol, 83%). M.p. 113-114°C, ESMS (+ve) 719.20 (M+, 
100%). 1H NMR (400MHz, d6DMSO): δ (ppm) 8.05 (m (AA’), 6H, ArH), 7.43 (m 
(XX’), 6H, ArH), 7.21 (s, 6H, CH=CH) 4.82 (s, 6H, CH2), 2.24 (br. s, 2H, NH2); 13C 
NMR (100MHz, d6DMSO): δ (ppm) 169.42 (C=ONC=O), 164.86 (CO2R), 135.84 
(ArC-NR), 134.83 (RHC=CHR), 129.92 (ArC-H), 128.09 (ArC-CO2R), 126.12 (ArC-
H), 66.96 (CH2), 54.28 (Cq-CH2), 27.03 (C-CH3). 

7.4.3.11 Synthesis of 1,1,1-tris(3-nitrobenzoyloxymethyl)-methylamine trifluoro 
acetic acid salt (32) 
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N-(tert-butyloxycarbonyl)-1,1,1-tris(3-nitrobenzoyloxymethyl)–methylamine (12g, 
17.95 mmol) was dissolved in DCM (100ml). TFA 
(15ml) was added to the solution and the reaction 
mixture was refrigerated at 4°C overnight. The 
liquor was then poured into 1M Na2CO3 (150ml) 
in 3 batches and the precipitated product collected 
by filtration and dried at reduced pressure (12.14g, 
17.93mmol, 99%). M.p. 151-152°C, ESMS (-ve) 

681.7 (MH-, 100%). IR(KBr, pellet, cm-1) 2995 (w, ArC), 1735 (s, C=O), 1257 (s, C-O-
C), 1533 (s, ArNO2 asymmetric) 1352 (s, ArNO2 symmetric). 1H NMR (200MHz, d6-
DMSO): δ (ppm) 9.16 (br, s, 3H, NH3

+), 8.79 (3H, ddd, J2,4=2.4Hz, J2,5=0.5Hz, 
J2,6=1.6Hz, ArH2), 8.54 (3H, ddd, J4,5=8.2Hz, J4,6=1.2Hz, ArH4), 8.50 (3H, ddd, 
J6,5=7.8Hz, ArH6), 7.84 (3H, ddd, ArH5), 4.82 (6H, s, OCH2). 13C NMR (50MHz, d6-
DMSO) δ (ppm) 163.52 (OCO), 147.86 (ArC3), 135.80 (ArC6), 130.48 (ArC1), 130.26 
(ArC5), 128.12 (ArC4), 124.04 (ArC2), 63.69 (CH2), 56.37 (Cq-CH2).  

7.4.3.12 Synthesis of 1,1,1-tris(nicotinoyloxymethyl)-methylamine trifluoroacetic 
acid salt  (33) 

N-(tert-Butyloxycarbonyl)-1,1,1-tris(nicotinoyloxymethyl)-
methylamine (0.793g, 1.48 mmol) was dissolved in DCM 
(30ml) and TFA added (2ml). The resultant liquor was 
refrigerated (4°C) for 72hrs. The reaction mixture was 
titurated with hexane (15ml) and ethanol (3x15ml). The 
solvents were removed in vacuo to afford the TFA salt 33 
as a yellow powder (0.650g, 1.18mmol, 80%). ESMS (+ve) 

989.27 (M+, 100%, dimer less 1xCF3COO-), ESMS (-ve) 112.86 (M-, 100%, CF3COO-) 
1H NMR (200MHz, d6-DMSO): δ (ppm) 9.30 (m, 3H, ArH), 9.08 (m, 3H, NH3

+), 8.86 
(m, 3H, ArH), 8.47 (m, 3H, ArH), 7.61 (m, 3H, ArH), 4.76 (s, 6H, OCH2). 13C NMR 
(100MHz, d6-DMSO) δ (ppm) 163.38 (ester OCO), 154.78 (ArC), 151.92 (ArC), 
138.27 (ArC), 126.21 (ArC), 124.40 (ArC), 64.52 (ArCH2), 57.58 (Cq).  

7.4.3.13 Synthesis of 1,1,1-tris(3-nitrobenzoyloxymethyl)-methylamine (34) 

1,1,1-tris(3-Nitrobenzoyloxymethyl)-methylamine trifluoroacetic acid salt (5g, 
7.3mmol) was dissolved in a minimum volume of 
DMF (20ml) and diluted with DCM (100ml). The 
organic phase was washed with 1M Na2CO3 (3 x 
50ml) and H2O (2x100ml). Following each Na2CO3 

the aqueous layer was washed with an additional 
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volume of DCM (50ml), the organic components were combined, dried over MgSO4 
and the solvent removed in vacuo. The product was afforded as a white solid, NMR 
analysis indicated the presence of impurities with the desired product making up ~70% 
of the mixture. Attempts at isolating a pure sample of 34 were unsuccessful, resulting in 
greater decomposition of the compound. Crude yield (3.45g, 7.34mmol, 82%). ESMS 
(+ve) 569.13 (MH+, 100%), 591.09 (MNa+, 60%), 402.07 (unknown, potential loss of 
two nitro benzoic acid groups). 1H NMR (200MHz, d6-DMSO): δ (ppm) 8.56 (m, 4H, 
ArH2 & impurity), 8.42–8.36  (m, 8H, ArH4 & ArH6 & impurities), 7.73 (ddd, 4H, ArH5 
& impurity), 4.82 (s, 6H, OCH2). 13C NMR (50MHz, d6-DMSO) δ (ppm) 163.82 
(OCO), 147.76 (ArC3), 135.40 (ArC6), 130.90 (ArC1), 130.53 (ArC5), 127.72 (ArC4), 
123.65 (ArC2), 67.40 (CH2), 54.28 (Cq-CH2). *Additional peaks in 13C spectrum 
resulting from unidentified impurities not listed. 

