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ABSTRACT 

Colorectal cancer represents a major rapidly growing global challenge and a disease 

that warrants the need for extensive research into it’s prevention, diagnosis and 

treatment. Late stage colorectal cancer is typically treated with surgery and adjuvant 

chemotherapy. The FOLFOX chemotherapeutic regimen which comprises the Pt-

based drug oxaliplatin is the current gold standard worldwide.
 
However, despite the 

undisputed success of Pt-based chemotherapeutics, deleterious side effects and drug 

resistance are the ever present major obstacles to effective colorectal cancer 

treatment. Thus, there remains a constant need to develop novel therapeutic 

strategies. In an effort to circumvent the mechanisms that give rise to drug 

resistance, and to mitigate other undesired side-effects, thousands of Pt based 

compounds have been developed to date that conform to and deviate from the 

classical cis-PtA2X2 structure of clinically approved Pt drugs. Lloyd Kelland in his 

Nature Reviews Cancer article titled “The resurgence of platinum-based cancer 

chemotherapy” stated that “four major strategies can now be proposed to circumvent 

platinum-drug resistance in cancer patients: first, new, improved platinum drugs; 

second, improved delivery of platinum to tumours; third, co-administration of 

platinum drugs with pharmacological modulators of resistance mechanisms; and 

fourth, combining platinum drugs with new molecularly targeted drugs”. 

 

Chapter 1 provides an introduction into the role of Pt-based drugs as anticancer 

agents, including ‘classical’ Pt drugs that are currently in use in the clinic, and a 

number of unconventional compounds currently under development. The remainder 

of Chapter 1 is split into three parts where part I reviews the function of heat shock 

proteins and highlights their role in cancer progression and survival, part II considers 

the role of cell penetrating peptides and how they can be exploited for use in cancer 

treatment, and part III details the hedgehog signaling pathway and it’s role in 

colorectal cancer development and resistance.   

 

Heat shock protein 70 is overexpressed in colorectal cancer, playing an integral role 

in tumour progression and survival. In addition, this overexpression is not typically 

displayed in healthy non-transformed cells, and so in line with many other groups 

HSP70 has been recognised as a legitimate target for anticancer exploitation. Chapter 



vii 
 

3 focuses on the synthesis, derivatisation, in silico docking and in vitro evaluation of 

PES, a bioactive small molecule which has been identified as a potent HSP70 

inhibitor.  

 

Cell penetrating peptides offer an exciting and legitimate strategy for use in 

anticancer drug delivery. Additionally, homing devices offer a highly promising 

strategy for active targeting. Chapter 4 details the synthesis of TPP, a 14-mer homing 

peptide identified to specifically target membrane bound HSP70 found on the 

surface of cancer cells. In addition, the synthetic approach to a number of 

oxaliplatin-TPP conjugates is detailed, as well identification of memHSP70+ 

colorectal cancer cell lines and the activity of Pt-peptide conjugates in vitro. 

 

Hedgehog signalling is strongly associated with colon carcinogenesis and tumour 

growth. In addition, and significantly, this pathway is also implicated in the 

maintenance and differentiation of colonic cancer stem cells which are believed to be 

responsible for disease progression, metastasis and resistance. Hence, hedgehog 

signalling activity provides a genuine anticancer target. Thus, chapter 5 details a 

novel strategy to target colorectal cancer which incorporates the known anticancer 

capabilities of Pt based compounds in conjunction with a hedgehog inhibiting 

molecule GANT-61. Chapter 5 describes the synthesis of a number of Pt(II) and 

Pt(IV) complexes which comprise the Hedgehog pathway inhibitor GANT-61, an 

evaluation of their activity in vitro and DNA binding studies.  
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Colorectal Cancer 

Colorectal cancer (CRC) is a term used to describe a heterogeneous group of 

carcinomas that affect the colon and rectum. According to the latest World Cancer 

Report CRC is the second and third most commonly diagnosed cancer in women and 

men respectively, and the fourth most common cause of cancer related death 

worldwide.
1
 In relation to figures, this translates into >1.2 million new cases of CRC 

detected each year, and approximately 600,000 CRC deaths reported globally. CRC 

accounts for 10% of worldwide cancer incidence and so represents a major global 

challenge. In addition, and significantly, more than 65% of new CRC cases occur in 

countries reported to have high or very high levels of human development.
1
 Hence 

CRC is often considered a ‘lifestyle disease’ associated with a westernised and 

sedentary society, and so distinctly represents a major concern that is rapidly 

growing. Thus this status warrants the need for extensive research into the 

prevention, diagnosis and treatment of CRC.  

 

 

Figure 1.1: Location in the body of colorectal tumours, National Cancer Registry.
2
 

 

Normal colon development 

The colon is a luminal structure in which the inner epithelial layer is covered in tube-

like invaginations, known as intestinal glands or villi. The base of the villi is referred 

to as the colon crypt, and cell proliferation occurs along the crypt-villus axis.
3
 The 

bottom of the crypt contains a population of undifferentiated stem cells which 

undergo asymmetric cell division to give rise to a new stem cell and a committed 

daughter cell.
4
 This daughter or transient amplifying (TA) cell then proceeds along 

the crypt-villus axis, rapidly proliferating and differentiating into the various mature 

lineages of epithelial cells on the villi. This epithelial cell turnover occurs every 5-7 

days.
5
  

http://www.google.ie/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=_wHg-oh-B7eRMM&tbnid=p0Ys-te9QHsdeM:&ved=0CAUQjRw&url=http://www.webmd.com/cancer/colostomy-for-colorectal-cancer&ei=cQhEU7WsBsTRhAeWmIDIDg&bvm=bv.64367178,d.ZGU&psig=AFQjCNERlHlzcV3wtVRmqUVYxeuPjR5b7A&ust=1397053921734273
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Colon cancer development 

Similar to normal colon development, aberrant colon cell development is believed to 

originate at the base of the colon crypt.
6
 Normal colon stem cell transformation is 

thought to give rise to a sub-population of mutant stem cells known as cancer stem 

cells (CSCs) in the crypt base.
7
 These CSCs then migrate upwards through the crypt 

apex where normal asymmetric stem cell division is de-regulated and benign clusters 

known as aberrant crypt foci (ACF) evolve as a result. The presence of these crypts 

in normal colonic mucosa is widely accepted as the earliest detectable CRC 

precursor.
8
 Continuous uncontrolled cell proliferation will eventually cause the 

progression of ACF to colonic polyps. CRC progression is generally stepwise where 

these non-invasive lesions advance to invasive and eventually metastatic. This 

progression occurs over a 10-15 year period and the level of invasion as indicated in 

Table 1.1 determines the various stages of CRC.
9
  

 

Table 1.1. Description of the various stages of CRC with respect to the level of 

invasion. 

 

 

Stage Level of Invasion 

0 Tumor cells are present in the mucosa or inner lining of the colon/rectum 

1 The tumor has grown through the mucosa and invaded the muscular 

layer of the colon/rectum 

2a The tumor has grown through the wall of the colon/rectum 

2b The tumor has grown through the muscle lining of the abdomen 

2c The tumor has grown through the wall of the colon/rectum and also 

spread to nearby structures 

3a The tumor has grown through the inner lining or into the muscular layers 

of the intestine and also spread to 1-3 lymph nodes 

3b The tumor has grown through the bowel wall or to surrounding organs 

and into 1-3 lymph nodes 

3c The tumor has spread throughout the colon and to more than  4 lymph 

nodes but is not present in any other distant part of the body 

4a The tumor has spread to a single distant part of the body 

4b The tumor has spread to more than one part of the body 
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Aetiology 

The onset of CRC can arise as a result of both genetic and epigenetic gene 

mutations.
10

 The mutation may be any alteration in genetic material that has the 

potential to transform cells, however three specific molecular mechanisms have been 

identified as key players in colorectal cell transformation, namely chromosomal 

instability (CIN), microsatellite instability (MIN), and CpG island methylater 

phenotype (CIMP).
11

 

 

CIN cases are characterised by an imbalance in chromosomal numbers which results 

from a process known as loss of heterozygosity (LOH). LOH describes any 

chromosomal event that leads to loss of a gene and it’s surrounding chromosomal 

location. A number of inappropriate mechanisms may ultimately lead to LOH 

including abnormal chromosomal segregation, impaired telomere function or a 

change in deoxyribonucleic acid (DNA) damage responses.
12

 An alteration that is 

considered MIN in nature is characterised by a hyper mutable phenotype, one that 

presents an abnormal increase in the frequency of mutations. This is believed to 

occur as a consequence of defective DNA mismatch repair mechanisms. The tumor 

loses it’s ability to repair short strand DNA sequences which ultimately accumulate, 

leading to numerous mutations.
13

 The main characteristic of CIMP is the hyper 

methylation of CpG islands located in the promoter regions of oncogenes. This 

alteration results in gene deactivation and hindered protein expressed.
14

 In summary, 

all three molecular pathways are associated with various gene abnormalities that 

culminate in aberrant development of intestinal precursor cells. 

 

The nature of the mutation will determine whether the development of CRC is 

considered sporadic, familial or inherited. Sporadic CRC is most commonly 

occurring accounting for 70% of all CRC cases and is not linked to any inherited 

traits, instead arising as a result of random point mutations in a single cell and it’s 

descendants. Thus, this figure provides the basis as to why CRC is considered a 

lifestyle disease. Familial CRC occurs when a genetic mutation linked to the disease 

is present in a number of family members but no specific pattern of inheritance is 

recognised. While hereditary CRC develops when there is a mutated gene present on 
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a directly inherited allele. Together familial and hereditary CRC account for the 

remaining 25% and 5% of cases diagnosed respectively.
15

 

 

Treatment 

There are various options used clinically to treat CRC however the choice of 

treatment is greatly determined by the size and position of the tumor, as well at the 

extent of metastasis i.e., the stage of cancer at diagnosis. Surgery is the most 

commonly used treatment strategy, albeit the type of the surgery can vary, again 

depending on the size and position of the tumor.
16

 For example, if CRC is diagnosed 

during primary disease state then colonic polyps can be removed by means of a 

colonoscopy. In contrast, later disease state that is more aggressive in nature is 

predominantly treated with a technique known as complete mesocolic excision 

(CME). This involves complete resection of the affected colon including it’s lymph-

vascular supply, and potentially the wall of the abdomen.
17

   

 

In addition to surgery, patients diagnosed with metastatic CRC (stage 3) often 

undergo adjuvant chemotherapy in an attempt to eliminate aberrant cells at 

metastatic sites and prevent cancer recurrence.
18

 Initially, the majority of post-

operative chemotherapy regimens for treating CRC were based on 5-fluorouracil (5-

FU), usually in combination with leucovorin (LV). However, following the landmark 

MOSAIC trial (The Multicentre International Study of Oxaliplatin/5-

Fluorouracil/Leucovorin in the Adjuvant Treatment of Colon Cancer) in 2004 

oxaliplatin has since been added, and this triple therapy known as the FOLFOX 

method is now the recommended gold standard internationally.
19  

 

 

Figure 1.2: Chemical structures of 5-FU, LV and oxaliplatin from left to right. 
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The introduction of oxaliplatin demonstrated a significant enhancement in patient 

disease free state over three years with a 23% reduction in the relative risk of 

recurrence with respect to that when treated with 5-FU/LV alone.
20

 This convincing 

statistic is just a small indication of the importance of Pt-based drugs and their role 

in cancer chemotherapy.  
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Pt-based Chemotherapeutics 

The anticancer potential of cis-diamminedichloroplatinum(II) (cisplatin) was 

serendipitously discovered by Barnett Rosenberg in the late 1960’s when an aberrant 

growth pattern was observed in Escherichia Coli (E.Coli) bacteria following 

exposure to an electrical field. This anti-proliferative effect was not caused by the 

applied electrical field, but instead resulted from one or more electrolysis products 

formed in situ when the platinum electrode was submerged in cell culture solution 

containing ammonium chloride. The structure of the electrolysis products were 

elucidated and cisplatin identified as the agent responsible (Figure 1.3).
21

  

Publication of this data in Nature in 1969, and the subsequent clinical introduction of 

cisplatin in 1978 prompted extensive research into Pt based compounds and their 

remarkable anticancer activity. This accidental discovery precipitated a huge 

regeneration in medicinal inorganic chemistry and led to the development of 

thousands of cisplatin analogues, as well as extensive investigation into non-

platinum metals and their respective complexes for anticancer properties.  

 

 

Figure 1.3: Chemical structure of cis-dichlorodiammineplatinum(II) (cisplatin), cis-

tertrachlorodiammineplatinum(IV), trans-dichlorodiammineplatinum(II), trans-

tetrachlorodiammineplatinum(IV) from left to right.  

 

Since it’s approval in 1978 cisplatin has become a significant component of (neo) 

adjuvant chemotherapy for a broad spectrum of solid tumours. Cisplatin was initially 

approved for the use in testicular cancer and still maintains a cure rate that exceeds 

95%, thus highlighting it’s remarkable success to date.
22

 In addition, cisplatin is now 

commonly used in regimes to treat head and neck tumours, as well as gastric, 

ovarian, bladder and non-small cell lung cancer.
23

 However, despite the astounding 

success of cisplatin its’ clinical use is greatly restricted by two major drawbacks; i) 

severe dose-limiting toxicity and ii) drug resistance, both acquired and intrinsic.  

 

With regard to toxicity, platinum drugs demonstrate non-specific targeting and are 

non-discriminative against both cancer cells and healthy non transformed cells. Thus, 

https://www.google.ie/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjPtuTtm4HUAhVDD8AKHThGCPYQFggmMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FEscherichia_coli&usg=AFQjCNFT_fJrAAEMjuPEQYfRdOqM5ifGCw&sig2=g8UG-4L_UxDQqzYhDV80Cg
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this aspect has proved to be greatly disadvantageous and the clinical use of cisplatin 

often presents a number of deleterious side-effects that commonly include 

ototoxicity, gastrotoxicity and myelosuppression.
24,25

 In addition, the most 

concerning effect often displayed in cisplatin treatment is severe nephrotoxicity 

which can greatly affect patient quality of life.
26

 Hence, in many cisplatin-containing 

treatment regimens nephrotoxicity will often prove to be dose-limiting. 

 

With reference to drug resistance, many tumours display intrinsic or acquire 

resistance to cisplatin treatment. Intrinsic resistance refers to a tumour that possesses 

an innate ability to tolerate cisplatin treatment with little or no response. Acquired 

resistance refers to a tumour that develops a resistance to treatment with cisplatin, to 

which it was previously susceptible.  

 

Mechanism of action of cisplatin 

Cisplatin is administered intravenously as a chemically inert species and intracellular 

accumulation occurs via both passive diffusion and active transport.
27

 A number of 

membrane transporters of platinum have been identified, all of which are analogous 

to permeability-gylcoprotein 1 (Pgp1), and so are known to have broad substrate 

specificity.
28

 In particular, of the many transporters identified there is significant 

evidence to suggest that the major Cu(I) transporter CTR1 plays a pivotal role in 

cisplatin uptake, and cells that are associated with a genetic knockdown of CTR1 

have been shown to demonstrate resistance to cisplatin both in vitro and in vivo.
29-30

 

Accordingly, cells that have been treated with copper prior to cisplatin have been 

determined to be less susceptible to cisplatin toxicity.
31

 

 

 

Scheme 1.1: Schematic representation of cisplatin hydrolysis in a cellular 

environment.  

 

Following cellular uptake, the low chloride concentration (4-20 mM) facilitates 

spontaneous hydrolysis of cisplatin, leading to displacement of one or both chlorido 

ligands by water molecules (Scheme 1.1). This aquated cisplatin species is said to be 
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‘activated’ as it is highly electrophilic, and prone to react with various nucleophillic 

sites.  

 

While there has been much speculation surrounding the exact mechanism by which 

cisplatin exerts a cytotoxic effect, there is consensus that the primary biomolecular 

anticancer target of this active cisplatin species is DNA. However, there is 

compelling evidence which indicates that only a very small fraction of cisplatin 

administered actually binds to nuclear DNA, and cisplatin has demonstrated 

cytotoxic effects in enucleated cells, thus highlighting that the anticancer activity of 

this compound is not solely a result of one distinct nuclear mechanism.
32-34

 

Therefore, in addition to i) the nuclear site, it is widely acknowledged that activated 

cisplatin has the ability to bind to various nucleophillic ii) cytoplasmic sites and 

induce a cytotoxic effect. 

 

With reference to the i) nuclear target, aquated cisplatin rapidly binds to N donor 

atoms on purine bases (Figure 1.4). This occurs primarily on the N7 position of 

guanine and to a lesser extent adenine, resulting in mono-functional Pt adducts on 

DNA. The remaining chlorido ligand is then substituted for a second purine base, 

which culminates in DNA-Pt crosslinks.
35,36

 Intrastrand crosslinks predominantly 

exist where by Pt binds to two adjacent bases on the same DNA strand, namely GpG 

1, 2-instrastrand and ApG 1, 2-intrastrand. In addition, GpXpG 1, 3-intrastrand 

adducts occur less frequently where by two platinated guanines are separated by a 

single base (Figure 1.5). Furthermore, interstrand crosslinks may also be observed 

which constitute Pt bound to bases on opposite DNA strands.
37

 

 

 

Figure 1.4: Chemical structures of DNA purine bases adenine and guanine, and 

pyrimidine bases cytosine and thymine from left to right. 

 

The resulting cytotoxic effect is most commonly attributed to the presence of GpG 1, 

2-intrastrand lesions as they severely disrupt the structure of DNA, causing it to bend 
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towards the major groove triggering a loss in helix stability.
38

 Such structural 

distortion initiates a complex cascade of events, beginning with DNA damage 

recognition.
39

 There are at least twenty recognition proteins involved in this process 

including various components of the mismatch repair (MMR) complex, the 

nonhistone chromosomal mobility group (HMG) proteins 1 and 2, RNA polymerase 

1 transcription factor TATA binding protein (TBP) and it’s upstream binding factor 

(hUBF).
40,41

 Different proteins recognise and bind to different Pt induced distortions 

on DNA, however whether they function independently or together as a unit remains 

unclear.
39

 Irrespective of this uncertainty, it is evident that the primary role of 

recognition proteins is transduction of DNA damage to downstream effectors, 

triggering the activation of pro-apoptotic pathways.
42

 

 

 

Figure 1.5: Structures of the various DNA adducts formed by cisplatin; (a) GpG 1, 

2-instrastrand, (b) ApG 1, 2-intrastrand, (c) GpXpG 1, 3-intrastrand, (d) GpG 1, 2-

insterstrand. 

 

In addition to signalling cisplatin induced toxicity, binding of recognition proteins to 

damaged DNA may have a cytotoxic effect in it’s own right. For example, it has 

been postulated that TBP and it’s upstream binding factor hUBF become sequestered 

by the recognition complex, and so are consequently unavailable for their pivotal 

role in transcription. Accordingly, this may provide an explanation as to how 

transcription and translation become disrupted in platinated DNA.
43

 

 

With regard to the primary transduction role, it is possible that each recognition 

protein activates a separate and distinct biological event, however the most 
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characterised mechanism in cisplatin induced toxicity is the activation of cell cycle 

checkpoints.
44

 The cell cycle is a highly regulated four phase process driven by 

cyclin proteins and cyclin dependent kinases. During the G2 growth phase various 

proteins required for mitosis are produced, and the cell is subject to a number of 

regulatory mechanisms to ensure correct status for Mitotic M phase entry. Cisplatin 

induced DNA damage is detected at this G2/M checkpoint, causing a temporary 

delay in mitotic entry.
45

 Temporary arrest is recognised by a number of DNA repair 

mechanisms, primarily by a process known as nucleotide excision repair (NER).
46

 

The mechanism of NER involves more than twenty proteins and is a highly regulated 

complex process, hence the precise details are beyond the scope of this introduction, 

but it typically involves the excision of damaged nucleotides followed by DNA 

synthesis to restore structural integrity.
47

 However, the damage provoked by cisplatin 

binding is very often beyond the ability of such repair mechanisms, particularly in 

the case of GpG 1, 2-instrastrand adducts. In addition, repair machinery is often 

unable to access damaged DNA as recognition proteins bind to and consequently 

shield the DNA damage. Irreparable and unidentifiable DNA damage results in 

cyclin dependent kinase inhibition and extended G2/M cell cycle arrest, thus 

committing the cell to an apoptotic fate (Figure 1.6).
42

  

 

While cisplatin-induced apoptosis does not appear to occur via one distinct 

mechanism there is considerable evidence to suggest that the process often relies on 

the activation and function of p53. Suppressor protein p53 is commonly referred to 

as the guardian of the genome and is established as a crucial aspect of various 

cellular functions including cell cycle arrest and apoptosis.
48,49

 In response to 

cisplatin induced toxicity and permanent cell cycle arrest, ataxia telangiectasia 

mutated protein in conjunction with RAD 3-related protein (ATR) becomes 

activated, and in turn stabilises p53 via phosphorylation, initiating activation of the 

suppressor protein.
50

 ATR also demonstrates a role in the activation a number of 

downstream effectors including CHK1/CHK2 kinase, and mitogen-activated protein 

kinase (MAPK) which both contribute to p53 activation.
51

 Subsequent to induction, 

p53 translocates to the mitochondria where it interacts with a number of B-cell 

lymphoma 2 (Bcl-2) proteins. Bcl-2 proteins are direct regulators of programmed 

cell death and on activation these proteins irreversibly signal for the cell to 

undergoes apoptosis.
42
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However, it is worth nothing that this is not the only mechanism by which cisplatin 

induced apoptosis can occur. There are various examples where p53 negative cells 

still respond to cisplatin-induced DNA damage, thus indicating a role for alternative 

pathways.
45

 

  

Figure 1.6: Various pathways involved in the mechanism of action of cisplatin. 

Cisplatin becomes activated on aquation and binds to both nuclear and cytoplasmic 

nucleophillic sites. Pt binding to nuclear sites evokes DNA damage, triggering DNA 

damage responses. This results in cell cycle arrest, p53 activation and cell 

senescence. In addition, Pt binds to cytoplasmic sites promoting oxidative stress. 

This results in various pro-apoptotic stimuli, including p53 and Bcl-2 activation, 

triggering MOMP. Both targets culminate in an apoptotic fate.
52

  

 

In regard to ii) cytoplasmic sites, a role has been established for the interaction 

between cisplatin and endogenous cysteine-containing nucleophiles, in particular 

glutathione (GSH) (Figure 1.7).
53

 GSH is an antioxidant that is critical for 

maintaining cellular homeostasis. By controlling the level of reactive oxygen species 
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(ROS) within the cell GSH prevents any disturbances in the normal cellular redox 

balance. However, cisplatin demonstrates high affinity for the sulphur atom in the 

cysteine residue of GSH, and on binding the resulting Pt-GSH complex is quickly 

expelled from the cells via GSH transporter proteins. It has been reported for 

example that cisplatin can diminish the level of reducing equivalents and so 

indirectly promotes the establishment of oxidative stress (Figure 1.6).
54

 

 

 

Figure 1.7: Chemical Structure of GSH. 

 

An imbalance in the normal cellular redox state and accumulation of ROS 

consequently results in damage to critical cell components, including proteins and 

lipids. This cellular process culminates in the activation of a cytoplasmic pool of pro-

apoptotic proteins which irreversibly trigger apoptosis (Figure 1.6) 

 

While the mechanism of action of cisplatin is undoubtedly complex involving an 

array of molecular processes and signalling pathways, a detailed understanding is 

essential in order to elucidate the mechanisms behind cisplatin chemoresistance. 

  

Platinum resistance 

Several molecular mechanisms that account for the cisplatin resistant phenotype of 

tumour cells have been identified and characterised. They are most commonly 

distinguished with reference to their position relative to Pt-DNA binding, namely i) 

pre-target resistance, ii) on-target resistance, iii) post-target resistance and iv) off-

target resistant. 
55

 

 

An alteration ensued in a particular process that precedes Pt-DNA binding results in 

a phenotype which is a consequence of i) pre-target resistance. Two molecular 

mechanisms have been identified as the main contributors to pre-target resistance, 

namely decreased drug uptake and increased drug sequestration. As previously 

mentioned, the major Cu(I) transporter CTR1 plays a pivotal role in cisplatin uptake. 

Not surprisingly, there is significant evidence to suggest that the activity of cisplatin 
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is greatly limited in cells that display an alteration in the negative expression or 

function of CTR1.
30,31

 Accordingly, administration of a Cu chelator in combination 

with cisplatin has been demonstrated as advantageous leading to increased levels of 

cytoplasmic cisplatin.
56

 Following uptake, the level of cytosolic cisplatin may also 

be depleted as a result of drug sequestration. On one side we can consider that the 

reaction between cisplatin and nucleophillic GSH in the cytoplasm is desirable in 

that it promotes oxidative stress. However in contrast, an overexpression in the levels 

of GSH can lead to an increase in scavenger activity, thereby removing cisplatin 

from the cell and reducing the amount of cytoplasmic activated cisplatin.
57

 

Irrespective of the exact molecular mechanism, the ultimate consequence of pre-

target resistance is diminished Pt-DNA binding.  

 

Any alteration in the molecular mechanisms directly related to Pt-DNA binding and 

the resulting adducts are associated with ii) on-target resistance. The presence of Pt-

DNA adducts induces DNA structural distortion and a loss in DNA helix stability, 

thus activating a variety of recognition proteins including numerous components of 

the NER process.
46

 As detailed above, the role of NER involves the excision of 

damaged nucleotides in an attempt to restore structural integrity, however, when the 

damage is beyond the ability of such repair mechanisms, the cell is committed to an 

apoptotic fate. In contrast, cells that are resistant to cisplatin often display an 

alteration in the expression or function of various proteins involved in the NER 

process, and consequently an increased repair rate of and/or heightened tolerance to 

Pt-adducts. This concept has been demonstrated in various clinical models where 

cisplatin resistance was observed as a result of increased NER efficacy.
58,59

 

 

Tumor cells are said to demonstrate iii) post-target resistance when an alteration is 

ensued in a particular process subsequent to Pt-DNA binding. When DNA adducts 

are beyond repair or not subject to effective repair the cell is committed to an 

apoptotic fate and prompts the activation of a complex lethal signalling cascade. 

However, alterations in any component of this signalling network can potentially 

disrupt a pro-apoptotic stimulus, thus preventing cell death by the cytotoxic effects 

of cisplatin. One of the most characterised mechanisms of post-target resistance 

involves the tumour suppressor protein p53. p53 plays a vital role in the cellular 

response to genotoxic stress and mutations in the protein itself or pathways 
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signalling to p53 can ultimately lead to the loss of p53 function.
60

 Aberrant p53 

function is a feature common to the majority of human cancers with greater than 

50% of neoplasms known to contain a mutation or deletion of the TP53 gene.
61,62

 

Thus the relationship between p53 and cisplatin resistance is well recognised in the 

clinic. For example, ovarian cancer patients with a wild type TP53 have been shown 

to experience a significantly positive response to cisplatin based chemotherapy in 

comparison with those who constitute a TP53 mutant.
63

  

 

Finally, tumor cells are said to demonstrate iv) off-target resistance when an 

alteration arises in a signalling pathway that is not directly related to Pt-elicit 

responses. This may be an alteration in any component of a signalling network that 

can potentially promote cell survival in response to cisplatin treatment, irrespective 

of the fact that signal transduction was not activated directly by cisplatin. Hence a 

whole array of cellular processes and signalling pathways may fall under the 

category of off-target resistance. For example, molecular chaperone heat shock 

proteins (HSPs) are well established in their cell survival role, and are known to be 

induced in response to a variety of environmental and cellular stresses. During 

stressed conditions these molecular chaperones demonstrate a cyto-protective 

function and the up-regulation of specific HSPs has been associated with varying 

degrees of resistance.
64

 This has been demonstrated in prostate cancer cells for 

example where a correlation was observed between HSP70 expression and the level 

of cisplatin resistance.
65

 

 

The latest phenomenon to emerge in the literature with respect to off-target drug 

resistance is the existence of rare populations of transformed stem cells or CSCs. As 

indicated earlier in regard to normal colon development, it is widely accepted that 

the majority of adult mammalian tissues are maintained by a small group of somatic 

stem cells that have the ability to divide and differentiate, continuously replenishing 

dying cells and regenerating damaged tissues. Additionally, it is now believed that 

tumor growth in many cancers may be driven by a small rare population of 

transformed CSCs.
66

 The existence of CSCs provides the latest potential explanation 

for cancer resistance, and could account for the inability of many cancer treatments, 

including Pt based therapies, to consistently eradicate solid metastatic tumours. 
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Cisplatin derivatives 

Enormous efforts have been made in an attempt to overcome the drawbacks 

associated with cisplatin, and thousands of Pt based compounds have been 

developed for anticancer exploitation. However despite the vast attempts made, only 

two Pt based compounds have successfully achieved worldwide approval in addition 

to cisplatin, namely carboplatin and oxaliplatin.
23

 These compounds are analogous to 

cisplatin in that they are both neutral square planar complexes that constitute a Pt(II) 

centre coordinated to cis am(m)ine and cis anionic ligands.  

 

 

Figure 1.8: The ‘classical’ cis-PtA2X2 framework constitutes a Pt(II) metal centre 

coordinated to a stable carrier am(m)ine ligand (A) and a labile (di)anionic leaving 

group (X).  

 

The am(m)ine groups are commonly referred to as carrier ligands as they remain 

bound to the metal Pt centre following administration and intracellular 

transformation. In contrast, the anionic labile ligands are known as leaving groups 

and become displaced following intracellular conversion (Figure 1.8).  

 

A rational approach to eliminate the undesirable toxicity profile of cisplatin resulted 

in a second generation analogue, now known as carboplatin (Figure 1.9). Based on 

the hypothesis that the toxicity of cisplatin may be related to the ease with which the 

leaving groups are aquated, the highly labile dichlorido ligands were replaced with 

1,1-cyclobutane dicarboxylate. This structural variation results in a complex which 

aquates with a rate constant of 10
-8

 s
-1

, compared with 10
-5 

s
-1

 for cisplatin.
67

 As 

desired, carboplatin is essentially devoid of nephrotoxicity. This compound is not 

without it’s own side effects however with neutropenia, thrombocytopenia and 

leukopenia being the dose limiting toxicities. Nonetheless, this is still considered a 

more acceptable side effect profile.
68

 As both Pt compounds contain the same 

ammine carrier group the aquation of carboplatin yields the same active component 
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as cisplatin. As a consequence, carboplatin forms identical DNA adducts and so is 

only clinically relevant for treating cisplatin sensitive tumours. 

  

Oxaliplatin is a third generation analogue of cisplatin and the first Pt drug to receive 

worldwide approval that circumvents cisplatin and carboplatin resistance (Figure 

1.9). Oxaliplatin comprises (1R, 2R)-cyclohexane-1,2-diamine (DACH) as a 

bidentate carrier ligand and there is significant evidence to suggest that this structural 

variation is responsible for overcoming resistance.
69

 Although oxaliplatin binds to 

DNA in a similar fashion and GpG-intrastrand adducts are still predominantly 

formed, in this case the bulky hydrophobic DACH ligand points into the DNA major 

groove, consequently preventing DNA repair proteins from binding.
70

 The oxalate 

ligand also greatly reduces the severity of many side effects of the drug.  

 

 

Figure 1.9: Chemical structures of carboplatin and oxaliplatin.  

 

Advancements in oxaliplatin treatment were first made when the National Cancer 

Institute’s AntiCancer Drug Screen Panel reported that the Pt complex appeared to 

demonstrate activity against several colorectal cancer cell lines, an effect that is not 

seen with cisplatin and carboplatin.
71

 This observation was confirmed by a number 

of pre-clinical studies and oxaliplatin advanced through to the clinic where it was 

approved for the treatment of CRC in the EU in 1999, and subsequently by the US 

FDA in 2002.
72

 Oxaliplatin is now well established for it’s role in the FOLFOX 

regime and is the first drug of choice for the treatment of both metastatic and 

adjuvant colorectal cancers worldwide.
19,20

 However, despite the undisputed success 

of oxaliplatin, indiscriminate targeting and drug resistance is still an extensive issue 

presenting in many colorectal cancers. Thus there remains a constant need to develop 

novel therapeutic strategies to target CRC. 

 



Chapter 1 

18 
 

Unconventional Pt-based drugs 

Although thousands of complexes have been tested in search for a new Pt drug that 

will perform better than the clinically approved Pt drugs, very few have entered 

clinical trials, and a new platinum agent has not achieved worldwide clinical 

approval in over a decade. As a result, the focus has shifted slightly and many efforts 

are being made to develop a new generation of ‘non-classical’ Pt drugs that deviate 

in structure and function.
73

 A large number of novel approaches are currently being 

explored, which Johnstone and co-workers have recently reviewed in detail, however 

broadly speaking many groups are attempting to develop new Pt-based anticancer 

therapies that utilise one of two strategies, namely i) drug combination or ii) bi-

functional conjugation.
74

  

 

Building on the previous proof of concept with regard to the FOLFOX regime, 

considerable efforts are being made to determine if i) drug combination is the way 

forward (Table 1.2), and there is no doubt that this method offers a number of 

advantages which make it a highly favourable approach.  

 

Table 1.2. Selected examples of applications where Pt based compounds have been 

co-administered in anticancer research. 

Platinum Drug  Secondary Drug Target 

cisplatin tetra-arsenic oxide cervix
75

 

cisplatin metformin lung
76

 

cisplatin gemcitabine bile duct
77

 

cisplatin everolimus bladder
78

 

oxaliplatin capecitabine breast
79

  

oxaliplatin quercetin, thymoquinone ovaries
80

 

carboplatin paclitaxel lung 
81

 

 

For example, as each active compound is likely to have a different biological target, 

the overall efficacy of the treatment is likely to be enhanced. This process does not 

require any changes in structure, and so by maintaining structural integrity we can 

ensure that the activity of both molecules is preserved. In addition, this allows for 

wide variation when considering the ratio of one biomolecule to the other. The 
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nature of multiple drug targets also subsequently increases the chance of killing all 

cancer cells, and so potentially reduces the likelihood of drug resistance.
82

 

Furthermore, established chemotherapeutics are well characterised and much is 

known about their pharmacokinetics and bio-availability in respect to that of new 

compounds currently in development.  

 

In addition, there have been a large number of successful demonstrations reported in 

the literature which exploit a ii) bi-functional conjugation approach (Table 1.3). The 

‘bi-functional’ method is a variation of co-administration, where by two or more 

active compounds are chemically conjugated, thus are consequently administered 

together. This strategy involves the development of a single compound comprising a 

Pt centre coordinated to one or more bioactive molecules.
83

 The bioactive molecule 

may be another drug with a complementary mode of action, or a compound which is 

known to interact selectively with a specific cellular mechanism.
84

  

 

These compounds may constitute a Pt(II) and a bioactive molecule coordinated into 

the labile ligand portion of the complex (Figure 1.10a). Additionally, there are 

various examples where they exist as a chemically inert Pt(IV) prodrugs that are 

conjugated to at least one bioactive molecule via an axial ligand (Figure 1.10b).
85

 In 

this form the Pt(IV) compound becomes activated intracellularly following reduction 

which results in the loss of axial ligands to give an active Pt(II) centre. Bioactive 

ligands are very often tethered to a Pt(II) centre via dicarboxylato groups, or  to a 

Pt(IV) centre via a mono carboxylato moiety as the rates of hydrolysis of these 

functional groups are well characterised, and so it is the best possible means for 

ensuring intracellular ligand ‘release’. 
86,87
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Figure 1.10: (a) Pt(II) centre conjugated to a histone deacetylase (HDAC) inhibitor 

via a malonate moiety,
88

 (b) Pt(IV) centre conjugated to two COX inhibitor 

molecules via a carboxylate moiety.
89

 

 

This bi-functional method offers many of the same advantages as co-administration 

and while the structure of the compounds require modification which may 

potentially interfere with their activity, this scenario increases the likelihood that 

both compounds reach the tumour site. Hence this approach is often referred to as 

drug targeting and delivery (DTD).
84

 

 

Table 1.3. Selected examples of applications that comprise a Pt centre conjugated to 

a bioactive ligand(s) in anticancer research. 

Platinum Centre  Bioactive Molecule Target 

Pt(II) HDAC inhibitor ovarian
88

 

Pt(II) bile acids liver 
90

 

Pt(II) glucose prostate/kidney
91

  

Pt(II) testosterone  prostate
92

 

Pt(IV) estrogen breast 
93

 

Pt(IV) COX inhibitor breast
89

 

Pt(IV) GST inhibitor breast/colon
94
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Background and Concept 

In summary, we can conclude that CRC is a rapidly growing global concern with an 

urgent need to develop novel treatment strategies. It has been established that the Pt-

based chemotherapeutic, oxaliplatin, plays a pivotal role in CRC treatment, however 

it’s effects are limited and the resistant phenotype of cancer cells presents a major 

drawback. In an effort to circumvent the mechanisms that give rise to such inherent 

or acquired resistance, and to mitigate other undesired side-effects, thousands of Pt 

based compounds have been developed that are both in accordance with and vary 

largely from the prescripts of the classical SARs of Pt drugs.  

 

For this project we have acknowledged that Pt drugs remain imperative to treating 

CRC, however, we have also recognised that the search for a novel Pt compound that 

performs better than oxaliplatin has been relatively unsuccessful to date. Hence, in 

line with many other groups, we have developed a number of novel strategies to 

enhance the activity of Pt drugs against CRC that vary from what may be considered 

the ‘traditional’ method. In order to introduce the concepts behind each approach the 

remainder of this introduction will be split into three distinct parts for clarity; 

 

Part I reviews the function of heat shock proteins and highlights their role in cancer 

progression and survival.  

 

Part II considers the role of cell penetrating peptides and how they can be exploited 

for use in cancer treatment.  

 

Part III details the Hedgehog signaling pathway and it’s role in CRC development 

and resistance.   
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Part I - Heat Shock Proteins 

The heat shock response was first discovered in 1962 when Ritossa observed 

chromosomal puffs in the salivary glands of Drosophila melanogaster fruit fly, and 

identified them as a consequence of heat stress.
95

 The effect of this exposure led to a 

change in gene expression patterns, causing a drastic increase in the production of 

stress induced proteins, subsequently referred to as Heat Shock Proteins (HSPs).
96

 

This name is misleading as the HSP genes are now known to be induced in response 

to a variety of other environmental and cellular stresses, including elevated pH, 

hypoxia and ischemia. However, irrespective of the nature of the stress, the common 

consequence is protein mis-folding and aggregation, leading to a harmful disruption 

in protein homeostasis (proteostasis). HSPs are the molecular machinery employed 

by the cell to prevent this process from occurring. These molecular chaperones are 

responsible for correct protein folding, and act as a protection for nascently 

translating proteins, thus are key mediators in the impediment of protein damage.
97

  

  

HSPs constitute a large family of proteins and they are classed into six major groups 

with reference to their molecular mass in kilodaltons; HSP110, HSP90, HSP70, 

HSP60, HSP40 and small HSPSs of 16-30 kDa.
98

 It is worth nothing that due to the 

constant emergence of new HSPs inconsistencies have developed in the 

nomenclature, and more recent guidelines have proposed the following; HSPB 

(small HSPs), DNAJ (HSP40), HSPD (HSP60), HSPA (HSP70), HSPC (HSP90) 

and HSPH (HSP110).
99

 Both methods are used simultaneously throughout the 

literature, however to maintain consistency from herein they will be discussed with 

reference to their molecular weight.  

 

HSP70 

The human HSP70 family comprises thirteen members which vary in function. 

Under un-stressed conditions a number of these proteins are expressed at basal levels 

and serve a variety of general house-keeping roles. They reside in the cytosol and 

subcellular organelles, and play a vital role in maintaining proteostasis. Hence they 

can be considered as a buffer system for the cell.
100

 For example, constitutively 

expressed HSP70-8 is responsible for the transmembrane cellular transport of newly 
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synthesised proteins, while HSP70-9 resides in the mitochondria and facilitates the 

movement of proteins into the endoplasmic reticulum (ER) lumen (Table 1.4).
101

  

 

During stressed conditions a number of these molecular chaperones demonstrate a 

cyto-protective function. For example the expression of HSP70-6 is stress inducible 

and this is typically detected in immune cells after conditions of severe stress.
102

 The 

HSP70 proteins that are mostly responsible for the major stress survival role 

however are  HSP70-1A and HSP70-1B. (Table 1.4).  

 

 Table 1.4. Selected examples of HSP70 proteins which are best characterised.
102

  

Name Cellular Location Stress Induced 

HSP70-1A cytosol, nucleus, lysosome + 

HSP70-1B cytosol, nucleus, lysosome + 

HSP70-5 endoplasmic reticulum - 

HSP70-6 cytosol, nucleus + 

HSP70-8 cytosol, nucleus - 

HSP70-9 mitochondria - 

 

As HSP70-1A and HSP70-1B proteins differ only in sequence by two amino acids 

they are generally referred to together as HSP70-1.
99

 These proteins are encoded by 

closely linked, stress-inducible genes, HSPA1A and HSPA1B. The induced 

expression of HSP70-1 is mediated by transcription factors, known as heat shock 

factors (HSFs). In response to stress stimuli, these HSFs bind to heat shock elements 

(HSEs) found in the promoter region of both genes, and activate the heat shock 

genes as a consequence.
24

 

 

The structure of HSP70-1 comprises three major functional domains; an N-terminal 

ATPase domain (ABD) which is responsible for nucleotide binding and ATP 

hydrolysis, a substrate binding domain (SBD) which demonstrates affinity for 

neutral, hydrophobic amino acid residues on misfolded proteins, and a C-terminal 

domain which essentially acts as a ‘lid’ for the SBD and mediates co-chaperone 

binding (Figure 1.11).
103,104
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Figure 1.11: The solution structure of E. coli HSP70 homolog (DnaK) (PDB file: 

2KHO), with the ABD, SBD and C-terminal helical domain indicated.
104

 

 

HSP70-1 plays an integral part in stress-induced cell survival by preventing 

proteotoxicity. Proteotoxicity is considered any impaired cell function as a result of 

incorrect protein folding. This irreversibly occurs when exposed hydrophobic 

stretches on partly or misfolded proteins accumulate. HSP70-1 eliminates this 

process by demonstrating high binding affinity (Kd = 1-10 nM) for exposed 

hydrophobic amino acid regions on misfolded proteins and binds nascent 

polypeptides in an ADP bound state, facilitating correct protein folding.  Following 

stress recovery and subsequent restoration of cellular ATP levels, HSP70-1 

demonstrates considerably lower affinity (Kd = 1-10 µM) for protein substrates, 

causing the HSP70-1 protein complex to dissociate.
105

 This is not a one step process 

but a repeated cycle that proceeds until the hydrophobic regions of the protein 

substrate are no longer exposed. 