7.4.3.14 Attempted preparation of 1,1,1-tris(nicotinoyloxymethyl)-methylamine 
(35) 

1,1,1-tris(nicotinoyloxymethyl)-methylamine trifluoroacetate 
salt (2.5g, 4.54mmol) was dissolved in DMF (20ml) and 
diluted with DCM (150ml). The liquor was washed with 1M 
NaCO3 (2x150ml) and H2O (2x100ml). Organic fractions were 
collected, dried over MgSO4 and the solvent removed in vacuo 
to give 1.62g of a crude mixture. 1H NMR spectroscopy 
indicated a mixture of products including un-reacted TFA salt, 

the desired product and decomposition products. Attempts at purification through 
recrystalisation and column chromatography however were unsuccessful.  
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7.4.3.15 Attempted synthesis of 1,3,5-Tris((1,1,1-tris(3-nitrobenxoyloxymethyl) 
methylamino)carbonyl amino)benzene ) (37) 

 

1,3,5-benzenetricarbonyl triazide (82mg, 0,29mmol) was added to dry toluene (3.5ml) 
and the suspension heated to reflux for 1hr under N2. The solvent was removed in vacuo 
and the resultant white solid dried to constant weight before being dissolved in a 
minimum volume of dry DCM. 1,1,1-tris(3-Nitrobenzoyloxymethyl)-methylamine in 
DCM (10ml) was added and the reaction stirred at reflux under N2 for 18hrs. The 
reaction mixture was cooled to RT and the solvents removed in vacuo to yield a pale 
yellow solid. Analysis by 1H NMR revealed a mixture of starting materials with no 
indication of product formation. 

7.4.3.16 Attempted synthesis of Benzene-1,3,5-tricarbamido-N-N-N-tris(azide) (39) 

Attempt 1: SOCl2 / NaN3  

SOCl2 (2ml) was added to benzene-1,3,5-
tricarbamido-N-N-N-tris(acetic acid)  (500mg, 
1.3mmol) under N2 and the reaction mixture 
stirred with gentle heating until the mixture turned 
bright yellow. Excess SOCl2 was removed under 
vacuum until constant weight was achieved. The 

yellow solid was dissolved in DMF (25ml) and NaN3 (1.5g, 23mmol) added to the 
solution. The reaction mixture was stirred under a N2 atmosphere for 2 days by which 
time the solution was deep red in colour. The reaction mixture was cooled to RT then 
poured into an excess of H2O (150ml). 1H NMR analysis and IR spectroscopy 
confirmed the reaction to be unsuccessful. 

Attempt 2: Repeat of SOCl2 / NaN3 prep 
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SOCl2 (3ml) was added to Benzene-1,3,5-tricarbamido-N-N-N-tris(acetic acid)  (1g, 
2.6mmol) under N2 and the reaction mixture stirred with gentle heating until the mixture 
turned bright yellow. Excess SOCl2 was removed under vacuum until constant weight 
was achieved. The yellow solid was suspended in dry THF (10ml) and NaN3 (3g, 
46mmol) added. The reaction mixture was stirred under a N2 atmosphere for 30hrs. A 
distinct colour change and precipitate formation was observed. The ppt was collected by 
filtration and washed with THF (3x5ml) and dried affording the product as an off white 
solid. 1H NMR (200MHz, d6-DMSO): δ (ppm) 8.62 (t, 3H, 3J=6Hz, CONH), 8.40 (s, 
3H, ArH), 3.68 (d, 6h, 3J=6Hz, CH2) IR(KBr, pellet, cm-1) 2123.82, s, acyl azide. 

Attempt 3: DPPA method 

DPPA (2.36g, 8.58mmol) and Et3N (0.868mg, 1.20ml, 8.58mml) were added to a stirred 
solution of Benzene-1,3,5-tricarbamido-N-N-N-tris(acetic acid) (1g, 2.6mmol) in dry 
THF (20ml) and NMP (5.5ml) under an atmosphere of N2 for 24hrs. Attempts to 
precipitate the product from solution using hexane, 5% aq NaHCO3, Sat. NaHCO3 and 
H2O were unsuccessful. Subsequent attempts to extract material from the aqueous 
portions using Et2O were again unsuccessful. Residual material was obtained through 
DCM extraction of the aqueous phase however a significant amount of residual NMP 
was still present. 1H NMR analysis indicated the reaction was unsuccessful. 