 

In summary, stress inducible HSP70-1 acts as a protection for nascently translating 

proteins and is a key player in unfolding and/or refolding partly denatured or 

misfolded proteins, ultimately allowing cells to survive in what otherwise would be 

regarded as lethal conditions.
106

 However, HSP70 does not function as a separate and 
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distinct protein unit but is highly dependent on many co-chaperone proteins, thus 

various members of the other HSP families are crucial to correct HSP70 function.
107

 

 

HSP110 

The human HSP110 family comprises four members and these proteins are 

structurally homologous to the HSP70 family, with the exception of an extended 

linker between the N-terminal and C-terminal domains.
99

 With regard to function, 

HSP110 proteins have strong anti-aggregate properties, thus bind to and prevent the 

accumulation of misfolded proteins. While this action is similar to many other HSPs, 

including HSP70, the HSP110 family act in an ATP-independent fashion and so are 

described as holdases. They essentially ‘hold’ misfolded proteins in a non-covalent 

manner but do not re-fold them.
108

 HSP110 proteins are essential for HSP70 function 

as they demonstrate nucleotide exchange factor (NEF) activity. As detailed above, 

HSP70 binds to and re-folds nascent proteins in a repetitive cycle until the 

hydrophobic regions of the protein substrate are no longer exposed, a process which 

is driven by ATP hydrolysis.  This repetition is vital for correct substrate refolding 

and is highly dependent on NEF activity. HSP110 proteins with NEF activity act by 

removing the resulting ADP molecule following ATP hydrolysis, and in doing so 

allow for new HSP70-substrate interactions.
109

  

 

Small HSPs 

The human small HSP family consists of 10 members, all of which have 

considerably low molecular weights of 15-30 kDa. However, small HSPs are well 

known for their ability to oligomerize, and they usually exist as homo and hetero-

oligomers.
110

 Structurally, small HSPs are characterised by the presence of an α-

crystallin C-terminal domain, which is highly conserved and approximately 100 

amino acids in length.
111

 With regard to function, small HSPs have a similar role to 

that of the HSP110 family and are holdases in nature, binding to misfolded proteins 

in an ATP-independent manner. When the ATP level in the cell is restored following 

stress recovery, small HSPs mediate protein re-folding by transferring damaged 

polypeptides to larger HSP’s that comprise chaperone function, such as HSP70.
112
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HSP40 

The human HSP40 family is the largest heat shock family, consisting of at least 50 

members. Structurally, HSP40 proteins are characterised by the presence of a highly 

conserved J-domain which is ~ 70 amino acids in length, and commonly occurs at 

the N-terminal.
113

 In addition, HSP40 proteins are known to contain unique 

polypeptide binding sites which are essential for substrate recognition. Thus, HSP40 

proteins promote protein re-folding by binding and delivering specific client proteins 

to the SBD of HSP70. HSP40 proteins also regulate the binding activity of HSP70 

by stimulating ATP hydrolysis and stabilising the complexes HSP70 form with 

misfolded/un-folded polypeptides.
114

 Hence HSP40 proteins are vital for correct 

HSP70 function.  

 

HSP60 

The human HSP60 family constitutes at least 10 members and they belong to a 

subset of chaperone proteins known as chaperonins.
115

 They are all believed to be 

compartment-specific and can be further subdivided into two groups with respect to 

their location, namely group I chaperonins and group II chaperonins. Group I 

chaperonin are best characterised and exist in subcellular organelles such as the 

mitochondria. Group II chaperonins, which are poorly understood in comparison, are 

believed to reside specifically in the cytosol.
116

  

 

Chaperonins are defined by their ability to promote correct protein folding. While all 

chaperone proteins are characterised by their roles in preventing aberrant protein 

aggregation and accumulation, HSP60 chaperonins directly promote correct protein 

folding. Hence, they play a crucial role in assisting newly synthesised proteins to 

adopt their native confirmative state. HSP60 chaperonins are highly intricate protein 

complexes made up of 14 distinct monomeric units. The complex exists as two 

heptameric rings arranged back-to-back, often described as a ‘barrel’ like structure 

with a vacant inner cavity. This inner hollow portion has been defined as the site for 

protein folding.
117

  

 



Chapter 1 

27 
 

HSP90 

The human HSP90 family are the most abundant of HSPs, accounting for 1-2% of all 

cellular proteins in un-stressed cells.
118

 The HSP90 family comprises five members, 

two of which are characterised by their sub-cellular location; Grp94 is found in the 

mitochondria and Trap is expressed in the ER. In addition, HSP90-β is constitutively 

expressed in the cytosol, while expression of HSP90-α in the cytosol is induced and 

the protein exists in two isoforms, namely HSP90-α1 and HSP90-α2.
119

 The structure 

of HSP90 comprises three major functional domains; an N-terminal ATP, a C-

terminal domain, and a linked region between the two known as the hinge or M 

domain, which varies widely in length and composition with varying species.
120

 

However, HSP90 proteins are non-functional in monomeric form, and exist and 

function only as dimers via the C-terminal domain (Figure 1.12).   

 

 

Figure 1.12: Full length structure of E. coli HSP90 homolog (HtpG) (PDB file: 

2IOP) bound to ADP with the N-terminal, M domain, C-terminal and dimerization 

zone indicated.
121

  

 

The primary role of HSP90 proteins involves protective chaperone function and 

similarly to HSP70, the HSP90 family prevent the accumulation of toxic misfolded 

protein aggregates. However, HSP90 proteins display considerable specificity with 
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regard to their polypeptide substrates, and they typically interact with client proteins 

involved in cell cycle regulation and signal transduction.
120

 This phenomenon was 

first observed by Brugge in 1981 when the proto-oncogene tyrosine-protein kinase v-

Src was shown to associate with HSP90 in the rous sarcoma virus.
122

 Subsequent to 

this discovery, a large number of HPS90 specific client proteins have been identified 

including tyrosine kinases v-Yes and v-Fps, and the steroid receptors for 

glucocorticoid, progesterone and oestrogen.
123

 The role of HSP90 in steroid receptor 

function is now well established and in many cases an interaction with the chaperone 

protein is imperative to maintaining a stable native receptor conformation.
124-125 

However, it is crucial to note that HSP90 cannot function as a separate protein unit 

and is highly dependent on various co-chaperone proteins, an aspect that is identical 

to all families of HSPs.  

 

 Table 1.5. The HSP families. 

 

HSP70-1 and cancer 

As HSP70-1 plays a crucial role in stress induced cell survival it is no surprise that 

alterations in HSP70-1 expression are commonly observed in various disease states. 

In particular, many cancer types have been shown to rely heavily on the protection of 

Family Members Function 

Small HSPs 10 
bind to misfolded proteins and 

demonstrate holdase function 

HSP40 > 50 

deliver specific client proteins to the 

SBD of HSP70 and regulate HSP70 

binding activity 

HSP60 >10 chaperonin function 

HSP70 13 

prevent proteotoxicity by binding to 

and inhibiting the aggregation and 

accumulation of misfolded proteins 

HSP90 5 

prevent proteotoxicity by binding to 

and inhibiting the aggregation and 

accumulation of specific client proteins 

HSP110 4 
bind to misfolded proteins and 

demonstrate holdase function 
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HSP70-1 for cell proliferation, differentiation, and survival. However, there does not 

appear to be a distinct correlation between the expression of HSP70-1 and general 

tumor progression, and the biological consequence of HSP overexpression is likely 

to depend on the cancer type and it’s unique molecular makeup.
126

 In addition, there 

is no definitive explanation as to how HSP70-1 overexpression may be induced in 

malignant cells relative to normal non-transformed cells, however a number of 

potential explanations have been reported that are highly probable.
127

  

 

The tumour microenvironment is commonly associated with a poor blood supply and 

inadequate oxygen and glucose levels as a consequence. The effects of this depletion 

are protein-damaging conditions such as hypoxia and nutrient deprivation, which are 

well characterised as HSP stress response stimuli.
128

 Tumour cells which display 

these typical physiological characteristics essentially live in an environment of 

constant stress and so it has been postulated that elevated levels of HSP70 are 

necessary to combat these harsh conditions and ensure cell survival.  

 

In addition, tumours are prone to a number of stresses associated with rapid 

proliferation including accumulating protein mutations and aneuploidy. Such 

aberrant protein accretion and genomic instability increases the demand for 

chaperone function, and tumour cells typically display intrinsic proteotoxic stress.
129

 

This results in permanent activation of the HSP70-1 transcription factor HSF1, and 

tumour cells become ‘addicted’ to HSF1 as it is imperative for the prevention of cell 

death.
130

  

 

Finally, the overexpression of HSP70-1 is often observed in malignancies in 

response to anticancer chemotherapy where it is likely triggered as a protection 

mechanism, rendering cells resistant to apoptosis induced by chemotherapeutic 

cytotoxicity.
131

 Hence as stated earlier, elevated HSP70-1 expression is considered a 

mechanism of off-target drug resistance as it is often associated with a poor 

treatment response. 

 

Irrespective of the uncertainty surrounding the exact mechanism by which HSP70-1 

expression is induced, it appears that a molecular change which is common to most 

cancers is responsible. Accordingly, there is significant experimental and clinical 
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data to support this remark, as detailed below. As HSP70-1 is mostly responsible for 

cell survival in response to stress, and the predominant form of HSP70 protein 

expressed in cancer, from herein for clarity it will simply be referred to as HSP70.
64

 

 

Initially observed in breast cancer, elevated levels of HSP70 have since been 

reported in cervix,
 
liver, prostate,

 
oesophagus and colon tumours.

132-137
 With regard 

to cancer initiation, findings by Jäättelä in mouse fibrosacoma cells indicate that the 

overexpression of HSP70 promotes tumorigenicity and renders these cells resistant 

when treated with cytotoxic T cells and macrophages in vitro.
138

 Similarly, Sherman 

and co-workers reported a Her-2 mammalian model with a HSP70 knockout that 

rarely led to the development of breast cancer. This is in stark contrast to their 

control wild type animals which led to invasive breast tumours 100% of the time, 

suggesting a critical role for HSP70 in the early stages of cancer development.
139

 

Furthermore, data reported by Seo et al. reveals that the expression of HSP70 in T 

cells of transgenic mice is a predisposition for the development of malignant 

lymphoma, and they have proposed that this expression within T cells is involved in 

blocking apoptosis.
140

  

 

Beyond cancer initiation, in later grade cervical carcinoma for example, a correlation 

has been determined for elevated levels of HSP70 and an increase in tumour size.
141

 

Similarly, an investigation which was undertaken to determine the clinical 

significance of HSP70 expression in bladder cancer found that the overexpression of 

this chaperone protein was observed in 58% of cases. In addition, this expression 

was reported to be in direct correlation with tumour advancement and poor patient 

outcome.
142

 More recently, a study investigating HSP expression in breast cancer 

patients detected elevated HSP70 in 83% of patients. It was concluded that this 

overexpression is associated with many of the hallmark properties associated with 

malignant breast cancer.
143

 

 

With regard to CRC, there have been several findings that indicate a significant role 

for HSP70 expression in tumour prognosis. Garrido and co-workers have reported 

that rat colon carcinoma cells in vitro which display a decreased expression of 

HSP70 are significantly more sensitive to apoptosis.
144

 In addition, Murray et al 

identified a mitochondrial form of HSP70 which is consistently overexpressed in 
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CRC patients, and determined that high levels of this expression correlate with poor 

clinical outcome. They went on to suggest that overexpression may be used as a 

marker for prognosis in CRC patients.
145

 In a similar fashion, Langer et al recently 

reported that high HSP70 expression is associated with the worst clinical outcome in 

CRC and that determination of tumoral HSP70 should be used as indicator of disease 

state.
146

 Finally, it has been revealed that elevated levels of HSP70 may indicate 

advanced stage disease and lymph node metastasis.
137

 

 

HSP70 and pathways of cell death 

Irrespective of the stage at which varying tumour cells express HSP70 the ultimate 

consequence is limited sensitivity to apoptosis.
127

 Apoptosis is a preserved 

mechanism of controlled cell deletion which is characterised by a number of distinct 

morphological features. It is the mechanism by which multicellular organisms 

eliminate redundant and/or damaged cells from the body without the risk of 

inflammation.
147

 Cell death via apoptosis is essential during embryonic development 

and normal cell turnover, playing a pivotal role in maintaining cellular homeostasis. 

In addition, it is crucial for proper development and function of the immune system, 

in the defence against various disease states, and plays a prevalent role in the 

removal of cancer cells.
148

  

 

The initial phase of apoptosis is characterised by cell shrinkage and DNA begins to 

fragment, inducing chromatin condensation by a process known as pyknosis.
149

 

Protrusions or cellular blebs form in the plasma membrane, and the cell disintegrates 

into small membrane enclosed ‘apoptotic bodies’ as a consequence. Apoptotic 

bodies consist of cytoplasm with tightly packed intact organelles, and may or may 

not include a nuclear fragment.
147

 During the terminal phase, these apoptotic vesicles 

present phagocytotic signals on the surface and the externalisation of phospholipid 

phosphatidylserines (PS) is crucial to this process.
150

 PS residues remain hidden 

inside the plasma membrane and only appear on the cell surface during apoptosis, 

where they signal the recognition and removal of apoptotic cells by macrophages. In 

addition, PS acts an immunosuppressive agent and as apoptotic cells do not release 

their cellular constituents into the surrounding interstitial tissue, the process occurs 

without inflammation.
151
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There are two pathways of apoptosis, namely intrinsic and extrinsic (Figure 1.13). 

Intrinsic apoptosis is mitochondrial mediated and tightly regulated by interactions 

between the B-cell lymphoma-2 (Bcl-2) proteins.
152

 The Bcl-2 family comprises 17 

members, all of which play a role in apoptosis, many with overlapping function. The 

members can be subdivided into three groups; anti-apoptotic Bcl-2-like, pro-

apoptotic and pro-apoptotic BH3-only (Table 1.6). 

 

Intrinsic apoptosis is primarily induced by non-receptor-mediated stimuli that 

prompt intracellular signals in a positive or negative fashion. For example, 

conditions of hypoxia, hyperthermia and radiation are considered positive stimuli 

whereby they induce organelle and DNA damage, directly triggering apoptosis. In 

contrast, the absence of various hormones and cytokines are considered negative 

stimuli as their role in apoptotic suppression is impeded, thus apoptosis is indirectly 

activated as a consequence.
147

 

 

Table 1.6. Members of the Bcl-2 protein family subdivided.
152

  

Sub Group Members 

anti-apoptotic: 

Bcl-2 

Bcl-w 

Bfl-1 

A1 

myeloid cell lukemia-1 (Mcl-1) 

Bcl-2 related protein X large (Bcl-XL) 

pro-apoptotic: 

Bcl-associated-x (Bax) 

Bcl-2 related ovarian killer (Bok) 

BH3-homolgous agonist killer (Bak) 

pro-apoptotic BH-3: 

Noxa 

Harakiri (Hrk) 

Bcl-2 interacting killer (Bik) 

Bcl-2 modifying factor (Bmf) 

Bcl-2 interacting mediator (Bim) 

Bcl-2 associated death promoter (Bad) 

BH3-interacting domain death agonist (Bid) 

p53-unregulated modulator of apoptosis (PUMA) 
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Irrespective of the stimulus, the ultimate outcome is Bcl-2 protein activation (Figure 

1.13). There is evidence to suggest that BH3-only proteins become activated in 

response to such intracellular stress stimuli, and that the interaction between BH3-

only proteins and anti-apoptotic Bcl-2-like proteins leads to the release of Bak and 

Bax.
153

 Inactive Bak is constitutively bound to the mitochondrial membrane, while 

Bax is loosely associated with the mitochondrial outer membrane and can reside in 

the cytosol. On activation, both pro-apoptotic proteins undergo allosteric changes 

and Bax translocates to the mitochondria, becoming imbedded in the membrane.
154

 

The monomeric protein units form oligomers and pores emerge in the mitochondrial 

membrane as a consequence. The loss of membrane potential and depolarisation 

leads to mitochondrial outer membrane permeabilization (MOMP), and a number of 

proteins usually located within the membrane are released as a result. These include 

cytochrome c and apoptotic inducing factor (AIF).
155

 On release, cytochrome c binds 

to apoptotic protease-activating factor 1 (Apaf-1), and several Apaf-1 molecules 

form a heptameric multiprotein complex known as the apoptosome.
156

  

 

The apoptosome is responsible for the recruitment and activation of cellular protease 

enzymes known as caspases. Caspases are a family of cysteinyl aspartate-specific 

proteinases that exist in a procaspase inactive enzymatic form termed zymogens.
157

 

Caspases can be subdivided into three groups, namely initiator, effector and 

inflammatory caspases (Table 1.7). Initiator caspases are responsible for the 

activation of effector caspases, which in turn execute the morphological changes that 

are indicative of apoptosis. In contrast, inflammatory caspases are part of the 

inflammation response and do not have a direct role in apoptosis.
158

 

 

During intrinsic apoptosis, initiator procaspase 9 is recruited to the apoptosome and 

is processed into it’s active form via dimerization.
156

 In turn, active caspase 9 

triggers a number of downstream caspases which are responsible for various 

cleavage reactions that culminate in the activation of effector caspases 3 and 7. 

Effector caspases execute the cleavage of a number of cellular proteins and this final 

event in the intrinsic pathway induces the morphological changes that are considered 

the hallmarks of apoptosis.
159
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Table 1.7. Members of the of caspase protein family subdivided.
157

 

Sub Group Members 

initiator/activator: 

caspase 2 

caspase 8 

caspase 9 

caspase 10 

effector/executioner: 

caspase 3 

caspase 6 

caspase 7 

inflammatory: 

caspase 1 

caspase 4 

caspase 5 

caspase 14 

 

Extrinsic apoptosis is induced by the activation of a subset of tumor necrosis factor 

(TNF) receptors which are expressed on the cell surface known as death receptors.
160

 

Death receptor ligands such as tumour necrosis factor-related apoptosis-inducing 

ligand (TRAIL) and the FS7-associated cell surface antigen ligand (FasL) bind to 

their agnate receptor and transduce the signal intracellularly via the transmembrane 

domain. In the TRAIL pathway for example, binding to death receptors 4 (DR4) and 

5 (DR5) induces dimerization and aggregation.
161

 The resulting larger protein 

structure is responsible for recruiting adaptor ligands such as the Fas-associated 

protein with death domain (FADD), which in turn interacts with procaspase 8 and 10 

to form a death inducing signalling complex (DISC).
162

 Active caspase 8 is 

responsible for the cleavage of effector caspase 3, which triggers cell death via 

nuclear fragmentation. In addition, active caspase 8 is also capable in it’s own right 

of activating the intrinsic pathway through the cleavage of Bid to truncated Bid 

(tBid). In turn, this can interact with a number of other Bcl-2 proteins, leading to the 

activation of mitochondrial mediated apoptosis (Figure 1.13).
163
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Figure 1.13: Elements of the intrinsic and extrinsic apoptosis pathways. Adapted 

from Nat. Rev. Cancer, 2016, 16, 539.
163

 

 

Apoptosis is not the only form of cell death and the process can also occur via a 

mechanism known as autophagy. Autophagy is characterised by a ‘self-

consumption’ process where cellular stress triggers the formation of a double-

membrane vesicles surrounding cellular components known as autophagosomes.
164

 

In turn, autophagosomes subsequently fuse with lysosomes, essentially ‘delivering’ 

the cytoplasmic constituents for cellular degradation. However, autophagy is 

primarily a cell survival mechanism in that it is a means of eliminating unnecessary 

or dysfunctional components from the cell. Albeit there is considerable evidence to 

suggest that the consequence of prolonged activation is cell death.
165

  

 

The overexpression of HSP70 is believed to provide a survival advantage to tumour 

cells by interfering with apoptotic signalling transduction at various levels.
64

  With 

regard to the intrinsic pathway, HSP70 has be shown to interact directly with pro-

apoptotic protein Bax, preventing it’s translocation to the mitochondria. In doing so 
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the process of MOMP is impeded and the release and activation of caspases 

responsible for executing apoptosis is inhibited (Figure 1.14b).
166

  

 

 

Figure 1.14: HSP70 promotes cell survival via a number of mechanisms including 

a) stabilisation of lysosomal membranes, b) prevention of Bax translocation to the 

mitochondria, and c) prevention of DR recruitment during the formation of DISC.  

In relation to the extrinsic pathway, there is evidence to suggest that HSP70 can bind 

to death receptors DR4 and DR5. This prevents dimerization of the death receptors 

and prohibits the formation of DISC as a consequence. Thus, the cell is unable to 

follow a pro-apoptotic stimulus (Figure 1.14c).
167

 In addition to apoptosis 

suppression, HSP70-1 promotes cell survival by preventing autophagy. HSP70-1 has 

been shown to localise at the endosomal and lysosomal membranes of cancer cells. 

In doing so HSP70-1 stabilises the membrane, inhibiting death-associated 

permeabilization (Figure 1.14a).
168

 

 

Project Aim 

In summary, we can conclude that HSP70 is overexpressed in CRC, playing an 

integral role in tumour progression and survival. In addition, this overexpression is 

not typically displayed in healthy non-transformed cells, and so in line with many 

other groups we recognise HSP70 as a legitimate target for anti-cancer exploitation. 
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Thus we wish to develop a novel strategy to target CRC which incorporates the 

known anti-cancer capabilities of Pt based compounds in conjunction with a HSP70 

inhibiting molecule.  
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Part II - Cell Penetrating Peptides 

Cell penetrating peptides (CPPs) are short peptide sequences that are defined by the 

following four characteristic traits; they are i) less than 35 amino acids in length, ii) 

non-toxic in nature, iii) they readily accomplish cell membrane translocation, and iv) 

retain the ability to do so when coupled to various cargo including small molecules, 

nanoparticles and proteins.
169

 

 

The first peptide recognised to efficiently penetrate the cell membrane was identified 

by Frankel and Pabo in 1988. While investigating the activity of transcription 

transactivating (TAT) peptide derived from the human immunodeficiency virus 1 

(HIV-l) they observed that the purified protein could enter the membrane of cells in 

culture and translocate into the nucleus.
170

 A similar discovery was subsequently 

made in 1994 by the group of Prochiantz who demonstrated that a 16mer peptide 

derived from the homeodomain of Drosophila Antennapedia could be internalised 

by neuronal cells.
171,172

 These findings precipitated extensive research into the nature 

behind this ability of such peptides to penetrate the cell membrane, and subsequently 

led to the identification and characterisation of a large number of CPPs. In addition, 

and significantly, it was later found that CPPs still retain their ability to readily 

translocate cellular membranes when coupled to various cargo, ultimately suggesting 

that CPPs have the capacity to transport an assortment of cargo into the cell that are 

otherwise inefficient at passing through such a barrier.
173,174

  

 

To date, more than 100 CPPs have been identified and they can be grouped with 

reference to a number of characteristics including their origin, size, function and 

mechanism of uptake. However CPPs are most commonly classed in relation to their 

amino acid sequence and the specific chemical properties that they constitute, thus 

are described as i) cationic or ii) amphipathic.
175

 

 

CPPs that are i) cationic in nature are most commonly based on short chain lysine 

and arginine sequences as a high abundance of these amino acids results in an overall 

highly positive net charge (Figure 1.15).
175

 Lysine and arginine are characteristically 

basic with a pKa of 10.5 and 12.5 respectively, and there is considerable evidence 

which demonstrates that the neutralisation of positive charges on cationic CPPs 
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considerably hinders their internalization ability.
176

 Hence, it is acknowledged that 

the basic nature of cationic peptides is imperative to their membrane penetration 

capabilities. 

  

 

Figure 1.15: Chemical structures of amino acids lysine and arginine. 

 

The most extensively studied cationic CPP is the previously mentioned TAT peptide, 

while there still remains much research into the role of penetratin, the name now 

given to the 16mer CPP derived from Antennapedia homeodomain.
171,177

 These 

CPPs can also be classed together with reference to their origin as they are both 

naturally occurring peptides, as opposed to those that are synthetically derived. 

Nona-arginine is an example of a synthetically developed cationic CPP. In a study 

investigating the efficacy of oligoarginines the nona-arginine peptide was shown to 

be the most effective cationic CPP at translocating the cell membrane, regardless of 

whether it comprises an L or D isoform.
178

      

 

In stark contrast ii) amphipathic CPPs constitute distinct hydrophobic and 

hydrophilic elements and so are easily distinguishable from cationic CPPs as they 

constitute fewer, or completely lack arginine residues. Amphipathic CPPs can be 

further grouped with reference to the distribution of their hydrophobic and 

hydrophilic domains. CPPs that encompass definitive hydrophobic and hydrophilic 

portions sequentially separated within the amino acid primary structure are 

considered primary amphipathic in nature. While CPPs that display the separation of 

polar and non-polar groups as a result of α-helical folding are described as secondary 

amphipathic.
179

  

 

The structure of the cell membrane has been firmly established as a lipid bilayer and 

it is the amphipathic nature of lipids that induces bilayer formation. Membrane 

phospholipids possess two distinct domains; a hydrophilic polar ‘head’ group, and a 

hydrophobic non-polar ‘tail’ end. In aqueous environments they spontaneously 

aggregate to mask their hydrophobic tails in the interior and expose their hydrophilic 
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head groups to the aqueous surroundings.
180

 Thus, this provides a clear explanation 

for the membrane penetrating capabilities of amphipathic CPPs. They have the 

ability to form initial interactions with the cell membrane on their hydrophilic face, 

and a hydrophobic domain which is likely responsible for coupling to complex 

hydrophobic cargo and penetrating the hydrophobic interior of the cell.
181

 

 

Cellular entry of CPPs 

There is much speculation surrounding the exact process of CPP cellular uptake and 

while various mechanisms have been suggested to date, there is lack of evidence 

with regard to these and a number of conflicting results. What has become the 

general consensus however is that there does not appear to be one distinct cellular 

uptake mechanism, and the process by which CPPs translocate the cell is highly 

dependent on the chemical composition and size of the CPP, and it’s coupled cargo. 

In addition, the concentration of CPP and it’s cargo, and the type of cell in question 

is highly likely to influence the process. The uptake mechanisms that have been 

investigated to date can be divided into two categories based on whether the cellular 

pathway involved is energy independent or energy dependant in nature.
182

 

 

Passive transport 

A number of uptake pathways that demonstrate passive transport have been 

implicated in CPP translocation including the i) inverted micelle model, ii) pore 

formation model, iii) carpet-like model, and iv) membrane thinning model.
183-187

 

These varying mechanisms are all thought to be induced through ionic interactions 

between charges on the amino acid sequence of the CPP and charged species present 

in the cell phospholipid bilayer. Binding of CPPs to the lipid bilayer ultimately leads 

to temporary de-stabilisation of the plasma membrane, subsequently allowing for 

internalisation of the CPP.
182

 The methods are so named which respect to their mode 

of internalisation (Figure 1.16).  

 

The i) inverted micelle model describes a method where by interactions between 

positively charged amino acids within the CPP and negatively charged heads of the 

phospholipid bilayer causes the CPP to ‘merge’ within the membrane forming 

pocket like micelles. These micelles remain intact as they transverse the membrane, 
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and so aid the translocation of the encapsulated CPP. On reaching the opposite side 

of the membrane, the micelle ‘inverts’ into the lipid bilayer, releasing it’s contents 

directly into the cytosol (Figure 1.16c).
184,172

 Prochiantz suggested this net influx 

observed across the cell membrane is possibly driven by the presence of unidentified 

molecules.
183

 This model was proposed based on NMR studies with the penetratin 

family of CPPs however it has yet to be visualised by microscopy.  

 

The ii) pore formation method suggests that membrane destabilisation induces pore 

formation through clusters of amphipathic α-helical domains found on the CPPs. 

This pore is likely to be multimeric in structure and is short lived.
185

 This method has 

been proposed for the translocation of anti-bacterial peptides into the bacterial cell 

membrane and there is evidence to suggest it is concentration dependant, meaning 

that pore formation is triggered above a specific peptide concentration threshold 

(Figure 1.16a).
182

  

 

Similarly the iii) carpet like model has been described in a number of cationic anti-

microbial peptide and occurs when the positive charges in the CPP line up along the 

negative charged bilayer in a carpet-like fashion.
188

 This ultimately leads to a change 

in the secondary structure of the CPP and disarray of the cell membrane. When the 

CPP reaches a certain concentration threshold it permeates the membrane and 

transverses the cell (Figure 1.16b).
186

 A variation of this mechanism is demonstrated 

in the iv) membrane thinning model where by the CPPs line up along the membrane 

and cause the lipid bilayer heads to be pushed sideways, inducing membrane 

disarray in a lateral fashion. Below the critical membrane lysis concentration this 

causes the cell membrane thickness to decrease, thus the membrane surface tension 

is subsequently reduced. The CPP can essentially absorb into the thinning membrane 

and translocate the cell.
187

 

 

Active transport 

The role of active transport in internalisation of CPPs has been described with 

reference to endocytosis.
182

 Endocytosis is the mechanism responsible for cellular 

uptake of macromolecules and particulate matter. This process is common to all cells 

and occurs via the formation of new vesicles in the plasma membrane lipid bilayer. 



Chapter 1 

42 
 

Endocytosis is a highly regulated and complex process, the details of which are 

beyond the scope of this introduction and have been reviewed in full elsewhere, 

however it is widely acknowledged that endocytosis can typically be described by 

three main mechanisms namely; phagocytosis, pinocytosis and receptor-mediated 

endocytosis.
189,190

 

 

 

Figure 1.16: Mechanisms proposed for cellular CPP uptake. Adapted from Int. J. 

Mol. Sci., 2016, 17, 11.
191

 

 

The earliest studies into CPP uptake ruled out the role of active transport. This 

conclusion was made based on the evidence that CPPs retained the ability to enter 

the cell at 4 °C, in the presence of endocytosis inhibitors and in an ATP-depleted 

environment. However following a revelation from Lebleu et al. that cell fixation, a 

process consistently used in the protocols to investigate cellular uptake, results in 

artifactual distribution into the cell the role of endocytosis was re-evaluated.
192

 

Subsequent to this discovery a number of studies have implicated endocytosis in the 

cellular uptake of previously mentioned TAT based peptides. The precise 

mechanism however appears to vary depending on the cargo. Chernomordik et al. 

reported significant evidence to suggest that unconjugated TAT protein enters the 
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cell in a clathrin-dependant endocytosis (Figure 1.16d).
193

 In contrast, Dowdy et al. 

demonstrated that TAT conjugated to proteins >30 kDA enter cells via lipid raft-

mediated macropinocytosis, in a fashion that is independent of both clathrin and 

caveolin (Figure 1.16e).
194

  

 

CPPs and cancer 

As CPPs readily accomplish cell membrane translocation and retain the ability to do 

so when coupled to various cargoes, it is no surprise that there is significant research 

being undertaken into how these molecules may be exploited for use in drug 

delivery. CPP-based drug delivery has been widely explored for the treatment of 

various diseases however, the most commonly cited application in published studies 

has been in relation to cancer. CPPs have been conjugated to a whole array of 

anticancer compounds including chemotherapeutic i) small molecules, ii) small 

interfering ribonucleic acids (siRNA) and iii) therapeutic peptides.
195

  

 

In relation to i) small molecules, CPPs have been conjugated to a number of 

chemotherapeutic agents in an attempt to endow clinically used drugs with superior 

selectively for cancer cells and enhanced tumour uptake. This approach may also 

provide a solution to multidrug resistance (MDR) where tumour cells acquire 

resistance to treatment after repeated exposure to the same drugs (Table 1.8).  

 

With regard to ii) siRNA, they are a class of RNA molecules known for their role in 

the RNA interference pathway, a molecular mechanism used to inhibit gene 

expression and translation. These molecules demonstrate considerable specificity in 

their ability to effectively knock-down individual genes and this selectivity explains 

the recent exploration in their potential as anticancer therapies.
196

 However, the 

major limitation of siRNA applications has proved to be cellular uptake as they 

commonly exist as charged high molecular weight species. Thus, the possibility of 

conjugating siRNA molecules to CPPs may provide an attractive solution (Table 

1.9).  
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Table 1.8. Selected examples of small molecule applications of CPPs in anticancer 

research. 

CPP Cargo Target Effect 

octaarginine paclitaxel ovarian cancer 

high survival rates in a taxol-

resistant tumour model 

increased aqueous solubility 

increased drug concentration at 

site of injection
197

 

TAT 
doxorubicin/ 

chitosan 
colon cancer 

increased cellular uptake 

higher anti-tumour effects 

altered biodistribution 
198

 

pVEC chlorambucil breast cancer 

increased cellular uptake 

increased cytotoxicity level 

reduced accumulation in non-

tumorous tissues
199

 

D-penetratin doxorubicin brain 
20 fold increase in the level of 

doxorubicin to pass the BBB
200

 

YTA2 methotrexate breast cancer 

significant cytotoxic response in 

methotrexate resistant cells 

altered tissue distribution
201

 

 

Table 1.9. Selected examples of siRNA applications of CPPs in anticancer research. 

CPP siRNA Target Effect 

cholesteryl-

R9 
VEGFR-1 colon cancer 

gene silencing in cell studies 

reduced growth and 

vascularization of tumour 

in vivo
202

 

MPG-8 cyclin-B1 prostate cancer 
significant inhibition of 

tumour growth
203

 

penetratin 

derived 
c-myc fibrosarcoma 

gene silencing 

delayed tumor progression
204

 

polyarginine 

R9 
Plk-1 breast cancer 

enhanced cellular uptake 

interfered expression of Plk-1 

reduced rate of tumour 

growth
205

 

TAT VEGFR1 

a panel of 

cancer cell lines 

in vitro 

selective tumor penetration 

significant gene silencing 

activity
206
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Finally, CPPs have also been exploited for delivery in the matter of iii) therapeutic 

peptides. Tumour suppressor proteins are so named for their role in cell cycle 

regulation and their ability to induce apoptosis. They are the molecular machinery 

employed by the cell to prevent dysregulated cell division, essentially alleviating the 

potential for cancer development. However a mutation or deletion of tumour 

suppressor proteins or their encoding genes can lead to unregulated cell growth and 

tumour formation. It is evident that this is a feature common to the majority of 

human cancers, for example aberrant tumour suppressor p53 function is displayed in 

greater than 50% of neoplasms.
61,62

 Thus many efforts are being made to treat 

cancers by restoring correct protein function, and CPPs are currently being explored 

as a means of delivering peptides and full length proteins  to tumour cells (Table 

1.10). 

 

Table 1.10. Selected examples of peptide applications of CPPs in anticancer 

research. 

 

The examples tabulated above provide just a brief indication of the extent of research 

currently being undertaken to exploit the use of CPPs, and there is no doubt that 

CPPs now provide a sufficient means of intracellular drug delivery. However, as 

these delivery vectors employ interactions with the membrane lipid bilayer as a 

CPP Peptide/Protein Target Effect 

penetratin trojan p16 
pancreatic 

cancer 

significant inhibition of 

tumour growth 

improved survival rate
207

 

TATp/LMWP gelonin 
colorectal 

cancer 

complete inhibition of tumour 

growth
208

 

TAT Bid 

a panel of 

cancer cell lines 

in vitro 

sensitizes cancer cells to 

apoptosis
209

 

Antp VDAC1 
lymphocytic 

leukemia 

specificity toward 

cancerous cells 

induced cancer cell death
210

 

penetratin KLA 

a panel of 

cancer cell lines 

in vitro 

cytotoxic against seven human 

cancer cell lines including 

resistant cells  

selective anti-cancer  

activity in vitro
211
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means of entering the cell, CPPs have the potential to be internalized by all cell 

types. Thus this lack of specificity presents a major drawback. This is particularly a 

concern with regard to chemotherapeutic small molecule delivery as many of these 

agents are already known for their inability to differentiate between healthy and 

cancerous tissues, and they often present a wide range of deleterious side effects in 

the clinical as a consequence of non-specific targeting. Hence, they are often 

administered in a limited dose which lessens the efficiency at eradicating tumours, 

while increasing the chance of acquired resistance. In addition, this lack of 

selectivity negates the purpose of using siRNA molecules for their specificity. 

 

In an attempt to overcome this hindrance many efforts are being made to identify 

and/or develop CPPs that demonstrate ‘active targeting’. Active targetting is 

commonly executed by exploiting the components of the cell surface. It has been 

postulated that preferential binding between a CPP and a specific cell surface 

constituent, such as a distinct sugar, lipid or protein molecule, could endow 

specificity in CPP cellular uptake and it’s conjugated cargo as a consequence. 

 

Active targeting is essentially the utilization of homing molecules which are 

characterised by their affinity for a distinct substance, an antibody and it’s 

corresponding antigen for example, or a ligand and it’s agnate receptor. Thus a 

whole array of bio-components are homing devices by definition, providing 

extensive possibilities as to what biomolecules may be probed for use in active 

targeting.  

 

There is much research into the role of a folate as a homing device for example, as it 

is widely accepted that the folate receptor (FR) is overexpressed on the cell surface 

of a whole array of human cancers, while displaying limited expression in non-

transformed tissues.
212,213

 Choi et al developed a nanoparticulate system which 

constitutes a modified liposomal carrier, termed FR-Lipo, by the employment of 

folic acid and CPP Pep-1. They found selective enhancement of the FP-Lipo system 

in FR-overexpressed tumor cells and concluded that this novel dual-ligand liposomal 

system could be a new platform for selective delivery of chemotherapeutic agents to 

cancer cells.
214

 

 



Chapter 1 

47 
 

In addition, a number of groups are investigating the use of RGD peptides, an 

arginine-glycine-aspartic acid tripeptide motif that targets the ανβ3 and ανβ5 integrin 

receptors. Integrins have proven to be essential in tumour angiogenesis and 

metastasis, and are typically upregulated in tumour endothelium, an effect that is not 

commonly displayed in non-transformed epithelial cells.
215

 In an elegant study by 

Kühn and co-workers, two terpyridine-based Ru
II
complexes were prepared and 

conjugated to cyc(RGDfK), resulting in a monomeric and a dimeric bioconjugate. 

Both Ru
II
 complexes were found to bind strongly to integrin receptor αvβ3. In 

addition, this binding was demonstrated as selective with negligible impact on the 

α5β5 observed.
216

 Beyond metal complexes, O’Shea and co-workers developed a 

maleimide bearing BF2-azadipyrromethene near-infrared fluorochrome, and 

conjugated to a CPP and thiol substituted cyclic RGD. They successfully 

demonstrated rapid cellular uptake of the CPP and effective in vivo tumour 

localization of the cylic RGD conjugate.
217

  

 

Furthermore, heparin (Hep) conjugated murine anti-carcinoembryonic antigen 

(CEA) monoclonal antibody (mAb) and potent protein toxin gelonin conjugated to 

TAT were complexed via electrostatic interactions on the Hep and TAT molecules. 

The complex was found to bind highly specifically to CEA over-expressing 

colorectal cancer cells in vitro. With regard to in vivo studies, the results 

demonstrated selective and significantly increased delivery of gelonin to the tumor 

target. In addition, they revealed that the complex yielded a significant inhibition of 

tumor growth than that of the compound alone.
218

  

 

Project Aim 

In summary, we acknowledge that CPPs offer an exciting and legitimate strategy for 

use in anti-cancer drug delivery. We also recognise that the use of homing devices 

offers a highly promising strategy for active targeting. Thus we aim to develop a 

CPP-Pt conjugate with homing capacity to promote Pt chemotherapeutic uptake and 

selectively target CRC. 
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Part III - Hedgehog Signalling 

Hedgehog (Hh) signalling was first described as a key mediator in segmental 

patterning in 1980 by Nusslein-Volhard and Weischaus when mutations in the Hh 

genes of Drosophila fruit fly were determined to be responsible for impaired 

development of the larval body plan.
219

 Hh orthologs were subsequently identified in 

a number of vertebrae species in 1993, and human Hh genes were reported soon after 

in 1995.
220,221

 The vertebrae Hh genes have since been classified into three 

subgroups; Dessert Hedgehog (Dhh), Indian Hedgehog (Ihh) and Sonic Hedgehog 

(Shh).
222

  

 

 

Figure 1.17: Approximate embryonic stages when Shh, Ihh, and/or Dhh control 

developmental processes in the indicated tissues or cell types. The approximate 

embryonic stage is indicated by dpc and Theiler stage (TS). Adapted from Genes. 

Dev., 2008, 18, 2454.
223
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It is now widely accepted that Hh expression plays a critical morphogenic role in 

embryogenesis by tightly regulating cell proliferation, differentiation and migration. 

Hh signalling is responsible for determining cell fate and it is vital for correct 

patterning of the vertebrate body plan. The subsequent physiological effect of Hh 

expression is highly dependent on the nature of the Hh protein expressed, as well as 

the dose of protein and length of time it is expressed for.
223

 This is referred to as the 

Hh gradient and explains how a single morphogen can execute such a wide variety of 

functions (Figure 1.17). For example, Dhh expression predominately occurs in the 

reproductive glands where it is responsible for the development of germline cells.
224

 

Additionally, Ihh expression is restricted to specific developing tissues including the 

primitive endoderm, and the chondrocyte lineage prior to hypertrophy.
225,226

 In 

contrast, Shh expression is observed in wide variety of cell types and it’s effect is 

eminently concentration dependant. For example, low levels of Shh expression 

induce ventral neuron formation while high concentrations determine motor neuron 

development.
227

  

 

Beyond embryogenesis Hh signalling is sustained within a number of cell 

populations present in adult mammalian tissues, albeit the role of this is poorly 

understood in comparison.  