7.4.3.17 Synthesis of 5-[(tert-Butyloxycarbonyl)amino]-isophthalic azide (41) 

 Diphenylphosphoryl azide (2.2ml, 2.8g, 10.17mmol) and Et3N 
(1.4ml, 1g, 10mmol) were added to a solution of 5-[(tert-
butyloxycarbonyl)amino]-isophthalic acid (1.55g, 5.5mmol) in 
NMP (25ml) under N2. The reaction mixture was stirred for 
18hrs at room temperature before being poured into an excess of 
5%(aq) NaHCO3 (200ml). The resultant precipitate was collected 

by filtration and dried under reduced pressure to yield the product as a fine white 
powder. (1.28g, 3.86mmol, 70%), (ESMS) (-ve) 330.2 (MH-, 95%), IR(KBr, pellet, cm-

1) 2285.3 (s, NH), 3108.7 (w, Ar), 2147.9 (s, CON3), 1726.9 & 1695.2 (s, C=O), 1H 
NMR (300MHz, d6-DMSO): δ (ppm)  9.99 (s, 1H, NH), 8.40 (d, 2H, J=1.5Hz, ArH), 
8.04 (t, 1H, ArH, J=1.5Hz), 1.48 (s, 9H, CH3) 13C NMR (75MHz, d8-toluene): δ (ppm)  
170.93 (CON3), 152.13 (NH-CO2R), 140.23 (ArCNH), 132.13 (ArCCO), 123.83 
(ArCH), 120.45 (ArCH), 80.90 (Cq), 28.18 (CH3) 

7.4.4 Preparation of dendritic species bearing 6 and 9 and 12 peripheral groups 

7.4.4.1 p-Aminoacetphenone test with LEC (44) 
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A mixture of benzene-1,3,5-
tricarbamido-N-N-N-tris(acetic acid) 
(600mg, 1.57mmol), DPPA (1.3g, 
1.02ml, 4.71mmol), Et3N (477mg, 
0.66ml, 4.71mmol) and 4-amino-
acetophenone (637mg, 4.71mmol) was 
dissolved in dioxane (25ml) and 
stirred at reflux under an atmosphere 
of N2 for 20hrs. The resultant dark 
orange residue was dissolved in DCM 

(100ml) and washed with sat. NaHCO3 (3x50ml). With each wash step the precipitation 
of a bright orange solid was observed. The solid was collected by filtration and dried 
under vacuum affording the product in the presence of impurities. Lack of solubility in 
most organic solvents prevented full purification of this material. 

7.4.4.2 Attempted synthesis of the 9-mer dendrimer based on LEC ‘one pot’ 
method with p-NO2 3-mer (45) 

 

 

A mixture of benzene-1,3,5-tricarbamido-N-N-N-tris(acetic acid) (600mg, 1.57mmol), 
DPPA (1.3g, 1.02ml, 4.71mmol), Et3N (477mg, 0.66ml, 4.71mmol) in dioxane (50ml) 
was refluxed for 24hrs and the dioxane removed at reduced pressure affording a brown 
residue. The residue was dissolved in 25ml of dry DCM and   a solution of 1,1,1-tris(4-
nitrobenzoyloxymethyl)-methylamine (2.67g, 4.71mmol) in DCM (30ml) added to the 
reaction mixture. The reaction was heated to a gentle reflux O/N, the reaction cooled to 
room temperature, filtered and the filtrate collected. The solvent was removed in vacuo 
and the residue redissolved in DCM (100ml) and washed successively with NaHCO3 
(3x100ml) and brine (2x100ml). The organic fraction was collected, dried over MgSO4 
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and the solvent removed in vacuo, affording a brown, foamy solid. Analysis of the 1H 
NMR spectra obtained for the solid revealed the reaction was unsuccessful. 

7.4.4.3 (N',N'''-bis-(1,1,1-tris(4-nitrobenzoyloxymethyl)methyl))-4,4'-
methylenebis (phenyl urea). (46) 

 

1,1,1-tris(4-Nitrobenzoyloxymethyl)methylamine (2.5g, 4.4mmol) was dissolved in dry 
DCM (35ml) and the solution added to a stirred solution of 4,4’-methylenebis 
(phenylisocyanate) (0.55g, 2.2mmol) in DCM (20ml). The reaction mixture was stirred 
under an atmosphere of nitrogen at RT for 18hrs. The product was isolated by filtration 
as an off-white solid (2.3g, 75%, 1.66mmol). mp 149-151°C. ESMS (+ve) 1409 (MNa+, 
50%), 1393 (MLi+, 60%). IR(KBr, pellet, cm-1) 3385 m, 3111 w, 1731 s, 1525 s, 1265 
s. 1H NMR(400MHz, DMSO-d6) δ 8.48 (br. s, 2H, NH), 8.20 (m (AA’), 12H, Ar-H), 
8.16 (m (MM’), 12H, Ar-H), 7.19 (m (AA’), 4H, core-Ar-H), 6.97 (m (MM’), 4H, core-
Ar-H), 6.74 (br. s, 2H, NH), 4.86 (s,12H, CH2), 3.69 (br. s, 2H, core-CH2) 13C 
NMR(100MHz, DMSO-d6) δ 163.88 (CO2R), 154.69 (NHC=ONH), 150.28 (ArC-NO2), 
137.55 (core-ArC-NHR), 134.82 (core-ArC-H),134.55 (ArC-CO2R),130.77 (p-NO2-
ArC-H), 128.8 (core-ArC-CH2), 123.73 (p-NO2-ArC-H), 118.14 (core-ArC-H), 
64.51(CH2), 56.65 (Cq),39.51 coincident with residual solvent (core-CH2). Anal. calcd. 
for C65H50N10O26: C, 56.28; H, 3.63; N, 10.10. Found: C, 56.30; H, 3.65; N, 9.85. 