 

The Hedgehog pathway 

The Hh pathway is evolutionarily conserved and constitutes a number of key 

components; Shh, Ihh and Dhh ligands, their agnate receptor Patched (PTCH), 

transmembrane receptor Smoothened (SMO) and a number of multifunctional zinc 

finger transcription factors.
228

 

 

The structure of Shh, Ihh and Dhh ligands comprises a C-terminal protease and a N-

terminal signalling unit. They are initially secreted as precursor proteins and undergo 

C-terminal cleavage, which subsequently catalyses a cholesteryl transfer, modifying 

the N-terminal, resulting in ligand activation.
229

 Following ligand modification Hh 

can bind to PTCH, a 1500 amino acid glycoprotein that comprises twelve membrane 

spanning domains and two extracellular loops for ligand detection.
230,231

 In the 

presence of Hh ligands the signalling pathway is said to be activated. On ligand 
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binding PTCH relieves the inhibition of SMO, a 115kDa G-protein coupled receptor 

(GPCR).
232

 This release of SMO activates a cascade of events which ultimately leads 

to the expression of Gli transcription factors. The Gli family of zinc finger proteins 

comprises three members, namely Gli1, Gli2 and Gli3. During Hh secretion Gli2 

acts as the main transcription activator translocating to the nucleus where it binds 

and stimulates Hh target gene transcription (Figure 1.18). Gli1 is used a positive 

feedback loop to reinforce this effect.
233

  

 

 

Figure 1.18: Active signalling: Hh ligands bind to PTCH, reliving the inhibition of 

SMO. Gli1/2 disassociate from the Sufu complex, translocating to the nucleus where 

they bind and stimulate Hh target gene transcription. Inactive signalling: PTCH is 

unoccupied by a Hh ligand and inhibits SMO. Gli1 and Gli2 are associated with 

Cos2, fused (Fu) and a fused suppressor (Sufu). In this form they become 

phosphorylated by CK1, PKA and GSK3β which leads to degradation. Gli 3 is 

unassociated with Sufu and binds to Hh target gene, suppressing gene transcription. 

 

When the signalling pathway is inactive PTCH is unoccupied by a Hh ligand and 

constitutively inhibits SMO, preventing signal transduction. Gli1 and Gli2 are 

associated with costal-2 protein (Cos2), fused (Fu) and a fused suppressor (Sufu). 
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Gli3 functions as a suppressor protein and on disassociation from Sufu binds to Hh 

target genes, preventing gene transcription (Figure 1.18).
234

 

 

Hedgehog signalling in cancer 

Hh signalling is the key driver behind morphogenesis, thus germline mutations in Hh 

signalling activity can result in a whole array of developmental abnormalities. As 

Dhh expression predominately occurs in the reproductive glands Dhh deletions result 

in a viable but infertile embryo due to the absence of mature sperm.
224

 In contrast, 

Ihh deletion leads to impaired yolk-sac vasculature and an embryo death rate of 50% 

as a consequence. The surviving embryos display a number of defects including 

abnormal cartilage and cortical bone development.
235

 Shh mutations result in the 

most prominent disorders and these deletions have been shown to cause a number of 

severe facial and neurological defects, as well as limb and skeletal malformation.
236

   

 

Beyond embryogenesis, a role for aberrant HH signalling in adult tissues has been 

implicated in tumour progression. The possibility that Hh signalling could contribute 

to cancer development was first proposed by Hahn et al in 1996 in regard to patients 

with Gorlin’s syndrome.
237

 Gorlin’s syndrome is characterised by the development 

of numerous basal cell carcinomas (BCC) and mutation analysis of these patients 

revealed reoccurring alterations in PTCH.
238

 Following this investigation, it was 

postulated that a number of developmental abnormalities associated with the disease 

are caused by a reduction in expression of the PTCH gene, and that complete loss of 

PTCH function contributes to the transformation of certain cell types.
237

 Such 

revelation warranted further investigation into the potential effects of aberrant Hh 

signalling, and subsequent roles have since been implicated in the development of 

several other forms of cancer including prostate, lung, breast and colorectal.
239-241

  

 

As Hh signalling is imperative to correct organogenesis it is no surprise that 

alterations in this pathway may have major implications on cell proliferation and 

differentiation, ultimately contributing to tumor growth and maintenance. The nature 

of Hh mutations that can lead to cancer progression are classified within three 

types.
242

 Type 1 is considered ligand independent and occurs when there is a 

mutation in a component of the pathway that acts downstream to Hh, an alteration in 
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PTCH or SMO for example. Such dysregulated Hh signalling can lead to increased 

cell proliferation and tumor formation, and it is this form of mutation that is 

predominately found in BCC, as well as medulloblastoma and ovarian cancer.
243,244

 

 

Type 2 is considered ligand dependent and these mutations are autocrine in nature. In 

contrast to type 1 they are not associated with alterations in the actual signalling 

pathway but instead linked to abnormal pathway activation. The majority of these 

tumours demonstrate elevated Hh ligand production or constitutive receptor activity, 

and this variation has been detected in a variety of cancers including breast and 

liver.
245,246

  

 

Type 3 occurs when aberrant Hh signalling results from a paracrine mechanism. This 

model suggests that a mutation in Hh signalling within a tumor cell can trigger 

altered Hh expression in surrounding stromal cells. This system has been 

demonstrated in a number of epithelial cancers where expression of Hh ligands 

activates the surrounding stromal, consequently providing a more favourable 

microenvironment for tumor growth.
247

  

 

Hedgehog signalling in cancer stem cells  

In addition to promoting tumorigenesis, inappropriate Hh signalling has also been 

implicated in cancer stem cell renewal, and the ability to generate this stem cell 

phenotype in now characterised as a type 4 Hh mutation.
248

  

 

As stated earlier, the most recent phenomenon to evolve with respect to cancer 

resistance is the existence of rare populations of transformed stem cells.
249

 CSCs 

possess a number of characteristics that are associated with normal stem cells, and so 

are defined by their ability to self-renew and give rise to differentiated progeny. This 

would resolve the heterogenic nature of tumours and provide an explanation as to 

how tumours often display an array of cell phenotypes.
66

 The existence of CSCs also 

provides a potential explanation for cancer resistance, and could account for the 

inability of current cancer treatments to consistently eradicate solid metastatic 

tumours (Figure 1.19).  
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Figure 1.19: Figure demonstrating the hypothesis that CSCs are resistant to 

traditional chemotherapy and remain viable allowing for self-renewal, cell 

proliferation and differentiation to re-form the tumour bulk. Adapted Cochrane, C. 

R.; Szczepny, A.; Watkins, D. N.; Cain, J. E. Cancers 2015, 7, 1554.
248

 

 

The maintenance of this unique cell population is believed to be governed by the 

same signalling molecules responsible for the regulation of normal stem cells, and 

there is surmounting evidence to suggest that, among others, the Hh pathway is 

crucial for their existence.
249 

 

 

Initially reported in chronic myeloid leukaemia (CML), Reya and co-workers 

demonstrated that the deletion of SMO results in reduced induction of CML as a 

consequence of CML stem cell depletion. Accordingly, they determined that 

constitutively active SMO enhances CML stem cell numbers and accelerates disease 

progression, concluding that Hh pathway activity is imperative for the maintenance 

of neoplastic stem cells.
250

  

 

In a similar manner, Hh activity was shown as critical for the maintenance of a stem-

like population in glioblastoma multiforme (GBM). GBM-derived neurospheres 

failed to form new neurospheres in culture subsequent to treatment with a known Hh 

pathway inhibitor, indicating a lack of clonogenic CSCs. Additionally, viable GBM 

cells were no longer able to form tumours in athymic mice after subjection to this Hh 

blockade, implying that the stem cell population critical for ongoing growth had 

been removed.
251

  

 

A role for HH activation has also been identified in malignant human mammary 

stem cells. Earlier findings by Wicha et al indicated that human breast cancers are 

driven by a subset of CSCs characterized by a CD44
+
 CD24

−/low
 lin

− 
cell surface 
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phenotype. During a subsequent investigation the expression levels of Hh pathway 

components PTCH1, Gli1, and Gli2 were determined in breast cancer cells that 

constitute this stemness phenotype and compared with that of cells isolated from the 

same tumor that lacked the phenotype marker. The stem cell population was shown 

to express significantly higher levels of Hh components, thus highlighting the 

importance of Hh signalling in malignant stem cell self-renewal.
252

 

 

Hedgehog signalling in normal colon development 

During embryonic gastrointestinal development Hh signalling is vital for correct 

spatial patterning, ensuring proper axial formation. 
253

 Ihh and Shh are expressed in 

colon epithelial cells and are considered imperative to normal villi formation. Mutant 

Ihh mice possess hypoplastic villi, while mutant Shh mice display villi that are 

overgrown indicating that Shh is necessary for preventing villi growth into the 

duodenum. PTCH and Gli transcription factors have also been detected in 

developing mesenchymal cells, proposing signal transduction between the 

endothelial and mesenchymal layers.
254

  

 

Beyond embryogenesis the distinct role for Hh signalling is not as apparent in adult 

colon tissue, but is still thought to ensure appropriate cell proliferation and 

differentiation. Shh has been identified in adult colon cells, both at the base of the 

colon crypt and the surface epithelial layer.
255 

In the luminal epithelial layer PTCH 

protein and PTCH mRNA has been detected, while SMO protein is expressed on the 

epithelial brush border. 
256

 

 

Hedgehog signalling in colon cancer development 

Similar to normal colon development, aberrant colon cell development is believed to 

originate at the base of the colon crypt, where normal colon stem cell transformation 

give rises to a sub-population of colonic CSCs.
7
 Their existence provides a potential 

explanation for the high rate of recurrence and metastasis associated with CRC, and 

there is emerging data which indicates that HH signalling is involved in the 

regulation of this cell sub-population.
257
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Colonic CSCs are characterised by a CD133
+
 phenotype and cells that harbour this 

marker have been shown to display higher expression levels of Hh components; 

SHH, PTCH, Gli1 and Gli2, in comparison to that of all CD133
-
 cells in the same 

human colon carcinoma.
257

 In addition, increased expression of SMO and Gli1 has 

been reported in non-adherent HCT116 colon stem cell derived spheres in 

comparison to HCT116 adherent culture, but becomes dramatically reduced in the 

present of a HH inhibitor.
258

 An elegant study by Uehara and co-workers 

investigated Shh protein expression in the colon along the adenoma-carcinoma 

sequence and determined that 96% of patients diagnosed with adenomas display Shh 

expression. This is in stark contrast to patients suffering with moderately-

differentiated adenocarcinomas and well-differentiated adenocarcinomas where Shh 

expression was observed in 34% and 23% of cases respectively. Their findings 

concluded that Shh was likely to play a critical role in colon cancer initiation.
259

  

 

Beyond carcinogenesis, they reported that the levels of PTCH and SMO gradually 

increase with tumour advancement, suggesting a direct relationship between Hh 

expression and colon cancer progression. Varnat et al investigated the role of 

downstream Gli transcription factors and determined that HH-Gli is crucial for both 

early and advanced stage CRC in vitro and in vivo. In particular, their findings 

suggested that Gli is highly up-regulated in metastatic patient and that CRC 

metastasis displays a dependence on HH-Gli function.
258

 In a recent study, up 

regulation of Gli1 was found to be responsible of 5-FU resistance both in cultured 

colorectal cancer cell lines and in relevant cancer patients. The investigation 

concluded that that agents inhibiting Gli1 activity may be effective in sensitising 

colorectal cancer cells to 5-FU-based chemotherapy.
260

 

 

Project Aim 

It is now widely acknowledged that Hh signalling is strongly associated with colon 

carcinogenesis and tumour growth. In addition, and significantly, this pathway is 

also implicated in the maintenance and differentiation of colonic CSCs which are 

believed to be responsible for disease progression, metastasis and resistance. Hence, 

Hh signalling activity provides a genuine anti-cancer target and so we wish to 
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develop a novel strategy to target CRC which incorporates the known anticancer 

capabilities of Pt based compounds in conjunction with a Hh inhibiting molecule.  
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Molecular modelling 

In silico docking 

A molecular in silico docking study was carried out in order to investigate the 

binding of PES and PES-like ligands to the C-terminal domain of human HSP70-1.  

The X-ray crystal coordinates of the HSP70-1 protein were obtained from the 

Research Collaboratory for Structural Biology Protein Data Bank in pdb file format 

(http://www.rcsb.org, deposition number 3LOF), and ligands were built using the 

AutoDock Tools software program (Molecular Graphics Laboratory, The Scripps 

Research Institute, La Jolla, California, USA). An interface between the molecular 

graphics system Molecular Operating Environment (MOE) (Chemical Computing 

Group, Montreal, Quebec, Canada) and the molecular docking program AutoDock 

Vina (Molecular Graphics Laboratory, The Scripps Research Institute, La Jolla, 

California, USA) was used to predict and analyse the binding affinity of the 

ligand/protein complexes.  

 

In silico docking requires the preparation of a docking configuration file which 

provides necessary information about the protein and ligand of interest, and includes 

a number of defined search parameters. The configuration file constitutes the 

following; binding site positon, ligand and protein information, the number of 

binding modes and an exhaustiveness factor.   

 

Binding site definition  

The binding site is a restricted region of the protein where ligand docking will be 

attempted. Therefore, in order to carry out an in silico docking study this 3D search 

space first needs to be defined.  

 

AutoDock Vina uses a rectangular grid box to determine the binding site, which can 

then be visualized in MOE and adjusted as necessary. The box centre (x, y, z) and 

number of points in (x, y, z)-dimensions were defined by providing explicit 

coordinates calculated from the mean coordinates of the atoms of interest within 

residues of the protein (Table 2.1). The size and exact position of the box were 

visualized and adjusted using MOE, and the values chosen remained constant 

throughout all docking experiments.  
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Table 2.1. Values used for the centre and size of the binding site.  

 X Y Z 

centre 52.27 33.95 41.67 

size 14 14 14 

 

Ligand/protein preparation 

Docking algorithms require each atom to have calculated atomic charges and atom 

type definitions, and so the protein and ligand representation files were prepared in  

protein data bank, partial charge and atom type (.pdbqt) file format. This is a 

modified protein data bank version that correctly describes atomic properties. In 

addition, topological information regarding the ligands and the number of rotatable 

bonds present in the molecule is provided. This format also allows for residues to be 

optionally defined as flexible. In this work the number of residues within the protein 

defined as flexible was varied. 

 

Binding modes 

The number of binding modes refers to the number of docking poses required as an 

output and for the following experiments the number of binding modes was set to 8. 

This means for one ligand input 8 different poses or confirmations were calculated 

and ranked 1-8 according to the docking score, i.e., best to worst binding affinity. In 

this work all of the binding energies (kcal/mol) reported refer to the energies of 

binding mode 1 i.e., the best binding score.  

 

Exhaustiveness  

Exhaustiveness is a property of how exhaustively you require the program to look 

for the best binding mode. Exhaustiveness is roughly directly proportional to the 

time searching, and so the longer the experiment is run for the more likely it is to 

succeed. Exhaustiveness varies with experiment and is chosen based on the value of 

computer time and the number of ligands to be docked. For the following 

experiments exhaustiveness was set at a factor of 10. On completion of these 

parameters the input configuration file was written and the docking launched from a 

command line 
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Instrumentation 

Infrared spectroscopy 

Infrared spectroscopic measurements were obtained using a Nicolet iS10 FT-IR 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA). The infrared spectra were 

recorded from 400 - 4000 wavenumbers (cm
-1

) and analysed using OMNIC
TM

 

software (version 9.6, Thermo Fisher Scientific).  

 

1
H, 

13
C, 

195
Pt  Nuclear magnetic resonance spectroscopy 

1
H and 

13
C Nuclear magnetic resonance (NMR) experiments were performed using a 

Bruker DPX-400 spectrometer (Bruker, Billerica, Massachusetts, USA) at room 

temperature. 
195

Pt NMR was performed by Dr. Deigo Montagner in the School of 

Chemistry, NUI Maynooth. The spectra recorded were analysed using MestReNova 

software (version 6.0.2-5475, Mestrelab, Santiago de Compostela, Spain). Chemical 

shifts (δ) are quoted in parts per million (ppm) using residual protons in the indicated 

solvents as internal standards, and coupling constants (J) quoted in hertz (Hz). 

Proton multiplicities are assigned using the following abbreviations; broad (br), 

singlet (s), doublet (d), triplet (t), quartet (q) and multiplet (m).
1
 

 

Mass spectrometry  

Electron spray ionisation (ESI) mass spectrometry experiments were performed 

using an Advion Expression CMS instrument (Advion, Ithaca, New York, USA) at 

the Pharmaceutical and Medicinal Chemistry Department, The Royal College of 

Surgeons in Ireland. High resolution mass spectrometry (HRMS) experiments were 

performed by Mr. Jimmy Muldoon and Mr. Kevin Conboy on a Quattro Micro™ 

liquid chromatography instrument (Micromass, Waters Corp., Milford, 

Massachusetts, USA) at the School of Chemistry and Chemical Biology, University 

College Dublin. Matrix-assisted laser desorption/ionization - time of flight (MALDI-

TOF) measurements were performed by Dr. Martin Feeney on a Waters MALDI-Q-

ToF Premier at the School of Chemistry, Trinity College Dublin.  

 

 

https://www.google.ie/search?espv=2&biw=1366&bih=589&q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&sqi=2&ved=0ahUKEwiar433n5_TAhXLCsAKHTrqDRwQmxMIiQEoATAQ
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Single crystal X-ray diffraction methods 

X-ray crystallographic analysis was performed by Dr. Brendan Twamley at the 

School of Chemistry, Trinity College Dublin. The X-ray intensity data were 

measured at 100(2)K using an Oxford Cryosystems (Oxford Cryosystems Ltd, 

Oxford, UK) low temperature device using a MiTeGen micromount (MiTeGen, 

Itacha, New York, USA). Bruker APEX software was used to correct for Lorentz and 

polarization effects. 

 

Concerning crystals of (Z)-2-chloro-2-phenyl-1(trimethylsilyl)ethene-1-sulfonamide, 

a total of 218 frames were collected. The total exposure time was 4.24 hours. The 

frames were integrated with the Bruker SAINT software package using a wide-frame 

algorithm. The integration of the data using an orthorhombic unit cell yielded a total 

of 8270 reflections to a maximum θ angle of 25.25° (0.83 Å resolution), of which 

2493 were independent (average redundancy 3.317, completeness = 99.9%, Rint = 

10.72%, Rsig = 11.40%) and 1732 (69.47%) were greater than 2σ(F
2
). The final cell 

constants of a = 9.826(3) Å, b = 15.712(4) Å, c = 9.289(2) Å, volume = 1434.1(6) 

Å
3
, are based upon the refinement of the XYZ-centroids of 2345 reflections above 20 

σ(I) with 4.889° < 2θ < 50.72°. Data were corrected for absorption effects using the 

Multi-Scan method (SADABS). The ratio of minimum to maximum apparent 

transmission was 0.729. The calculated minimum and maximum transmission 

coefficients (based on crystal size) are 0.5433 and 0.7453.  
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Organic Syntheses 

General considerations and materials 

All commercially available reagents and solvents were purchased from Sigma 

Aldrich with the exception of anhydrous THF which was supplied in house by a Pure 

Solv
™

 Micro solvent purification system (Sigma Aldrich Ireland Ltd., Arklow, Co 

Wicklow). All reagents were used as supplied without further purification unless 

otherwise stated. All reactions which are described as ‘anhydrous’ were conducted in 

over-dried glassware (>120 
o
C), in anhydrous solvents under an inert N2 or argon 

atmosphere.  

 

Analytical thin layer chromatography (TLC) was carried out using pre-coated silica 

(Merck DC silica gel 60 F254) and alumina (VWR aluminium oxide) plates which 

were visualised under ultraviolet light (254 nm). Flash column chromatography was 

carried out using silica gel 60 (40 – 63 µm) and basic alumina (48 – 200 µm).   

 

Analytical reverse phase high performance liquid chromatography (RP-HPLC) was 

performed on a Perkin Elmer Series 200 apparatus (Perkin Elmer Inc., Waltham, 

Massachusetts, USA) using an Intersil ODS-2 (150 Å, 5 µm) analytical column. UV 

detection was performed at 212 nm. Retention times (tR) for analytical RP-HPLC 

are reported in minutes.  

 

Elemental analysis (C, H, N, S, Cl) was performed by Ms. Ann Connolly using an 

Exeter Analytical CE 440 elemental analyser (Exeter Analytical Ltd, University of 

Warwick Science Park, The Venture Centre, Coventry, UK) in the Micro-analytical 

laboratory at the School of Chemistry and Chemical Biology, University College 

Dublin. 
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Sulfamoyl chloride
2
 (1)  

 

 

 

Formic acid (98%, 1.2 mL, 31 mmol) was added dropwise to a solution of 

clorosulfonyl isocyanate (2.4 mL, 28.2 mmol) in anhydrous DCM (15 mL) at 0 °C. 

The reaction was stirred for 15 min and continuously thereafter at rt for 1 h, before 

heating under reflux for an additional 1 h. The mixture was left at -20 °C overnight 

and then further cooled to -48 °C. The resulting precipitate was collected by büchner 

filtration and washed with cold DCM to yield product 1 as a colourless crystalline 

solid (2.87 g, 89%). 

 

Literature reports indicate that there are issues with the stability of this product, and 

therefore once synthesised it was used directly without characterisation. 2 
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Trimethyl(phenylethynyl)silane
3
 (2) 

 

 

 

To a solution of iodobenzene (0.60 mL, 5.34 mmol) in degassed piperdine (10 mL) 

was added Pd(PPh3)4 (315 mg, 0.27 mmol), ZnCl (150 mg, 1.10 mmol), NaI (81 mg, 

0.53 mmol), and ethynyltrimethylsilane (5.9 mL, 5.46 mmol). The resulting 

suspension was stirred under  N2 and heated under reflux for 18 h. The reaction 

mixture was filtered over celite, added to DCM (20 mL), washed with aq. NH4Cl (20 

mL), and the aqueous layer extracted with an additional portion of DCM (20 mL). 

The organic layers were combined, dried over Na2SO4 and concentrated under 

reduced pressure to afford a crude product which was subject to column 

chromatography on silica eluting with 20% DCM/hexane (v/v) to yield 2 as a light 

yellow oil (217 mg, 76%). 

 

1
H NMR (400 MHz, CDCl3) δ: 7.48-7.45 (m, 2H, ArH), 7.31-7.28 (m, 3H, ArH), 

0.25 (s, 9H, C(CH3)3) ppm. 
13

C NMR (100 MHz, CDCl3) δ: 132.6, 129.1, 128.8, 

123.7, 105.7, 94.7, 0.6 ppm.  
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2-Chloro-2-phenyl-1-(trimethylsilyl)ethene-1-sulfonamide
4
 (3) 

 

 

 

A 1 M solution of TiCl4 (2.5 mL, 2.5 mmol, 1 eq.) in DCM (2.5 mL) was added to 

sulfamoyl chloride 1 (286 mg, 2.5 mmol) in DCM (5 mL) and the mixture was 

stirred at rt for 30 min before adding to a solution of 2 (360 mg, 2.0 mmol) in DCM 

(5 mL) at -20 °C. The reaction was stirred at 0 °C for a further 2 h. The mixture was 

poured onto ice cold aq. NH4Cl (15 mL), extracted into DCM (2 x 10 mL), and the 

combined organic layers dried over Na2SO4. The reaction was concentrated under 

reduced pressure to afford a crude oil which was subject to column chromatography 

on silica eluting with 30% EtOAc/hexane (v/v) to yield 3 as a light yellow solid (202 

mg, 35%).
4
 Single crystals suitable for X-ray diffraction analysis were obtained by 

slow evaporation of a saturated solution of 3 in MeOH at rt.  

 

1
H NMR (400 MHz, DMSO-d6) δ: 7.50-7.45 (m, 3H, ArH), 7.37 (d, J = 8 Hz, 2H, 

ArH), 7.33 (s, 2H, NH2), 0.09 (s, 9H, C(CH3)3) ppm. 
13

C NMR (100 MHz, DMSO-

d6) δ 147.2, 146.1, 139.5, 130.3, 128.7, 128.6, 1.1 ppm. ESI-MS: m/z ([M+Na]
+
) 

312.3.  C11H16ClNO2SSi requires C, 45.58; H, 5.56; N, 4.83; S, 11.06%, found: C, 

45.72; H, 5.63; N, 4.62; S, 10.76%. RP-HPLC: C18 isocratic 60% acetonitrile/40% 

water as an eluent, tR: 8.63 min, purity > 96%.  
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Phenylethynesulfonamide
4
 (4) 

 

 

 

Procedure A: A solution of TBAF hydrate (152 mg, 0.58 mmol) in THF (4 mL) was 

added to 3 (140 mg, 0.48 mmol) in THF (4 mL) at 0 °C. After 1 h the reaction was 

brought to rt and washed with brine (10 mL), extracted into EtOAc (3 x 10 mL), 

dried over Na2SO4, and concentrated under reduced pressure. The resulting crude oil 

was subject to column chromatography on silica eluting with 30% EtOAc/hexane 

(v/v) to yield 4 as a white solid (90 mg, 86%). 

 

1
H NMR (400 MHz, DMSO-d6) δ: 8.24 (s, 2H, NH2), 7.62 (d, J = 8 Hz, 2H, ArH), 

7.58 (t, J = 16 Hz, 1H, ArH), 7.50 (t, 2H, J = 16 Hz, ArH) ppm. 
13

C NMR (100 

MHz, DMSO-d6) δ: 132.1, 131.2, 129.1, 117.9, 87.5, 84.3 ppm. ESI-MS: m/z ([M-

H]
-
) 180.9. C8H7NO2S requires C, 53.03; H, 3.89; N, 7.73%, found: C, 53.52; H, 

3.40; N, 7.71%.  
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Phenylethynesulfonamide
5
 (4) 

 

 

 

Procedure B: A 1 M solution of LiHMDS (5.4 mL, 5.4 mmol) was added dropwise 

to phenylacetylene (0.54 mL, 4.9 mmol) in anhydrous THF (15 mL) at -78 °C and the 

mixture stirred for 10 min. HMPA (0.94 mL, 5.4 mmol) was added before an 

additional 10 min of stirring, followed by freshly prepared sulfamoyl chloride (620 

mg, 5.4 mmol) in anhydrous THF (5 mL) and the reaction mixture stirred for an 

additional 1 h. After returning to rt, EtOAc (15 mL) was added before washing with 

aq. NH4Cl (15 mL) and extracting with EtOAc (3 x 15 mL). The organic layers were 

combined, dried over Na2SO4 and concentrated under reduced pressure to afford a 

crude oil which was subject to column chromatography on silica eluting with 30% 

EtOAc/hexane to yield 4 as a white solid (603 mg, 68%). 

 

1
H NMR (400 MHz, DMSO-d6) δ: 8.25 (s, 2H, NH2), 7.62 (d, J = 8 Hz, 2H, ArH), 

7.58 (t, J = 16 Hz 1H, ArH), 7.50 (t, 2H, J = 16 Hz, ArH) ppm. 
13

C NMR (100 MHz, 

DMSO-d6) δ: 132.2, 131.2, 129.2, 117.9, 87.5, 84.3 ppm. ESI-MS: m/z ([M-H]
-
) 

180.9. C8H7NO2S
.
1/2H2O requires C, 50.52; H, 4.24; N, 7.36%, found: C, 50.86; H, 

4.67; N, 6.99%. RP-HPLC: C18 isocratic 60% acetonitrile/40% water as an eluent, 

tR: 4.19 min, purity > 99%. 

 



Chapter 2 

78 
 

Methyl 4-bromobenzoate
6
 (5) 

 

 

 

Thionyl chloride (2.19 mL, 30 mmol) was added to a solution of 4-bromobenzoic 

acid (5 g, 25 mmol) in anhydrous MeOH (40 mL) and the mixture was stirred under 

N2 and heated under reflux for 2 h until the reaction went from cloudy to a clear 

colourless solution. The reaction was concentrated to dryness under reduced pressure 

to yield 5 as a white solid precipitate (5.16g, 96%). 

 

1
H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.5 Hz, 2H, ArH), 7.57 (d, J = 8.5 Hz, 

2H, ArH), 3.91 (s, 3H, CH3) ppm.
 13

C NMR (100 MHz, CDCl3) δ 166.5, 131.8, 

131.2, 129.1, 128.1, 52.4 ppm. C8H7BrO2 requires C, 44.68; H, 3.28%, found C, 

44.87; H, 3.13%. 
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Methyl 4-((trimethylsilyl)ethynyl)benzoate
7
 (6) 

 

 

 

Ethynyltrimethylsilane (0.82 mL, 5.84 mmol), Pd(PPh3)2Cl2 (5 mg, 7 µmol), PPh3 

(15 mg, 59 µmol) and CuI (4 mg, 21 µmol) were added to 5 (1 g, 4.67 mmol) in 

NEt3 (15 mL) and heated under reflux for 18 h, stirring under N2. After cooling to rt 

the mixture was filtered over celite and washed a number of times with Et2O until 

the Et2O washings were clear. The combined filtrates were concentrated under 

reduced pressure and the crude oil obtained re-dissolved in Et2O, washed with water 

followed by 3% HCl solution and an additional portion of water until the pH of the 

aqueous layer returned to pH 7. The combined organic layers were dried with 

Na2SO4, concentrated under reduced  pressure and the crude product was subject to 

column chromatography on silica eluting with 5% cyclohexane/EtOAc (v/v) to yield 

6 as a pale yellow solid (0.80 g, 81%). 

 

1
H NMR (400 MHz, CDCl3) δ: 7.97 (d, J = 8.3 Hz, 2H, ArH), 7.51 (d, J = 8.3 Hz, 

2H, ArH), 3.91 (s, 3H, CH3), 0.26 (s, 9H, C(CH3)3) ppm. 
13

C NMR (100 MHz, 

CDCl3) δ 166.6, 132.0, 129.8, 129.5, 127.9, 104.2, 97.8, 52.3, 0.1 ppm. C13H16O2Si 

requires C, 67.20; H, 6.94%, found C, 67.03; H, 6.99%. 
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Methyl 4-ethynylbenzoate
8
 (7) 

 

 

 

TBAF hydrate (1.48 g, 5.69 mmol) THF (5 mL) was added dropwise to a solution of 

6 (1.5 g, 4.75 mmol) in THF (20 ml) at 0 ⁰C and stirred for 1 h. After returning to rt, 

aq. NH4Cl (20 mL) was added, before extracting with Et2O (2 x 20 mL). The 

combined organic layers were washed with brine (10 mL), dried over anhydrous 

MgSO4, and concentrated under reduced pressure to afford a crude product which 

was subject to column chromatography on silica eluting with 10% EtOAc/petroleum 

ether to yield 7 as a pale yellow solid (0.61 g, 80%).  

 

1
H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 8.3 Hz, 2H, ArH), 7.55 (d, J = 8.3 Hz, 

2H, ArH), 3.92 (s, 3H, CH3), 3.23 (s, 1H, CH) ppm. 
13

C NMR (100 MHz, CDCl3) δ 

166.5, 132.2, 130.2, 129.5, 126.8, 82.9, 80.1, 52.3 ppm. 
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Methyl 4-(sulfamoylethynyl)benzoate (8) 

 

 

 

A 1M solution of LiHMDS (1.16 mL, 1.16 mmol) was added dropwise to 7 (170 mg, 

1.06 mmol) in anhydrous THF (8 mL) at -78 °C and the mixture stirred for 10 min. 

HMPA (0.2 mL, 1.16 mmol) was then added before an additional 10 min of stirring, 

followed by freshly prepared sulfamoyl chloride (1) (134 mg, 1.16 mmol) in 

anhydrous THF (3 mL) and the reaction mixture stirred for an additional 3 h. After 

returning to rt, EtOAc (5 mL) was added before washing with aq. NH4Cl (5 mL) and 

extracting with an additional portion of EtOAc (5 mL). The organic layers were 

combined, dried over anhydrous Na2SO4 and concentrated under reduced pressure to 

afford a crude oil was subject to column chromatography on silica eluting with 30% 

EtOAc/hexane to yield 8 as a white solid (46 mg, 18%) 

 

1
H NMR (400 MHz, DMSO-d6) δ 8.34 (s, 2H, NH2), 8.03 (d, J = 8.5 Hz, 2H, ArH), 

7.77 (d, J = 8.5 Hz, 2H, ArH), 3.88 (s, 3H, CH3) ppm. ESI-MS: m/z ([M-H]
-
) 237.8  
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4-(Sulfamoylethynyl)benzoic acid (9) 

 

 

 

An aqueous solution of LiOH (20 mg, 0.8 mmol) was added to 8 (50 mg, 0.2 mmol) 

in THF (4 mL) and stirred at 55 °C for 1 h, and continously thereafter at rt for 18 h. 

The pH of the reaction was adjusted to pH 3 by dropwise addition of 1 M HCl, and 

then extracted with EtOAc (2 x 5 mL). The organic layers were combined, dried over 

anhydrous Na2SO4 and concentrated under reduced pressure to yield 9 as a white 

solid (45 mg, 89%). 

 

1
H NMR (400 MHz, DMSO-d6) δ 8.35 (2H, s, NH2) 8.01 (2H, d, J = 8 Hz, ArH), 

7.74 (2H, d, J = 8 Hz, ArH) ppm. 
13

C NMR (100 MHz, DMSO-d6) δ 166.4, 132.9, 

132.5, 129.8, 122.0, 89.3, 83.2 ppm. ESI-MS: m/z ([M-H]
-
) 223.8. 

 

. 
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Triethyl 2-(4-iodophenyl)ethane-1,1,1-tricarboxylate
9
 (10) 

 

 

 

Triethyl methanetricarboxylate sodium derivative (1.17 g, 4.6 mmol), 4-

iodobenzylbromide (1.64 g, 5.53 mmol) and K2CO3 (1.47g, 10.6 mmol) were added 

to anhydrous DMF (20 mL) and stirred under N2 at rt overnight. The reaction 

mixture was washed with water (30 mL) and extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed with brine (20 mL), dried over anhydrous 

Na2SO4, concentrated under reduced pressure and the reslting crude oil was subject 

to column chromatography on silica eluting with 10% EtOAc/hexane to yield 10 as a 

colourless oil (1.782 g, 86 %).
9
  

 

1
H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 8.4 Hz, 2H, ArH), 7.03 (d, J = 8.4 Hz, 

2H, ArH), 4.20 (q, J = 7.1 Hz, 6H, C(CH2)3), 3.44 (s, 2H. C(CH)2), 1.21 (t, J = 7.1 

Hz, 9H, C(CH3)3). 
13

C NMR (100 MHz, CDCl3) δ 166.4, 137.1, 135.4, 132.7, 92.8, 

66.6, 62.3, 38.1, 13.9 ppm. ESI-MS: m/z ([M+H]
+
) 488.8. 

. 
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Triethyl 2-(4-((trimethylsilyl)ethynyl)phenyl)ethane1,1,1-tricarboxylate (11) 

 

 

 

CuI (151 mg, 0.79 mmol) and Pd(PPh3)2Cl2 (279 mg, 0.39 mmol) were added to 10 

(1.78 g, 3.97 mmol) in ACN (20 mL) and anhydrous NEt3 (2.3 mL, 15.9 mmol). The 

mixture was purged with argon for 30 min before the addition of 

ethynyltrimethylsilane (0.61 mL, 4.37 mmol), and then heated under reflux for 18 h. 

The mixture was diluted with water (20 mL), filtered over celite and the filtrate 

extracted with EtOAc (2 x 15 mL). The organic layers were combined, washed with 

water (10 mL), followed by brine (10 mL), dried over anhydrous MgSO4 and 

evaporated under reduced pressure. The resulting crude oil which subject to column 

chromatography on silica eluting with 10% EtOAc/petroleum ether to yield 11 as a 

yellow oil (943 mg, 57 %).  

 

1
H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 8.2 Hz, 2H, ArH), 7.21 (d, J = 8.2 Hz, 

2H, ArH), 4.19 (q, J = 7.1 Hz, 6H, C(CH2)3), 3.49 (s, 2H, C(CH)2), 1.21 (t, J = 7.1 

Hz, 9H, C(CH3)3), 0.23 (s, 9H, Si(CH3)3) ppm. 13
C NMR (100 MHz, CDCl3) δ 166.5, 

136.3, 131.6, 130.6, 121.9, 105.1, 94.2, 66.8, 62.3, 38.5, 13.9, 0.0 ppm. ESI-MS: m/z 

([M+H]
+
) 419.1 
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Triethyl 2-(4-ethynylphenyl)ethane-1,1,1-tricarboxylate (12) 

 

 

 

TBAF hydrate (1.49 g, 5.73 mmol) dissolved in a minimal amount of THF was 

added dropwise to 10 (2 g, 4.78 mmol) in THF (25 mL) at 0 ⁰C and stirred for 1 h. 

The reaction was added to aq. NH4Cl (25 mL) and extraction with Et2O (2 x 20 mL). 

The combined organic layers were washed with brine (10 mL), dried over anhydrous 

MgSO4 and evaporated under reduced pressure. The resulting crude product was 

subject to column chromatography on silica eluting with 10% EtOAc/petroleum 

ether to yield 12 as a light yellow solid (1.34 g, 81%). 

 

1
H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.3 Hz, 2H, ArH), 7.24 (d, J = 8.3 Hz, 2H 

ArH,), 4.20 (q, J = 7.1 Hz, 6H, C(CH2)3), 3.51 (s, 2H, C(CH)2), 3.04 (s, 1H, CH), 

1.21 (t, J = 7.1 Hz, 9H, C(CH3)3) ppm. 
13

C NMR (100 MHz, CDCl3) δ 166.5, 136.7, 

131.8, 130.7, 120.9, 83.6, 77.2, 66.8, 62.3, 38.5, 13.9 ppm. ESI-MS: m/z ([M+H]
+
) 

347.1, ([M+Na]
+
) 369.0.  
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Triethyl 2-(4-(sulfamoylethynyl)phenyl)ethane-1,1,1-tricarboxylate - attempted 

synthesis (13)   

 

 

 

A 1M solution of LiHMDS (3.2 mL, 3.2 mmol) was added dropwise to 12 (1 g, 2.9 

mmol) in anhydrous THF (15 mL) at -78 °C and the mixture stirred for 10 min. 

HMPA (0.56 mL, 3.2 mmol) was then added before an additional 10 min of stirring, 

followed by the addition of freshly prepared sulfamoyl chloride (367 mg, 3.2 mmol) 

in anhydrous THF (5 mL) and the reaction mixture stirred for an additional 3 h. The 

reaction progression was monitored by TLC and no new product spot was observed. 

After returning to rt, EtOAc (15 mL) was added before washing with aq. NH4Cl (15 

mL) and extracting with an additional portion of EtOAc (2 x 15 mL). The organic 

layers were combined, dried over anhydrous Na2SO4 and concentrated under reduced 

pressure.  

 

Numerous attempts were made to yield 13 however each time the reaction 

demonstrated no progression, and as evidenced by the TLC the starting material 12 

was recovered in quantitative amounts after work up. 
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2-(Dimethylamino)benzaldehyde
10

 (14) 

 

 

 

Dimethylamine (40% aq., 8.16 mL, 48.0 mmol) was added to a suspension of 2-

fluorobenzaldehyde (4.21 mL, 40.0 mmol) and K2CO3 (6.68 g, 48.0 mmol) in 

anhydrous DMSO (40 mL) under an N2 atmosphere at rt. The reaction mixture was 

heated under reflux for 20 h and the resulting bright yellow solution was poured onto 

ice before extracting into DCM (2 x 40 mL). The combined organic layers were 

washed with brine (100 mL), dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was subject to column 

chromatography on silica eluting with 10% EtOAc/hexane to yield 14 as a bright 

yellow oil (2.87 g, 84%). 

 

1
H NMR (400 MHz, CDCl3) δ 10.22 (s, 1H, CHO), 7.76 (dd, J = 7.1, 1.7 Hz, 1H, 

ArH),7.48 – 7.42 (m, 1H, ArH), 7.06 – 6.97 (m, 2H, ArH), 2.92 (s, 6H, N(CH3)2) 

ppm.
 13

C NMR (100 MHz, CDCl3) δ 191.3, 155.9, 134.7, 131.0, 127.1, 120.7, 117.7, 

45.6 ppm. ESI-MS: m/z ([M+H]
+
) 150.1.  
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N1, N3-Bis(2-(dimethylamino)benzyl)propane-1,3-diamine
11

 (15b)  

 

 

 

1,3-Diaminopropane (0.84 mL, 10 mmol) in anhydrous EtOH (20 mL) was added to 

a solution of 14 (3.0 g, 20 mmol) in anhydrous EtOH (20 mL) containing powdered 

molecular sieves under a N2 atmosphere and the mixture was heated under reflux for 

20 h. On complete formation of the imine 15a as evidenced by TLC the reaction was 

cooled to 0 °C and NaBH4 (756 mg, 20 mmol) added and stirred at rt for 1 h. The 

reaction was quenched by dropwise addition of aq. NH4Cl. EtOH was removed in 

vacuo and the pH of the remaining aqueous layer adjusted to pH 11, before 

extracting with EtOAc (2 x 15 mL). The combined organic layers were dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure to yield 15b as 

a colourless oil (2.35 g, 69%). 

 

1
H NMR (400 MHz, MeOD-d4) δ 7.26 – 7.18 (m, 6H, ArH), 7.04 (td, J = 7.3, 1.4 

Hz, 2H, ArH), 3.86 (s, 4H, N(CH2)2), 2.68 – 2.61 (m, 16H, N(CH3), (C(CH)2)), 1.77 

– 1.73 (m, 2H, CH2) ppm. 
13

C NMR (100 MHz, MeOD-d4) δ 154.3, 133.2, 131.2, 

129.9, 125.2, 121.2, 50.7, 45.4, 28.1, 14.5 ppm. ESI MS: m/z ([M+H]
+
) 341.2.  
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2,2'-((2-(Pyridin-4-yl)dihydropyrimidine-1,3(2H,4H)-diyl)bis(methylene))bis 

(N,N-dimethylaniline) GANT-61
11

 (16) 

 

 

 

4-pyridine carboxaldehyde (385 mg, 3.6 mmol) was added to 15b (1.23 g, 3.6 mmol) 

in anhydrous THF (25 mL) and the mixture heated under reflux for 20 h.On cooling 

to rt, the reaction was concentrated under reduced pressure and the resulting crude 

oil subjected to column chromatography on basic alumina eluting with 10-30% 

EtOAC/hexane to yield 16 as a white solid (1.05 g, 68%). 