7.4.4.4  (N',N'''-bis-(1,1,1-tris(4-methoxybenzoyloxymethyl)methyl))-4,4'-
methylenebis (phenyl urea) (47) 

 

A solution of 1,1,1-tris(4-methoxybenzoyloxymethyl)methylamine (0.5g, 0.7mmol) in  
DCM (5ml) was added to a stirred solution of 4,4’-methylenebis (phenylisocyanate) 
(0.087g, 0.35mmol) under an atmosphere of N2 and stirred at RT for 24hrs. The product 
was isolated by filtration as a white solid (335mg, 0.26mmol, 74%). M.p. 94.4-95°C. 
ESMS (+ve) 1320 (MNa+, 50%), 1303 (MLi+, 45%). IR(KBr, pellet, cm-1) 3377 m, 



 

 183 

3005 w, 2960 m , 2838 m, 1713 s, 1257 s. 1H NMR (400MHz, DMSO-d6) δ 8.58 (br. s, 
2H, NH), 7.90 (m (AA’), 12H, Ar-H), 7.24 (m (AA’), 4H, core-Ar-H), 7.02 (m (MM’), 
4H, core-Ar-H), 6.97 (m (AA’), 12H, Ar-H), 6.67 (br. s, 2H, NH), 4.74 (s, 12H, CH2), 
3.80 (s, 18H, CH3), 3.75 (br. s, 2H, core-CH2) 13C NMR (100MHz, DMSO-d6) δ (ppm) 
164.95 (CO2R), 163.26 (ArC-OCH3), 154.68 (NHC=ONH), 137.68 (core-ArC-NHR), 
134.67 (ArC-CO2R), 131.39 (core-ArC-H), 128.80 (core-ArC-CH2), 121.37 (p-CH3O-
ArC-H), 118.02 (core-ArC-NHR), 113.95 (p-CH3O-ArC-H), 63.62 (CH2), 56.79 (Cq), 
55.47 (CH3), 39.51(core-CH2). Anal. calcd for C71H68N4O20: C, 65.73; H, 5.28; N, 4.32. 
Found: C, 65.27; H, 5.25; N, 4.03. 

7.4.4.5  (N',N'''-bis-(1,1,1-tris(4-maleimidobenzoyloxymethyl)methyl))-4,4'-
methylenebis(phenyl urea) (48) 

 

1,1,1-tris(4-maleimidobenzoyloxymethyl)methylamine (0.8g, 1.1mmol) in DCM (10ml) 
was added to a stirred solution of 4,4’-methylenebis (phenylisocyanate) (0.138g, 
0.55mmol) for 48hrs. The solvents were removed in vacuo to give the product as a 
bright yellow solid (860mg, 0.51mmol, 92%). M.p. 153.5°C. ESMS (+ve) 1710 (MNa+, 
70%), 1694 (MLi+, 20%). IR (KBr, pellet, cm-1) 3475 w, 3381 m , 3100 m, 2960 w, 
1716 s, 1265 s. 1H NMR(400MHz, DMSO-d6) δ 8.57 (br. s, 2H, NH), 8.05 (m (AA’), 
12H, Ar-H), 7.45 (m (XX’), 12H, Ar-H), 7.26 (m (AA’), 4H, core-Ar-H), 7.20 (s, 12H, 
HC=CH), 6.69 (br. s, 2H, NH), 4.87 (s, 12H, CH2), 3.75 (br. s, 2H, core-CH2). 13C NMR 
(100MHz, DMSO-d6) δ 169.40 (O=CNC=O), 164.70 (CO2R), 154.72 (NHC=ONH), 
137.61 (core-ArC-H), 135.95 (ArC-NR2), 134.83 (RHC=CHR), 134.73 (ArC-CO2R), 
129.91 (p-maleimide-ArC-H), 128.83 (core-ArC-CH2), 127.88 (core-ArC-H), 126.15 
(p-maleimide-ArC-H), 118.19 (core-ArC-NHR), 64.16 (CH2), 56.76 (Cq), 39.51 
coincident with residual solvent (core-CH2). Anal. calcd for C89H62N10O26: C, 63.35; H, 
3.70; N, 8.30. Found: C, 62.46; H, 3.72; N, 7.96. 
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7.4.4.6  1,3,5-Tris((1,1,1-tris(4-nitrobenxoyloxymethyl)methylamino)carbonyl 
amino)benzene (49) 

 