 

1
H NMR (400 MHz, CDCl3) δ 8.55 (d, J = 5.8 Hz, 2H, PyrH), 7.65 (d, J = 5.8 Hz, 

2H PyrH), 7.57 (d, J = 7.6 Hz, 2H, ArH), 7.16 (td, J = 7.6, 1.4 Hz, 2H, ArH), 7.03 (t, 

J = 7.6 Hz, 4H, ArH), 3.90 (s, 1H, (N-CH)), 3.44 (d, J = 14.0 Hz, 2H, (N-CH2)), 3.41 

(d, J = 14.0 Hz, 2H, (N-CH2)), 2.94 (dt, J = 11.8, 3.7 Hz, 2H, N-(CH2CH2)), 2.55 

(s,12H, (N(CH3)2)2), 2.18 (td, J = 11.6, 2.7 Hz, 2H, N-(CH2CH2)), 1.82 – 1.72 (m, 

1H, N-(CH2CH2CH2)), 1.58 – 1.48 (m, 1H, N-(CH2CH2CH2)) ppm.
13

C NMR (100 

MHz, CDCl3) δ 152.9, 151.6, 149.8, 133.5, 129.4, 127.1, 124.9, 123.2, 118.8, 87.0, 

52.6, 51.1, 45.1, 23.7 ppm. ESI MS: m/z ([M+H]
+
) 430.0 C27H35N5 requires C, 

75.49; H, 8.21; N, 16.30%, found C, 75.37; H, 8.28; N, 16.20%. FT-IR νmax (cm
-1

): 

2940, 2825, 2784, 1595, 1490, 1448, 1351, 1312.  
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Inorganic syntheses 

cis-[Pt(II)Cl2(DACH)]
12

 (17) 

 

 

 

(1R,2R)-(−)-1,2-Diaminocyclohexane (DACH) (1 g, 8.7 mmol) was dissolved in 

MeOH (15 mL) and added dropwise to an aqueous solution of K2[PtCl4] (3.6 g, 8.7 

mmol) (15 mL). The reaction was stirred in the dark at rt overnight and the resulting 

yellow precipitate was collected by büchner filtration, washed with cold water, EtOH 

and Et2O, and dried over P2O5 to yield 17 as a bright yellow solid (2.2 g, 67%).   

 

1
H NMR (400 MHz, DMSO-d6) δ 5.56 (d, J = 8.2 Hz, 2H, NH2), 5.04 (t, J = 9.4 Hz, 

2H, NH2), 2.10 (s, 2H, CH2), 1.83 (d, J = 12.4 Hz, 2H, CH2), 1.42 (d, J = 8.5 Hz, 2H, 

CH2), 1.20 (d, J = 9.6 Hz, 2H, CH2), 0.94 (t, J = 9.8 Hz, 1H, 2(CH)) ppm. 
13

C NMR 

(100 MHz, DMSO-d6) δ 62.7, 61.3, 31.6, 23.8 ppm. C6H14Cl2N2Pt requires C, 18.96; 

H, 3.71; N, 7.37; Cl, 18.65%, found C, 18.72; H, 3.59; N, 7.16; Cl, 18.98%. FT-IR 

νmax (cm
-1

): 3273, 3183, 3103, 2832, 2665, 1565, 1465. 
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[Pt(II)(DACH)(oxalato)] - oxaliplatin
13

 (18) 

 

 

 

AgNO3 (1.3 g, 7.69 mmol) was added to 17 (1.5 g, 3.95 mmol) suspended in 

deionised water (30 mL) and the mixture was stirred in the dark at rt overnight. The 

reaction was filtered over celite to remove the resulting insoluble AgCl, and an 

aqueous solution of sodium oxalate (529 mg, 3.95 mmol) added to the filtrate. The 

reaction was filtered directly and the filtrate stirred in the dark at rt for 24 h. The 

reaction was concentrated under reduced pressure and the resulting precipitate was 

collected by büchner filtration, washed with cold water, EtOH and Et2O, and dried 

over P2O5 to yield 18 as a white solid (924 mg, 59%).
13

 

 

1
H NMR (400 MHz, DMSO-d6) δ 6.11 (d, J = 8.2 Hz, 2H, NH2), 5.38 (d, J = 9.0 Hz, 

2H, NH2), 2.01 (s, 2H, CH2), 1.82 (d, J = 11.9 Hz, 2H, CH2), 1.45 (d, J = 8.5 Hz, 2H, 

CH2), 1.22 (s, 2H, CH2), 1.01 (t, J = 9.7 Hz, 2H, 2(CH)) ppm. 
13

C NMR (100 MHz, 

DMSO-d6) δ 165.9, 61.7, 31.5, 24.0 ppm. ESI-MS: m/z ([M-H]
-
) 396.3. 

C8H14N2O4Pt requires C, 24.19; H, 3.55; N, 7.05%, found C, 24.02; H, 3.44; N, 

6.91%. FT-IR νmax (cm
-1

): 3210, 3159, 3078, 2959, 2930, 2663, 1694, 1659, 1609. 

 

 



Chapter 2 

92 
 

[Pt(IV)(DACH)(OH)2(oxalato)] (19) 

 

 
 

H2O2 (30% aq., 2.5 mL, >10 eq.) was added dropwise to a suspension of 18 (450 mg, 

1.13 mmol) in deionised water (10 mL). The mixture was stirred at 55 °C for 1 h and 

continuously thereafter in the dark at rt overnight. The reaction was concentrated 

under reduced pressure and the resulting precipitate was collected by büchner 

filtration, washed with cold water and acetone, and dried over P2O5 to yield 19 as a 

light yellow solid.   

 

ESI MS: m/z ([M+H]
+
) 433.2. C8H16N2O6Pt requires C, 22.28; H, 3.74; N, 6.50% 

found, C, 22.22; H, 3.69; N, 6.43%. FT-IR νmax (cm
-1

): 3471, 3166, 3052, 2946, 

2659, 1706, 1665, 1612.  
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[Pt(IV)(DACH)(oxalato)(succinato)2]
14

 (20) 

 

 

 

Succinic anhydride (285 mg, 2.85 mmol) was added to a suspension of 19 (307 mg, 

0.72 mmol) in DMF (5 mL) and the reaction stirred at 70 °C overnight. The mixture 

was concentrated under reduced pressure, re-dissolved in MeOH (50 mL) and 

filtered. The filtrate was concentrated under reduced pressure and acetone added to 

the resulting residue, causing a light brown solid to precipitate which was collected 

by büchner filtration, washed with acetone and Et2O, and dried over P2O5. This 

process was repeated three times to complete the precipitation of 20 as a light brown 

solid (305 mg, 67%).
14

  

 

1
H NMR (400 MHz, DMF-d7) δ 12.55 (br s, 2H, COOH), 8.59 (d, J = 26.7 Hz, 4H, 

NH2), 3.53 (br s, 2H), 2.60 – 2.52 (m, 4H, (CH2)2), 2.52 – 2.42 (m, 4H, (CH2)2), 2.30 

(d, J = 10.6 Hz, 2H, CH2), 1.58 (d, J = 5.7 Hz, 4H, (CH2)2), 1.30 (d, J = 10.2 Hz, 2H, 

CH2) ppm.
 13

C NMR (100 MHz, DMF-d7) δ 181.0, 174.1, 163.6, 61.7, 31.7, 31.0, 

30.3, 24.0 ppm. ESI MS: m/z ([M-H]
-
) 630.7. C16H24N2O12Pt requires C, 30.43; H, 

3.83; N, 4.44%, found: C, 30.05; H, 3.80; N, 4.34%. FT-IR νmax (cm
-1

): 3176, 3073, 

2949, 1720, 1684, 1653, 1582, 1388, 812. 
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cis-[Pt(II)(Cl)2(DMSO)2]
15

  (21) 

 

 

 

DMSO was added (0.77 mL, 10.8 mmol) to an aqueous solution of K2[PtCl4] (1.5 g, 

3.6 mmol) (15 mL) and the mixture stirred at rt in the dark for 18 h. The resulting 

precipitate was collected by büchner filtration, washed with cold water, EtOH and 

Et2O, and dried over P2O5 to yield 21 as a light yellow solid (1.22 g, 85%).
15

  

 

ESI MS: m/z ([M+H]
+
) 425.2. C4H12Cl2O2PtS2 requires C, 11.38; H, 2.86; Cl, 16.79; 

S, 15.19%, found C, 11.35; H, 2.80; Cl, 16.98; S, 14.80%. FT-IR νmax (cm
-1

): 3036, 

3009, 2925, 1411, 1314, 1152, 1130, 1015. 
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cis-[Pt(II)(Cl)2(DMSO)(GANT-61)] (22) 

 

 

 

cis-[Pt(II)(Cl)2(DMSO)2] 21 (500 mg, 1.18 mmol) was added to 16 (509 mg, 1.18 

mmol) dissolved in acetone (25 mL). The mixture was heated under reflux at 55 °C 

for 1 h and stirred continuously thereafter at 40 °C for 18 h. The volume of acetone 

was reduced to ~5 mL and Et2O was added, resulting in a white solid precipitate. 

The precipitate was collected by büchner filtration, washed with acetone and Et2O, 

and dried over P2O5 to yield 22 as a white solid. The remaining filtrate was collected 

and reduced and Et2O added. This process was repeated three times to ensure 

complete precipitation of 22 (667 mg, 73%). 

 

1
H NMR (400 MHz, CDCl3) δ 8.66 (d, J = 6.7 Hz, 2H, PyrH), 7.74 (d, J = 6.7 Hz, 

2H, PyrH), 7.48 (d, J = 7.6 Hz, 2H, ArH), 7.24 – 7.16 (m, 2H, ArH), 7.11 – 7.00 (m, 

4H, ArH), 4.28 (s, 1H, (N-CH)), 3.94 – 3.78 (m, 4H, (N-(CH2)2), 3.50 (s, 6H, 

(S(CH3)2)), 2.95 – 2.81 (m, 2H, N-(CH2CH2)), 2.61 (s, 12H, (N(CH3)2)2), 2.53 – 2.43 

(m, 2H, N-(CH2CH2)), 2.00 – 1.86 (m, 1H, N-(CH2CH2CH2), 1.40 – 1.26 (m, 1H, N-

(CH2CH2CH2)) ppm. 
13

C NMR (100 MHz, CDCl3) δ 156.8, 153.1, 152.8, 133.4, 

129.6, 127.6, 126.5, 123.3, 119.2, 81.6, 52.9, 47.9, 45.3, 45.0, 19.7 ppm. ESI MS: 

m/z ([M+H]
+
) 773.6. C29H41Cl2N5OPtS requires C, 45.02; H, 5.34; N, 9.05; Cl, 9.16; 

S, 4.14%, found C, 45.39; H, 5.39; N, 9.20; Cl, 9.17; S, 4.33%. FT-IR νmax (cm
-1

): 

2995, 2940, 2787, 1615, 1597, 1488, 1188, 1148.  
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cis, cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-61)(OH)2] (23) 

 

 

 

 

H2O2 (30% aq., >10 eq) was added dropwise to a suspension of 22 (127 mg, 0.16 

mmol) in deionised water (6 mL). The reaction mixture was stirred at 55 °C for 1 h 

and continuously thereafter at rt overnight. The volume of water was reduced under 

pressure and the resulting precipitate was collected by büchner filtration, washed 

with cold water, EtOH and Et2O, and dried over P2O5 to yield 23 as a light yellow 

solid (113 mg, 85%).  

 

1
H NMR (400 MHz, CDCl3) δ 8.67 (d, J = 6.7 Hz, 2H, PyrH), 7.74 (d, J = 6.5 Hz, 

2H, PyrH), 7.48 (d, J = 7.6 Hz, 2H, ArH), 7.23 – 7.17 (m, 2H, ArH), 7.09 – 7.01 (m, 

4H, ArH), 4.28 (s, 1H, (N-(CH)), 3.95 – 3.79 (m, 4H, N-(CH2)2), 3.49 (s, 6H, 

(S(CH3)2)), 2.95 – 2.83 (m, 2H, N-(CH2CH2)), 2.61 (s, 12H, (N(CH3)2)2), 2.52 – 2.44 

(m, 2H, N-(CH2CH2)), 1.96 - 1.92 (m, 2H, N-(CH2CH2CH2)) ppm. 
13

C NMR (100 

MHz, CDCl3) δ 157.6, 153.9, 153.6, 134.2, 130.4, 128.4, 127.3, 124.1, 120.0, 82.5, 

53.7, 48.8, 46.1, 45.8, 20.5 ppm. ESI MS: m/z ([M+H]
+
) 806.2. C29H43Cl2N5O3PtS 

requires C, 43.12; H, 5.37; Cl, 8.78; N, 8.67 S, 3.97%, found  C, 43.46; H, 5.25; N, 

8.75 Cl, 8.94, S, 3.63%. FT-IR νmax (cm
-1

): 3066, 2955, 2990, 2788, 1618, 1488, 

1618, 1488, 1310, 1148, 1079. 
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cis-[Pt(II)(Cl)2(GANT-61)2] (24) 

 

 
 

16 (292 mg, 0.68 mmol) was added to a suspension of 22 (264 mg, 0.34 mmol) in 

acetone (20 mL) and heated to 50 °C, stirring for 18 h. The volume of acetone was 

reduced to ~5 mL, Et2O (15 mL) was added, and the mixture left at 4 °C overnight. 

The resulting precipitate was collected by büchner filtration, washing with acetone 

and Et2O, and dried over P2O5 to yield 24 as a white solid. The remaining filtrate was 

collected and reduced, and Et2O added. This process was repeated three times to 

ensure complete precipitation of 24 (214 mg, 56%). 

 

1
H NMR (400 MHz, CDCl3) δ 8.80 (d, J = 6.7 Hz, 2H, PyrH), 7.64 (d, J = 6.7 Hz, 

2H, PyrH), 7.47 (d, J = 7.6 Hz, 2H, ArH), 7.21 – 7.15 (m, 2H, ArH), 7.06 – 7.00 (m, 

4H, ArH), 4.14 (s, 1H, (N-(CH)), 3.70 (q, J = 13.8 Hz, 4H, N-(CH2)2), 2.95 – 2.85 

(m, 2H, N-(CH2CH2)), 2.59 (s, 12H, (N(CH3)2)2), 2.40 – 2.32 (m, 2H, N-(CH2CH2)), 

1.82 – 1.76 (m, 1H, N-(CH2CH2)), 1.52 - 1.41 (m, 1H, N-(CH2CH2CH2)) ppm. 
13

C 

NMR (100 MHz, CDCl3) δ 155.7, 153.0, 152.1, 133.4, 129.4, 127.7, 126.9, 123.3, 

119.3, 82.4, 52.9, 48.6, 45.3, 20.4 ppm. ESI MS: (m/z [M+H]
+
)
 

1125.81. 

C54H70Cl2N10Pt.H2O requires C, 56.73; H, 6.35; Cl, 6.20; N, 12.25%, found C, 

56.68; H, 6.31; Cl, 6.26; N, 11.84%. FT-IR νmax (cm
-1

): 2946, 2832, 1496, 1448, 

1308, 1155. 
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cis, cis, trans-[Pt(IV)(Cl)2(GANT-61)2(OH)2] (25) 

 

 

 
 

H2O2 (30% aq., >10 eq) was added dropwise to a suspension of 24 ((237 mg, 0.55 

mmol) in deionised water (10 mL). The reaction mixture was stirred at 55 °C for 1 h 

and continuously thereafter at rt overnight. The volume of water was reduced under 

pressure and the resulting precipitate was collected by büchner filtration, washing 

with cold water, EtOH and Et2O, and dried over P2O5 to yield 25 as a light grey solid 

(50 mg, 79%).  

 

1
H NMR (400 MHz, CDCl3) δ 8.79 (d, J = 6.6 Hz, 2H, PyrH), 7.64 (d, J = 6.6 Hz, 

2H, PyrH ), 7.47 (d, J = 7.6 Hz, 2H, ArH), 7.21 – 7.14 (m, 2H, ArH), 7.06 – 6.99 (m, 

4H, ArH), 4.14 (s, 1H, (N-(CH)), 3.70 (q, 4H, J = 13.8 Hz, (N-(CH2)2)), 2.94 – 2.85 

(m, 2H, N-(CH2CH2)), 2.59 (s, 12H, (N(CH3)2)2), 2.39 – 2.30 (m, 2H, N-(CH2CH2)), 

1.85 – 1.73 (m, 2H, N-(CH2CH2)),). 
13

C NMR (100 MHz, CDCl3) δ 155.2, 153.1, 

153.0, 133.3, 129.5, 127.5, 125.9, 123.2, 119.1, 83.3, 52.8, 49.0, 45.3, 21.1 ppm. ESI 

MS: (m/z [M+H]
+
)
 
1157.91. C54H72Cl2N10O2Pt C, 55.95; H, 6.26; Cl, 6.12; N, 

12.08%, found C, 56.15; H, 6.12; Cl, 5.80; N, 11.79 %. FT-IR νmax (cm
-1

): 2944, 

2832, 1492, 1449, 1302, 1155, 1078 
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Peptide and peptide conjugate synthesis 

General considerations and materials 

All chemicals and solvents were used as received from commercial suppliers. 9-

Fluorenylmethyloxy carbonyl (Fmoc) protected amino acids; Fmoc-Lys(Boc)-OH, 

Fmoc-Asp(OiBu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Leu-OH, Fmoc-Gly-OH, Fmoc-

Phe-OH, and Fmoc-Glu(OtBu)-OH were purchased from Merck (Merck Millipore, 

Cork, Ireland). Fmoc-Thr(tBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Ser(tBu)-OH, Rink 

amide 4-methylbenzhydrylamine (MBHA) resin, diisocarbiimide (DIC), oxyma 

pure, piperidine, N-methyl-2-pyrrolidone, N,N′-carbonyldiimidazole (CDI), 

piperidine, phenol, trifluoroacetic acid (TFA), succinic anhydride, anhydrous DMF 

and anhydrous DCM were purchased from Sigma Aldrich (Sigma Aldrich Ireland 

Ltd., Wicklow, Ireland). Syringe reactors were purchased from MultiSynTech GmbH 

(MultiSynTech GmbH,Witten, Germany). 

 

Solid phase synthesis 

Peptide sequences were assembled by automated solid phase peptide synthesis on a 

CEM Liberty Blue™ Microwave Peptide Synthesizer (CEM Microwave Technology, 

(Ireland) Ltd, Dublin) using L-amino acids protected with Fmoc.
16

 The synthesis 

was carried out in accordance to the Fmoc/tBu strategy where the peptide chain is 

assembled sequentially from a rink MBHA resin (Sigma Aldrich, Arklow, Wicklow) 

using DIC and oxyma pure coupling chemistry. Single coupling cycles using a 10-

fold excess of Fmoc-amino acids were employed. The Fmoc/tBu strategy utilises a 

relatively mild de-protection scheme where removal of Fmoc was carried out using 

20% (v/v) piperidine in N-methyl pyrrolidone (NMP).
17

 The reaction was monitored 

by the UV absorbance of the dibenzofulvene side product at 301 nm.  

 

Peptide conjugation 

Attachment of the [Pt(IV)(DACH)(oxalato)(succinato)2] 20 to the Rink Amide 

MBHA resin-bound peptide was performed manually in a 5 ml syringe (0.1 mmol or 

0.05 mmol scale) fitted with a Teflon frit and stopcock. Following completion of the 

peptide sequence and final Fmoc deprotection on the N-terminal, the resin was 

agitated in DMF (2 mL) for 30 min to facilitate swelling, after which the DMF was 

drained. Quantities of the reagents were calculated relative to the original 

http://cem.com/en/contact-us/
http://cem.com/en/contact-us/
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substitution of the resin. To [Pt(IV)(DACH)(oxalato)(succinato)2] 20 (253 mg,  0.4 

mmol) in anyhdrous DMF (1.5 mL) at 60 °C was added  a solution of 1,1'-

carbonyldiimidazole (CDI) (136 mg, 0.84 mmol) in anhydrous DMF (1.5 mL), and 

the mixture stirred at 60 °C for a further 10 min. The reaction was cooled to rt and 

transferred into a reactor containing the pre-swelled polymer-bound peptide, and 

stirred for 48 h. Following conjugation, the resin was washed with DMF in order to 

remove any excess unreacted activated precursor 20 before washing with DCM and 

drying under vacuum.
18

  

 

Peptide cleavage  

Following Pt-peptide conjugation the resulting Pt-peptide conjugates were cleaved 

from the resin and side-chain protecting groups removed using a mixture of 

trifluoroaceitc (TFA) acid 95%, phenol 2.5% and water 2.5%. The peptide cleavage 

cocktail was prepared fresh each time, added to the resin and stirred at rt for 2 h. 

Upon reaction completion the resin was filtered and the crude Pt-peptide conjugate 

mixture was precipitated using a minimal amount of Et2O, and collected by 

centrifugation for 4 min at 2,500 rpm. The resulting supernatant was disposed of and 

the resulting precipitated peptide re-suspended in Et2O (10 mL). The suspension was 

centrifuged and this process was repeated three times. The final Pt-peptide conjugate 

pellet was left to air dry before dissolving in distilled water, frozen in liquid nitrogen, 

and lyophilized to give a white powder.  

 

Peptide purification 

Chromatographic analysis and peptide purification was performed on a Shimadzu 

Prominence LC system (Shimadzu Corp. Kyoto, Kyoto Prefecture, Japan) using a 

C18 Atlantis column (100 Å, 5 µm, 4.6 x 250 mm) (Waters Chromatography Ireland 

LTD, Dublin 9, Ireland) and a C18 Gemini column (110 Å, 5 µm, 10 x 250 mm) 

(Phenomenex, Macclesfield, Cheshire, UK) respectively. Crude products were 

dissolved in a water methanol (95:5) mixture containing 0.1% TFA. Mobile phase A: 

0.1% TFA in water and mobile phase B: 0.1% TFA in MeOH were used with a 

gradient of 5 – 85 – 5% B over 65 min with a flow rate of 1 mL/min (analytical) or 3 

mL/min (semi-preparative). Double wavelength detection at 214 and 254 nm was 

used.  

https://www.google.ie/search?espv=2&biw=1366&bih=589&q=Kyoto+Japan&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDczNjFV4gAxLVNM4rW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQAT-f6XQwAAAA&sa=X&ved=0ahUKEwih6fCEpZ_TAhVpBMAKHQHuAzoQmxMIkQEoATAQ
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Pt monoTPP P1; (7.5 mg, 3.5%), HRMS (ES+) m/z: 1088.9141 (M+2H
+
)
2+

, 

733.2878 (M+3H
+
)
3+

, tR: 37.87 min, purity > 97%. Pt diTPP P2; (11.3 mg, 3.1%) 

HRMS (ES+) m/z:  1240.5233 (M+2H
+
)
2+

, 931.1645(M+3H
+
)
3+

, tR: 39.26 min, 

purity > 90%. 

 

 

Pt monoScP P3; (4 mg, 3.7%) HRMS (ES+) m/z: 1088.9573 (M+2H
+
)
2+

, tR: 36.74 

min, purity > 98%. Pt diScP P4; (3.7 mg, 2%) HRMS (ES+) m/z: 

1240.5543(M+2H
+
)
2+

, 930.9057(M+3H
+
)
3+

, tR: 38.21 min, purity > 95% 
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In vitro cell culture 

Cell lines  

The cell lines as per Table 2.2 were kindly gifted by Dr. Caoimhin Concannon at the 

Department of Physiology and Medical Physics, and the Centre for Systems 

Medicine at the Royal College of Surgeons in Ireland. Normal human dermal 

fibroblasts (NHDF) were sourced from American Type Culture Collection (ATCC®, 

LGC Standards, Middlesex, UK).  

 

Table 2.2. Overview of cell lines used. 

Name Source Morphology Comment 

HT29 
human colon 

adenocarcinoma 

epithelial, 

adherent 
wild type 

loVo 
human colon 

adenocarcinoma 

epithelial, 

adherent 
wild type 

HCT116 wt 
human colon 

carcinoma 

epithelial, 

adherent 
wild type 

HCT116 p53 -/- 
human colon 

carcinoma 

epithelial, 

adherent 

knockdown 

of p53 

NHDF human skin 
spindle like, 

adherent 

neonatal, 

primary cells 

 

Cell culture 

All commercially available materials were purchased from Sigma Aldrich unless 

otherwise stated, and were used as supplied within 6 months of the purchase date. 

All culture materials were stored below 8 °C and heated to 37 °C before use. 

 

HT29 and loVo cell lines were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 1% penicillin-streptomycin, 1% L-glutamine and 10% 

fetal bovine serum (FBS). HCT116 wt and HCT116 p53-/- cell lines were cultured in 

Roswell Park Memorial Institute Medium-1640 (RPMI) supplemented with 1% 

penicillin-streptomycin, 1% L-glutamine and 10% FBS. NHDF cells were cultured 

in Fibroblast Basal Medium (FBM) supplemented with Hfgf-B, insulin, 5% FBS and 

gentamicin/amphotericin-B (FGM-2 BulletKit Suppl. & Growth Factors) (Lonza, 

Basal, Switzerland).  
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In this work medium refers to complete medium with all supplements. However cells 

exposed to serum free conditions were cultured in medium without FBS. In all cases 

cells were kept in an incubator set at 37 °C with 5% CO2. Together the CO2 

environment and the hydrogen carbonate from the medium generate a physiological 

pH of 7.4. All cells were cultured in a sterile mycoplasma free facility and were 

tested regularly for the presence of mycoplasma contamination with MycoAlert
TM 

Mycoplasma Detection Kit (Lonza, Basal, Switzerland). 

 

Phosphate-buffered saline (PBS) 

PBS is an isotonic solution with a pH of 7.4 used for washing cells in culture. PBS 

contains sodium chloride, potassium chloride and phosphate buffer dissolved in 

deionised water, with a concentration of 137 mM sodium chloride, 10 mM 

phosphate buffer and 2.7 mM potassium chloride per 200 mL of deionised water. 

PBS was dispensed in 20 mL aliquots and stored at 10 °C until required for washing.  

 

FBS 

FBS is the supernatant fraction remaining after the natural coagulation of fetal calf 

blood. FBS is commonly used as a serum supplement for in vitro cell culture as it 

provides cells with nutrients for differentiation and proliferation, as well as a number 

of hormones and growth factors. FBS was heat inactivated at 55 °C in a water bath 

for 30 min, before being dispensed in 50 mL aliquots and stored at -20 °C until 

required for addition to medium. It was then defrosted, heated to 37 °C in a water 

bath and added to medium in a 1:10 dilution. 

 

Penicillin-Streptomycin solution  

Penicillin-Streptomycin is an antibiotic solution stabilised with 10,000 units 

penicillin and 10 mg streptomycin/mL in 0.9% NaCl. Penicillin interferes with the 

cell wall synthesis of gram-positive bacteria, while streptomycin disrupts protein 

synthesis, particularly in gram-negative bacteria. This solution was dispensed as 10 

mL aliquots and stored at -20 °C until required for addition to medium. It was then 

defrosted, heated to 37 °C in a water bath for 30 min and added in a 1:100 dilution.  
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L-glutamine  

L-glutamine is an essential amino acid that acts as an energy and nitrogen source for 

cells in culture. The stock solution of 200 mM L-glutamine in deionised water was 

dispensed as 5 mL aliquots and stored at -20 °C until required for addition to 

medium. It was then defrosted, heated to 37 °C in a water bath for 30 min and added 

in a 1:100 dilution.  

 

Cell passaging  

Once cells in culture had reached approximately 70% confluency the old medium 

was removed and the cells washed with PBS solution to remove any remaining 

residual medium. This step is necessary as culture medium contains Mg
2+

 and Ca
2+ 

cations which inhibit the activity of trypsin. Trypsin-EDTA (0.25%)  was then added 

and the cells left to detach in an incubator for approx. 5 min (Table 2.3). Trypsin 

acts by cleaving adhesion proteins involved in cell-cell and cell-matrix interactions. 

These adhesion proteins in turn rely on the presence of calcium and so trypsin is 

supplemented with EDTA as it is a divalent cation chelator and functions to reduce 

the number of cations and adhesion proteins present that may inhibit trypsin. This 

combination of trypsin-EDTA breaks up the extra cellular matrix of cells and causes 

adherent cell detachment from the flask surface. Once detached, medium was added 

(at least three times the amount) to inactivate the trypsin-EDTA, and the cell 

suspension was transferred to a centrifuge tube. Cell pellets were formed by 

centrifugation at 1,200 rpm for 3 min. The resulting pellet was re-suspended in fresh 

medium and cells were counted, and seeded in new culture flasks at appropriate 

seeding densities with reference to Table 2.3.  

 

Table 2.3. Appropriate trypsin amounts relative to cell culture dish size.  

Dish Area mm
2
 Trypsin mL 

24 well 200 0.15 

T-25 2500 1 

T-75 7500 3 
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Cell counting 

Cell pellets were re-suspended in appropriate culture medium (1 mL) and the 

concentrated cell suspension (10 µL) was then mixed with 0.4% trypan blue stain 

(10 µL). This mixture was pipetted between a Neubauer haemocytometer objective 

glass plate and a glass cover slip. The haemocytometer has a central counting area 

containing 4 x 4 depression squares. At least two counting square grids were used for 

counting cells with a Nikon Eclipse TS100 microscope and a 10x objective. The 

mean value of cells counted was doubled to account for the dilution factor with 

trypan blue, and then multiplied by 10
4
 to get cell number per mL. The required 

volume was then taken from the thoroughly mixed cell suspension and added to each 

well/plate. The number of cells seeded was based on several factors including the 

nature of the cell line, the dimensions of a single cell and the duration of an 

experiment. The seeding densities used are outlined in Table 2.4.  

 

Table 2.4. Appropriate seeding densities for colorectal cancer cell lines. 

Cell line Dish Area mm
2
 Seeding density Medium mL 

HT29 24-well 200 8 x 10
4
 0.4 

 96-well 50 6 x 10
3
 0.1 

 T-25 2500 5 x 10
5
 5 

 T-75 7500 1.5 x 10
6
 15 

loVo 24-well 200 8 x 10
4
 0.4 

 96-well 50 3 x 10
3
 0.1 

 T-25 2500 8 x 10
5
 5 

 T-75 7500 2.5 x 10
6
 15 

HCT116 wt 24-well 200 5 x 10
4
 0.4 

 96-well 50 6 x 10
3
 0.1 

 T-25 2500 6 x 10
5
 5 

 T-75 7500 2 x 10
6
 15 

HCT116 p53 -/- 24-well 200 5 x 10
4
 0.4 

 96-well 50 6 x 10
3
 0.1 

 T-25 2500 6 x 10
5
 5 

 T-75 7500 2 x 10
6
 15 
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Cell freezing 

For long-term storage cells require to be kept in temperatures below -80 °C. Cells 

were cultured as normal and once they had reached approximately 70% confluency 

cells were harvested, counted and centrifuged. The resulting pellet was re-dissolved 

in freezing medium (1.5 mL) which contains 90% of the appropriate culture medium 

with 10% DMSO. DMSO plays a cyroprotective role as it increases the solubility of 

the cell membrane, preventing the formation of large ice crystals in the cell 

cytoplasm which can occur as a result of rapid temperature drop. To avoid this 

process the cryotube vials were initially placed in a Mr. Frosty box which contains 

isopropanol and slows down the rate of freezing to -1 °C/1 min, preventing cell 

rupture. The cyrotube where then transferred to a -80 °C freezer, and for long term 

storage to a -178 ⁰C liquid nitrogen tank until further use.  

 

Cell thawing 

The cryotube vial was removed from liquid nitrogen and slowly defrosted in a water 

bath at 37 °C. Appropriate culture medium (5 mL) was added and the cell suspension 

spun for 3 min at 1000 rpm, and the supernatant removed. The remaining pellet was 

re-suspended in medium and the cell suspension re-spun to ensure no DMSO 

remained. The final cell pellet in fresh medium (1 mL) was transferred to the 

appropriate cell culture flask, and total volume adjusted as necessary (Table 2.4). 
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MTS cell proliferation 

In vitro cytotoxicity evaluation 

Cells were cultivated in 96-well culture plates and seeded at densities outlined in 

Table 2.4 in appropriate culture medium. The medium was removed 24 h after 

seeding and cells were treated with a particular test compound solution (100 µL) at 

various working concentrations. After 72 h of treatment, the test compound solutions 

were removed and [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfo phenyl)-2H-tetrazolium, inner salt, (MTS) (Promega, Southampton, UK) (20 

µL) was added to each well, and the plates were incubated for 3 h at 37 °C. 

Following incubation, the absorbance was measured at 490 nm using a Wallac 1420 

Victor 3V plate reader (Perkin- Elmer Life Sciences, Boston, USA). The percentage 

of surviving cells relative to untreated controls was evaluated. The IC50 value 

defined as the drug concentration required to inhibit cell proliferation by 50%, was 

det for each test compound graphically from dose-response plots using GraphPad 

Prisim (GraphPad Software Inc. La Jolla, California, USA).  

 

In vitro cytotoxicity combination study 

Cells were cultivated in 96-well culture plates and seeded at densities outlined in 

Table 2.4 in appropriate culture medium. The medium was removed 24 h after 

seeding and cells were treated with a mixed solution of two test compounds (100 µL) 

at various working concentrations and ratios. After 72 h of treatment, the test 

compound solutions were removed and MTS (20 µL) was added to each well. The 

plates were then incubated for 3 h at 37 °C. Following incubation the absorbance 

was measured at 490 nm using a Wallac 1420 Victor 3V plate reader. The 

percentage of surviving cells relative to untreated controls was calculated and the 

fraction affected (fa) which represents the respective proliferation inhibition was 

determined. The CI indexes were computed and graphically represented using dose-

response plots in CompuSyn (Chao Chou, Memorial Sloan-Keltering Cancer 

Centre New York, New York, USA).  
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Immunoblotting 

Preparation of cell lysates  

Cells in culture were trypsinised, re-suspended in 1 X PBS (1 mL) and transferred to 

eppendorfs. The resulting cell suspension was spun at 200 rcf for 5 min and PBS 

removed from the pelleted cells. The whole cell pellets were then lysed on ice using 

a radioimmunoprecipitation assay (RIPA) buffer (NaCl 150 mM, sodium dodecyl 

sulfate 0.1%, sodium deoxycholate 0.5%, NP40 1%, Tris 50 mM pH 8, 1:100 

protease inhibitor, 1:00 phosphatase inhibitor). This step is necessary as lysing the 

cells disrupts the cell membrane and solubilises intracellular proteins, subsequently 

releasing the protein of interest. The resulting cell lysates were homogenized by 

incubation on ice for 10 min, followed by gentle vortexing, and this process was 

repeated three times. The samples were then centrifuged at 1,200 rpm at 4 °C for 20 

min, the supernatant was transferred to new pre-chilled eppendorfs and quantified for 

protein levels.  

 

Quantification of total protein concentration 

The total protein concentration in each cell sample was determined using a micro 

BCA protein assay (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Using 

a 96 well plate, a standard curve of bovine serum albumin (BSA) (0 – 12 µL of 1 

mg/mL) was prepared in duplicate. Each cell lysate sample was then added (2 µL) in 

quadruplicate and 0.9 % NaCl (150 µL) was added to both the cell samples and BSA 

standards. The BCA working reagent was prepared (25: 25: 1 of reagents A : B : C) 

and added (150 µL) to each well,  before incubating at rt for 30 min. The absorbance 

was measured at 560 nm using a Tecan GENios plate reader (Tecan, Weymouth, UK) 

and the average absorbance for each sample and standard was calculated. The 

amount of protein in each cell sample was determined by using the slope of the BSA 

standard curve of known protein concentration. Once the protein concentration was 

determined an equal volume of Lamaeli buffer was added and the samples boiled at 

95 °C for 10 min at 500 rpm. Lamaeli buffer constitutes equal parts of 2-

mercaptoethanol and bromophenol blue. Boiling the samples in 2-mercaptoethanol 

denatures the proteins and subunits, giving each a negative charge so that they can 

separate in the gel based on their size. The bromophenol blue aids in visualising the 

samples as they progress down the gel. 

https://www.google.ie/search?espv=2&biw=1366&bih=589&q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&sqi=2&ved=0ahUKEwiar433n5_TAhXLCsAKHTrqDRwQmxMIiQEoATAQ
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Protein separation using SDS-PAGE 

Proteins were separated based on their size using sodium dodecyl sulphate (SDS) 

polyacrylamide gel electrophoresis (PAGE). A resolving gel was first prepared, 

followed by a stacking gel on top and a 15 well comb inserted as a space holder for 

sample loading. The percentage resolving gel was determined based on the 

molecular weight of the protein of interest.  

 

Table 2.5. Percentage of resolving gel based on the molecular weight of the protein. 

Protein size (kDa) Gel percentage (%) 

4 - 40 20 

12 - 45 15 

10 - 70 12.5 

15 - 100 10 

25 - 200 8 

 

Protein samples (20 µg/ 30 µL) were loaded onto each lane of the SDS-

polyacrylamide gel beginning with a molecular marker ladder (3.5 μl); a molecular 

marker is used as a reference to determine the correct band at the molecular weight 

of interest. The gel was placed in running buffer (Tris-Cl 25 mM pH 8.2, glycine 250 

mM, SDS 0.1%, H2O) and an electric current was applied across the gel, causing the 

negatively charged proteins to migrate through the gel towards the positively 

charged electrode. Samples were initially run at 80 V, increasing to 120 V once the 

proteins had passed through the stacking gel. On completion (~ 90 min) the current 

was stopped and the gel transferred to a nitrocellulose membrane (Schleicher & 

Schuell, Dassel, Germany). Protein transfer was performed using the iBlot kit and 

gel transfer device (Invitrogen, Biosciences, Dun Laoghaire, Dublin). 
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Table 2.6. Composition of resolving gel. 

Per 10 mL  

Acrylamide 40% 1.25 mL 

Tris 1.5 M pH 6.8 3.75 mL 

H2O 3.25 mL 

APS 10% 100 µL 

SDS 10% 100 µL 

TEMED 5 µL 

 

Table 2.7. Composition of stacking gel. 

Per 10 mL 12% gel 

Acrylamide 40% 3 mL 

Tris 1.5 M pH 8.8 3.75 mL 

H2O 3.25 mL 

APS 10% 100 µL 

SDS 10% 100 µL 

TEMED 5 µL 

 

Western immunoblotting 

Following protein transfer, the membrane was placed in blocking buffer containing 

5% nonfat dry milk in tris buffered saline supplemented with tween (TBST) (Tris-

HCl 15 mH pH 7.5, NaCl 200 mM, Tween 20 0.1%) for 1 h, before incubating 

overnight at 4 °C in blocking buffer containing the appropriate primary antibody 

(monoclonal HSP70-1, 1:500 dilution) (Enzo Life Sciences Ltd., Exeter, UK). The 

initial hour blocking step is required as it prevents non-specific binding of the 

antibody to the membrane. Following incubation with the primary antibody, blots 

were washed with TBST (6 x 5 min) and then incubated in blocking buffer 

containing the appropriate secondary antibody (peroxidase conjugated antimouse 

IgG, 1:5000) for 1 h. The blots were washed with TBST (6 x 5 min) and developed 

using ECL Chemillumisecent horse radish peroxidase (HRP) Reagent (Milipore, 

Carrigtwohill, Cork) for 5 min before detection using a FujiFilm LAS-3000 image 

reader (Fuji, Sheffield, UK).  
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Flow cytometry 

Flow cytometric analysis of membrane bound HSP70 

Cells were cultivated in 24-well culture plates and seeded at densities outlined in 

Table 2.4. After 24 h the cells were trypsinised and transferred to pre-chilled 

eppendorfs. The cells were pelleted, re-suspended in 1 X PBS (500 µL) and 

centrifuged at 1,200 rpm for 4 min at 4 °C. The supernatant was carefully decanted 

and the pellet re-suspended in a solution of fluorescence-activated cell sorting 

(FACS) buffer (1 X PBS 90%, FBS 10%, sodium azide 0.1%) (50 µL) containing the 

appropriate primary antibody (monoclonal anti-heat shock protein 70  fluorescein 

isothiocyanate (FITC) conjugated, 1:200 dilution) (Multimmune GmbH, München, 

Germany). The cells were incubated in the antibody at 4 °C for 2 h and then pelleted 

to remove the supernatant. The cells were re-suspended in FACS buffer (200 µL) 

and centrifuged at 1200 rpm for 4 min at 4 °C. This step was repeated three times 

and the final cell suspension transferred to a 96-well plate, and analysed with a BD 

LSR II flow cytometer (BD Biosciences, Oxford, UK). FITC was excited at 488 nm 

and fluorescence emission was collected in the FL1 channel through a 520 nm band-

pass filter BDFACSDiva
TM

 software (version 8.0.1) was used to determine the mean 

fluorescence per sample and to generate histograms based on the gated area of 

interest.  

 

Figure 2.1: Representative scatter plots of (a) unstained control cell population used 

to determine the gated area and (b) cells that fall outside the gated control cell 

population represent membrane HSP70 positive cells.  

 

Cells that were positive for membrane bound HSP70 were gated for in experiments 

examining the surface expression of this protein. The cells outside the gated control 

cell population represent membrane HSP70 positive cells. 10,000 gated events were 
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acquired for each sample and cells for analysis were confirmed as being single cells 

using the FSC-A(rea) and SSC-H(eight) paramteres.  