1,3,5-tricarbonyl triazide (250mg, 0.88mmol) was added to dry toluene (5ml) and 
refluxed under N2 for 1hr. The toluene was removed in vacuo prior to the addition of 
1,1,1-tris(4-nitrobenzoyloxymethyl)methylamine (1.5g, 2.64mmol) in dry DCM (15ml). 
The reaction mixture was refluxed under N2 for 21 hrs, cooled to room temperature and 
filtered to afford the product as a pale yellow solid (1.64g, 0.85mmol, 97%). M.p. 141-
144°C. ESMS (+ve) 1929.51 (MNa+, 100%). 1H NMR (300MHz, DMSO-d6) δ 8.73 (br. 
s, 3H, NH) 8.22 (m, (AA’BB’), 36H, p-NO2-Ar-H), 7.16 (s, 3H, core-Ar-H), 6.62 (br. s, 
3H, NH), 4.91 (s, 18H, CH2). 13C NMR (75MHz, DMSO-d6) δ 163.85 (CO2R), 154.54 
(NHC=ONH), 150.26 (ArC-NO2), 140.28 (ArC-NHR), 134.49 (ArC-CO2R), 130.75 (p-
NO2-ArC-H), 123.71 (p-NO2-ArC-H), 100.25 (core-ArC-H), 64.53 (CH2), 56.75 (Cq), 
56.61. 

7.4.4.7 1,3,5-Tris((1,1,1-tris(4-methoxybenxoyloxymethyl)methylamino)carbonyl 
amino)benzene (50) 
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1,3,5-tricarbonyl triazide (440mg, 1.5mmol) was dissolved in dry toluene (25ml) and 
the mixture refluxed under N2 for 1hr. The reaction was cooled to RT and the toluene 
removed in vacuo until constant weight was achieved. The resultant solid was 
redissolved in a minimum volume of DCM and 1,1,1-tris(4-
methoxybenzoyloxymethyl)methylamine (2.63g, 4.5mmol) added as a solution in dry 
DCM (20ml). The reaction mixture was refluxed under an atmosphere of N2 for 15 hrs, 
cooled to room temperature and the solvent removed in vacuo affording the product as a 
pale yellow solid (2.7g, 1.5mmol, 100%) M.p. 112-114°C. ESMS (+ve) 1794.60 

(MNa+, 100%). 1H NMR (400MHz, DMSO-d6) δ 8.76 (s, 3H, NH), 7.90 (m (AA’), 
18H, p-CH3O-Ar-H), 7.17 (s, 3H, core-Ar-H), 6.97 (m, (XX’), 18H, p-CH3O-Ar-H), 
6.49 (s, 3H, NH), 4.74 (s, 18H, CH2), 3.80 (s, 27H, CH3). 13C NMR (100MHz, DMSO-
d6) δ 164.93 (CO2R), 163.27 (ArC-OCH3), 154.54 (NHC=ONH), 140.43 (ArC-NHR), 
131.39 (p-CH3O-ArC-H), 121.34 (ArC-CO2R), 113.96 (p-CH3O-ArC-H), 100.25 (core-
ArC-H), 63.67 (CH2), 56.75 (Cq), 55.46 (CH3). 

7.4.4.8 1,3,5-Tris((1,1,1-tris(4-aminobenzoyloxymethyl)-methylamino)-carbonyl 
amino)benzene (51) 

 

1,3,5-Tris((1,1,1-tris(4-nitrobenxoyloxymethyl)methylamino)carbonyl amino)benzene 
(400mg, 0.21mmol) was dissolved in DMF (5ml) and Pd/C 5% (40mg) added to the 
solution. The reaction mixture was pressurised with H2 gas to 650psi and heated at 55°C 
for 15hrs. The mixture was filtered over celite to remove the catalyst and the solvent 
removed in vacuo, affording the crude product as a yellowish brown glass. Tituration 
with DCM afforded the product as a yellow powder (207mg, 0.13mmol, 62%) mp 257-
258°C. (HRMS) Found 1636.5692. C84H82N15O21(+) requires 1636.5804. (400MHz, 

DMSO-d6) δ 8.74 (br. s, 3H, NH), 7.65 (m (AA’), 18H, p-NH2-Ar-H), 7.15 (s, 3H, core-
Ar-H), 6.53 (m (XX’), 18H, p-NH2-Ar-H), 6.37 br. s, 3H, NH), 5.98 (s, 18H, NH2), 4.60 
(s, 18H, CH2). 13C NMR (100MHz, DMSO-d6) δ 165.44 (CO2R), 154.48 (NHC=ONH), 
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153.70 (ArC-NH2), 140.51 (core-ArC-NHR), 131.29 (pNH2-ArC-H), 115.18 (pNH2-
ArC-H), 112.62 (core-ArC-H), 62.89 (CH2), 56.87 (Cq). 