 

Flow cytometric analysis of apoptosis 

Cells were cultivated in 24-well culture plates and seeded at densities outlined in 

Table 2.4. After 24 h the medium was removed, replaced with test compound 

solutions and the cells were subsequently incubated for 72 h. Following incubation 

cells were tyrpsinised, transferred to eppendorfs and pelleted by centrifugation at 500 

rcf for 5 min. The supernatant was carefully decanted and the pellet re-suspended in 

a solution of binding buffer (HEPES 10 mM NaCl 135 mM, CaCl2 5 mM) (250 µL) 

containing Annexin-V FITC conjugate (0.5 µL) and propidium  iodide (PI) (0.25 µL) 

(Annexin-V FITC apoptosis kit) (BioVision Inc., Milpitas, California, USA) and 

incubated at rt for 15 min. Following incubation the cell suspension was transferred 

to a 96-well plate and samples analysed with a BD LSR II flow cytometer. 

Excitation of Annexin V-FITC was performed with a 488 nm laser and fluorescence 

emission was collected in the FL1 channel through a 520 nm band pass filter. PI was 

excited at 561 nm and fluorescence emission was collected through a 605/40 nm 

band-pass filter and a 570 nm long pass filter. BDFACSDiva
TM

 software was used to 

determine the mean fluorescence per sample and to generate histograms based on the 

gated area of interest.  

 

 
Figure 2.2: Representative scatter plots of (a) a stained live cell control population 

used to determine the gated area and (b) ells that fall outside the gated control cell 

population represent apoptotic cells. The cells outside the gated control cell 

population in the lower right quadrant represent Annexin-V positive cells, while cells 

in the upper left quadrant represent PI positive cells.  
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Cells that were positive for Annexin-V FITC and PI were gated for in experiments 

examining apoptosis. 10,000 gated events were acquired for each sample cells for 

analysis were confirmed as being single cells using the FSC-A(rea) and SSC-

H(eight) parameters. 

 

Statistical analysis  

Statistical analysis for all flow cytometry experiments was carried out using the 

GraphPad Prism Software (version 5.1). Differences between two values were 

analysed using an unpaired student’s T-test with the significance level set to p < 

0.05. 
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DNA binding studies 

Preparation of DNA  

pUC19 DNA plasmid was sourced from Brennan & Co. (Brennan & Company, 

Stillorgan, Dublin) prepared from cultures of  E.coli. The double-stranded circular 

plasmid DNA is 2686 base pairs in length. For each experiments DNA (200 ng) was 

.prepared from a working solution of source pUC19 DNA (50 µg/mL) to give a final 

concentration of 60 µM diluted with 10 mM NaClO4 in order to maintain a pH of 6. 

 

DNA separation using agarose gel electrophoresis 

DNA fragments were separated based on their size and length using agarose gel 

electrophoresis. A 1% w/v agarose gel was first prepared in Tris acetate-EDTA 

(TAE) buffer (40 mM Tris-acetate, 1 mM EDTA) (1.5 g in 150 mL), and a 20-well 

comb inserted as a space holder for sample loading. The percentage of agarose gel 

used was determined based on the size of DNA fragments with respect to kilobases 

(kb). 

 

Test compound solutions (5 µL) at various working concentrations were aliquoted in 

eppendorfs and DNA (5 µL) was added. The samples were then incubated in the 

dark for 24 h at 37 °C. Following incubation, loading buffer (40% sucrose, 0.1M 

EDTA (pH 8), 0.5% SDS, 0.05% bromophenol blue) was added to each sample (2 

µL). The DNA samples containing loading buffer (12 µL) were loaded onto each 

lane of the agarose gel where lane 1 contains a DNA molecular marker ladder (6 μL) 

in TAE buffer (6 μL). 

 

The gels were placed in TAE running buffer and an electric current was applied 

across the gel. As DNA constitutes a negatively charged sugar-phosphate backbone 

an electric current causes the negatively charged nucleic acids to migrate through the 

gel towards the positively charged electrode. Samples were initially run at 150 V, 

increasing to 200 V. On completion (~ 60 min) the current was stopped and the gel 

stained by placing it in an ethidium bromide (EtBr) solution (0.5 µM/mL) for 40 

min. The gels were washed with deionised water to remove any remaining excess 

EtBr and visualized using an Amersham Imager 600 transilluminator (GE 

https://en.wikipedia.org/wiki/Phosphate
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Healthcare Life Sceinces, Buckinghamshire, UK). The gels were excited with 

midrange UV (312 nm) which is the fluorescence excitation maximum of EtBr. 
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Introduction 

The over expression of HSP70 is a key driver of tumorigenesis and consequently, this 

protein is now recognised as a prime anticancer target.
1
 Many efforts are being made to 

identify novel HSP70 inhibitors for the use in chemotherapy, with over a dozen 

candidates tested in clinical trials. Furthermore, several pharmacological targets that 

culminate in aberrant HSP70 function have been identified to date.
2
 

 

The first attempt to prevent HSP70 over expression targeted the transcription factor heat 

shock factor 1 (HSF1). A number of HSF1 inhibitors have been identified, including the 

bioflavonoid quercetin (Figure 3.1).
3
 However, this approach is non-discriminative and 

inhibiting HSF1 impedes the expression of a number of stress inducible HSPs, not 

HSP70 selectively. As a result, research has moved away from targeting HSF1 and 

towards the development of inhibitors which target either HSP70 i) co-chaperones, ii) 

ATP binding domain (ABD) and iii) substrate binding domain (SBD).
4
 

 

 

Figure 3.1: Chemical structure of HSF1 inhibitor quercetin.  

 

Targeting HSP70 co-chaperones 

Stress inducible HSP70 does not function as a single protein unit but is highly 

dependent on interaction with a number of co-chaperone proteins. For example, the 

relationship between HSP70 and HSP40 is well established, and HSP40 is critical for 

correct HSP70 function.
5
 All HSP40 proteins possess a highly conserved J-domain, 

which is ~ 70 amino acids in length.
6
 Interaction between the C-terminal SBD of HSP70 

and the J-domain on HSP40 proteins stimulates ATP hydrolysis, and regulates binding 

activity by stabilising the complexes HSP70 forms with mis-folded/unfolded 

polypeptides. HSP40 also plays an integral role in substrate-protein interaction as 

HSP40 proteins are known to contain unique polypeptide binding sites, and so promote 

HSP70 function by binding and delivering specific client proteins.
5
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MAL2-11B, a dihydropyrimidne compound, was shown to inhibit the ATPase activity 

of HSP40 resulting in aberrant J-protein function. By doing so it ultimately prevents J-

protein stimulation of HSP70, and so compromises correct HSP70 activity.
7
 Similarly, a 

number of D-peptides were identified to target DnaJ (a HSP40 homolog) and prohibit 

DnaJ stimulated activity of DnaK (a HSP70 homolog).
8
 

 

 
Figure 3.2: Chemical structure of HSP40 inhibitor MAL2-11B. 

  

Targeting the ABD 

The first compound identified to bind directly to HSP70 and alter it’s ATPase function  

was 15-deoxyspergualin (15-DSG), a natural immunosuppressive agent.
9
  The anti-

tumor effects of 15-DSG were first demonstrated in a mouse model of leukaemia, 

however similar efficacy was not observed in clinical testing.
10

 Subsequent screening of 

compounds that are structurally related to 15-DSG identified a number of 

dihyropyrimidines. A second generation compound MAL3-101, which can by 

synthetically derived from previously mentioned MAL2-11B, has been shown to inhibit 

HSP70 ATPase activity. An in vitro investigation using breast cancer cells determined 

that cells in culture fail to proliferate upon treatment with MAL3-101.
11

 More recently, 

an investigation into this compound’s activity against multiple myeloma cells found 

convincing results both in vitro and in vivo.
12

 MAL3-101 exhibited significant 

antimyeloma effects on both primary tumor cells and bone marrow cells taken from 

myeloma patients, and this activity was shown to be synergistically enhanced when 

treated in combination with a protease inhibitor. With reference to the in vivo data, a 

xenograft plasmacytoma model displayed reduced and delayed tumor growth upon 

treatment with MAL3-101.
12
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Figure 3.3: Chemical structures of 15-DSG and MAL3-101.  

 

A rational approach to determine if ATP mimics could interact with the ATP-binding 

site and consequently inhibit chaperone binding and function identified Ver-155008, an 

adenosine derived compound. This ATP analog was developed by analysis of the crystal 

structure of HSP70 bound to chaperone protein BAG-1. Ver-155008 was shown to bind 

to HSP70 and induce apoptosis in a number of cancer cell lines, including HCT116 

colon cancer cells. However pre-clinical data demonstrated limited anticancer activity 

and so further clinical investigation has been halted.
13

  

 

 

Figure 3.4: Chemical structure of Ver-155008.  

 

The ABD is also suspected to be the binding site of the rhodocyanine compound MKT-

077. MKT-077 which is cationic in nature was shown to selectively accumulate in the 

mitochondria of cancer cells and bind to mitochondrial HSP70, exhibiting anti-

proliferative activity. Undesirably, this compound has also demonstrated unspecific 

targeting and there is evidence to suggest that MKT-0177 has the ability to bind to 

actin, the most abundant protein in most eukaryotic cells.
14

 In addition, renal toxicity 

was identified as the dose-limiting toxicity during Phase I clinical data and so trials did 

not progress. 
15
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Figure 3.5: Chemical structure of MKT-077. 

 

Targeting the SBD 

The most promising HSP70 inhibitor that has been identified to date is a small molecule 

known as phenylethynesulfonamide (PES) or pifithrin-µ. PES was first described by 

Gudkov et al. as an inhibitor of mitochondrial p53-mediated apoptosis.
16

 This pathway 

involves the translocation of p53 to the mitochondria where it interacts with a number 

of cell death regulator Bcl-2 proteins. For example, p53 binds to Bax, stimulating it’s 

pro-apoptotic functions. In addition, p53 can also bind to anti-apoptotic proteins Bcl-xL 

and Bcl2 in order to counteract their inhibitory effects. This interaction with a number 

of the Bcl-2 proteins leads to MOMP, ultimately triggering the morphological events 

within the cell that are hallmarks of apoptosis.
17

 PES attenuates this process by 

diminishing p53’s affinity for anti-apoptotic proteins Bcl-xL and Bcl-2.  

 

 
Figure 3.6: Chemical structure of PES. 

 

More recently, an investigation into the molecular basis of this inhibition identified the 

cellular target of PES to be stress inducible HSP70. PES was shown to interact directly 

with HSP70 and there is strong evidence to suggest that PES acts by binding to a deep 

hydrophobic pocket in the C-terminal lid of the protein. Leu et al. proceeded to 

demonstrate that silencing HSP70 results in considerably reduced PES associated 

cytotoxicity, confirming that HSP70 is the pertinent and specific target of PES.
18

 

 

On binding, PES disrupts normal function of the protein and interferes with cell survival 

via a number of mechanisms. For example, HSP70 play a key role in lysosomal 

membrane stability in cancer cells, and aberrant HSP70 function leads to hindered 

lysosomal function and impaired autophagy (Figure 3.7).
19 

Autophagy is a lysosomal 
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cell degradation pathway and there is strong evidence to suggest that autophagy is key 

to prolonged survival in transformed cells.
20

  

 

In addition, HSP70 is thought to provide a selective survival advantage to tumour cells 

by inhibiting both intrinsic and extrinsic apoptosis.
21

 With reference to the intrinsic 

pathway, HSP70 can interact directly with the Bcl-2 pro-apoptotic protein Bax, 

preventing translocation to the mitochondria (Figure 3.7). Additionally, it can interact 

with client protein APAF-1, prohibiting recruitment to the apoptosome.
22

 In relation to 

the extrinsic pathway, it has been reported that HSP70 demonstrates binding affinity for 

death receptors DR4 and DR5. This impedes the formation of DISC and disrupts the 

cell from following a pro-apoptotic stimulus (Figure 3.7).
23

  PES is thought to attenuate 

the association of HSP70 with these client proteins, and so interferes with cancer-

survival via intrinsic and extrinsic apoptosis.  

 

 

Figure 3.7: HSP70 promotes cell survival via a number of mechanisms including (a) 

stabilisation of lysosomal membranes, (b) prevention of Bax translocation to the 

mitochondria, and (c) prevention of death receptor recruitment to a death inducing 

signalling complex.  

 

Furthermore, PES bound to HSP70 inhibits the activation of nuclear factor-κB, a protein 

complex which plays a pivotal role in DNA transcription, while also preventing the 
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binding of co-chaperone protein HSP90.
24

 Both of these functions are vital for cell 

survival. Additionally, PES demonstrates effects on the cell cycle including the 

inhibition of catalytic activity of the anaphase and induces G2/M phase arrest.
25

 These 

findings make PES a promising lead compound as a HSP70 inhibitor and warrants 

further investigation into it’s anticancer activity. 

 

Project rationale 

We chose to investigate the in vitro activity of PES against a number of colorectal 

cancer cell lines as it is widely accepted that stress inducible HSP70 is over expressed in 

colorectal cancer, among many others.
26, 27

 We sought to compare the activity of PES to 

that of two clinically used Pt based drugs; cisplatin and it’s second generation 

compound oxaliplatin, as oxaliplatin is the gold standard currently used in  

neo(adjuvant) chemotherapy for late stage CRC.
28

 
 

 

 
Figure 3.8: Chemical structures of cisplatin and oxaliplatin from left to right.  

 

In addition we chose to evaluate the in vitro activity of PES and oxaliplatin in 

combination. Building on the previous proof of concept with regard to the FOLFOX 

regime, we postulated that PES may additively or synergistically enhance the activity of 

oxaliplatin, and anticipate the potentially advantageous effect the compounds may have 

when co-administered.  

 

At present, the most studied interaction of PES with HSP70 is a docking experiment 

which modelled the inhibitor using a bovine and bacterial homology structure of the 

HSP70 protein.
18

 We sought to use in silico methods to probe the binding of PES to 

HSP70 in an attempt to gain a better understanding of the interaction between the small 

molecule inhibitor and the human HSP70-1 protein domain, the structure of which was 

published subsequent to the aforementioned study.
29

 In addition, we sought to design 

and dock a number of PES-like ligands to the protein domain in order to examine the 

effect a structural modification may have on ligand-protein binding. To the best of our 

knowledge the only other PES derivative that has been previously docked is PES-Cl 

(Figure 3.9), which was also executed using the bacterial homology mode of HSP70.
25
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Figure 3.9: Chemical structure of PES-Cl. 

 

Prior to testing PES we chose to first consider the synthesis of this compound. Only one 

synthesis of this small molecule has been published to date, which lacks corresponding 

data and characterisation. In this chapter a novel synthetic route to PES is described. 

Subsequently, we aimed to synthetically derivatise PES in such a way to facilitate Pt 

binding. A large proportion of Pt chemistry reported in the literature is predominately 

based on carboxylato complexes as i) the hydrolytic behaviour of this functional moiety 

is well characterised and ii) this functional group allows for wide variation in regard to 

ligand structure with a view to fine tuning properties such lipophilicity/hydrophilicity, 

or iii) to functionalise the Pt complex with a bioactive molecule. For example, 

carboxylato moieties are in satraplatin, mitaplatin and aroplatin (Figure 3.10).
30-32

 

  

It was postulated that Pt(IV)-PES conjugates could be developed by derivatising the 

phenyl ring of PES with a mono carboxylic acid functional group. The Pt(IV) 

complexes containing two axial carboxylic acid PES ligands would be reduced from 

Pt(IV) to Pt(II) in cellulo releasing two equivalents of HSP70 inhibitor. In addition, it 

was hypothesised that Pt(II)-PES conjugates could be developed by derivatising the 

phenyl ring of PES with a dicarboxylic acid malonic acid group. The malonic acid 

group would serve as a labile bidentate ligand which would be hydrolysed in cellulo 

releasing one equivalent of HSP70 inhibitor. Pt-PES conjugates therefore should 

possess Pt-DNA binding ability and HSP70 inhibitory properties.  

 

 

Figure 3.10: Chemical structures of satraplatin, mitaplatin and aroplatin from left to 

right. 
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Chapter Aims 

 To  investigate the anti-proliferative activity of  HSP70 inhibitor PES against a 

number of colorectal cancer cell lines, and compare the activity to that of two 

clinically used platinum drugs; cisplatin and oxaliplatin 

 

 To investigate if the HSP70 inhibitor PES could enhance the activity of a Pt drug 

when co-administered against colorectal cancer cell lines  

 

 To examine the interaction between PES and the C-terminal domain of the human 

HSP70-1 protein using in silico docking, and to determine the binding strengths of 

carboxylic acid and malonic acid derivatives of PES-type ligands  

 

 To synthesise PES and subsequent carboxylic acid and malonic acid PES 

derivatives in order facilitate binding to a Pt(IV) and Pt(II) centre respectively  
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In vitro analysis of HSP70 inhibitor PES 

In vitro cytotoxicity evaluation  

In vitro cytotoxicity experiments were undertaken (n = 3) to establish if four colorectal 

cancer cell lines responded to treatment with cisplatin, oxaliplatin and PES. Stock 

solutions of cisplatin, oxaliplatin and PES were prepared fresh in the appropriate culture 

medium and diluted to various working concentrations as per Table 3.1.  

 

Table 3.1. The range of drug concentrations used per cell line.
[a]

 

 HT29 loVo HCT116 wt HCT116 p53 -/-   

cisplatin 1.56 - 200 µM 0.39 - 50 µM 0.39 - 50 µM 0.39 - 50 µM 

oxaliplatin 1.56 - 200 µM 0.078 - 10 µM 0.078 - 10 µM 0.078 - 10 µM 

PES 0.78 - 50 µM 0.78 - 50 µM 0.078 - 10 µM 0.78 - 50 µM 

[a] concentrations were prepared in serial dilution, thus eight concentrations in total 

were tested per cell line. 

 

Cisplatin and PES were purchased from Sigma-Aldrich and oxaliplatin was synthesised 

following a literature reported procedure.
33

 Cell growth was determined by an MTS 

inner salt assay, a colorimetric test based on the ability of viable cells to reduce a yellow 

tetrazolium salt to blue formazan (Scheme 3.1).
34

 From the assay dose-response plots 

based on 72 h treatment (n = 3) were  generated using GraphPad Prism and IC50 values 

defined as the drug concentration required to inhibit cell growth by 50% were 

determined (Table 3.2).  

 

 

Scheme 3.1. Scheme demonstrating the conversion of MTS into aqueous, soluble 

formazan by dehydrogenase enzymes found in metabolically active cells. 
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Table 3.2. IC50 values calculated for colorectal cell lines.
[a]

 

 HT29 loVo HCT116 wt HCT116 p53 -/- 

cisplatin 19 ± 2.1 µM 5 ± 1.1 µM 6 ± 1.7 µM 14 ± 3.1   µM 

oxaliplatin 9 ± 1.3 µM 0.5 ± 0.1 µM 0.3 ± 0.04 µM 5 ± 1.1  µM 

PES 40 ± 2.5 µM 5 ± 0.9 µM 26 ± 2.3 µM 35 ± 4.6  µM 

[a] after 72 h treatment. 

 

The four particular cell lines were chosen in order to demonstrate no bias in regard to 

the stage of colorectal cancer evaluated where HT29 cells were harvested from a 

primary colon tumour and loVo cells obtained from a metastatic site. In addition, 

HCT116 wt and HCT116 p53 -/- cells also serve as examples of primary disease state 

where the latter cell line represents a colon tumour which displays a genetic knockout of 

a critical tumor suppressor protein.  
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Figure 3.11: Representative dose response curve (n = 3) after 72 h oxaliplatin treatment 

against (a) loVo cells with an IC50 value of 0.3 µM and (b) HT29 cells with an IC50 

value of 19 µM. 

 

As expected, oxaliplatin which is the Pt drug of choice for the treatment of late stage 

CRC, exhibited superior cytotoxicity to that of cisplatin against all four colorectal 

cancer cell lines.29
 With reference to the in vitro cytotoxicity data of both Pt 

compounds, colorectal cancer cell lines loVo and HCT116 wt responded well to 

treatment with the currently available Pt drugs, cisplatin and oxaliplatin, and the drug 

concentrations required to inhibit cell growth were in the range of 0.3 – 6 µM .Cell lines 
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HT29 and HCT116 p53 -/- however required a higher concentration of Pt drugs (5 -19 

µM) to exert the same effect. Thus, two colorectal cancer cell lines were identified as 

relative non-responders in comparison with the other two. 

 

This data highlights the well-established role of p53 in relation to cancer and 

chemotherapy. p53 plays a crucial aspect in regulating the cell cycle and so functions as 

a tumor suppressor. It integrates cellular functions such as apoptosis and cell cycle 

arrest, and promotes cell survival and DNA repair in response to a number of cellular 

stresses including DNA damage, oncogene activation and ribosomal stress.
35

 

Furthermore, greater than 50% of human cancers are known to contain a mutation or 

deletion of the TP53 gene, and tumor cells that lack a functioning p53 protein have been 

shown to exhibit resistance to many chemotherapeutic agents.
36

 Specifically with regard 

to CRC, approximately 50% of sporadic cases display a p53 mutation, and the status of 

p53 in sporadic CRC is closely related to disease progression.
37

 Thus, in complement 

with the literature, the p53 knockout HCT116 cell line and p53 mutant HT29 cell line 

did not respond as well to Pt treatment in comparison to that of the wild type HCT116 

and loVo cell lines. In addition, the values for cisplatin and oxaliplatin correspond with 

previously reported IC50 values in the literature.
38-40

  

 

With reference to the in vitro cytotoxicity data in relation to PES, the concentration 

required to inhibit cell growth ranged from 5 – 40 µM. HT29, HCT116 wt and HCT116 

p53-/- cell lines had somewhat similar sensitivity when treated with PES with IC50 

values of 40, 26 and 35 μM recorded respectively (Table 3.2). It is noteworthy that the 

loVo cells are particularly sensitive to treatment with PES with an IC50 of 5 μM. To the 

best of our knowledge significantly little or no other data on PES against any colorectal 

cancer cell lines has been reported in the literature, however, in a complementary study 

undertaken by a colleague, Mr. Alan Egan, three prostate cancer cell lines (LNCap, 

PC-3, DU145) were found to have similar sensitivity to treatment with PES, with 

IC50 values recorded ranging from 17.4 – 21.6 μM.
41

 PES has also been shown to have 

IC50 values ranging from 2.5 – 12.7 µM against a number of leukemic cell lines.
42

 The 

ability of PES to exert a cytotoxic effect in vitro against a panel of colorectal cancer cell 

lines with IC50 values recorded in the low micromolar range provides a positive outlook 

for potential future applications of PES and HSP70 inhibitors against colorectal cancer 

in vitro and in vivo. 
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In vitro cytotoxicity combination study 

Unsubstantiated claims of synergy are prevalent in the literature. Determination of a 

greater combined effect than each drug alone does not necessarily indicate synergism 

for example. Such an observation can be a result of an additive effect or even a slight 

antagonism. Synergy should not be confused with enhancement, potentiation, or 

augmentation.
43

  

 

An in vitro cytotoxicity combination study (n = 3) was therefore undertaken using the 

Chou-Talalay method, the state of the art method for determining a synergistic, 

additive or antagonistic effect on co-treatment of cells with two or more drugs.
43

 

 

Table 3.3. CI ranges and their descriptions using the Chou-Talalay method. 

  Combination Index (CI)  Description 

< 0.1 very strong synergism 

0.1 – 0.3 strong synergism 

0.3 – 0.7 synergism 

0.7 – 0.85 moderate synergism 

0.85 – 0.9 slight synergism 

0.9 – 1.10 nearly additive 

1.1 – 1.2 slight antagonism 

1.2 – 1.45 moderate antagonism 

1.45 – 3.3 antagonism 

3.3 – 10 strong antagonism 

> 10 very strong antagonism 

 

This method for drug combination is based on the median-effect equation derived 

from the mass-action law principle, which is considered the unified theory for the 

Michaelis-Menten equation, Hill equation, Henderson-Hasselbalch equation and 

Scatchard equation. These equations provide the theoretical basis for the resulting 

combination index (CI) equation, a quantitative definition for synergism where CI < 

1, antagonism where CI > 1 and additive effect where CI = 1. Based on these 

algorithms, CompuSyn has been developed (ComboSyn Inc., Massachusetts Institute of 

Technology, Cambridge, MA, USA.), a computer software programme for single drug 
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and drug combination pharmacodynamics that provides automated simulations for dose-

effect data analysis.
43,44

  

 

HT29 cells were investigated as a representative example of colorectal cancer cells 

given their relative resistance to Pt treatment in the in vitro cytotoxicity study described 

above as per Table 3.2. HT29 cells were treated with fixed ratios of PES and oxaliplatin 

as outlined in Table 3.4 where the selection of concentrations was principally informed 

by the relevant IC50 values. Combination indexes were determined using CompuSyn 

and plotted in Figure 3.12.  

 

Table 3.4. Combined drug concentrations of oxaliplatin and PES investigated against 

HT29 colorectal cancer cells. 

[Oxaliplatin]  PES [20 µM] PES [10 µM] PES [5 µM] 

40 µM  40, 20 40, 10 40, 5 

20 µM  20, 20 20, 10 20, 5 

10 µM  10, 20 10, 10 10, 5 

5 µM  5, 20 5, 10 5, 5 

2.5 µM  2.5, 20 2.5, 10 2.5, 5 

 

Of the fifteen different combined concentrations of PES and oxaliplatin against HT29 

cells tested, one combination, 5 μM PES and 10 μM oxaliplatin, resulted in a CI value 

of c. 1, and is therefore considered to exhibit a nearly additive effect (Table 3.3). 

 

The remaining fourteen combined concentrations tested resulted in the determination of 

CI values below 1 and in turn exhibit synergistic effects. 20 μM PES and 40 μM 

oxaliplatin resulted in a CI index of 0.77 which falls within the moderate synergism 

category of 0.7 – 0.85. In contrast, 10 μM PES and 10 μM oxaliplatin with a CI value of 

0.24 falls within the strong synergism category of 0.1 – 0.3. The remaining 12 

combinations are found within 0.3 – 0.7 synergism category (Table 3.3).  

 

This data can be highlighted with reference to a similar study where PC-3 prostate 

cancer cells were treated with fixed ratios of PES and cisplatin.
41

 Of the 15 different 

combined concentrations of PES and cisplatin tested, only eight combinations had CI 
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values < 1, with the seven remaining combinations recorded CI values > 1. Of the 

eight CI values that fell < 1 two combinations; 5 μM PES and 10 μM cisplatin, and 

10 μM PES and 10 μM cisplatin fell in the moderate synergistic category (0.7 – 0.85) 

and four further combinations fell within the synergistic category (0.3 – 0.7). 5 μM 

PES and 20 μM cisplatin exhibit the lowest CI index of 0.55. Unlike the investigation 

detailed above with PES and oxaliplatin against colorectal cancer cells, no 

combinations fell within the strong synergism category (0.1 – 0.3). 

 

Given the importance of synergism being associated with high inhibition of cell 

proliferation, the fraction affected (Fa, where 0% inhibition Fa = 0 and 100% inhibition 

Fa = 1) for all combinations investigated were determined and plotted in Figure 3.12d – 

Figure 3.12f, and for ease of comparison with corresponding CI values Figure 3.12a – 

Figure 3.12c. It is evident that the majority of combinations associated with a 

synergistic value also display a relatively high Fa value. 
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Figure 3.12: CI values for PES at (a) 20 µM (b) 10 µM and (c) 5 µM in combination 

with 2.5, 5, 10, 20 and 40 µM oxaliplatin against HT29 cells. CI is a quantitative 

definition for synergism where CI < 1, antagonism where CI > 1 and additive effect 

where CI = 1. The average ± SEM of three independent experiments relative to control 

0.2% DMSO treated cells. Fraction affected for PES at (d) 20 µM (e) 10 µM and (f) 5 

µM in combination with 2.5, 5, 10, 20 and 40 µM oxaliplatin. Fraction affected (Fa) 

represents the respective proliferation inhibition, where 0% inhibition Fa = 0 and 100% 

inhibition Fa = 1. The average ±SEM of three independent experiments relative to 

control, ≤ 0.2% DMSO treated cells. 
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PES in combination with oxaliplatin was determined to synergistically enhance the in 

vitro cytotoxic activity of oxaliplatin at specific concentrations and ratios. It is 

particularly noteworthy that the corresponding Fa for the majority of combinations of 

PES and oxaliplatin against the HT29 cells was greater than 75% (Figure 3.12d – 

Figure 3.12f).  For example 20 µM PES in combination with 40 µM oxaliplatin resulted 

in a CI index of 0.77 which falls within the moderate synergism, and also demonstrated 

an fa of > 0.8 which equates for > 80% inhibition of cell proliferation.  

 

The primary aim of identifying drug combinations is to achieve a synergistic therapeutic 

effect, dose and toxicity reduction, and to diminish or defer the onset of drug 

resistance.
45

 With reference to this data, a potential synergistic therapeutic effect 

between PES and oxaliplatin at low micromolar ranges has been indentified. This 

highlights the importance of combination studies and warrants further investigation into 

the synergistic effect HSP70 inhibitors may have in combination with Pt drugs and their 

use as alternative anticancer agents with an aim to achieve future clinical potential. 

Furthermore, this study supports the rationale of co-administering Pt and PES through 

chemical conjugation in a 1:1 and 1:2 ratio, and warrants the development of 

bifunctional Pt-PES conjugates.   
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Molecular modelling study of HSP70 inhibitor PES 

In silico docking 

Subsequent to the identification of PES as an inhibitor of mitochondrial p53-mediated 

apoptosis, an investigation was carried out in an attempt to determine the molecular 

basis of this inhibition.
18

 Using biotinylated PES for protein pull down assays the 

intracellular target of this molecule was identified as stress inducible HSP70. Moreover, 

using deletion analysis, the ATP binding domain of the protein (amino acid region 235 - 

385) was found not to be implicated in PES binding, while the substrate binding domain 

(amino acids 286 – 641) was demonstrated to be the key region for this interaction.
18

 

More specifically, there is now strong evidence to suggest that PES acts by binding to 

the C-terminal lid of the substrate binding domain. Murphy and co-workers 

demonstrated an in silico docking study using a protein homology model (bovine and 

bacterial) which indicates that three amino acid residues make significant contact with 

PES; tyrosine611, isoleucine607 and asparagine548. This was verified by point 

mutation experiments where mutagenesis of each residue produced HSP70 aberrant 

proteins that exhibit considerably decreased binding to PES.
25

 

 

Based on these findings, an in silico docking study was carried out to examine the 

interaction between PES and the C-terminal domain of the human HSP70-1 protein, the 

structure of which was published subsequent to the study by Murphy et al.
26

 With the 

intent to derivatise PES in such a way to facilitate Pt binding, a series of carboxylic acid 

and malonic acid derivatives of PES as potential labile ligands for Pt(IV) and Pt(II) 

centres were also designed and docked (Figure 3.13). This was carried out as a means 

of examining the effect a structural modification may have on ligand-protein interaction. 

The following experiments were carried out under the supervision of Dr. James Platts at 

the School of Chemistry, Cardiff University, Wales. 
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Figure 3.13: Chemical structures of the carboxylic acid derivatives of PES (left) and 

malonic acid derivatives of PES (right) that were designed and docked to the C-terminal 

domain of HSP70-1. 

 

As detailed in Chapter 2, a binding site first needs to be defined in order to execute in 

silico docking. Informed by the literature, the coordinates of atoms of interest within 

certain residues of the protein (tyrosine611, isoleucine607 and asparagine548) were 

calculated, and the mean values used to provide explicit coordinates for the binding site 

(centre x = 52.27, y = 33.95, and z = 41.67).  

 

 

Figure 3.14: Graphical representation from MOE of PES docked to the C-terminal lid 

of HSP70-1 indicating ligand position in relation to amino acid tyrosine611, 

isoleucine607 and asparagine548. 
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For each experiment a comprehensive search of the molecules conformational space 

(exhaustiveness of 10) was carried out to determine a total of eight conformational 

poses. All docking poses were analysed both separately and simultaneously for 

comparison. Each binding mode comprises a binding score which allows for direct 

analysis of a relationship between different poses. Throughout the results all of the 

binding scores reported refer to the energies of pose one i.e., the conformation identified 

with the best binding affinity for the C-terminal lid. 

 

Each ligand docked was initially modelled as a flexible molecule, allowing complete 

rotation about all torsion angles, while the entire C-terminal domain was treated as a 

conformationally rigid protein (Table 3.5). 

 

Table 3.5. Binding affinities calculated for ligands docked to HSP70-1 when defined as 

a rigid protein.  

Ligand 
Binding Affinity 

PES -4.5 kcal/mol 

o-carboxylate-PES -4.7 kcal/mol 

m-carboxylate-PES -5.0 kcal/mol 

p-carboxylate-PES -4.5 kcal/mol 

o-malonate-PES -4.2 kcal/mol 

m-malonate-PES -4.7 kcal/mol 

p-malonate-PES -4.5 kcal/mol 

 

As tyrosine611, isoleucine607 and asparagine548 are known to make a significant 

contribution to PES binding these residues were then selectively defined as flexible 

within the rigid protein structure and the modelling experiments repeated, maintaining 

the ligands as totally flexible molecules. The effect of each amino acid residue when 

defined as flexible and it’s influence on the resulting docking poses was visualised 

using MOE. In doing so the position of tyrosine611 within the binding site was 

identified to alter most when defined as flexible (Figure 3.15).  
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Figure 3.15.  Figure demonstrating para-carboxylate-PES docked to the C terminal 

domain of HSP70-1 with direct comparison of the amino acid residue positions when 

defined as fixed and as flexible. 

 

Based on this result, the same set of experiments was repeated again, with this residue 

solely set as flexible, modelling isoleucine607 and asparagine548 as rigid (Table 3.6). 

Finally, in order to ensure a comprehensive investigation of the binding site, the 

remaining three residues within this site (leucine610, methionine 549 and tyrosine545) 

were defined as flexible, in order to examine their potential role on ligand binding 

(Table 3.6) 

 

Table 3.6. Binding affinities calculated for ligands docked to the C-terminal lid of 

HSP70 with varying flexibility in amino acid residues of the binding site.  

Ligand 
Y611, I607, 

N548 Flexible 

Y611  

Flexible 

L610, M549, 

Y545 Flexible 

PES -6.3 kcal/mol -5.8 kcal/mol -6.3 kcal/mol 

o-carboxylate-PES -4.8 kcal/mol -6.5 kcal/mol -4.6 kcal/mol 

m-carboxylate-PES -6.8 kcal/mol -5.5 kcal/mol -4.2 kcal/mol 

p-carboxylate-PES -6.5 kcal/mol -6.5 kcal/mol -4.6 kcal/mol 

o-malonate-PES -4.2 kcal/mol -4.2 kcal/mol -4.8 kcal/mol 

m-malonate-PES -4.8 kcal/mol -5.3 kcal/mol -5.4 kcal/mol 

p-malonate-PES -5.4 kcal/mol -4.5 kcal/mol -5.1 kcal/mol 

 



  Chapter 3 

138 
 

Introducing flexibility into the binding site appears to be favourable as it results in a 

better binding affinity between the ligand and receptor in almost every case, with 

energies calculated between -4.2 and -6.8 kcal/mol. Using MOE the movement of the 

residues from their fixed confirmation was observed which revealed that the position of 

tyrosine611 alters most drastically when construed as flexible. Specifically, the position 

of the aromatic ring of tyrosine is shown to flip back away from the alpha helical bundle 

out of the binding pocket (Figure 3.15). 

 

From this docking study we can identify that the PES binding site is located primarily in 

a central hydrophobic pocket of the C-terminal helical domain, where it is expected to 

form several non-covalent interactions. The aromatic portion of this small molecule is 

likely to interact by -stacking with the aromatic side chain of a tyrosine residue, while 

direct hydrogen bonding between the the two sulfonamide hydrogen atoms with 

corresponding functional groups on amino acid residues is highly probable. 

 

Figure 3.16. Docking poses of PES, ortho-carboxylatePES and meta-malonatePES 

bound to the C-terminal domain of HSP70-1 from left to right. 

 

In relation to the data observed for PES-like derivatives, the various ligands designed all 

bind to the C-terminal lid with similar strengths to that of PES, and binding energies 

have been calculated between -4.2 and -5.0 kcal/mol. In addition, all of the ligands 

designed evidently dock in similar poses to that of PES and appear to be able to access 

the hydrophobic pocket within the C-terminal domain (Figure 3.16). For example, on 

examining specific ligand interactions, identical binding between PES and ortho-

carboxylatePES with the C-terminal helical domain has been determined (Figure 3.17). 

Direct hydrogen bonding between the two sulfonamide hydrogen atoms with 
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corresponding functional groups on tyrosine545 and asparagine604 residues is evident 

in both PES and the corresponding carboxylic acid derivative (Figure 3.17). 

 

 

Figure 3.17. Graphical representation from MOE of PES and ortho-carboxylatePES 

interacting with the C-terminal domain of HSP70-1. 

 

Thus, these modelling experiments reveal that the introduction of a small structural 

variation such as the addition of a carboxylic acid or malonic acid functional group onto 

PES is not likely to interrupt the molecules ability to bind to HSP70-1 at the site 

investigated. This observation is similar in finding to Murphy et al. where an in silico 

docking study suggested that PES-Cl has the potential to dock in an identical site to that 

of PES on the C-terminal helical bundle.
25

 

 

With regard to the function of the protein, it is acknowledged that the SBD is 

responsible for binding to hydrophobic stretches on misfolded or unfolded proteins, and 

that this process is highly dependent on co-chaperones.
46

 It is also widely accepted that 

the C-terminal domain acts as a lid for the SBD facilitating co-chaperone binding.
47

 

Hence interruption of this protein domain through small molecule binding as displayed 

in our in silico docking experiments would likely disrupt this process, thus preventing 

the protein from functioning effectively.  

 

In summary, the first example of a molecular docking study which examines the 

interaction between PES and a number of PES-like ligands to the C-terminal domain of 

the human HSP70-1 protein has been described. Having demonstrated that structural 

variation of PES via carboxylic acid and malonic acid moieties does not interrupt 
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ligand-protein binding provides a positive outlook for future synthesis of PES 

derivatives as HSP70 inhibitors. It is noteworthy however that while molecular 

modelling is a very valuable tool such findings need to be corroborated with molecular 

biology experiments. 
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Synthesis of HSP70 inhibitor PES and PES derivatives  

Sulfamoyl chloride  

 

 

Scheme 3.2. Synthetic route to sulfamoyl chloride 1. 

 

Sulfamoyl chloride was synthesised starting from chlorosulfonyl isocyanate.  

Chlorosulfonyl isocyanate comprises two functional groups, an isocyanate portion and a 

chlorosulfonyl group. These functional moieties give the molecule potentially three 

reaction sites; i) cycloaddition of the carbon-nitrogen double bond, ii) nucleophillic 

addition at the carbon-oxygen double bond, and iii) nucleophillic substitution of the 

chlorosulfonyl group. In addition, this reactivity makes the chlorosulfonyl group both 

unstable and hygroscopic, and in the presence of moisture readily undergoes iv) 

aqueous hydrolysis (Scheme 3.3). Thus, this reaction is utilised for the preparation of 

crystalline sulfamoyl chloride from chlorosulfonyl isocyanate. 

 

 

Scheme 3.3. Potential reaction sites of chlorosulfonyl isocyanate.  

 

However, as chlorosulfonyl isocyanate reacts violently with water the preparation of 

sulfamoyl chloride using water is considered unsafe and so formic acid is used as a 

milder approach, generating the desired product while eliminating carbon monoxide and 

carbon dioxide.
48
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Sulfamoyl chloride was synthesised in high yield (89%) however literature reports 

indicate that there are issues with the stability of this product, similar to it’s precursor, 

and so once synthesised sulfamoyl chloride was subsequently used directly and no 

characterisation was carried out. 
49
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Phenylethynesulfonamide 

 

Scheme 3.4: Synthetic routes to PES 4. 

 

Trimethyl(phenylethynyl)silane 2 was synthesised according to a literature method by 

reaction of iodobenzene with ethynyltrimethylsilane (Scheme 3.4).
50

 This procedure is 

an example of Sonogashira cross coupling which demonstrates carbon-carbon bond 

formation using an aryl halide and a terminal alkyne in the presence of an amine base, a 

Pd catalyst and Cu co-catalyst. An alkynyl-copper complex is generated from the 

terminal alkyne, base and copper iodide, which undergoes trans-metallation with the 

Pd(II) intermediate formed as a result of oxidative addition of the aryl halide (Scheme 

3.5). Reductive elimination when coupling the two organic ligands affords the desired 

product, reforming the Pd(0) catalyst (Scheme 3.5). This particular procedure 

demonstrates a modified version of Sonogashira that utilises a Zn co-catalyst in place of 

Cu.  

 

Reaction product 2 was characterised by 
1
H NMR (CDCl3) spectroscopy and a single 

peak observed at 0.25 ppm correlates to the nine protons expected of the trimethylsilyl 

(TMS) group, serving as the diagnostic resonance for reaction progression.  Similarly, 

in the 
13

C NMR spectrum a single peak at 0.5 ppm can be attributed to the three carbons 

of the TMS moiety. 
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Scheme 3.5: Synthetic scheme demonstrating Sonogashira cross coupling. 

 

The synthesis of PES 4 was attempted by reaction of a ClSO2NH2-TiCl4 complex with a 

solution of 2 as previously reported (Scheme 3.4).
51

 This literature procedure describes 

one of the first examples of direct sulphamylation of a number of alkyl and aryl 

ethynylsilanes, generally via two reactions; (i) addition onto the triple bond to generate 

an alkene organosilicon intermediate, followed by (ii) elimination of the silyl group to 

generate the aryl ethynylsulfonamide (Scheme 3.6).   

 

 

Scheme 3.6: General synthetic strategy for the sulphamylation of ethynylsilanes. 

*stereochemistry not defined. 

 

However, Babin and co-workers report that the preparation of PES 4 is exceptional in 

that the alkene organosilicon intermediate is not isolated, and does not require any 

intervention to induce desilylation. A single step reaction of 2 and ClSO2NH2-TiCl4 

afforded 4 upon precipitation in 35% yield, however no data or concrete explicit 

characterisation associated with the product is disclosed.
51

 At the time of this 
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investigation, to the best of our knowledge, this was the only synthesis of 4 reported in 

the literature to date. 

 

On repeating the reaction conditions reported by Babin et al. it was found that although 

the reaction between 2 and ClSO2NH2-TiCl4 did proceed to a moderate extent, 4 was not 

the product. Using 
1
H NMR (DMSO-d6) spectroscopy the crude reaction was 

determined as a mixture of starting material 2 and a single product, in an approximate 

ratio of 6:4 with no indication of any other products formed (See appendices for crude 

1
H NMR). Similarly, only two spots were present on the crude TLC, one with an 

identical Rf to that of the starting material.  

 

Subsequent purification by column chromatography resulted in successful isolation of 

the reaction product, and using 
1
H and 

13
C NMR spectroscopy the addition compound, 

2-chloro-2-phenyl-1(trimethylsilyl)ethene-1-sulfonamide 3 was identified as the 

compound obtained, in a recorded yield of 35% and > 96% purity. Two resonances; a 

multiplet at 7.50 – 7.45 ppm integrating for three, and a doublet at 7.37 ppm integrating 

for two, account for the five aromatic protons respectively. A broad singlet at 7.33 ppm 

corresponds to the two protons of the amine functional group, while a resonance seen at 

0.09 correlates to the nine TMS protons.  In the 
13

C NMR spectrum signals at 147.3 and 

146.1 ppm are assigned to the two alkene carbons.  These values are considerably 

higher than those reported for acetylinic sulfonamides and so assisted in identification 

of 3 as the product and not 4 as expected (Figure 3.18).
52

 Elemental analysis aided in 

identification of the product isolated and correlated with the required analysis for 3. X-

ray crystallography confirmed the expected structure and determined that the product 

was isolated solely as the Z isomer.  

 

 

Scheme 3.7: Proposed mechanism for the synthesis of (z)-2-chloro-2-phenyl-

1(trimethyl silyl)ethene-1-sulfonamide 3. 
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Following isolation and identification of 3, subsequent desilylation using 

tetrabutylammonium fluoride (TBAF) afforded full conversion of PES 4 after 1 h at 0 

°C. The TMS moiety served as a diagnostic peak in this subsequent transformation and 

reaction progression was confirmed by loss of the singlet resonance at 0.09 ppm in the 

1
H

 
NMR spectrum. A similar observation was made in the 

13
C NMR spectrum at 0.06 

ppm. ESI-MS in the positive mode assisted in identifying compound 4 with a mass peak 

at 180.9 a.m.u. 

 

The novel approach to 4 reports a facile and reproducible method which gives the 

desired compound in a single step. Reaction of commercially available phenylacteylene 

with the organosilicon base LiHMDS (Li salt of hexamethyldisilazane) and 

hexamethylphosphoramide (HMPA) in anhydrous THF at -78 °C generates the 

corresponding acetylide anion, which subsequently reacts in situ with freshly prepared 

sulfamoyl chloride 1 to afford 4 in 68% yield and excellent purity (> 99%).
41

 

Subsequent to this novel approach to synthetically achieve 4, the product was 

characterised by 
1
H and 

13
C NMR spectroscopy, mass spectrometry and elemental 

analysis. In the 
1
H-NMR spectrum of 4 (DMSO-d6) a resonance observed at 8.25 ppm is 

attributed to the two protons of the sulfonamide NH2. Three resonances; a doublet at 

7.62 ppm integrating for two, a triplet integrating for one at 7.58 ppm and a triplet 

integrating for two at 7.50 ppm, correspond to the five protons of the aromatic ring.  

 

In the 
13

C NMR spectrum signals at 87.5 and 84.3 ppm are assigned to the two alkyne 

carbons, values that are similar to those reported for other acetylinic sulfonamides 

(Figure 3.18).
52

 ESI-MS in the negative mode assisted in identifying compound 4 with 

a mass peak at 180.2 a.m.u and elemental analysis correlated with the required values.  
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Figure 3.18: Compound 3 (top) and compound 4 (bottom) with alkene carbons at 147.3 

and 146.1 ppm, and alkyne carbons at 87.5 and 84.3 ppm indicated in red respectively. 

 

Thus, the synthesis of PES has been reported, via two synthetic pathways (Scheme 3.4). 

The previously reported synthesis of PES has been investigated, and in doing so the 

structure of 2-chloro-2-phenyl-1-(trimethylsilyl)ethene-1-sulfonamide has been isolated. 

A novel improved one step synthetic route has been developed which affords PES in 

improved yield, with corresponding and previously unreported characterisation. It is 

noteworthy that HMPA constitutes an undesirable toxicity profile and so if favoured 

this reagent can be eliminated from the reaction and conversion is still observed, albeit 

the product is formed in lower yield.  
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Crystal structure of (Z)-2-chloro-2-phenyl-1-(trimethylsilyl)ethene-1-sulfonamide 

The structure of (Z)-2-chloro-2-phenyl-1-(trimethylsilyl)ethene-1-sulfonamide was 

determined by Dr. Brendan Twamley at the School of Chemistry in Trinity College 

Dublin. A specimen of C11H16ClNO2SSi, approximate dimensions 0.060 mm x 0.110 

mm x 0.140 mm, was used for the X-ray crystallographic analysis. Crystals suitable for 

X-ray analysis were obtained by slow evaporation of 2-chloro-2-phenyl-1-

(trimethylsilyl)ethene-1-sulfonamide in methanol. This novel unpublished structure was 

identified solely as the Z isomer and the corresponding E isomer was not isolated. The 

ORTEP view showing the structure is reported in Figure 3.19, while the data relating to 

the crystal and refinement patterns is reported in Table 3.8. 

 

 

Figure 3.19: ORTEP diagram of 2-chloro-2-phenyl-1-(trimethylsilyl)ethene-1 

sulfonamide with atomic displacement parameters shown at 50% probability and  

hydrogen atoms omitted for clarity. 

 

Table 3.7. Selected bond lengths [Å] and angles [°] determined for 2-chloro-2-phenyl-

1-(trimethylsilyl)ethene-1-sulfonamide. 

Bond Length (Angle) Bond Length (Angle) 

C(1)-H(1) 0.9500 C(6)-C(1)-H(1) 120.0 

C(1)-C(2) 1.384(9) C(1)-C(2)-H(2) 119.4 

C(1)-C(6) 1.396(10) C(3)-C(2)-C(1) 121.2(7) 

C(2)-H(2) 0.9500 C(3)-C(2)-H(2) 119.4 

C(2)-C(3) 1.368(10) C(2)-C(3)-H(3) 120.2 
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C(3)-H(3) 0.9500 C(2)-C(3)-C(4) 119.5(7) 

C(3)-C(4) 1.388(10) C(4)-C(3)-H(3) 120.2 

C(4)-H(4) 0.9500 C(3)-C(4)-H(4) 120.0 

C(4)-C(5) 1.391(10) C(3)-C(4)-C(5) 119.9(8) 

C(5)-H(5) 0.9500 C(5)-C(4)-H(4) 120.0 

C(5)-C(6) 1.390(10) C(4)-C(5)-H(5) 119.7 

C(6)-C(7) 1.483(9) C(6)-C(5)-C(4) 120.5(7) 

C(7)-C(9) 1.341(9) C(6)-C(5)-H(5) 119.7 

C(7)-Cl(8) 1.747(7) C(1)-C(6)-C(7) 118.8(7) 

C(9)-Si(10) 1.909(7) C(5)-C(6)-C(1) 118.8(7) 

C(9)-S(14) 1.778(7) C(5)-C(6)-C(7) 122.4(7) 

C(11)-H(11A) 0.9800 C(6)-C(7)-Cl(8) 112.0(5) 

C(11)-H(11B) 0.9800 C(9)-C(7)-C(6) 124.2(6) 

C(11)-H(11C) 0.9800 C(9)-C(7)-Cl(8) 123.8(6) 

C(11)-Si(10) 1.873(7) C(7)-C(9)-Si(10) 125.9(5) 

C(12)-H(12A) 0.9800 C(7)-C(9)-S(14) 120.19(5) 

C(12)-H(12B) 0.9800 S(14)-C(9)-Si(10) 113.7(4) 

C(12)-H(12C) 0.9800 H(11A)-C(11)-H(11B) 109.5 

C(12)-Si(10) 1.841(7) H(11A)-C(11)-H(11C) 109.5 

C(13)-H(13A) 0.9800 H(11B)-C(11)-H(11C) 109.5 

C(13)-H(13B) 0.9800 Si(10)-C(11)-H(11A) 109.5 

C(13)-H(13C) 0.9800 Si(10)-C(11)-H(11B) 109.5 

N(17)-H(17A) 0.8800 H(12A)-C(12)-H(12B) 109.5 

N(17)-H(17B) 0.8800 H(12A)-C(12)-H(12C) 109.5 

N(17)-S(14) 1.576(6) H(12B)-C(12)-H(12C) 109.5 

O(15)-S(14) 1.428(4) Si(10)-C(12)-H(12A) 109.5 

O(16)-S(14) 1.428(4) Si(10)-C(12)-H(12B) 109.5 

C(2)-C(1)-H(1) 120.0 Si(10)-C(12)-H(12C) 109.5 

C(2)-C(1)-C(6) 119.9(7) H(13A)-C(13)-H(13B) 109.5 
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The X-ray crystal structure of 2-chloro-2-phenyl-1-(trimethylsilyl)ethene-1-sulfonamide 

was solved using the Bruker APEX Software Package and refined with Olex2, using the 

space group Pca21, with Z = 4 for the formula unit, C11H16ClNO2SSi. The final 

anisotropic full-matrix least-squares refinement on F
2
 with 158 variables converged at 

R1 = 5.10%, for the observed data and wR2 = 9.76% for all data. The goodness-of-fit 

was 0.994. The largest peak in the final difference electron density synthesis was 0.289 

e
-
/Å

3
 and the largest hole was -0.452 e

-
/Å

3
 with an RMS deviation of 0.074 e

-
/Å

3
. On 

the basis of the final model, the calculated density was 1.342 g/cm
3
 and F(000), 608 e

-
. 

Crystal data and structure refinement for (Z)-2-chloro-2-phenyl-1-(trimethylsilyl) 

ethene-1-sulfonamide is show below as per Table 3.8. 

 

Table 3.8. Crystal data and structure refinement for (Z)-2-chloro-2-phenyl-1-

(trimethylsilyl)ethene-1-sulfonamide 

Empirical formula C11H16ClNO2SSi 

Formula weight 289.85 

Temperature 100.01 K 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group Pca21 

Unit cell dimensions a = 9.826(3) Å,   α = 90°. 

b = 15.712(4) Å,   β = 90°. 

c = 9.289(2) Å,   γ = 90°. 

Volume 1434.19(6) Å
3
 

Z 4 

Density (calculated) 1,342 Mg/m
3
 

Absorption coefficient 0.486 mm
-1

 

F(000) 608 

Crystal Size 0.14 x 0.11 x 0.06 mm
3
 

Theta range for data collection 2.445 to 25.249° 

Index ranges -11≤h≤11, -18≤k≤18, -11≤l≤9 

Reflections collected 8270 
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The molecular structure of compound 2-chloro-2-phenyl-1-(trimethylsilyl)ethene-1-

sulfonamide clearly shows the configuration and non-planar conformation. The torsion 

angles of the various alkene substituents C6‒C7‒C9‒S14, C6‒C7‒C9‒Si10, and 

C5‒C6‒C7‒Cl8 are 167.2 (5), 18.4 (10), and 121.5 (6)
o
 respectively.  

 

The bond length of C7=C9 is 1.341(9) Å which is as expected when compared to the 

reported C=C bond lengths of alkenes.
53

 This is shorter than the expected length of a 

weaker C-C single bond, seen in C(6)-C(7) for example where the bond length which is 

1.483(9) Å. Among the six angles in phenyl ring, the angles involving C6 which is 

directly connected to the sp
2
 alkene carbon are generally bigger than the other values 

reported. 

 

With regard to the sulfonamide functional group recorded bond lengths have been 

compared to that of the previously reported structure of 5-(dimethylamino)-1-

naphthalenesulfonamide, a dye more commonly known as dansyl amide used in 

fluorescent tagging. The S-N and S-O bond lengths of 2-chloro-2-phenyl-1-

(trimethylsilyl)ethene-1-sulfonamide were recorded as 1.576, and 1.428 Å respectively, 

and so fall within a similar range to that of dansyl amide where the S-N and S-O lengths 

are reported as 1.684 and 1.454 Å.
54

  

 

 

Figure 3.20: Chemical structure of fluorescent dye dansyl amide. 
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4-(Sulfamoylethynyl)benzoic acid 

 

 

Scheme 3.8: Synthetic route to 4-(sulfamoylethynyl)benzoic acid 9 

 

Commercially available 4-bromobenzoic acid was employed as the starting material, 

from which the corresponding methylester 5 was prepared, via in situ formation of an 

acid chloride.
55

 This esterification reaction utilises thionyl chloride in the presence of 

methanol and the reaction demonstrates full conversion after 2 h under reflux, affording 

5 in quantitative amounts. Methyl 4-bromobenzoate 5 was characterised by 
1
H NMR 

(CDCl3) spectroscopy and a single resonance at 3.91 ppm which corresponds to the 

three protons of the methyl group serves as a diagnostic peak for reaction progression. 

Similarly, in the 
13

C NMR spectrum a single resonance at 52.4 ppm is attributed to the 

methyl carbon. 

 

The conversion of 5 to methyl 4-((trimethylsilyl)ethynyl)benzoate 6 demonstrates 

Sonogashira cross coupling and employs a palladium catalyst for carbon-carbon bond 

formation between a terminal alkyne and an aryl halide.
56

 The desired compound 6 was 

afforded in 81% yield by overnight reflux and subsequently characterised by 
1
H and 

13
C 

NMR (CDCl3) spectroscopy. In the 
1
H NMR spectrum a resonance observed as a singlet 

at 0.26 ppm correlates to the nine protons of the TMS moiety and serves as the 
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diagnostic peak for product formation. With regard to the 
13

C NMR spectrum, the newly 

installed TMS group is indicated by a single resonance at 0.01 ppm. 

 

Subsequent to the introduction of the alkyne functionality, the TMS group was removed 

using an excess of TBAF. An organic-soluble source of fluoride ion can selectively 

remove silyl ethers without having an undesired effect on the methyl ester protecting 

group. Full reaction conversion was observed after 1 h at 0 °C and the deprotected 

acetylene 7 was obtained in 96% yield. In the 
1
H NMR (CDCl3) spectrum a single 

proton resonance at 3.23 ppm is indicative of the acetylene diagnostic proton, with no 

evidence remaining of the nine TMS protons.  

 

The novel synthetic method devised for the synthesis of PES was utilised in an attempt 

to obtain 8. Various attempts to react 7 with LiHMDS, HMPA and sulfamoyl chloride 

resulted in little to moderate progression of the reaction. Increasing the equivalents of 

reagents (up to 4 equivalents) and the reaction length (up to 6 hours) did not appear to 

have any advantageous effect on reaction progression. Using 
1
H NMR (DMSO-d6) the 

crude reaction was established as a mixture of starting material 7 and desired product 8, 

in an approximate ratio of 8:2. Subsequent purification by column chromatography 

isolated 8 in 18% yield. The purified product was characterised by 
1
H NMR (DMSO-d6) 

spectroscopy and a single peak at 8.34 ppm correlates to the two amine protons 

characteristic of the sulfonamide functional group, thus serving as the diagnostic 

resonance. In addition, two resonances at 8.03 and 7.77 ppm observed as doublets 

correspond to the four protons on the aromatic ring, while the methyl ester signal can be 

seen as a singlet at 3.88 ppm. ESI-MS in the negative mode confirmed the sulfonamide 

product by identifying a mass peak at 237.8 a.m.u.   

 

Hydrolysis of 8 was achieved on heating using an excess of LiOH to obtain the desired 

carboxylic acid PES derivative 9. Reaction progression was confirmed by loss of the 

methyl ester resonance at 3.88 ppm in the 
1
H

 
NMR spectrum (DMSO d6). Similarly this 

was affirmed in the 
13

C NMR spectrum which demonstrates a loss of the methyl carbon 

signal at 3.88 ppm. ESI-MS in the negative mode confirmed the hydrolysed product by 

featuring a mass peak at 223.8 a.m.u.  
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While the proposed synthetic strategy to 9 was effective, the success was limited, and 

the desired product was obtained in a very low yield.  

 

The intent behind developing a carboxylic acid was to derivatise PES in such a way to 

facilitate binding to a Pt(IV) centre. In order to react sulfamoylethynyl-benzoic acid 9 

with Pt it is anticipated that the reaction would require an excess of the acid. It is also 

highly likely that prior to reaction with Pt the carboxylic acid functional group may first 

need to be activated, conversion to an anhydride or active ester for example. Obtaining 

working quantities of sulfamoylethynyl-benzoic acid 9 proved troublesome and 

uneconomical, and so the attempt to bind PES to a Pt(IV) centre via a carboxylic acid 

moiety was not pursued. 
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2-(4-(Sulfamoylethynyl)benzyl)malonic acid  

 

Scheme 3.9: Proposed synthetic route to 2-(4-(sulfamoylethynyl)benzyl) malonic acid 

13. 

 

Preparation of 10 was carried out following a literature method by reaction of triethyl 

methanecarboxylate sodium derivative and iodobenzylbromide in DMF at room 

temperature.
57

  The triester product was afforded overnight in good yield and was 

characterised by 
1
H and 

13
C NMR spectroscopy. Two peaks observed at 7.56 and 7.03 

correspond to the four protons expected of the aromatic ring. Two resonances at 4.20 

and 1.21 ppm correlate to six protons and nine protons respectively, five protons per 

each ethylester chain. 

 

Similar to the preparation of the carboxylic acid derivative described above, the alkyne 

functionality was introduced using Sonogashira cross coupling. 11 was synthesised in 

good yield and was characterised by 
1
H, 

13
C NMR (CDCl3) spectroscopy and mass 

spectrometry.  The 
1
H NMR spectrum of 11 only differs to that of 10 by one diagnostic 

signal where a singlet resonance attributed to the nine protons of the TMS group is 

observed at 0.23 ppm. ESI-MS in the positive mode confirmed the formation of 10 by 

identifying a mass peak at 419 a.m.u. 
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Subsequent desilylation of 11 using TBAF afforded full conversion of the deprotected 

acetylene 12 after 1 h at 0 °C. The reaction progression was confirmed by a single 

proton resonance at 3.04 ppm attributed to the acetylene proton in the 
1
H

 
NMR 

spectrum. Similarly there was a loss of the TMS signal at 0.06 ppm seen in the 
13

C 

NMR spectrum. ESI-MS in the positive mode assisted in identifying de-protected 

compound with a mass peak at 347.2 a.m.u. 

 

The synthetic method devised for the synthesis of PES was once again utilised in an 

attempt to obtain triethyl 2-(4-(sulfamoylethynyl)phenyl)ethane-1,1,1-tricarboxylate 13. 

Numerous attempts to react 12 with LiHMDS, HMPA and sulfamoyl chloride were 

unsuccessful. Each time the reaction demonstrated no progression, and after work up the 

starting material was recovered in quantitative amounts. There is no obvious 

explanation as to why the reaction did not proceed. Potentially, there is a possibility that 

de-protonation did occur to give the corresponding acetylide anion, which was 

subsequently directly protonated in situ to reform the acetylene. It is worth noting 

however that the reaction was carried out under an inert atmosphere using anhydrous 

solvents and molecular sieves in an attempt to remove any obvious source of protons.  

 

In summary, synthesis of the desired malonic acid PES derivative was not achieved and 

so no attempt to bind a malonic acid PES derivative to Pt(II) could be made. 
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Conclusion 

The cytotoxic effect of PES against four colorectal cancer cells lines has been 

determined with IC50 values recorded in the low micromolar range. Having 

demonstrated the ability of PES to exert a cytotoxic effect in vitro against a panel of 

colorectal cancer cell lines provides a positive outlook for future applications of PES 

against colorectal cancer in vitro and in vivo. In addition, the anti-proliferative activity 

of PES has been compared to that of two clinically used platinum drugs. Of the four cell 

line tested, two cells lines, loVo and HCT116 wt, have been identified as relative non 

responders to treatment with Pt as compared to the remaining two, HT29 and HCT116 

p53-/-.  

 

The first example of a combination study comprising HSP70 inhibitor PES and 

oxaliplatin is reported. Using the Chou-Talalay method, significant synergistic effects 

including strong synergism in co-treating HT29 colorectal cancer cells with oxaliplatin 

and PES has been determined. This highlights the importance of combination studies 

and warrants further investigation into the synergistic effect HSP70 inhibitors may have 

in combination with Pt drugs, and their use as alternative anticancer agents with an aim 

to achieve future clinical potential. HSP70 inhibitors may have an important role to play 

in potentiating the effects of Pt drugs in resistant models, or reducing the side effects 

associated with Pt drugs.  

 

Furthermore, it is worth noting, that compounds which possess a sulfonamide functional 

group are well-known metallo-enzyme carbonic anhydrase inhibitors, and there are 

various reports in the literature which demonstrate the synthesis of novel sulfonamide 

compounds that display potent activity against the tumour associated isoforms of 

carbonic anhydrase.
58

 Carbonic anhydrase isoforms IX and XII are induced in cells of 

growing tumours tissue in response to low oxygen conditions, and these enzymes play a 

key role in preventing hypoxic stress by regulating pH. Consequently, both enzymes are 

considered promising therapeutic molecules, targetable by known carbonic anhydrase 

inhibitors.
58

 In addition to targeting HSP70-1, PES has very recently been identified as a 

potent carbonic anhydrase inhibitor, suggesting that this small molecule may also 

induce a cytotoxic effect via a cellular mechanism beyond HSP70 inhibition.
59

 

Consequently, future work should include an investigation into the role of carbonic 
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anhydrase in colorectal cancer and an evaluation of PES as a carbonic anhydrase 

enzymatic inhibitor. 

 

The first example of a molecular docking study which examines the interaction between 

PES and a number of PES-like ligands to the C-terminal domain of the human HSP70-1 

protein has been described.  This study suggests that substituting the phenyl ring of PES 

with carboxylic acid and malonic acid groups may not adversely affect the HSP70 

inhibitory potential of these compounds. Having demonstrated that structural variation 

of PES via carboxylic acid and malonic acid moieties does not interrupt ligand-protein 

binding provides a positive outlook for future synthesis of PES derivatives as HSP70 

inhibitors. 

 

The synthesis of the important and well known HSP70 inhibitor PES has been reported, 

via two synthetic pathways. The previously reported synthesis of PES has been 

investigated, and in doing so the structure of a key intermediate 2-chloro-2-phenyl-1-

(trimethylsilyl)ethene-1-sulfonamide has been isolated and definitively characterised 

using X-ray crystallography. A novel improved one step synthetic route has been 

developed which gives PES in good yield and purity, with corresponding and previously 

unreported characterisation.  
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Chapter 4 

Platinum(IV) oxaliplatin-peptide conjugates targeting memHsp70+  

phenotype in colorectal cancer cells  
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Introduction 

Platinum compounds are commonly employed in a wide range of anticancer regimens, 

and oxaliplatin, a Pt-based chemotherapeutic has proved to be a critical component of 

late stage CRC treatment.
1
 Platinum drugs demonstrate non-specific targeting however, 

and this aspect of their nature has proved to be greatly disadvantageous in the clinic. As 

a consequence of non-specific targeting, platinum drugs are commonly associated with 

a whole array of deleterious side effects, and acquired multi drug resistance.
2,3

 Thus, 

enhancing tumour selectivity has become a major priority in the development of new 

platinum based anticancer agents.  

 

Much research has been undertaken into investigating the role of cell penetrating 

peptides and there is no doubt that CPPs have the potential to facilitate intracellular 

drug delivery.
4
 Furthermore, it has been widely reported that preferential binding 

between a CPP and a cell surface constituent specific to tumour cells can endow 

selectivity for tumour cell uptake, and the use of homing molecules has proved to be an 

elegant method for ensuing specificity. Thus, many efforts are being made to identify 

tumour-related surface markers in order to exploit their homing capacity for active 

targeting.
5
  

 

One such tumour related molecule is the stress inducible heat shock protein, HSP70. 

Constitutive expression of HSP70 is unique to tumour cells and consequently, this 

protein is recognised as a prime anticancer target.
6
 In addition, tumour cells have 

demonstrated the capacity to express a membrane form of HSP70 (memHSP70) on the 

cell surface, an effect that has not been observed in non-malignant cells.
7
 In a 1,000 

patient cohort the selective expression of memHSP70 was found to be present on 50% 

of tumours including colorectal cancer cells, though not expressed in the corresponding 

healthy tissues.
8
 This suggests that memHSP70 expression is unique to tumour cells, 

however it is not restricted to a specific cancer type and appears to be present on a large 

portion of malignancies. In addition, the expression has been reported as stress 

responsive, meaning it can be increased by use of relevant chemotherapeutic agents.
9
 

Hence, a targeting strategy which exploits memHSP70 has the potential to be relevant 

to a larger proportion of patients when in conjunction with standard therapies.  
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Following the identification of membrane bound HSP70, Multhoff and co-workers 

developed a unique monoclonal antibody, termed cmHSP70.1, to demonstrate the 

selective presence of memHSP70 on tumour cells. In addition, they went on to exhibit 

that the mAB can be taken up by memHSP70+ cancer cells and used it as a means to 

image memHSP70+ tumours in vivo.
10

 They subsequently reported a 14-mer peptide 

derived from the native HSP70 protein that can recognise and target tumour cells that 

express memHSP70.
11

 The sequence of this 14-mer tumour penetrating peptide (TPP) 

matches an extracellular epitope within the oglimerization domain of the HSP70 protein 

(aa450-463; TKDNNLLGRFELSG) abbreviated to TKD (Figure 4.1), and on binding 

to memHSP70+ cells appears to undergo rapid tumour internalization.
8
 In addition, 

using confocal microscopy and immunofluorescence staining, the uptake of TPP was 

found to occur via endosomal pathways.
12

 They concluded that the binding ability of 

TPP is unique to HSP70 and it does not appear to demonstrate any affinity for other 

HSPs. Thus, TPP represents a molecule with i) cell penetrating ability which is 

distinctly ii) homing in nature, and so offers significant potential for use in active 

targeting.  

 

 

Figure 4.1: Figure representing the main HSP70 structural domains. TKD is the 

extracellular epitope of HSP70 that targets mAB cmHSP70.1. Adapted from Goloudina, 

A. R.; Demidov, O. N.; Garrido, C. Cancer Lett. 2012, 325, 117.
13

 

 

Project Rationale 

We sought to exploit TPP in order to facilitate targeted delivery of a Pt-based drug to 

colorectal cancer cells. It was hypothesised that conjugation of TPP to a Pt complex 

would lead to Pt conjugates with the ability to specifically recognise cells expressing 

memHSP70. 

 

As oxaliplatin is the Pt drug of choice for the treatment of late stage CRC we sought to 

develop a Pt-Peptide conjugate that was based on oxaliplatin. Thus, taking inspiration 

from Keppler et al, oxaliplatin was synthesised and derivatised through incorporation of 



  Chapter 4   

165 
 

axial succinic acid ligands to facilitate conjugation to the threonine residue of TPP 

through amide bond formation. Hence, it was expected that the platinum centre could be 

tethered to one or two peptides, resulting in a Pt mono- or diconjugate TPP complex.
14

  

 

We chose to evaluate the anticancer effects of the Pt-TPP conjugates in vitro and their 

activity would be compared to that of oxaliplatin and ‘free’ TPP. It was anticipated that 

TPP alone would exert limited toxicity given that CPPs are typically defined as non-

toxic in nature. It was hoped that the Pt-TPP conjugates would demonstrate enhanced 

cytotoxicity as compared to oxaliplatin alone, and that perhaps the platinum-TPP 

diconjugate may exhibit increased cytotoxicity as compared to that of the Pt-TPP 

monoconjugate.  

 

In order to determine if TPP could endow a platinum based compound like oxaliplatin 

with superior selectivity to recognise and target memHSP70+ tumour cells, Pt-peptide 

conjugates were also synthesised using a scrambled sequence (ScP) 

(LNLETRLGFGDNKS) with identical amino acid composition and used as a means of 

a negative control. In this scenario conjugation was preformed between the succinato 

linker and the leucine residue on the N terminus of ScP.  

 

It has been reported that the extent of TPP binding and uptake is highly dependent on 

the memHSP70 expression of cells, and that the higher the expression profile the higher 

the internalisation.
8
 Thus, in order to identify appropriate cell lines for Pt-peptide 

conjugate testing, the total HSP70 expression and specific memHSP70 expression were 

first examined in a panel of colorectal cell lines.  
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Chapter Aims 

 

 To synthesise the 14-mer peptide TPP derived from HSP70, and a corresponding 

scrambled peptide sequence ScP 

 

 To conjugate TPP and ScP to a Pt(IV) centre via amide bond formation 

 

 To investigate total HSP70 expression in a panel of colorectal cancer cells lines 

and compare it to that of non-transformed fibroblasts  

 

 To determine the level of memHSP70 expression in a panel of colorectal cancer 

cell lines  

 

 To evaluate the anticancer activity of Pt-TPP and Pt-ScP conjugates against 

colorectal cancer cells, and compare the activity to that of oxaliplatin and free 

TPP  
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Synthesis of Pt-peptide conjugates 

 

Solid phase peptide synthesis 

Peptides sequences were prepared from L-α-amino acids that comprise the general 

structure in Figure 4.2. To ensure clarity for the remainder of this work peptides are 

consistently written from the N to the C terminus in standard peptide nomenclature 

using one letter codes for individual amino acids (Table 4.1). 

 

 

Figure 4.2: General chemical structure of L-α-amino acids. 

 

Table 4.1. Amino acids with one letter codes and side chains indicated.
[a]

  

Amino Acid Letter Code -R Group -R Properties
[b]

 

glycine G -H  

lysine K -(CH2)4NH2 positively charged 

arginine R -(CH2)3NHC(=NH)NH2 positively charged 

aspartic acid D CH2COOH negatively charged 

glutamic acid E (CH2)2COOH negatively charged 

threonine T CH(CH3)OH polar uncharged 

serine S CH2OH polar uncharged 

asparagine N CH2CONH2 polar uncharged 

leucine L CH2(CH)(CH3)2 hydrophobic 

phenylalanine F -CH2Ph hydrophobic 

[a] amino acids listed refer to those that were used in SPPS, not all amino acids [b] side 

chain charges at physiological pH 7.4.   

 

Peptides sequences TPP (TKDNNLLGRFELSG) and ScP (LNLETRLGFGDNKS) 

were assembled by microwave assisted SPPS from a rink amide MBHA resin.
15

 Rink 

amide MBHA resin is a crosslinked polystyrene support which offers relatively high 

loading and affords the final product as a peptide-amide, as opposed to a peptide-acid. 

The synthesis was carried out in accordance with the Fmoc/tBu protection strategy, a 

process which involves incrementally synthesising the peptide in a defined direction 
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from the C- to the N- terminus.
16

 All amino acids possess an Fmoc protected Nα-amino 

group and a free C-terminal carboxylic acid. Fmoc is base sensitive and employed as a 

temporary protecting group.
16

 In contrast, any side-chain functional groups present on 

the amino acids are semi-permanently protected with an acid labile protecting group 

(Figure 4.3, Table 4.2). This concept is known as orthogonal protection and allows for 

multiple protection groups to be removed separately using a dedicated set of reaction 

conditions without affecting the other.  

 

 

Figure 4.3: Fmoc-Arg(Pbf)-OH. The amine is protected by a base sensitive Fmoc 

group, while the side chain is protected by an acid labile Pbf group. The C-terminal 

carboxylic acid is left free. 

 

Table 4.2. Amino acid protection strategy employed. 

Amino Acid α-Amino -R Side Chain 

glycine Fmoc  

lysine Fmoc Boc 

arginine Fmoc Pbf 

aspartic acid Fmoc tBu 

glutamic acid Fmoc tBu 

threonine Fmoc tBu 

serine Fmoc tBu 

asparagine Fmoc trt 

leucine Fmoc  

phenylalanine Fmoc  

 

Amino acid coupling is undoubtedly the most crucial step in peptide synthesis and 

amino acids are linked via amide bonds. Amide bond formation is typically described as 

a condensation reaction, however on mixing an acid with an amine, equilibrium favours 
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an acid-base reaction which results in the formation of a stable salt product.
17

 Thus, in 

order to encourage a condensation reaction to proceed, a leaving group is first attached 

to the carbon of the acid. Consequently, amino acid coupling is typically described in 

two consecutive steps; i) activation of a carboxy moiety followed by ii) acylation of an 

amino group (Scheme 4.1).
17

  

 

 

Scheme 4.1: Reaction scheme demonstrating amide bond formation proceeding by 

activation of a carboxylic acid group on amino acid R1 by installing a leaving group X, 

in order to facilitate attack by the amino group of a second amino acid R2.  

 

An array of activating agents has been employed in amino acid coupling and each is 

associated with advantages and drawbacks. Thus, there is no one coupling reagent that 

is best for all amino acid substrates and the choice of reagent is highly dependable on 

the reaction in question. Phosphonium and aminium type reagents in conjunction with a 

base are frequently used and these compounds have been shown to demonstrate high 

coupling rates, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-

oxidhexafluoro phosphate (HATU) and N, N- diisopropylethyl amine (DIEA) for 

example (Figure 4.4).
18

 However, the presence of a base can lead to racemization and 

for this reason the use of carbodiimide compounds is often favoured. A base is not 

necessary in this scenario and the reaction occurs via addition of a carboxy group to the 

carbodiimide functionality to generate an O-acyl isourea species, which are known for 

their ability as potent acylation agents.
19

 Dicyclohexylcarbodiimde (DCC) has proved to 

be one of the most popular carbodiimide coupling reagents however, dicyclohexylurea 

(DCU) which is simultaneously produced in the reaction, displays limited solubility in 

most organic solvents (Figure 4.4). Thus, the removal of this unwanted side product 

presents a limitation and the use of DCC has started to give way to other reagents, in 

particular diisopropylcarbodiimde (DIC).  DIC acts in a similar manner to DCC, 

however it’s corresponding urea is soluble in solvents typically employed in SPPS, and 

so can be easily eliminated as a consequence. 
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Figure 4.4: Chemical structures of HATU, DCC and DCU from left to right. 

 

However, as carbodiimide compounds are associated with the formation of a highly 

reactive O-acyl isourea, their use is not always preferred. This species has the ability to 

undergo intramolecular acyl transfer, resulting in the corresponding N-acyl urea which 

consequently reduces yield and presents a difficulty during purification (Scheme 4.2). 

In addition, O-acyl isourea has the potential to undergo extensive racemization with any 

susceptible carboxy species.
19

  

 

 

Scheme 4.2: Reaction scheme demonstrating the O-acyl isourea product formed in DIC 

coupling and the subsequent rearrangement to N-acyl urea.  

 

In an attempt to overcome this drawback, DIC is commonly employed in combination 

with a suitable α-nucleophile. The rationale behind this approach being that use of an 

appropriate nucleophile will readily react with O-acyl isourea, and intervene with any 

side reactions, subsequently forming a less potent acylation agent. This product can still 

take part in amide bond formation, but is less favoured towards racemization. 1-

Hydroxybenotriazole (HOBt) was typically used in combination with DIC however this 

reagent is explosive under anhydrous condition, and so for this reason, has been 

gradually replaced by oxyma pure.
20

  

 

The reaction mechanism of DIC/oxyma pure coupling is demonstrated in Scheme 4.3 

where one amino acid is bound to the resin (AA1) and a second amino acid is to be 

added (AA2). The carboxylate anion of AA2 reacts with DIC (Scheme 4.3a) and the 

reaction affords an O-acyl isourea species (Scheme 4.3b). This reactive product in turn 

readily reacts with nucleophillic oxyma pure to form an active ester, while eliminating 
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diisopropyl urea (Scheme 4.3c). Addition of the nucleophillic amine of AA1 to the 

newly formed active ester results in acylation. Following amide bond formation, oxyma 

pure is eliminated resulting in a dipeptide coupled to the resin (Scheme 4.3d). 

 

 

Scheme 4.3: Reaction scheme demonstrating the addition of AA2 to resin bound AA1 

using DIC/oxyma pure coupling chemistry.  

 

Using DIC/oxyma pure coupling chemistry, single coupling cycles and a 10-fold excess 

of Fmoc-amino acids were employed. The excess of reagents relative to the 

immobilised peptide at each stage of the synthesis is critical to ensure high levels of 

conversion. This importance can be highlighted if one considers even a level of 99% 

coupling efficiency will result in an overall synthetic yield of 86% for a 14 amino acid 

peptide. 

 

Subsequent to each amino acid coupling, intermittent steps of Fmoc deprotection were 

performed (Scheme 4.4). As indicated above, Fmoc is base sensitive and was removed 

by the application of 20% (v/v) piperidine in NMP.
16
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Scheme 4.4: Reaction scheme demonstrating the incremental steps of amino acid 

DIC/oxyma pure coupling onto an insoluble rink amide MBHA resin, followed by 

Fmoc deprotection with piperadine in NMP where R = amino acid side chain and n = 

the number of amino acids.  

 

Completion of the 14 amino acid sequence and final Fmoc deprotection on the N-

terminal afforded the desired TPP and ScP peptides as indicated in Figure 4.5 and 

Figure 4.6 respectively. 

 

 

Figure 4.5: Chemical structure of 14-mer TPP (TKDNNLLGRFELSG) bound to a rink 

amide MBHA resin following SPPS and final Fmoc deprotection with semi-permanent 

side chain protecting groups still intact. 



  Chapter 4   

173 
 

 

Figure 4.6: Chemical structure of 14-mer ScP (LNLETRLGRGDNKS) bound to a rink 

amide MBHA resin following SPPS and final Fmoc deprotection, with semi-permanent 

side chain protecting groups still intact 
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Peptide conjugation  

 

Scheme 4.5: Synthetic route to [Pt(IV)Cl2(DACH)(oxalato)(succinato)2] 20. 

 

The synthesis of the target platinum(IV) complex [Pt(IV)Cl2(DACH)(oxalato) 

(succinato)2] was carried out following a previously reported literature procedure.
21

 

Potassium tetrachloroplatinate(II) was employed as a platinum precursor, from which 

the diamminedichloroplatinum(II) complex 17 was prepared. Reaction with silver 

nitrate, followed by sodium oxalate afforded the diammineoxalatoplatinum(II) species 

18, which was oxidised to the corresponding Pt(IV) analogue 19 in aqueous solution in 

the presence of hydrogen peroxide.
22

 Subsequent carboxylation was achieved with an 

excess of succinic anhydride in DMF at 70 °C to afford the desired product 20 as a light 

brown solid in 67% yield.  

 

Complex 20 was characterised by 
1
H NMR spectroscopy (DMF-d7) and a diagnostic 

resonance corresponding to the two carboxylic acid protons is evident as a broad singlet 

at 12.55 ppm. Additionally, two multiplets observed at 2.60 and 2.52 ppm, which both 

integrate for four protons, are characteristic of the two CH2 moieties on each succinato 

carbon chain (Figure 4.7). 
13

C NMR data revealed two diagnostic peaks at 181.0 and 

174.1 ppm which confirm the presence of the carbonyl functional groups derived from 

succinic anhydride. ESI-MS in the positive mode assisted in identifying the product 

with a mass peak at 631.11 a.m.u and elemental analysis correlated with the required 

values for one malonato, one DACH and two succinato groups per Pt centre.  
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Figure 4.7: Chemical structure of the desired Pt(IV) complex 20 and protons which 

serve as diagnostic peaks in the 
1
H NMR spectrum indicated in red.  

 

Pt-Peptide conjugation was preformed manually using the resin-bound peptide with side 

chain protecting group intact in order to avoid any undesired reactions between the 

carboxylic acid on the platinum complex and free amino groups on lysine, arginine and 

asparagine residues. The structure of 20 comprises a bidentate trans-(1R,2R)(DACH) 

ligand and an oxalato ligand in the equatorial positions. In addition, the axial ligands 

consist of dicarboxylatos with a two carbon chain as a spacer derived from succinic 

anhydride. Thus, the axial ligands were exploited for peptide coupling, which was 

achieved through activation of the carboxylic functional groups (Scheme 4.6a). 

Reaction with CDI leads to in situ formation of an acyl carboxy imidazole and 

imidazole (Scheme 4.6b) which readily react to yield an acyl imidazole species 

(Scheme 4.6c). The activated imidazole was subsequently treated with TPP or ScP to 

afford the corresponding Pt-TPP or Pt-ScP conjugates through amide bond formation 

(Scheme 4.6d).  

 

 

Scheme 4.6: Reaction scheme demonstrating Pt-peptide coupling using CDI where R 

[Pt(IV)Cl2(DACH)(oxalato)(succinato)2] and 14-mer = resin bound TPP or ScP.  
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Peptide cleavage and purification 

Following Pt-peptide conjugation the resin was thoroughly washed with DMF in order 

to remove any excess unreacted activated precursor 20, and the corresponding 

conjugates were subsequently cleaved from the resin and side-chain protecting groups 

removed. This was achieved under acidic conditions as the semi-permanent side chain 

protecting groups are acid labile. A cleavage cocktail consisting of 95% TFA was 

sufficient at removing the various protecting groups employed by different amino acids; 

OtBu, tBu, Trt, Pbf and Boc. In addition, electrophilic species are formed during 

acidolytic deprotection, and for this reason the cleavage cocktail comprised 2.5% water 

and 2.5% phenol. These reagents demonstrate nucleophillic scavenger activity and 

consequently prevent reactive side products from recombining with liberated 

nucleophillic amino acid side chain functional groups.  

 

The reaction mechanism of TFA deprotection is demonstrated in Scheme 4.7 where an 

amino acid is protected with Boc. The tert-butyl carbamate becomes protonated in the 

presence of TFA (Scheme 4.7a) and the loss of the tert-butyl cation results in carbamic 

acid formation (Scheme 4.7b) The tert-butyl cation will be quenched by a suitable 

scavenger agent in order to prevent nucleophillic substrates from being alkylated. 

Decarboxylation of the carbamic acid results in the free amine (Scheme 4.7c) 

 

 

Scheme 4.7: Reaction scheme demonstrating TFA deprotection of BOC where R = an 

amino acid.  