 

7.4.4.9 1,3,5-Tris((1,1,1-tris(4-
maleimidobenxoyloxymethyl)methylamino)carbonyl amino)benzene (52) 

 

1,3,5-tricarbonyl triazide (43mg, 0.15mmol) was added to dry toluene (3ml) and 
refluxed under N2 for 1hr. The toluene was removed in vacuo prior to the addition of 
1,1,1-tris(4-maleimidobenzoyloxymethyl)methylamine (323mg, 0.45mmol) in dry 
DCM (10ml). The reaction mixture was refluxed under N2 for 24 hrs after which the 
solvents were removed in vacuo affording the product as a yellow solid (260mg, 
0.14mmol, 98%). M.p.  198-200°C. ESMS (+ve) 1794.60 (MNa+, 100%). 1H NMR 

(400MHz, DMSO-d6) δ 8.80 (br. s, 3H, NH), 8.04 (m (AA’), 18H, ArH), 7.44 (m 
(XX’), 18H, ArH), 7.22 (s, 3H, core-ArH), 7.19 (s, 18H, HC=CH), 6.53 (br. s, 3H, NH), 
4.87 (s, 18H, CH2). 13C (100MHz, DMSO-d6) δ 169.4 (C=ONC=O), 164.69 (CO2R), 
154.55 (NHC=ONH), 140.43 (core-ArC-NHR), 135.96 (ArC-NR2), 134.83 
(RHC=CHR), 129.93 (p-maleimide-ArC-H), 127.85 (ArC-CO2R) 126.15 (p-maleimide-
ArC-H), 100.57 (core-ArC-H), 64.20 (CH2), 56.70 (Cq). 
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7.4.4.10  (N',N'''-bis-(1,1,1-tris(4-aminobenzoyloxymethyl)methyl))-4,4'-
methylenebis (phenyl urea). (53) 

 

(N',N'''-bis-(1,1,1-tris(4-Nitrobenzoyloxymethyl)methyl)-4,4'-methelenebis(phenyl 
urea)  (1.8g, 1.29mmol) was dissolved in dry DMF (18ml) and 0.18g of 5% Pd/C was 
added. The reaction mixture was pressurised with H2 gas (650psi) and heated to 55°C 
for 18 hours. The solution was filtered and evaporated under reduced pressure to give a 
brown residue. The residue was titurated with diethyl ether (3x20ml) and 
dichloromethane added to precipitate the product as a dark yellow solid. The powder 
was collected by filtration and dried under high vacuum to yield (0.968g, 0.8mmol, 
62%) mp 164-165.6°C. ESMS (+ve) 1229 (MNa+, 100%), 1213 (MLi+, 100%). 
(HRMS) Found 1207.4490. C64H63N10O14(+) requires 1207.4519. IR(KBr, pellet, cm-1) 
3365 m, 3955 w, 2358 w, 1698 s, 1601 s. 1H NMR(400MHz, DMSO-d6) δ 8.55 (br s, 
2H, NH), 7.65 (m (AA’), 12H, Ar-H), 7.23 (m (AA’), 4H, core-Ar-H), 7.02 (m (XX’), 
4H, core-Ar-H), 6.53 (m (XX’), 12H, Ar-H), 6.50 (br. s, 2H, NH), 5.99 (br s, 12H, Ar-
NH2), 4.60 (s,12H, CH2), 3.75 (br s, 2H, core-CH2). 13C NMR (100MHz, DMSO-d6) δ 
165.45 (CO2R), 154.67 (NHC=ONH), 153.71 (ArC-NH2), 137.74 (core-ArC-H), 134.54 
(ArC-CO2), 131.28 (core-ArC-H), 128.83 (core-ArC-CH2), 117.96 (core-ArC-NHR), 
115.21 (p-NH2-ArC-H), 112.59 (p-NH2-ArC-H), 62.88 (CH2), 56.94 (Cq), 39.51 
coincident with residual solvent (core-CH2). 
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7.4.4.11 Synthesis of tert-butyl 3,5-bis(3-(1,1,1-tris(4-maleimidobenzoyloxymethyl) 
methyl)ureido)phenylcarbamate (54) 

 

 

5-[(tert-Butyloxycarbonyl)amino]-isophthalic azide (230mg, 0.69mmol) was heated at 
reflux in dry toluene (10ml) under a nitrogen atmosphere for 1hr. The toluene was 
removed in vacuo prior to the addition of 1,1,1-tris(4-
maleimidobenzoyloxymethyl)methylamine  (1g, 1.39mmol) in DCM (30ml). The 
reaction mixture was heated at a gentle reflux under an atmosphere of nitrogen for 24 
hrs. Solvents were removed in vacuo and the crude mixture purified by column 
chromatography (30% EtOAc in DCM). The product was isolated from the baseline of 
the column using 100% EtOAc as a pale yellow solid (0.375g, 0.22mmol, 32%). ESMS 
(+ve) 1735.10 (MNa+, 100%). 1H NMR (300MHz, d6-DMSO): δ (ppm) 9.18 (br. S, 1H, 
NH), 8.71 (br. s, 2H, NH), 8.03 (m (AA’), 12H, ArH), 7.42 (m (XX’), 12H, ArH), 7.35 
(br. ddd, ArH), 7.18 (s, 12H, HC=CH), 7.11 (br. s, 2H, ArH), 6.55 (br. s, 2H, NH), 4.85 
(br. S, 12H, CH2), 1.42 (s, 9H, CH3). 13C NMR (75MHz, d6-DMSO): δ (ppm) 169.37 
(OC=OR), 164.66 (NC=OCH), 154.46 (NHC=ONH), 152.60 (OC=ONH), 140.21 
(ArCNR), 135.92 (ArCNH), 134.81 (RHC=CHR), 129.90 (ArC), 127.83 (ArC), 126.14 
(ArC), 101.44 (ArC), 78.70 (Cq), 64.21 (CH2), 56.64 (Cq), 28.07 (CH3). 