 

Subsequent to cleavage, the final Pt-peptide conjugate crude mixture was lyophilised. 

195
Pt NMR spectroscopy of the crude peptide mixture was used to demonstrate 

successful conjugation and Pt in a +IV oxidation state. A single peak was observed at 

1614.33 which is indicative of a Pt(IV) centre.
23
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Figure 4.8: 
195

Pt NMR spectrum (DMSO-d6) of crude mixture subsequent to TPP and 

[Pt(IV)Cl2(DACH)(oxalato)(succinato)2] conjugation. 

 

HPLC analysis of the crude mixture revealed the presence of two product species, 

providing evidence that the platinum succinato complex could be tethered to one or two 

peptides as predicted, resulting in Pt mono- or diconjugate peptide complexes. The Pt-

peptide conjugates were subsequently purified by reverse phase HPLC and the retention 

times are listed in Table 4.3, which reflect the polarity of the Pt-peptide diconjugate in 

relation to the Pt-peptide monoconjugate. Purification afforded the Pt conjugates of both 

peptides in typically low yield where 7.5 mg of the TPP Pt-monoconjugate P1 and 11.3 

mg of the TPP Pt-diconjugate P2 were obtained which equates to a yield of 3.5% and 

3.1% with respect to the resin loading respectively. The ScP Pt-monoconjugate P3 and 

the ScP Pt-diconjugate P4 were afforded in 4 mg and 3.7 mg respectively, 3.7% and 2% 

yield with respect to the resin loading.
14, 24

 

 

Subsequent to semi-preparative HPLC, the purity of the conjugates was determined and 

the chemical identities were confirmed by HRMS (Figure 4.9, Figure 4.10). 
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Figure 4.9: Chemical structures of Pt-TPP monoconjugate (P1) and Pt-TPP diconjugate 

(P2) 

 

 

Figure 4.10: Chemical structures of Pt-TPP monoconjugate (P3) and Pt-TPP 

diconjugate (P4) 
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Table 4.3. Summary of HPLC data for Pt-peptide conjugates.[a] 

Conjugate tR (min) Purity (%) 

Pt monoTPP  P1 37.87 98.8 

Pt diTPP P2 39.26 90.5
[b]

 

Pt monoScP P3 36.74 98.2 

Pt diScP P4 38.21 95.9
[b]

 

[a] mobile phase A: 0.1% TFA/ H2O; mobile phase B: 0.1% TFA/ MeOH; 5-85-5% B 

over 65 min; 1 mL/ min; λ: 214/ 254 nm [b] an additional 8% and 3% attributed to the 

corresponding peptide-Pt monoconjugate. 

 

With regard to HPLC analysis, the Pt-TPP and Pt-ScP monoconjugate species were 

obtained in > 97% and > 98% purity respectively (Figure 4.11a and 4.11c). The 

corresponding Pt-TPP and Pt-ScP diconjugate compounds were obtained in > 90% and 

> 95% purity respectively, where an additional 8.0% and 3.3% of the samples 

respectively are attributed to the corresponding Pt-peptide monoconjugate (Figure 

4.11b and 4.11d) 

 

 

Figure 4.11: Expanded region between 30 and 50 min of analytic HPLC traces for (a) 

Pt monoTPP P1, (b) Pt diTPP P2, (c) Pt monoScP P3, (d) Pt diScP P4. HPLC 

conditions; (mobile phase A: 0.1% TFA/ H2O; mobile phase B: 0.1% TFA/ MeOH; 5-

85-5% B over 65 min; 1 mL/ min; λ: 214/254 nm).  
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Table 4.4. Summary of HRMS data for Pt-peptide conjugates. 

Compound Exact Masscalcd [M+2H]
2+

 [M+3H]
3+

 [M+4H]
4+

 

Pt monoTPP P1 2174.90 1088.9141
[a]

 733.2878 [b] 

Pt diTPP P2 3718.72 [b] 1240.5233 931.1645
[a]

 

Pt monoScP P3 2174.91 1088.9573 [b] [b] 

Pt diScP P4 3718.72 [b] 1240.5543 930.93662
[a]

 

 [a] highest intensity peak observed [b] no such peak observed. 

 

In relation to the HRMS data, the experimental mass spectral data are in good 

agreement with the predicted values. The [M+H]
+ 

peak for each Pt-peptide conjugate 

was not evident but chemical identities were unambiguously characterised by 

examining the 2
+
, 3

+ 
and 4

+ 
mass distribution pattern (Table 4.4). In an effort to obtain 

the [M+H]
+
 accurate mass value, MALDI-TOF experiments were performed. Albeit, 

this attempt proved to be unsuccessful and masses associated with the purely organic 

succinato-TPP were explicitly observed (Figure 4.12). Peaks appear in the MALDI-

TOF spectra of the Pt-TPP monoconjugate and Pt-TPP diconjugate at 1662.80 and 

1662.65 a.m.u respectively (Figure 4.13). This purely organic species was also evident 

in the HRMS spectrum of Pt-ScP monoconjugate and the 2
+
 molecular ion in the 

spectrum of Pt-ScP diconjugate.  

 

 

Figure 4.12. Chemical structure of the organic succinato-TPP fraction.  
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Figure 4.13: MALDI-TOF MS measurement of (a) Pt-TPP monoconjugate and (b) Pt-

TPP diconjugate with characteristic m/z value of [TPP+succinate[H]
+
]. Calculated for 

C71H114N21O25 1662.8295, found (a) 1662.8058 and (b) 1662.8519. 

 

However, it is noteworthy that this spectral data is in line with the reported literature 

data of Keppler and co-workers, where the same Pt species was conjugated to a TAT 

peptide, obtaining the corresponding Pt mono- and diconjugate peptides. Similarly, they 

did not observe [M+H]
+
 peaks in the spectral data and the identities of the Pt monoTAT 

and Pt diTAT were determined by examining the 2
+
 and 3

+
 molecular ions. In addition, 

they reported MALDI-TOF analysis for the mono- and diconjugate compounds in 

which the organic succinate-TAT species is exclusively observed.   
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In vitro analysis of Pt-peptide conjugates 

 

HSP70 Expression 

Western Blot analysis (n=3) was carried out to determine if a number of colorectal 

cancer cell lines demonstrate positive HSP70 expression. HSP70 expression was also 

examined in a non-transformed human fibroblast cell line. Whole cell lysates of the 

following cell lines were prepared; HCT116, HCT116 p53 -/-, HT29, loVo, NHDF, and 

expression was determined by a monoclonal primary antibody directed against stress 

inducible HSP70. Bound antibodies were visualised using a horseradish peroxidase 

(HRP) conjugated secondary antibody, and the blots developed with a 

Chemiluminescent substrate. The substrate contains luminol which is oxidised in the 

presence of HRP and H2O2. Loss of nitrogen leads to an excited triplet state 3-

aminophthalate product which undergoes intersystem crossing to form a singlet 

state, from which it can emit a photon (hν) (Figure 4.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Figure demonstrating the visualisation of bound antibodies using HRP in 

the presence of H2O2 and luminol. 

  

The Western Blot analysis demonstrates positive HSP70-1 staining in all four colorectal 

cell lines, with the highest level of expression observed in HT29 cells. In stark contrast, 

the expression of HSP70 was scarcely overserved in the NHDF cell line (Figure 4.15). 

This observation complements various literature reports which indicate that HSP70 is 
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overexpressed in cancer cells relative to normal non-transformed cells. Actin is the most 

abundant protein in most eukaryotic cells and participates in more protein-protein 

interactions than any other known protein.
25

 Actin is expressed in healthy cells and 

tumours cells alike, and for this reason was used as an internal standard to demonstrate 

that any differences observed in HSP70 expression between cell lines were not a 

consequence of altered protein loading. 

 

 

Figure 4.15: Representative Western Blot of a single experiment showing HSP70 levels 

in colorectal cancer cell lines and NDHF cells.  

 

Two members of the HSP70 family are most abundantly found in the cytosol of healthy 

non-transformed cells, namely HSP70-8 and HSP70-1.  Under homeostatic conditions 

HSP70-8 is constitutively expressed and acts as a key mediator in protein folding, 

translocation and degradation. Thus, HSP70-8 serves a variety of general house-keeping 

roles and consequently ensures the maintenance of protein homeostasis.
26

 In contrast, 

the expression of HSP70-1 is distinctly inducible. It remains at very low levels under 

homeostatic conditions and becomes upregulated as a consequence of various cellular 

and environmental stresses, including heat shock, hypoxia, glucose depletion or 

oxidative stress.
27

 HSP70-1 provides resistance to this proteotoxicity, ultimately 

allowing cells to survive in what otherwise would be regarded as lethal conditions.  

 

In stark contrast, the majority of cancer cells are associated with constitutive expression 

of HSP70-1.
28

 Given tumour cells essentially live in an environment of constant stress, 

it has been postulated that elevated levels of HSP70 are necessary to combat these harsh 

conditions and ensure cell survival. This results in permanent activation of the HSP70-1 

transcription factor and tumour cells become ‘addicted’ to HSP70.
29

 This phenomenon 
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has been observed on numerous occasions in relation to CRC where HSP70-1 

overexpression has been reported in vitro, in vivo and in clinical findings.
30-31

   

 

This provides an explanation for the scarcely detectable expression of HSP70-1 in the 

normal human cell line, which is in contrast to positive HSP70-1 staining in all four 

colorectal cell lines (Figure 4.15) Thus, the Western Blot analysis reported above is in 

accordance with the literature and demonstrates HSP70 expression profiles that would 

be typically expected for each cell line. 

 

As detailed in Chapter 3, in vitro cytotoxicity experiments were carried out to determine 

if a panel of colorectal cancer cell lines responded to treatment with cisplatin and 

oxaliplatin. Of the four cell lines tested, HT29 cells were found to be the most resistant 

cell line and required the highest concentration of both platinum drugs to inhibit cell 

growth.
32

 Subsequent to examining the HSP70 expression profile of colorectal cancer 

cells, the results obtained may provide a potential explanation as to why this cell line 

demonstrates enhanced resistance to apoptosis. The highest level of HSP70 expression 

was observed in HT29 cells, and it is widely acknowledged that HSP70 can interfere 

with multiple pathways of cell death.
6,33

 In particular HSP70 has been shown to supress 

p53 mediated intrinsic apoptosis, a pathway that is largely associated with platinum 

induced cytotoxicity.
34

 Thus, the in vitro cytotoxicity results can tentatively correlate 

with Western Blot analysis, potentially highlighting an association between HSP70 

expression and platinum resistance.  
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memHSP70 Expression 

Constitutive expression of stress inducible HSP70 is associated with tumour cells. 

However, in addition to being an intracellular molecule, the selective presence of 

HSP70 on the plasma membrane of tumour cells is also commonly observed, a 

phenomenon that is not observed in non-transformed cells. Thus, membrane HSP70 

offers an ideal target for anticancer exploitation. Given TPP has been demonstrated to 

specifically target the membrane-bound form of HSP70, the selective presence of 

memHSP70 in a panel of colorectal cell lines was investigated in order to identify 

appropriate cell lines for Pt-TPP conjugate testing. 

 

Flow cytometric analysis was used to evaluate protein expression. Flow cytometry is a 

technique based on the principle of light scattering used to count and sort cells and 

subcellular organelles. This technique allows for single cell analysis as cell samples are 

dispersed in a single file using hydrodynamic focusing before passing through a light 

source. A laser is the most common light source used in flow cytometry and as single 

cells pass the laser path becomes intercepted, which results in light scattering. This 

effect can be recorded and ultimately provides information about the particle’s 

properties. For example, forward side scatter (FSC) occurs when light is scattered 

approximately 20° offset from the laser beams axis, and light measured by the FSC 

channel provides information regarding particle size. In addition, light that is measured 

at an angle approximately 90° to the excitation axis is known as side scatter (SSC) and 

typically provides information regarding the complexity of the cell.  

 

In a heterogeneous cell sample the information taken from light scattering 

measurements is often limited and so for this reason, fluorescent labelling during 

sample preparation is commonly preferred. In this scenario when cells pass through the 

laser path, in addition to light scattering, fluorescence emission occurs. Fluorescence 

measurements taken at different wavelengths can provide both quantitative and 

qualitative data about fluorophore-labelled cell surface receptors or intracellular 

molecules, and so fluorescent labelling is used a means of providing specific sample 

information.  
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Membrane HSP70 expression was determined using a fluorescein isothiocyanate (FITC) 

conjugated memHSP70 specific murine monoclonal antibody cmHSP70.1 directed 

against the TKD extracellular epitope of HSP70 (Figure 4.1). Expression was 

determined in four colorectal cancer cell lines; HT29, loVo, HCT116 wt and HCT116 

p53 -/- cultured under standard conditions (5% CO2, 37 °C, appropriate medium 

supplemented with 1% penicillin-streptomycin, 1% L-glutamine and 10% FBS). In 

addition, to demonstrate that memHSP70 expression is stress responsive, cells were 

incubated for two hours in serum free medium and subsequent expression levels 

examined. The expression profiles were determined by mean fluorescence per sample 

and percentages averaged over three unique runs (n=3) (Figure 4.16) 
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Figure 4.16: The expression of memHSP70 was determined in HT29, loVo, HCT116 

and HCT116 p53 -/- cell lines using mAB cmHSP70.1-FITC. Data is expressed as mean 

± SEM (n=3) of the cell population (%) that positively stained for memHSP70 

expression. Statistical significance was determined using an unpaired students t-test, 

where ** p value ≤ 0.01 indicates the difference in expression in response to stress. 
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Table 4.5. Mean cell population (expressed in %) positively stained for memHSP70 

with statistical significance indicated.
[a]

 

 HT29 loVo HCT116 wt HCT116 p53-/- 

memHSP70 36% 28% 17% 18% 

memHSP70 

post stress 44% (**) 38% (**) 27% (**) 32% (**) 

[a] reported values are expressed as the mean ± SEM over three unique runs 

 

All cell lines stained positive for memHSP70 and the expression profiles varied 

between the cell lines. The highest level was observed in HT29 cells where 36% of the 

cell population stained positive for memHSP70 expression. memHSP70 expression was 

determined in 28% of the loVo cell population, while both HCT116 cell lines had 

almost identical expression profiles with 17% and 18% recorded for HCT116 wt and 

HCT116 p53 -/- cells respectively (Figure 4.16, Table 4.5). 

 

In addition to the selective presence of memHSP70 on tumour cells, literature reports 

indicate that this expression is inducible, and intracellular HSP70 translocates to the 

membrane in response to stress. These observations suggest that HSP70 translocates 

into the plasma membrane and enhanced levels of HSP70 become exposed to the 

extracellular environment. Furthermore, there is evidence to suggest that HSP70 is 

released within membrane structures from intact cells, and it has been postulated that 

this release acts as a danger signal to activate the immune system.
35

 Thus, colorectal 

cancer cell lines were exposed to stress in order to demonstrate that the level of 

memHSP70 is stress responsive.  

 

FBS is consistently used as a serum supplement for in vitro cell culture and it is widely 

acknowledged as a critical component of cell culture medium. FBS provides cells with 

an abundance of nutrients for differentiation and proliferation, as well as a various 

enzymes, hormones and growth factors. Thus, serum starvation is one of the most 

frequently used procedures in molecular biology to evaluate the consequence this 

depletion has on cell growth and viability.
36

 In published studies serum starvation has 

been reported for a wide range of applications and it is often used as a tool to determine 

the molecular mechanisms involved in protein degradation, autophagy, and apoptosis. 
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In addition, it is commonly performed to simulate particular pathological conditions, in 

combination with hypoxia and reduced glucose for example to mimic clinical conditions 

of a tumour which are often nutrient-, growth factor-, and oxygen-deficient.
37

 

Furthermore, serum deprivation is frequently employed to imitate conditions of stress 

and evaluate the cellular stress response.
38

  

 

 
Figure 4.17: Representative scatter plots which demonstrate level of memHSP70 

expression in a (a) unstained control cell population normalised to 100%, (b) cells in 

culture under regular growth conditions, and (c) cells in culture subject to two hours 

serum stress for various colorectal cancer cell lines. Cell population (expressed in %) 

refers to mean ± SEM (n=3) and are normalised to gated controls. 10,000 gated events 

were acquired for each sample. 

 

Thus, cells were incubated for two hours in serum free medium and subsequent 

expression levels examined. The results obtained compliment the literature reports as all 
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four cell lines demonstrate significantly upregulated memHSP70 expression when 

subject to stress (Table 4.5) (Figure 4.17) 

 

Given that TPP demonstrates specific binding and rapid internalisation in memHSP70+ 

cells all four colorectal cancer cells lines have proven to be appropriate target cell lines 

for TPP-Pt conjugate testing. 
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Flow cytometric analysis of apoptosis 

Flow cytometry experiments were undertaken to evaluate cell death using an Annexin 

V-FITC/ PI assay. In contrast to an MTS assay which measures inhibition of cell 

proliferation, Annexin V-FITC/ PI staining examines the disruption of plasma 

membrane asymmetry, a morphological process that is characterised as one of the main 

features of apoptosis. In the early stage of apoptosis, phospholipid phosphatidylserines 

translocates from the inner side of the plasma membrane and externalises onto the cell 

surface, thereby exposing PS to the extracellular environment. Annexin V is a Ca
2+ 

dependant phospholipid binding protein that demonstrates high affinity for PS and 

readily binds to exposed PS residues present on apoptotic cells. In addition, Annexin 

can be conjugated to a fluorochrome that is used as a means of measuring the level of 

Annexin V staining, which directly equates to the level of dying cells. Furthermore, 

using Annexin V in conjunction with PI is a means of differentiating between early 

apoptotic and late apoptotic cells. Viable cells constitute an intact plasma membrane 

that is impermeable to PI. PS translocation precedes loss of cell membrane integrity and 

so, as apoptosis progresses, PI can permeate the membrane of cells undergoing late 

stage apoptosis (Figure 4.18). 

  

Figure 4.18: Figure illustrating PS externalisation and the disruption of plasma 

membrane asymmetry. 

 

Thus, Annexin V-FITC in combination with PI allows for further cell death analysis 

where Annexin V negative PI negative staining correlates to live cells (Q3), Annexin V 

positive PI negative staining correlate to early apoptotic cells (Q4), and Annexin V 

positive PI positive staining correlates to late apoptotic or dead cells (Q2) (Figure 4.19). 
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Figure 4.19: Representative scatter plots of (a) untreated stained HT29 cells which 

were used as the control cell population to determine the gated area Q3 and normalised 

to 100%. (b) HT29 cells that fall outside the gated control cell population represent 

early apoptotic and late apoptotic/dead cells. Cells in the lower right quadrant Q4 

represent Annexin-V positive cells while cells in the upper left quadrant Q1 represent PI 

positive cells and cells, and cells on the upper right quadrant represent both Annexin-V 

positive and PI positive cells. Percentages are normalised to gated control and 10,000 

gated events are acquired for each sample.  

 

An Annexin V-FITC/ PI assay (n=3) were undertaken to establish how colorectal 

cancer cell lines respond to treatment with four novel Pt peptide conjugates; Pt 

monoTPP P1, Pt diTPP P2, Pt monoScP P3 and Pt diScP P4. The ability to induce cell 

death would be compared with respect to that of oxaliplatin and TPP.  Informed by i) in 

vitro cytotoxicity experiments and ii) memHSP70 expression determination, HCT116 

wt and HT29 colorectal cancer cell lines were chosen for further cell death analysis.  

 

With reference to i) the in vitro cytotoxicity data, HCT116 wt cells responded well to 

treatment with oxaliplatin and the drug concentration required to inhibit cell growth by 

50% was 0.3 µM. In contrast, HT29 cells required a higher concentration of oxaliplatin 

(9 µM) to exert the same effect. Thus HCT116 wt cells represent a cell line which is 

sensitive to treatment with oxaliplatin, while HT29 cells can be considered relatively 

resistant.  

 

With regard to ii) the memHSP70 expression data, HCT116 wt and HT29 present the 

biggest difference in levels of memHSP70 expression. HCT116 wt cells demonstrated a 

relatively low level of memHSP70 expression at 17%, while HT29 wt cells demonstrate 

moderate memHSP70 expression at 36% (Figure 4.15, Table 4.5).  
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It was anticipated that TPP alone would exert limited toxicity given that CPPs are 

defined by their non-toxic nature. It was hoped that the TPP-Pt conjugates would 

demonstrate an increased cytotoxic effect than oxaliplatin alone, and that perhaps the 

Pt-TPP diconjugate may exhibit increased cytotoxicity when compared to that of the Pt-

TPP monoconjugate. Additionally, it was postulated that the TPP-Pt conjugates may be 

more active against HT29 cells than HCT116 wt cells given it’s higher memHSP70 

expression. 

 

Oxaliplatin was synthesised following previously reported methods.
39

 The synthetic 

routes to TPP, ScP and the corresponding Pt mono- and diconjugates are detailed in 

Chapter 2. Stock solutions of test compounds were prepared fresh in the appropriate 

culture medium and diluted to various working concentrations as per Table 4.6.With 

regard to the Pt-peptide conjugates, the concentrations tested refers to the number of 

moles of oxaliplatin per peptide conjugate. For example, at 10 µM Pt monoTPP P1 the 

solution was prepared to obtain a final concentration that comprises 10 µM oxaliplatin, 

as opposed to 10 µM Pt-TPP P1. 

 

Table 4.6. Concentrations used per test compound.  

Test Compounds Test Concentrations [µM] 

oxaliplatin 5, 10, 50 µM 

TPP 5, 10, 50 µM 

Pt monoTPP P1 5, 10, 50 µM 

Pt diTPP P2 5, 10, 50  µM 

Pt monoScP P3 5, 10, 50  µM 

Pt monoScP P4 5, 10, 50  µM 

 

Cells were treated with varying concentrations of test compounds over 72 h before 

incubating briefly with Annexin V-FITC and PI. BDFACSDiva
TM

 software was used to 

determine the mean fluorescence per sample and histograms were generated based on 

the gated area of interest. The percentage of Annexin V-FITC and/or PI positive cells 

was determined with respect to untreated control and values were reported as the mean 

dead cell population (%) post treatment where mean dead cell population does not 
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distinguish between stages of apoptosis and refers to the sum of cells minus those that 

are Annexin V-FITC and PI negative. 
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(a) Effect of Test Compounds on HCT116 wt Cell Viability
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(b) Effect of Test Compounds on HT29 Cell Viability
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Figure 4.20: (a) HC116 wt and (b) HT29 colorectal cancer cells were treated with test 

compounds at concentrations of 5, 10, and 50 µM for 72 h at 37 °C and cell death was 

determined using an Annexin V-FITC/ PI assay. Data is expressed as mean ± SEM 

(n=3) of the total dead cell population (%) post treatment where mean dead cell 

population does not distinguish between stages of apoptosis and refers to the sum of 

cells minus those that are Annexin V-FITC and PI negative. Statistical significance was 

determined using an unpaired students t-test, where * p value ≤ 0.05, ** p value ≤ 0.01, 

*** p value ≤ 0.001 indicates the difference in activity with respect to that of 

oxaliplatin. 
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Table 4.7. Mean HCT116 wt cell population (expressed in %) post 72 h treatment with 

statistical significance relative to oxaliplatin indicated.
[a][b][c][d]

 

Test Compound 
Cell Death (%) 

[5 µM] 

Cell Death (%)  

[10 µM] 

Cell Death (%) 

[50 µM] 

TPP 9.1% 1.9% 1.7% 

oxaliplatin 13.9% 27.3% 52.4% 

Pt monoTPP P1 4.7% 13.8% 42.2% 

Pt diTPP P2 24.2% (*) 37.8% (**) 56.1% 

Pt monoScP P3 1.7% 0.3% 0.4% 

Pt diScP P4 0.2% 0.7% 0.4% 

[a] The reported values are expressed as the mean ± SEM over three unique runs [b] 

mean dead cell population does not distinguish between stages of apoptosis and refers to 

the sum of cell minus those that are Annexin V-FITC and PI negative [c] values 

reported are normalised to untreated controls [d] concentration refers to moles of 

oxaliplatin per Pt-peptide conjugate. 

 

Table 4.8. Mean HT29 cell population (expressed in %) post 72 h treatment with 

statistical significance relative to oxaliplatin indicated.
[a][b][c][d]

 

Test 

Compound 

Cell death (%) 

[5 µM] 

Cell death (%)  

[10 µM] 

Cell death (%) 

[50 µM] 

TPP 3.1% 5.2% 4.9% 

oxaliplatin 8.5% 20.4% 45.7% 

Pt monoTPP 2.9% 28.2% 67.1% (**) 

Pt diTPP 29.7% (*) 45.9% (*) 75.7% (**) 

Pt monoScP 7.9% 10.5% 18.6% 

Pt diScP 3.2% 5.4% 9.3% 

[a] The reported values are expressed as the mean ± SEM over three unique runs [b] 

mean dead cell population does not distinguish between stages of apoptosis and refers to 

the sum of cell minus those that are Annexin V-FITC and PI negative [c] values 

reported are normalised to untreated controls. [d] concentration refers to moles of 

oxaliplatin per Pt-peptide conjugate. 
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As expected, treatment with TPP alone induces little or no cell death in either cell line 

following 72 h of treatment at three varying concentrations; 5, 10 and 50 µM (Figure 

4.20). This observation compliments the literature reports which indicate that CPPs 

typically display limited toxicity. 

 

 

Figure 4.21: Representative scatter plots of HCT116 wt cells (left) and HT29 cells 

(right) of (a) untreated control populations normalised to 100% and (b) populations post 

72 h treatment with 50 µM TPP. Cell population (expressed in %) refers to mean ± 

SEM (n=3) and are normalised to gated controls.  

 

Oxaliplatin, Pt monoTPP P1 and Pt diTPP P2 evidently causes a steady increase in cell 

death with increasing concentration in both cell lines (Figure 4.20). For example, 50 

µM oxaliplatin treatment which has an IC50 of 0.4  and 9 µM against HCT116 wt and 

HT29 cells respectively, as determined by the MTS assay, results in 52% and 46% cell 

death respectively post 72 h of treatment (Figure 4.22) 

 

 

Figure 4.22: Representative scatter plots of HCT116 wt cells (left) and HT29 cells 

(right) of (a) untreated control populations normalised to 100% and (b) populations post 

72 h treatment with 50 µM oxaliplatin. Cell population (expressed in %) refers to mean 

± SEM (n=3) and are normalised to gated controls. 
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Against HCT116 wt cells Pt diTPP P2 causes greater cell death in relation to 

oxaliplatin, which causes greater cell death than Pt monoTPP P1 at all three 

concentrations investigated (Figure 4.20). In contrast, against the relatively resistant 

HT29 cell line, both Pt monoTPP P1 and Pt diTPP P2 cause significantly greater cell 

death when compared to oxaliplatin (Figure 4.20). The Pt diTPP P2 is more active as 

compared to the Pt monoTPP P1, as was the case against the HCT116 wt cells (Figure 

4.20, Figure 4.23). 

 

 

Figure 4.23: Representative scatter plots of HCT116 wt cells (top) and HT29 cells 

(bottom) post 72 h treatment with 50 µM (a) oxaliplatin (b) Pt monoTPP P1 and (c) Pt 

diTPP P2. Cell population (expressed in %) refers to mean ± SEM (n=3) and are 

normalised to gated controls. 

 

It is also certainly noteworthy that both TPP conjugates exhibit far superior cytotoxicity 

in the HT29 cells lines, which have the highest expression of memHSP70 at 36%, when 

compared to that of the HCT116 wt cells at 17%. This observation is in line with the 

literature which reports that the level of TPP internalisation is highly dependent on the 

level of memHSP70 expression.
8
 

 

The total cell population post treatment as reported above does not distinguish between 

stages of apoptosis, and refers to the sum of cells minus those that are both Annexin V-

FITC and PI negative. However, an Annexin V-FITC/ PI allows for further cell death 

analysis and quantifying cells that are Annexin V positive/ PI positive while eliminating 



  Chapter 4   

198 
 

cells that are Annexin V positive/ PI negative can be used as a means of determining 

dead cells, as opposed to those that are regarded as early apoptotic. For example, 50 µM 

oxaliplatin results in a 20% and 10% dead cell population in HCT116 wt and HT29 

cells respectively post 72 h of treatment. In contrast, the dead cell population is 

significantly higher following treatment with 50 µM Pt diTPP P2 which results in 32% 

and 44% cell death in HCT116 wt and HT29 cell lines respectively (Figure 4.24) 
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Figure 4.24: Figure representing the cell population (expressed in %) of HC116 wt and 

HT29 colorectal cancer cells stained Annexin V and PI positive when treated with 

oxaliplatin and Pt diTPP P2 at 50 µM for 72 h at 37 °C. Data is expressed as mean ± 

SEM (n=3) and significance was determined using an unpaired students t-test, where ** 

p value ≤ 0.01 indicates the difference in activity with respect to that of oxaliplatin. 

 

This data suggests that the activity of Pt diTPP P2 induces significantly higher levels of 

cell death over 72 h than oxaliplatin at the same concentration in both cell lines. Thus, 

not only does Pt diTPP P2 appear to be more cytotoxic than oxaliplatin but it’s activity 

demonstrates higher efficiency in terms of apoptosis.  

 

In regard to the scrambled peptide analysis, both Pt monoScP P3 and Pt diScP P4 of the 

scrambled peptide ScP (LNLETRLGFGDNKS) were developed as negative controls. 

Significantly, both conjugates caused little or no cell death in both cell lines. This data 

can be highlighted in relation to the activity of oxaliplatin and TPP conjugates P1 and 
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P2 at the same concentration (Figure 4.20). The scrambled peptide ScP when 

conjugated to oxaliplatin essentially negates any cytotoxicity associated with the 

oxaliplatin moiety which is in direct contrast to the enhanced activity observed for 

parent Pt TPP conjugates P1 and P2. This effect is clearly demonstrated in Figure 4.25 

for example where the ability of oxaliplatin to induce cell death over varying 

concentration is compared to that of the corresponding TPP diconjugate and ScP 

diconjugate. When conjugated to TPP the toxicity of the Pt compound is significantly 

enhanced and >75% cell death is observed. In contrast, when conjugated to ScP the 

toxicity of Pt is essentially nullified and <10% cell death is reported (Figure 4.25, 

Figure 4.26).  
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Figure 4.25: Figure representing the total dead cell population (expressed in %) of 

HT29 colorectal cancer cells post treatment with oxaliplatin and Pt diTPP P2, and Pt 

diScp P4 at 5, 10 and 50 µM for 72 h at 37 °C. Data is expressed as mean ± SEM (n=3).  
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Figure 4.26: Representative scatter plots of HCT116 wt cells (left) and HT29 cells 

(right) post 72 h treatment with 50 µM (a) Pt monoTPP P1 (b) Pt diTPP (c) Pt 

monoScP P3, and (d) Pt diScP P4. Cell population (expressed in %) refers to mean ± 

SEM (n=3) and are normalised to gated controls. 

 

This analysis would suggest that the high molecular weight Pt conjugates of ScP, P3 

and P4 are not readily internalised by the cell, and that the membrane acts as a barrier to 

their efficacy. Thus, uptake of the corresponding Pt conjugates of TPP, P1 and P2 

which have the exact same chemical composition and molecular weight as P3 and P4 

respectively, must have been facilitated by the extracellular epitope of membrane bound 

HSP70 as previously reported for TPP.  

 

In summary, this data suggests that TPP endows oxaliplatin, through chemical 

conjugation, with the potential to specifically target cancer cells. When conjugated, 

oxaliplatin can exploit the specific binding and internalization of TPP by memHSP70+ 

tumour cells.  
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Conclusion 

In conclusion, the synthesis of 14-mer TPP and a corresponding scrambled sequence 

with identical amino acid composition has been reported. In addition, two novel Pt-

peptide conjugates for each peptide have been successfully synthesised using CDI 

coupling chemistry via amide bond formation. The resulting Pt-peptide conjugates were 

purified and subsequently characterised. This is, to the best of our knowledge, the first 

example of Pt conjugation to TPP.  

 

The total HSP70 expression in four colorectal cancer cell lines has been evaluated and 

the results complement the literature by demonstrating that HSP70 is overexpressed in 

tumour cells relative to healthy non-transformed cells. Additionally, the specific 

presence of the membrane form of HSP70 has been determined in four colorectal cancer 

cell lines and, in agreeance with previous reports, has been shown to be stress 

responsive. Thus, four colorectal cancer cell lines have been identified as appropriate 

target cells for active targeting anticancer therapies that exploit memHSP70.  

 

The in vitro cytotoxity evaluation suggests that TPP does endow oxaliplatin, through 

chemical conjugation, with the potential for the targeting of cancer cells. In addition, 

this selective targeting is likely to result in specific binding and internalization by 

memHSP70+ tumour cells via endosomal pathways, leading to an enhanced cytotoxic 

effect as compared to oxaliplatin treatment alone. The extent of internalisation and 

cytotoxity appears to depend on the level of memHSP70 expression, and higher levels 

of cell death were observed in HT29 cells with a higher memHSP70 expression profile, 

despite the fact that they are a relatively resistant cell line. Thus, Pt-TPP conjugates 

have the potential to target resistant cancer cell lines with a memHSP70+ phenotype. As 

such the breadth of this study will be expanded to more fully elucidate the in vitro and 

in vivo potential of TPP conjugation to enhance the targeting and uptake of anticancer 

drugs in memHsp70+ cancer cells and tumours. This demonstration of TPP selective 

targeting highlights the strong future potential of this peptide as an agent to endow 

specificity to non-discriminative drugs with an aim for future clinical application.  
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Chapter 5 

Novel Pt conjugates of bioactive small molecule GANT-61. Synthesis, 

characterisation, in vitro cytotoxicity and DNA binding  
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Introduction 

There is extensive evidence in the literature to suggest that Hh signalling is implicated 

in colon carcinogenesis, and a role has been established for the Hh pathway in disease 

progression and tumour metastasis.
1
 In addition, and significantly, Hh signalling has 

also been implicated in the maintenance and differentiation of colonic CSCs which are 

believed to be responsible for drug resistance and tumour recurrence.
2
 Thus, Hh 

signalling is now being exploited as a potential anticancer target and many efforts are 

being made to identify novel inhibitors of this pathway for use in cancer chemotherapy.  

 

Naturally occurring cyclopamine, which belongs to the family of 

steroidal jerveratrum alkaloids, was the first molecule identified to exert an inhibitory 

effect on Hh signalling (Figure 5.1). This discovery was made serendipitously when the 

digestion of Veratrum californicum (corn lily) in sheep resulted in lambs with severe 

birth defects, and cyclopamine derived from the plant was subsequently identified as the 

teratogenic species responsible.
3
 Cyclopamine was shown to bind directly to a helical 

bundle on Hh receptor SMO and alter the native confirmation of this GPCR (Figure 

5.3). On binding, cyclopamine inhibits Hh signalling and inactivates the pathway.
4,5

  

 

 

Figure 5.1: Chemical structure of cyclopamine. 

 

As aberrant Hh signalling is often associated with several cancers, it was postulated that 

a SMO antagonist such as cyclopamine may be useful in cancer treatment. Literature 

reports indicate that cyclopamine interferes with Hh activation in a number of cancer 

cell lines in culture, and that it inhibits cell proliferation and tumour progression in 

human BCC skin explants.
6,7 

However, the therapeutic use of this molecule has proved 

to be greatly limited by a number of unwanted properties including poor aqueous 

solubility and poor chemical stability, which result in limited oral availability and a 

poor pharmacokinetic profile. Consequently, in an attempt to overcome these 

drawbacks, a number of synthetic derivatives of cyclopamine have been developed.
8
  

https://en.wiktionary.org/wiki/jerveratrum
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A high-throughput screening analysis for Hh antagonists and subsequent optimisation 

led to the identification of GDC-0449 (Figure 5.2). This compound is the first 

synthetically derived SMO antagonist to progress to the clinic and GDC-0449 

demonstrated promising activity in clinical trials against patients with BCC.
9
 In 

particular, this compound has shown to possess potent abilities in those suffering with 

advanced or late stage BCC.
10

  Significantly, the toxicities associated with this inhibitor 

have proved to be mild and the most severe scenario appears to be patients who suffer 

from fatigue, dysgeusia, hair loss and adverse gastrointestinal effects. Marketed as 

vismodegib, this compound received FDA approval in 2012 for the treatment of adults 

with advanced inoperable BCC, or for those suffering from disease recurrence following 

surgery.
11

 Thus, vismodegib represents a breakthrough in the management of late stage 

BCC and provides proof of concept that Hh signalling should be exploited as an 

anticancer target.  

 

 

Figure 5.2: Chemical structures of vismodegib and robotnikinin from left to right. 

 

In addition to SMO inhibition, a macrocyclic small molecule termed robotnikinin was 

the first reported inhibitor of Shh, a Hh ligand which binds to and activates SMO 

(Figure 5.2, Figure 5.3). Literature reports indicate that this molecule disrupts Hh 

signalling in human primary keratinocytes and human-derived skin tissue.
12

 Current 

investigations in relation to this compound are focused on it’s SAR and the 

development of a 13 membered macrocyclic analogue.  

 



  Chapter 5   

207 
 

 

Figure 5.3: Figure demonstrating active Hh signalling where Hh ligands bind to PTCH, 

reliving the inhibition of SMO. Gli1/2 disassociate from the Sufu complex, 

translocating to the nucleus where they bind and stimulate Hh target gene transcription. 

Robotnikinin prevents Hh ligand binding, while cyclopamine and vismodegib inhibit 

SMO activation. GANT-61 prevents Gli-DNA binding and Gli mediated DNA 

transcription. 

 

While SMO targeting has shown promising results to date, a number of carcinogenic 

lesions in a variety of human cancers have been associated with signalling downstream 

of SMO, when there is an amplification of Gli expression for example.
13

 Large scale 

screening for compounds that are capable of preventing Gli-mediated transcription 

resulted in the identification of a small molecule inhibitor, GANT-61 (Figure 5.4). An 

investigation into the precise inhibitory mechanism demonstrated that cells treated with 

GANT-61 display increased levels of Gli in the nucleus but considerably reduced Gli-

DNA binding, suggesting that GANT-61 may interfere with this process.
14

 More 

recently, literature evidence has confirmed that Gli1/2 is the specific binding target of 

GANT-61. This inhibition prevents Gli-DNA binding in the nucleus and subsequently 

Gli-mediated DNA transcription (Figure 5.3).  
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A computational docking study determined that GANT-61 binds to a specific region 

common to Gli1 and Gli2 between the second and third zinc finger at amino acid sites 

E119 and E167.
15

 This is independent to the DNA binding site and confirms that 

GANT-61 does not have any direct association with DNA, thus GANT-61 possesses a 

unique mechanism of action.
15

 

 

 

Figure 5.4: Chemical structure of GANT-61 

 

Project rationale 

Many groups are attempting to develop novel Pt-based anticancer therapies using a bi-

functional conjugation approach. As detailed in Chapter 1, this strategy typically 

involves a Pt centre coordinated to one or more bioactive molecules.
16

 The bioactive 

molecule may be another drug with a complementary mode of action, or a compound 

which is known to interact selectively with a specific molecular pathway. There are 

various examples in the literature which describe Pt centres conjugated to an array of 

bioactive compounds, including HDAC inhibitors, bile acids, steroids and glucose.
17,18

 

However, to the best of our knowledge, there are no studies at present which 

demonstrate Pt binding to a Hh inhibitor. Thus, we sought to develop Pt-based 

conjugates of GANT-61 and exploit the known anticancer activity of this molecule in a 

novel approach to target CRC. 

 

Given that aberrant Hedgehog pathway activation correlates with tumour growth and 

resistance to anticancer treatment through the expression of cancer related target genes, 

it is proposed that tethering a potent Hh pathway inhibitor to an anticancer Pt DNA 

binding moiety will result in a novel class of effective anticancer drug. It is postulated 

that inhibition of the Hh pathway in cancer cells should enhance the activity of the Pt 

DNA binding moiety. These complexes will have a mechanism of action uniquely 

different from those of clinically used Pt drugs and should target cancers that have 

intrinsic or acquired resistance.   
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In addition, given the hedgehog pathway is associated with loss of cell-cell adhesion 

and improved invasive capacity together with regulation of genes involved in 

angiogenesis, Pt hedgehog pathway inhibitor conjugates should also possess anti-

metastatic activity.
19,20

 Significantly as the hedgehog pathway has been implicated in 

the maintenance of cancer stem cells conjugation of a Pt drug to a hedgehog pathway 

inhibitor will allow the Pt moiety act on the bulk tumour population and the hedgehog 

pathway inhibitor act on the CSC population spared by the Pt moiety to give a more 

complete durable response.
19,20

  

 

Prior to conjugate synthesis, we first considered the synthesis of GANT-61. In this 

chapter a literature reported synthetic route to this bioactive molecule is described. 

Subsequently, a number of steps were undertaken to synthetically achieve Pt(II) and 

Pt(IV) complexes that comprise GANT-61 as a ligand. 

 

We chose to evaluate the anticancer effects of the Pt GANT-61 conjugates in vitro 

against a number of colorectal cancer cell lines as it is acknowledged that aberrant Hh 

signalling is associated with CRC progression, metastasis and resistance. We sought to 

compare the activity of these novel conjugates to that of oxaliplatin as it is the gold 

standard currently used in chemotherapeutic regimens for colorectal cancer. 
21

 

Additionally, we chose to compare the activity to that of GANT-61 alone in order to 

determine if Pt conjugation of this bioactive molecule results in a novel complex that 

demonstrates an enhanced cytotoxic effect.  

 

Given that clinically used platinum drugs are known to exert anticancer activity by 

binding to DNA, we sought to evaluate the DNA binding ability of novel Pt conjugates 

to GANT-61, and compare it to that of cisplatin and GANT-61.  
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Chapter Aims 

 To synthesise Hh inhibitor GANT-61 

 

 To synthesise and characterise novel Pt(II) and Pt(IV) complexes of GANT-61  

 

 To evaluate the anticancer activity of Pt(II) and Pt(IV) conjugates of GANT-61 

against a panel of colorectal cancer cells, and compare the activity to that of 

oxaliplatin and GANT-61 alone 

 

 To examine the DNA binding ability of novel Pt GANT-61 complexes and 

compare it to that of cisplatin and GANT-61  
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Synthesis of Pt GANT-61 complexes 

GANT-61  

 

 

Scheme 5.1: Synthetic route to GANT-61 16. 