 

 189 

7.4.4.12 3,5-bis(3-(1,1,1-tris(4-maleimidobenzoyloxymethyl)methyl)ureido)phenyl 
amine (55) 

 

 
 

TFA (1ml) was added to a solution of tert-butyl 3,5-bis(3-(1,1,1-tris(4-
maleimidobenzoyloxymethyl)methyl)ureido)phenylcarbamate (250mg, 0.145mmol) in 
DCM (20ml) and the liquor kept at 4°C overnight. The reaction mixture was worked up 
as per compound 33 affording the product as a pale yellow solid (45mg, 2.79x10-2mmol, 
19%). Due to the small amount of material obtained the sample was only characterised 
by 1H NMR prior to being used in a subsequent reaction. 1H NMR (300MHz, d6-
DMSO): δ (ppm) 8.42 (br. s, 2H, NH), 8.03 (m (AA’), 12H, ArH), 7.44 (m (XX’), 12H, 
ArH), 7.20 (s, 12H, HC=CH), 6.71 (br. ddd, ArH), 6.56 (br. s, 2H, NH), 6.33 (br. s, 2H, 
ArH), 4.93 (br. s, 2H, NH2), 4.86 (br. s, 12H, CH2). 

7.4.4.13 Synthesis of the maleimide 12-mer dendritic scaffold (56) 

 

 

4,4’-methylenebis (phenylisocyanate) (2.3mg, 9.3x10-3mmol) was added to a stirred 
solution of 3,5-bis(3-(1,1,1-tris(4-maleimidobenzoyloxymethyl)methyl)ureido)phenyl 
(30mg, 1.86x10-2mmol) in dry DCM (10ml) and the reaction mixture refluxed under N2 
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for 24hrs. The solvents were removed in vacuo to afford a yellow solid. 1H NMR 
indicated a mixture of products, however symmetry was retained and the loss of the 
resonance corresponding to the NH2 protons of the free base amine was observed 
indicating product formation. Due to time constraints this compound was not purified 
and fully characterised within this work. 

7.4.4.14 N-(4-carboxyphenyl)maleamic acid (58) 

Maleic anhydride (10g, 0.1mol) was added to a 
suspension p-amino benzoic acid (14g, 0.1mol) in DMF 
(40ml) and the mixture sonicated until all components 
were dissolved. The resultant solution was stirred at 

room temperature for eighteen hours. The reaction mixture was poured into an excess of 
water (800ml) and sonicated for 30mins after which a pale yellow solid was collected 
by filtration. The solid was once more added to water (800ml) and stirred with gentle 
heating for two hours. The product was collected by filtration and dried to give a pale 
yellow powder (22.2g, 94.4mmol, 95%) m.p. 219-220°C (Lit.238 222°C). ESMS (+ve) 

258 (MNa+, 65%), ESMS (-ve) 234 (M-, 100%). 1H NMR (400MHz, DMSO-d6) δ ppm 
12.8 (br, s, 1.5H, OH), 10.59 (s, 1H, NH), 7.90  (m, AA’, 2H, p-Ar-H), 7.73 (m, BB’, 
2H, p-Ar-H), 6.48 13C NMR (100MHz, DMSO-d6) δ 167.56 (CO2H). 167.51 (CO2H), 
143.36 (ArC-NH), 132.30 (HC=CH), 131.05 (ArC-H), 130.84 (HC=CH), 126.19 (ArC-
CO2H), 119.35 (ArC-H). 

7.4.4.15 Synthesis of 4-Maleimidobenzoic acid (59) 

A mixture of N-(4-carboxyphenyl)maleamic acid (45g, 0.191 mol), 
sodium acetate (15.6g, 0.190mol) was stirred in acetic anhydride at 
60°C for  two hours. The resultant liquor was poured into H2O (800ml) 
and sonicated for 2hrs, until a solid formed. The solid was collected by 
filtration and dried in vacuo to give the product as a white powder 
requiring no further purification (31.171g, 0.144mmol, 75%). M.p. 

237.5-240°C (Lit.238 244°C). (ESMS) (-ve) 216.1 (MH-, 100%). 1H NMR (400MHz, 

DMSO-d6) δ 13.05 (br. s, 1H, CO2H), 8.05 (m (AA’), 2H, Ar-H), 7.50 (m (XX’), 2H, 

Ar-H), 7.21 (s, 2H, RHC=CHR). 13C NMR (100MHz, DMSO-d6) δ 169.55 (CONR), 
166.70(CO2H), 135.50 (ArC-NR), 134.85 (RHC=CHR), 129.90 (ArC-H), 129.55 (ArC-
CO2H), 126.14 (ArC-H). 
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7.5 Preparation of Peptide-Dendrimer Conjugates 

 

 

7.5.1 Preliminary Investigations into peptide conjugation 

7.5.1.1 Cys-Gly dipeptide 6-mer dendritic construct  (61) 

A solution of the maleimide functionalised scaffold 48 (31mg, 1.87x10-5mol) in DMF 
(0.5ml) was added to a suspension of Cys-Gly (50mg, 85% purity supplied, ~ 2.24x10-

4mol) in dry DMF (2.5ml) with DIPEA (0.04ml). The reaction mixture was stirred under 
N2 for 24hrs affording a gel like crude. The solvent was removed in vacuo to afford the 
crude as a pale peach solid. Calc. Mass 5756.75 Da, Obs. Mass 2757.4 Da [M+H], 
2579.3 Da  [M-177.59], 2401.3 Da [M-(2x177.59)], 2223.7 Da [M-(3x177.59)].  

7.5.1.2 6-mer dendritic construct bearing a 7 residue peptide –CGKKGKG- (62) 

A solution of the crude peptide (18mg, assume 50% product) in dry DMF (3ml) was 
added to a solution of the peptide scaffold 48 (5mg, 2.9x10-3mmol) in dry DMF (1ml) 
and the mixture sealed under N2 in a microvial. The reaction mixture was stirred at RT 
for three days and the solvent removed in vacuo, followed by dilution with H2O and 
lyophilisation. Calc. Mass 5738.67 Da, Obs. Mass 5738.67 Da [Parent Mass], 5063.57  
Da [M-675.10], 4388.30 Da [M-(2x675.10)], 3713.23 Da [M-(3x657.10)], 3038.13 Da 
[M- (4x675.10)].  

7.5.1.3 General Procedure for the formation of peptide-scaffold conjugates 
bearing NOXA derived peptides. 

Peptide dendrimer-conjugates were prepared according to the following method: A two 
times molar excess of the crude peptide was added for each maleimide group of the 
scaffold for a total of 12 equivalents. The peptide component was dissolved in a 
minimum amount of dry DMF (3-5ml) and the scaffold added to the reaction mixture. 
The reaction was stirred under N2 for a minimum of 3 days at which an aliquot was 
removed and analysed by MALD-TOF MS. Following confirmation of the product 
mass the solvent was removed in vacuo affording an oily residue. The residue was 
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diluted with H2O, the sample frozen and lyophilised to dryness, affording, in most cases 
the crude product as an off white solid. 

7.5.1.4 Cys-tNOXA5R (CtoS) 6-mer dendritic construct (63) 

The peptide-scaffold conjugate bearing six peptide arms (Cys-tNOXA5R(CtoS)) was 
prepared according to the protocol listed above. The crude peptide component (22mg) 
was added to dry DMF (3ml) and the scaffold (1.18mg) added as a 1ml aliquot from a 
stock solution of 11.8mg in 10ml of DMF. The reaction was stirred under N2 for 7days. 
MALDI-TOF-MS obs. 17174.13 Da,  calc. 17383.68 Da.  

7.5.1.5 Cys-tSCRAM5R 6-mer dendritic construct (64)  

The peptide-scaffold conjugate bearing six peptide arms (Cys-tSCRAM5R) was 
prepared according to the general procedure outlined above. The crude peptide 
component (60mg, assume 50% purity, 15x10-6moles) was added to dry DMF (5ml) and 
the scaffold (4.2mg, 2.5x10-6moles) added to the reaction mixture. The reaction was 
stirred under N2 for 5days. MALDI-TOF-MS obs. 17244.7 Da, calc. 17265.30 Da. 

7.5.1.6 Cys-tNOXA5R(KtoE) 6-mer dendritic construct (65) 

The peptide-scaffold conjugate bearing six peptide arms (Cys-tNOXA5R(KtoE)) was 
prepared according to the general procedure outlined above. The crude peptide 
component (60mg, assume 50% purity, 11.63x10-6moles) was added to dry DMF (5ml) 
and the scaffold (4.2mg, 2.5x10-6moles) added to the reaction mixture. The reaction was 
stirred under N2 for 5days over which time a pink colouration developed and the 
reaction mixture became thick and gelatinous. The reaction was worked up as 
previously and the crude product obtained as a very pale pink solid. MALDI-TOF MS 
obs. 17245.8 Da,  calc. 17377.5 Da.   

7.5.1.7 Cys-NOXA(CtoS)5R 31 residue peptide 6-mer dendritic construct (66) 

The peptide-scaffold conjugate bearing six peptide arms (Cys-tNOXA(CtoS)5R) was 
prepared according to the general procedure outlined above. The crude peptide 
component (80mg, assume 50% purity, 10.15x10-6moles) was added to dry DMF (5ml) 
and the scaffold (2.85mg, 2.5x10-6moles) added to the reaction mixture. The reaction 
was stirred under N2 for 5 days. A fine off white precipitate was observed after 1 day, 
on work up the reaction mixture was filtered and both the filtrate and precipitate 
collected and lyophilised. Analysis by MALDI-TOF MS, of both crude components 
obtained, revealed no indication of the parent mass (calc. 25337.1 Da) at varying 
concentrations and laser powers.  
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