 

Hh inhibitor GANT-61 16 was synthesised in three steps following a previously 

reported literature procedure starting from flourobenzaldehyde.
22

 Aryl halides such as 

flourobenzaldehyde can undergo nucleophilic aromatic substitution reactions when 

substituted with an electron-withdrawing functional group (e.g., C=O) on the ortho or 

para position. The mechanism of this reaction occurs in two steps; i) addition of the 

nucleophile to form a resonance-stabilised carbanion, followed by ii) elimination of the 

halogen leaving group (Scheme 5.2).  

 

 

Scheme 5.2: Reaction scheme demonstrating nucleophillic substitution of 

flourobenzaldehyde. 

 

The reaction of flourobenzaldehyde with dimethylamine at rt afforded p-

(dimethylamino)benzaldehyde by the replacement of F with NMe2. The substitution 

product 14 was characterised by 
1
H NMR (CDCl3) spectroscopy and a single diagnostic 

peak observed at 2.92 ppm correlates to the six protons expected of the dimethyl 

functional group confirming reaction progression. Similarly, in the 
13

C NMR spectrum a 

resonance observed at 45.6 ppm is associated with the two methyl carbons. ESI-MS in 
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the positive mode assisted in identifying the dimethyl compound with a mass peak at 

150.1 a.m.u.  

 

The second step to 15b demonstrates reductive amination where the conversion of an 

aldehyde to an amine occurs via the formation of an imine. Nucleophillic addition of a 

primary amine onto the carbonyl group of an aldehyde results in a hemiaminal 

intermediate. Loss of a water molecule from the hemiaminal species drives the 

formation of an imine. This mechanism is reversible and so molecular sieves were used 

as a physical means to drive the reaction equilibrium towards favouring the loss of 

water (Scheme 5.3). Reaction progression to 15a was achieved using two equivalents of 

the aldehyde 14. The resulting imine was not isolated and directly reduced to the 

corresponding amine with NaBH4 on cooling to afford 15b. 

 

 

Scheme 5.3: Scheme demonstrating the conversion of a hemiaminal species to an 

imine.  

 

The secondary amine 15b was characterised by 
1
H NMR (MeOD-d4) spectroscopy and 

a single resonance observed at 3.86 ppm which integrates for four protons is evidence of 

the CH2 moiety adjacent to each amine functional group. Similarly, in the 
13

C NMR 

spectrum a signal seen at 50.7 ppm confirms the presence of each CH2 carbon. ESI-MS 

in the positive mode assisted in identifying 15b with a mass peak at 341.2 a.m.u 

 

Subsequent nucleophillic substitution of 4-pyridine carboxaldehyde with 15b under 

reflux afforded the final compound 16 in 68% yield, and the successful isolation was 

confirmed by 
1
H and 

13
C NMR spectroscopy, mass spectrometry and elemental 

analysis. In the 
1
H NMR spectrum two doublets at 8.55 and 7.65 ppm each integrating 

for two protons serve as diagnostic peaks for reaction progression and are attributed to 

the four protons of the pyridine ring. Three peaks at 7.57, 7.16 and 7.03 ppm integrating 

for two, two and four protons respectively, correspond to the eight protons expected in 

total of the two aniline aromatic rings. A singlet at 3.9 ppm is indicative of a single 

proton at C7, while two peaks observed at 3.44 and 3.41 ppm integrating for two 
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protons each correlate to the two CH2 moieties of C13 and C20. The dimethylamino 

peak is observed as a singlet at 2.55 integrating for twelve protons, while signals at 2.94 

and 2.18 ppm each integrating for two protons are attributed to the two CH2 groups of 

C9 and C11. Resonances at 1.82 and 1.58 ppm account for one proton each of the  CH2 

group at C10. ESI-MS in the positive mode assisted in identifying 16 with a mass peak 

at 430.0 a.m.u and elemental analysis correlated with required values. 

 

 

Figure 5.5: 1H NMR spectrum of GANT-61 16. 

 

Subsequent to the synthesis of GANT-61 it was acknowledged that the molecule 

comprises two potential coordination sites for Pt; (a) the nitrogen of the pyridine ring 

and (b) the nitrogen on the tertiary amine of dimethylaniline. In a scenario where Pt 

binds via (b), the Pt centre may coordinate to either dimethylamino functional group or 

both. As GANT-61 is a symmetrical molecule the N atoms of each dimethylaniline 

moiety are identical, thus in theory Pt would not demonstrate preferential binding. In 

addition, reaction of Pt with GANT-61 has the potential to result in a complex where Pt 

coordination occurs via (b) in a bridging fashion.  
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Figure 5.6: Structure of GANT-61 with potential Pt coordination sites on the molecule 

indicated. 

 

The difference in reactivity of these functional moieties may provide an insight into 

whether coordination site (a) or (b) is most likely. Pyridine is a relatively mild base 

with a pKa of ~ 5.2 of it’s conjugate acid. The N atom comprises a lone pair of electrons 

in an sp
2 

orbital which is perpendicular to the Π cloud of electrons on the adjacent 

carbons (Figure 5.7). Consequently, the lone pair of electrons is not involved in 

resonance stabilisation and pulls electron density towards the N atom.  

 

  

Figure 5.7: Figure demonstrating the N atom lone pair of electrons in an sp
2
 orbital 

perpendicular to the Π cloud of electrons on adjacent carbons. 

 

Dimethylaniline is marginally less basic than pyridine with a pKa of ~ 5.0 of it’s 

conjugate acid. The N atom comprises a lone pair of electron that is parallel to the Π 

cloud of electrons on the adjacent carbons (Scheme 5.4). The lone pair is engaged in 

resonance stabilisation as a consequence and so, in contrast to pyridine, electron density 

is drawn away from the N atom making it relatively less reactive.  

 

 

Scheme 5.4: Figure demonstrating the lone pair of electrons on dimethylaniline which 

is parallel to the Π cloud of electrons on adjacent carbon and consequently involved in 

resonance stabilisation.  
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In addition, on examining the literature there is much precedent to suggest that Pt will 

readily coordinate to the N atom of pyridine.  This scenario is demonstrated in the 

mono-functional platinum(II) complex pyriplatin for example, where an NH3 moiety of 

cisplatin is replaced with a pyridine ring.
23

 Similarly in a more recent study, Lippard 

and co-workers developed analogues of this mono-functional platinum compound and 

evaluated nine different ammine ligands as substitutes for pyridine; 2-methylpyridine, 

2-amino-3-methylpyridine, isoquinoline, 1-methylimidazole, acridine, benzo[f] 

quinolone and phananthradine. Using X-ray crystallography they demonstrated that the 

resulting Pt complexes were formed by coordination through the N atom of the pyridine 

moiety only.
24

 Additionally, Bodio et al. reported  the synthesis of a heteronuclear 

Au(I)-Pt(II) complex comprising a bipyridylamine phosphine ligand, and used NMR 

analysis to confirm the coordination of platinum via the N atoms of the bipyridine ring 

system.
25

 These aforementioned examples are representative of hundreds of similar 

complexes that can be found through a literature search. 
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Pt(II) complexes of GANT-61 

 

 
Scheme 5.5: Scheme demonstrating the reaction between GANT-61 16 and cis-

[Pt(II)(Cl)2(DMSO)2] 21 with proposed structure of the reaction product 22. 

 

The synthesis of cis-[Pt(II)(Cl)2(DMSO)2] 21 was carried out following a previously 

reported literature procedure where K2[PtCl4] was reacted with excess DMSO.
26

 

Following preparation, cis-[Pt(II)(Cl)2(DMSO)2] 21 was reacted with one equivalent of 

GANT-61 16 in acetone.  Full dissolution of both compounds was observed and a light 

yellow clear solution resulted after 1 h of gentle heating at 55 °C. The reaction was 

stirred overnight and subsequently concentrated, yielding a white solid precipitate on 

the addition of Et2O. In order to ensure complete precipitation and maximise yield this 

final step was repeated three times. The structure of the isolated compound 22 as 

proposed in Scheme 5.5 was informed by elemental analysis, 
1
H and 

13
C NMR (CDCl3) 

spectroscopy, mass spectrometry and FT-IR spectroscopy.  

 

Elemental analytical data is consistent with the presence of one GANT-61, two chlorido 

and one DMSO per Pt centre, and the corresponding formula cis-

[Pt(II)(Cl)2(DMSO)(GANT-61)] (Table 5.1). On comparison of the 
1
H NMR spectrum 

of reaction product 22 to that of the precursor ligand GANT-61 16 only one additional 

peak is observed. Reaction product 22 demonstrates the presence of a singlet at 2.50 

ppm integrating for six protons which is indicative of DMSO (Figure 5.8). A similar 

result was observed in the 
13

C NMR where the spectra of reaction product 22 varied 

from that of GANT-61 16 by an additional resonance at 45.0 ppm. Thus, this 

observation ruled out the possibility of one Pt centre coordinated to two GANT-61 

molecules in a bridging fashion as such a scenario would result in the loss of both 

DMSO ligands from the Pt precursor. Significantly, in the 
1
H NMR spectra  of 16 and 

22, there is little or no shift in the signal associated with the dimethylamino group, 
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which is found as a singlet and integrates for twelve at 2.55 and 2.60 ppm respectively 

(Figure 5.8). A shift would be expected in a scenario where Pt coordinates via the 

dimethylamino group.  In contrast, the 
1
H NMR spectrum of 22 displays a clear change 

in chemical shifts of the protons of the pyridine ring at 8.55 and 7.65 ppm, as compared 

to that of 16  at 8.66 and 7.74 ppm (Figure 5.8).  

 

  
Figure 5.8: GANT-61 starting material 16 (top) with pyridine protons at 8.55 and 7.65 

ppm respectively and dimethylamino protons at 2.55 ppm. Isolated reaction product 22 

(bottom) with pyridine protons at 8.66 and 7.74 ppm respectively, an additional DMSO 

peak at 3.49 ppm, and dimethyl amino protons at 2.60 ppm.  

 

In addition, ESI-MS in the positive mode assisted in identification of the proposed 

structure where molecular ions are evident in the product spectrum at 773.7 and 430.0 

m/z (Figure 5.9). These values are in very good agreement with the predicted [M+H
+
] 

mass of formula cis-[Pt(II)(Cl)2(DMSO)(GANT-61)] 22 and reaction precursor GANT-

61 16. Furthermore, FT-IR analysis of 22 demonstrated a change from that of 16 where 

a ν (S=O) stretch was identified in the characteristic region of 1148 cm
−1

. 
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Figure 5.9: Expanded region between 600 and 1000 m/z of ESI MS spectrum of 

reaction product 22. ESI MS: m/z [M+H]
+
 773.7 found, 773.2 a.m.u calculated. See 

appendices for full spectrum. 

 

Subsequent to the synthesis and characterisation of 22 an attempt was made to replace 

the second DMSO ligand as per Scheme 5.6. This was executed based on literature 

precedent which indicates that reaction of Pt(II)(X)2(DMSO)2 with excess am(m)ine 

results in displacement of both DMSO  moieties. 
27

 

 

 
Scheme 5.6: Reaction scheme demonstrating the reaction between GANT-61 16 and 

cis-[Pt(II)(Cl)2(DMSO)(GANT-61)] 22 with proposed structure of the reaction product 

24 cis-[Pt(II)(Cl)2(GANT-61)2]. 

 

Complex 22 was reacted with an excess of 16 in acetone. Gentle heating overnight 

resulted in a clear dark yellow solution which was subsequently concentrated, yielding a 

yellow solid precipitate on the addition of Et2O and overnight cooling. The isolated 

solid was characterised by elemental analysis, 
1
H and 

13
C NMR (CDCl3) spectroscopy, 



  Chapter 5   

219 
 

mass spectrometry and FT-IR spectroscopy and the structure of reaction product has 

been proposed as 24 shown in Scheme 5.6. 

 

Elemental analytical data of the reaction product is consistent with the presence of two 

GANT-61 molecules and two chlorido per Pt centre, and the corresponding formula cis-

[Pt(II)(Cl)2(GANT-61)2] (Table 5.1). In regard to NMR spectroscopy, the DMSO 

moiety served as a diagnostic peak for this transformation where reaction progression 

was demonstrated by total loss of this signal in the 
1
H NMR spectrum of reaction 

product 24 (Figure 5.10). A similar result was observed in the 
13

C NMR where the 

spectrum of reaction product 24 varied from that of 22 by loss of a resonance at 45.0 

ppm attributed to DMSO. Furthermore, FT-IR analysis of 24 demonstrated a change 

from that of 22 where no characteristic ν (S=O) stretch was evident. ESI-MS in the 

positive mode assisted in identification of the proposed structure where a molecular ion 

is evident in the product spectrum at 1125.81 m/z  which is in very good agreement with 

the predicted [M+H
+
] mass 1125.21 a.m.u. of formula cis-[Pt(II)(Cl)2(GANT-61)2] 24. 

 

 
Figure 5.10: Starting material 22 (top) and isolated reaction product 24 (bottom) 

demonstrating the loss a DMSO resonance at 3.50 ppm. 
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Pt(IV) complexes of GANT-61 

 

 
 

Scheme 5.7: Reaction scheme demonstrating the oxidation of a Pt(II) complex to the 

corresponding Pt(IV) analogue with proposed structure of reaction products 23 and 25. 

 

Pt(IV) compounds are generally inert species which are activated intracellularly 

following reduction and the displacement of axial ligands. Axial ligands are commonly 

tethered to the Pt(IV) centre via a carboxylate group with a view to functionalise a Pt 

complex with a bioactive molecule, or to fine tune properties such as 

lipophilicity/hydrophilicity.
18

 A number of Pt(IV) orally active complexes have been 

developed for example where adjusting the properties of axial ligands has resulted in 

corresponding Pt(IV) complexes which demonstrate improved oral availability.
28

   

 

Synthetic methods for the preparation of Pt anticancer complexes, as recently reviewed 

by Lippard, commonly employ a route to complexes of platinum(IV) from the 

appropriate platinum(II) precursor, and the most widely used oxidizing reagent is 

hydrogen peroxide.
29

 

 

The products obtained from hydrogen peroxide oxidation are dependent on the solvent 

used, and reaction in water will afford the corresponding Pt(IV) dihydroxo compound, 

where hydroxo groups are found in the axial position. Pt(IV) dihydroxo complexes are 

important starting materials for the synthesis of further derivatised platinum(IV) 

compounds.
29

 Subsequent carboxylation can be readily achieved for example upon 

reaction with an activated carboxylic acid.
30

 Consequently, a large proportion of Pt(IV) 

chemistry reported in the literature is predominantly based on hydroxo and carboxylato 

complexes.  
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Pt(II) GANT-61 complexes 22 and 24 were suspended in water and reacted with excess 

H2O2 to afford the corresponding Pt(IV) dihydroxo complexes 23 and 25 respectively. 

Pt(IV) complexes 23 and 25 were subsequently characterised by elemental analysis, 
1
H 

and 
13

C NMR (CDCl3) spectroscopy, mass spectrometry and FT-IR spectroscopy.  

 

Elemental analytical data of the reaction product 23 is consistent with the presence one 

GANT-61, two chlorido, one DMSO and two hydroxo per Pt centre, and the 

corresponding formula cis, cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-61)(OH)2] (Table 

5.1).  Elemental analytical data of 25 is consistent with the presence of two GANT-61, 

two chlorido and two hydroxo per Pt centre, and the corresponding formula cis, cis, 

trans-[Pt(IV)(Cl)2(GANT-61)2(OH)2].  

 

No conclusive evidence for reaction progression was found using NMR spectroscopy 

where the peaks found in the 
1
H NMR spectra of reaction products 23 and 25 appeared 

to be consistent with that of the corresponding starting material 22 and 24 respectively. 

Albeit, there is much precedent in the literature which indicates that hydroxy groups can 

undergo rapid proton exchange with solvent which consequently renders the signal too 

broad to observe by 
1
H NMR and so this observation was not unexpected.  

 

ESI-MS in the positive mode assisted in identification of the proposed Pt(IV) GANT-61 

complexes. A molecular ion is evident in the product spectrum of 23 at 806.20 m/z 

which is in very good agreement with the predicted [M+H
+
] mass of 806.21 a.m.u for 

the formula cis, cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-61)(OH)2] 23. Similarly, a 

molecular ion is evident in the product spectrum of 25 at 1157.97 m/z which is in very 

good agreement with the predicted [M+H
+
] mass of 1157.98 a.m.u for the formula cis, 

cis, trans-[Pt(IV)(Cl)2(GANT-61)2(OH)2] 25. The highest intensity peak observed in the 

spectra of 23 and 25 is attributed to the 22 and 24 fragments, which correspond with the 

masses of 23 and 25 on loss of axial dihydroxo groups (Figure 5.11).  
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Figure 5.11: Expanded region between 700 and 900 m/z of ESI MS spectrum of 

reaction product 23. ESI MS: m/z [M+H]
+
 806.20 found, 806.21 a.m.u calculated. See 

appendices for full spectrum.  

 

Table 5.1. Calculated and found elemental analysis for GANT-61 16, cis-

[Pt(II)(Cl)2(DMSO)(GANT-61)] 22, cis, cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-

61)(OH)2] 23, cis-[Pt(II)(Cl)2(GANT-61)2] 24 and cis, cis, trans-[Pt(IV)(Cl)2(GANT-

61)2(OH)2] 25. 

Calculated 16 22 23 24 25 

C 75.49% 45.02% 43.12% 56.73% 55.95% 

H 8.21% 5.34% 5.37% 6.35% 6.26% 

N 16.30% 9.05% 8.67% 12.25% 12.08% 

Cl  9.16% 8.78% 6.26% 6.12% 

S  4.14% 3.97%   

Found  16 22 23 24 25 

C 75.37% 45.39% 43.46% 56.68% 56.15% 

H 8.28% 5.39% 5.25% 6.31% 6.12% 

N 16.20% 9.20% 8.75% 11.84% 11.79% 

Cl  9.17% 8.94% 6.26% 5.80% 

S  4.33% 3.63%    

 

In summary, the synthesis of four novel Pt GANT-61 complexes has been reported. Of 

the complexes obtained, two comprise a Pt(II) centre, one of which contains a 

dimethylsulfoxide ligand, cis-[Pt(II)(Cl)2(DMSO)(GANT-61)] 22, and one which 
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possesses the classical PtA2X2 structure, cis-[Pt(II)(Cl)2(GANT-61)2]. Following 

synthesis, the Pt(II) GANT-61 complexes were characterised and subsequently oxidised 

to obtain the corresponding Pt(IV) analogues. The structures of the complexes have 

been proposed with careful reference to elemental analysis, 
1
H NMR spectroscopy, 

mass spectrometry, FT-IR spectroscopy and literature precedent. The exact coordination 

mode of GANT-61 in relation to Pt(II) and Pt(IV) centres would be definitively 

elucidated by X-ray crystallography. Unfortunately, repeated attempts at recrystallizing 

pure samples of 22, 23, 24 and 25 failed to produce single crystals suitable for X-ray 

crystallography.  
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In vitro analysis and DNA binding of Pt GANT-61 conjugates 

Flow cytometric analysis of apoptosis 

The in vitro cytotoxity of novel Pt GANT-61 complexes was evaluated against a 

number of colorectal cancer cell lines as aberrant Hh signalling has been associated in 

the literature with CRC progression and resistance.
31

 Additionally, the activity of these 

compounds was compared to that of oxaliplatin and GANT-61 alone.  

 

Four novel Pt GANT-61 conjugates were synthesised; cis-[Pt(II)(Cl)2(DMSO)(GANT-

61)] 22, cis, cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-61)(OH)2] 23, cis-[Pt(II)(Cl)2 

(GANT-61)2] 24, cis, cis, trans-[Pt(IV)(Cl)2(GANT-61)2(OH)2] 25, during which it 

became apparent that such complexes are practically insoluble in aqueous medium. The 

structures of these complexes comprise at least one molecule of GANT-61 which is a 

relatively hydrophobic and readily soluble in non-polar organic solvents such as 

chloroform.  

 

Generally speaking, platinum complexes are well known to possess relatively low 

solubility in aqueous medium and this aspect commonly presents a difficulty within the 

laboratory setting, particularly with regard to in vitro testing of new Pt-based 

compounds.
32

 To overcome this obstacle, stock solutions of Pt complexes are often 

prepared in DMSO, however the structure of DMSO comprises a nucleophillic sulphur 

atom (HSAB, soft base) that readily coordinates to platinum (HSAB, soft acid). 

Literature precedent suggests that this effect is particularly prominent in Pt complexes 

that constitute monodentate ligands, resulting in ligand displacement and consequently 

alters the structure of the Pt complex.
33

 Thus, it was envisaged that DMSO would not be 

appropriate for in vitro experiments as these novel Pt GANT-61complexes all consist of 

a platinum centre coordinated to two monodentate labile Cl ligands.
 

 

The formulation vesicle cremophore EL (CrEL) was considered as an alternative 

method however, on investigation, a 50 µM solution of 22 and 23 in cell culture 

medium required ~ 1.5% v/v CrEL to maintain dissolution. Furthermore, complexes 24 

and 25 which comprise two molecules of GANT-61 per Pt centre required a higher 

amount of CrEL in medium (~ 2.5% v/v) in order to observe the same effect. Such 
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concentrations of CrEL undoubtedly exceed the non-toxic limit, and so this approach 

was eliminated.
34

 

 

DMF at ≤ 0.5% was selected to help solubilise the Pt GANT-61 complexes. The order 

of solubility of the Pt GANT-61 complexes in aqueous medium supplemented with 

0.5% DMF is as follows; Pt(IV) 23 > Pt(II) 22 > Pt(IV) 25 > Pt(II) 24, where (i) the 

Pt(IV) complexes are more soluble than their Pt(II) analogues, likely due to water 

solubilising properties of axial hydroxo ligands, and (ii) the DMSO complexes are more 

soluble that their GANT-61 substituted products, likely due to the presence of a polar 

DMSO ligand as opposed to a hydrophobic GANT-61 ligand. Consequently, in vitro 

cytotoxicity evaluation was executed for compounds 22 and 23 only.  

 

In addition, the solubility profile of these complexes ruled out MTS as a means of 

examining their activity in vitro. In order to arbitrate an IC50 value an MTS assay should 

include a drug concentration range that is indicative of complete cell growth, which is 

then progressively increased to a concentration at which full proliferative inhibition is 

observed. Hence, appropriate experimental design of an MTS assay requires a wide 

range of drug concentrations and so is problematic for compounds that demonstrate 

unfavourable aqueous solubility. 

 

Thus, flow cytometry experiments (n=3) were undertaken to establish if three colorectal 

cancer cell lines responded to treatment with two novel Pt-GANT-61 complexes; cis-

[Pt(II)(Cl)2(DMSO)(GANT-61)] 22 at 5, 10, 20 and 50 µM and the corresponding 

Pt(IV) analogue cis, cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-61)(OH)2] 23 at 5, 10,  and 

20 µM. HT29 and HCT116  p53 -/- cell lines were chosen given their relative resistance 

to Pt based compounds. In addition, HCT116 wt cell were chosen as a means of 

comparison given that this cell line is sensitive to treatment with Pt drugs in vitro. Cell 

death was determined by examining the disruption of cell membrane phospholipid 

asymmetry using an Annexin V-FITC/ PI assay. It was anticipated that the Pt GANT-61 

complexes may exert an increased cytotoxic effect with respect to that of oxaliplatin and 

GANT-61. It was hoped that the novel complexes would exert similar activity against 

cell lines that are sensitive to treatment with oxaliplatin and those that demonstrate 

oxaliplatin resistance.  
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Oxaliplatin and GANT-61 were synthesised following previously reported methods.
35,22

 

Stock solutions of test compounds were prepared fresh in the appropriate culture 

medium supplemented with 0.5% DMF and diluted to various working concentrations 

as per Table 5.2.  

 

 Table 5.2. Concentrations used per test compound.  

           Compounds           Concentrations [µM] 

oxaliplatin 5, 10, 20, 50 µM 

GANT-61 5, 10, 20, 50 µM 

cis-[Pt(II)(Cl)2(DMSO)(GANT-61)] 22 5, 10, 20 µM 

cis, cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-61)(OH)2] 23 5, 10, 20, 50  µM 

 

Cells were treated with varying concentrations of test compounds over 72 h before 

incubating briefly with Annexin V-FITC and PI. BDFACSDiva
TM

 software was used to 

determine the mean fluorescence per sample and histograms were generated based on 

the gated area of interest. The percentage of Annexin V-FITC and/or PI positive cells 

was determined with respect to untreated control and values were reported as the mean 

dead cell population (%) post treatment where mean dead cell population does not 

distinguish between stages of apoptosis and refers to the sum of cells minus those that 

are Annexin V-FITC and PI negative. 

 



  Chapter 5   

227 
 

Effect of Test Compounds on HT29 Cell Viability
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Fi

gure 5.12: HT29 cells were treated with four test compounds; oxaliplatin, GANT-61 

and Pt(IV) complex 23 at concentrations of 5, 10, 20 and 50 µM, and Pt(II) complex 22 

at concentrations of 5, 10, and 20 µM for 72 h at 37 °C. Cell death was determined 

using an Annexin V-FITC/ PI assay and data is expressed as mean ± SEM (n=3) of the 

dead cell population (%) post treatment. Statistical significance was determined using 

an unpaired students t-test, where * p value ≤ 0.05, ** p value ≤ 0.01 indicates the 

difference in activity with respect to that of oxaliplatin, and # p value ≤ 0.05 indicates 

the difference in activity with respect to that of GANT-61. 

 

Table 5.3.  Mean HT29 cell population (expressed in %) post 72 h treatment with 

statistical significance relative to oxaliplatin (*) and GANT-61 (#) indicated 

Test 

Compound 

Cell Death 

[5 µM] 

Cell Death 

[10 µM] 

Cell Death 

[20 µM] 

Cell Death 

[50 µM] 

oxaliplatin 20.4% 21.6% 38.9% 44.9% 

GANT-61 14.4% 26.5% 43.7% 66.9% 

complex 22 17.0% 37.6% (**) 52.9%  

complex 23 29.5% (**)(##) 39.4% (**) 45.4% 65.6% (*) 
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Effect of Test Compounds on HCT116 wt Cell Viability
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Fi

gure 5.13: HCT116 wt cells were treated with four test compounds; oxaliplatin, GANT-

61 and Pt(IV) complex 23 at concentrations of 5, 10, 20 and 50 µM, and Pt(II) complex 

22 at concentrations of 5, 10, and 20 µM for 72 h at 37 °C. Cell death was determined 

using an Annexin V-FITC/ PI assay and data is expressed as mean ± SEM (n=3) of the 

dead cell population (%) post treatment. Statistical significance was determined using 

an unpaired students t-test, where ** p value ≤ 0.01 indicates the difference in activity 

with respect to that of oxaliplatin, and # p value ≤ 0.05, ### p value ≤ 0.001 indicates 

the difference in activity with respect to that of GANT-61. 

 

Table 5.4.  Mean HCT116 wt cell population (expressed in %) post 72 h treatment with 

statistical significance relative to oxaliplatin (*) and GANT-61 (#) indicated.
 

Test 

Compound 

Cell Death 

[5 µM] 

Cell Death 

[10 µM] 

Cell Death 

[20 µM] 

Cell Death 

[50 µM] 

oxaliplatin 15.5% 35.5% 42.3% 56.5% 

GANT-61 4.5% 12.4% 32.4% 53.7% 

complex 22 11.1% 24.8% (#) 64.4% (**)(###)  

complex 23 8.5% 12.3% 35.1% 68.7% (**)(#) 
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Effect of Test Compounds on HCT116 p53 -/- Cell Viability
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Figure 5.14: HCT116 p53 -/- cells were treated with four test compounds; oxaliplatin, 

GANT-61 and Pt(IV) complex 23 at concentrations of 5, 10, 20 and 50 µM, and Pt(II) 

complex 22 at concentrations of 5, 10, and 20 µM for 72 h at 37 °C. Cell death was 

determined using an Annexin V-FITC/ PI assay and data is expressed as mean ± SEM 

(n=3) of the dead cell population (%) post treatment. Statistical significance was 

determined using an unpaired students t-test, where * p value ≤ 0.05, *** p value ≤ 

0.001 indicates the difference in activity with respect to that of oxaliplatin, and # p value 

≤ 0.05 indicates the difference in activity with respect to that of GANT-61. 

 

Table 5.5.  Mean HCT116 p53 -/- cell population (expressed in %) post 72 h treatment 

with statistical significance relative to oxaliplatin (*) and GANT-61 (#) indicated.
 

Test 

compound 

Cell death 

[5 µM] 

Cell death 

[10 µM] 

Cell death 

[20 µM] 

Cell death 

[50 µM] 

oxaliplatin 17.5% 18.2% 42.3% 48.9% 

GANT-61 0.9% 1.5% 30.3% 73.4% 

complex 22 0.7% 13.6% (#) 52.5% (*)(#)  

complex 23 1.9% 1.4% 39.3% 84.2% (***) 
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In relation to the data for HT29 cells, the four test compounds evidently cause a steady 

increase in cell death with increasing concentration (Figure 5.12, Table 5.3). At 5 µM 

treatment there appears to be no significant difference in activity between oxaliplatin, 

GANT-61 and complex 22 which result in 20%, 14% and 17% cell death respectively. 

However, treatment with complex 23 at 5 µM is clearly most cytotoxic and causes 30% 

cell death, which is significantly enhanced in respect to oxaliplatin and GANT-61.  

 

With regard to 10 µM treatment, oxaliplatin and GANT-61 exert similar toxicity with 

22% and 27% cell death observed respectively. The activity of both Pt complexes 22 

and 23 is significantly enhanced in comparison, with 38% and 40% cell death recorded 

respectively. A similar effect is seen at 20 µM where both Pt GANT-61 22 and 23 

complexes induce higher levels of cell death, albeit the difference when compared to 

oxaliplatin and GANT-61 is not statistically significant. At 50 µM GANT-61 exerts the 

most cytotoxic effect resulting in 67% cell death. This is similar in activity to that of Pt 

complex 23 which results in 65% cell death, which is significantly higher than 

oxaliplatin at the same concentration where 45% cell death was observed (Figure 5.12, 

Table 5.3).  

 

 

Figure 5.15: Representative scatter plots of HT29 cells post 72 h treatment with 20 µM 

(a) oxaliplatin (b) GANT-61 and (c) Pt(II) complex 22 and (d) Pt(IV) complex 23. Cell 

populations (expressed in %) refers to the mean ± SEM (n=3) and are normalised to 

gated controls. 

 

In relation to the data against both HCT116 cell lines, a similar trend is seen where all 

four test compounds evidently causes a steady increase in cell death with increasing 

concentration (Figure 5.13, Figure 5.14). At lower concentrations tested of 5 and 10 
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µM, oxaliplatin is the most active compound and induces the highest level of cell death 

in both cell lines (Figure 5.13, Figure 5.14).  

 

Against HCT116 wt cells at higher concentrations tested the activity of Pt complexes 22 

and 23 is most cytotoxic. At 20 µM the extent of cell death following treatment with 

complex 22 is significantly greater than oxaliplatin and GANT-61 at the same 

concentration. Complex 22 induces 65% cell death, while oxaliplatin and GANT-61 

result in 42% and 32% respectively. In a similar manner at 50 µM, the level of cell 

death recorded at 57% and 54% following treatment with oxaliplatin and GANT-61 

respectively is significantly enhanced to 69% subsequent to treatment with complex 23 

(Figure 5.13, Table 5.4). It is noteworthy that complex 22 at 20 µM had similar effects 

to complex 23 at 50 µM. 

 

 

Figure 5.16: Representative scatter plots of HCT116 wt cells post 72 h treatment with 

20 µM (a) oxaliplatin (b) GANT-61 (c) Pt(II) complex 22 and (d) Pt(IV) complex 23. 

Cell populations (expressed in %) refers to the mean ± SEM (n=3) and are normalised 

to gated controls. 

 

Almost identical results were observed against HCT116 p53-/- cells, where Pt complex 

22 proved to be most active on 20 µM treatment and the ability to induce cell death is 

significantly greater than oxaliplatin and GANT-61 at the same concentration. Pt 

complex 22 induces 52% cell death, while oxaliplatin and GANT-61 result in 42% and 

30% respectively (Figure 5.14, Table 5.5).  
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Figure 5.17: Representative scatter plots of HCT116 p53 -/- cells post 72 h treatment 

with 20 µM (a) oxaliplatin (b) GANT-61 (c) Pt(II) complex 22 and (d) Pt(IV) complex 

23. Cell populations (expressed in %) refers to the mean ± SEM (n=3) and are 

normalised to gated controls. 

 

The biggest variation in activity was observed at 50 µM where Pt complex 23 proved to 

be significantly most cytotoxic (Figure 5.18). In relation to cell death, 49% was 

observed in response to treatment with oxaliplatin, which is significantly enhanced to 

84% when treated with complex 23 at the same concentration.  

 

 

Figure 5.18: Representative scatter plots of HCT116 p53 -/- cells post 72 h treatment 

with 50 µM (a) oxaliplatin (b) GANT-61 and (c) Pt(IV) complex 23. Cell populations 

(expressed in %) refers to the mean ± SEM (n=3) and are normalised to gated controls. 

 

As expected oxaliplatin, which is the Pt drug of choice for the treatment of late stage 

CRC, was active in the micromolar range against the three colorectal cancer cell lines 

tested. At lower concentrations of 5 µM and 10 µM oxaliplatin was the most active 

compound  and induced the highest levels of cell death against two of the three cell 

lines, HCT116 wt and HCT116 p53 -/-. In a similar manner, GANT-61 was active in the 

micromolar range against the three cell lines tested. At lower concentrations of 5 µM 

and 10 µM GANT-61 exerted an enhanced cytotoxic effect against the HT29 cells as 
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compared to oxaliplatin at the same concentration. This data is in line with the literature 

where GANT-61 was tested against six colon carcinoma cell lines, including HT29 

cells, and shown to be active in the low micromolar range with IC50 values of 5 – 20 µM 

determined by MTS.
36

 

 

Pt(II) complex 22 was the most active compound against all three lines at 20 µM, the 

highest concentration it was tested at. This activity was significantly enhanced with 

respect to both oxaliplatin and GANT-61 against two of the three cell lines tested, 

HCT116 wt and HCT116 p53-/-. Complex 22 does not fit the classical PtA2X2 structure 

of many conventional Pt anticancer compounds. In addition, and significantly, the 

complex comprises a DMSO molecule which has been reported to deactivate the 

activity of Pt centres.
32

 In relation to the in vitro data reported above, this does not 

appear to be the case and combining a Hh pathway inhibitor through chemical 

conjugation results in enhanced activity of the Pt moiety, irrespective of the fact that the 

complex does not fit the traditional SAR of Pt anticancer compounds.
37

 Thus, this data 

represents a successful demonstration of the bifunctional approach, where chemical 

conjugation of two active biomolecules results in a compound that has the potential to 

be more active than each molecule alone, and highlights the strong future potential of 

non-classical Pt complexes. 

 

Pt(IV) complex 23 was the most active against two out of three lines at 50 µM, the 

highest concentration it was tested at. This activity was significantly enhanced with 

respect to oxaliplatin against all three cell lines tested, the current clinical gold standard 

for the treatment of late stage CRC.
38

 Complex 23 is the Pt(IV) dihydroxo analogue of 

complex 22 and so also does not apply to the classical PtA2X2OH2 structure. In a similar 

manner, presence of a DMSO molecule does not appear to deactivate the Pt centre and 

combining a Hh pathway results in an observed enhancement of the activity of the Pt 

moiety. The structural difference between the two complexes does not appear to have 

altered the activity drastically where complex 22 and 23 both exert cytotoxic effects in 

the low micromolar range against the three cell lines tested. The addition of axial 

dihydroxo groups does result in increased aqueous solubility.  

 

In a similar manner, the results obtained in relation the HCT116 cell lines suggest that 

the use of a Hh inhibitor may be effective in in sensitising colorectal cancer cells to Pt 
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based therapies. This effect is highlighted in Table 5.4 and Table 5.5 where both 

HCT116 wildtype and p53 knockout cells demonstrate similar sensitivity to treatment 

with complexes 22 and 23. As established previously using an MTS assay, HCT116 

p53-/- cells are relatively resistant to treatment with oxaliplatin in comparison to 

HCT116 wt which have recorded IC50 values of 5 and 0.3 µM respectively.  

 

Effect of Pt Complex 23 vs Oxaliplatin

on HCT116 p53-/- cell viability
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Figure 5.19: Figure representing the total dead cell population (expressed in %) of 

HCT116 p53 -/- colorectal cancer cells post treatment with oxaliplatin and Pt complex 

23 at 5, 10, 20 and 50 µM for 72 h at 37 °C. Data is express as mean ± SEM (n=3).  

 

This is clearly demonstrated in Figure 5.19 for example where the ability of oxaliplatin 

to induce cell death against HCT116 p53 -/- cells remains below 50% with increasing 

concentration. In contrast, the sensitivity of HCT116 p53 -/- cells to treatment with 

complex 23 is significantly enhanced at the same concentration and > 85% cell death is 

observed. 

 

This data suggests that Pt GANT-61complexes in this scenario do not appear to be 

subject to the same resistance mechanisms as oxaliplatin, and so may exert a cytotoxic 

effect via a mechanism of action uniquely different from those of clinically used Pt 

drugs. For example, in a recent study by Zhang and co-workers, the up regulation of 

Gli1 was found to be responsible for 5-FU resistance both in cultured colorectal cancer 

cell lines and in relevant cancer patients. The investigation concluded that that agents 
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capable of inhibiting Gli1 activity may be effective in sensitising colorectal cancer cells 

to 5-FU-based chemotherapy.
39

 Thus, Pt in conjugation with the Hh pathway inhibitor 

GANT-61 may be a solution to overcoming the resistance associated with oxaliplatin 

treatment in colorectal cancer cells. The data highlights the strong future potential of Hh 

inhibitors in combination with Pt anticancer compounds and warrants further 

investigation.  

 

 

 

 

.  
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DNA Binding 

Pt-based chemotherapeutics are well known for their remarkable anticancer activity and 

while there is much speculation surrounding their exact mechanism of action, there is 

no doubt that it is primarily mediated by Pt-DNA binding.
40

 Despite the undisputed 

success of Pt chemotherapeutics, their use in the clinic is hindered by number of 

drawbacks associated with unspecific targeting including an array of deleterious side 

effects and acquired drugs resistance. In an effort to circumvent the mechanisms that 

give rise to Pt-drug resistance, and to mitigate other undesired side effects, thousands of 

novel Pt based compounds have been developed that are both in accordance with and 

vary largely from the prescripts of the classical SARs of Pt drugs. Thus, subsequent to 

the development of novel compounds, evaluating their DNA binding ability is a means 

of determining whether ‘non classical’ complexes retain a mechanism of action similar 

to that of clinically used Pt drugs, or exert a cytotoxic effect that is not attributed to 

DNA binding.  

 

The most commonly described structure of DNA refers to the Watson Crick model 

where DNA exists as a right handed double helix, commonly known as B DNA. In a 

‘relaxed’ state B DNA comprises a turn every 3.4 nm and neighbouring base pairs are 

set apart at a distance of roughly 0.34 nm, hence there is approximately 10 base pairs 

per helical turn. This form of B DNA is thermodynamically favourable and so 

structurally stable. However, during various cellular processes including transcription, 

replication, DNA repair and DNA condensation, the structure of B DNA is altered 

causing the helical structure to bend and over or under wind. The number of base pairs 

per turn is consequently disrupted which induces stress and decreases the stability of the 

DNA structure. Such events are thermodynamically unfavourable and so, in response to 

stress, B DNA twists around itself and adopts a tertiary structure known as super 

coiling.  

 

Circular plasmid bacterial DNA can exist in three forms; form I supercoiled (SC) form 

II open circular (OC) and form III linear DNA. Plasmid DNA typically exists as form I 

in a tightly supercoiled circle in order to enable it to fit inside the cells. However, in the 

presence of an agent which can bind to DNA, rotation around the phosphodiester 

backbone occurs and the supercoils are released, but the DNA will remain circular in 
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form II. While SC and OC forms demonstrate the same over-all size, the compact nature 

of SC DNA sustains less friction than does a larger, less tightly packed form of OC 

DNA. Thus, SC DNA runs faster through an agarose matrix than OC DNA. If the 

plasmid structure is cut, with a restriction enzyme for example, the supercoiled and 

open circular conformations are all reduced to a linear conformation form III.  

 

DNA gel electrophoresis was employed to investigate the effects of complexes cis-

[Pt(II)(Cl)2(DMSO)(GANT-61)] 22 and cis-[Pt(II)(Cl)2(GANT-61)2] 24 on DNA 

supercoiling, where changes in DNA mobility are taken as evidence of a direct metal-

DNA interaction leading to DNA unwinding (Figure 5.22). The resulting band 

migration was compared to that observed with cisplatin and GANT-61 (Figure 5.21). 

The DNA binding potential of complexes cis, cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-

61)(OH)2] 23 and cis, cis, trans-[Pt(IV)(Cl)2(GANT-61)2(OH)2] 24 was not evaluated as 

there is much precedent in the literature which indicates that reduction of Pt(IV) by 

cellular reducing agents is necessary prior to DNA binding.
41

 These experiments were 

conducted by Mr. Jay Jun Lee, an RCSI medical undergraduate student on research 

placement in the Griffith research group. 

 

 

Figure 5.20: Chemical structures of complexes 22 and 24 that were used to evaluate 

DNA binding.  
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Figure 5.21: Representative gel of at least two independent experiments which 

demonstrates the interaction of cisplatin (top) and GANT-61 (bottom) with circular 

pUC19 plasmid DNA after 24 h of incubation at 37 °C. Cisplatin; lanes labelled 2 – 12; 

0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 µM cisplatin, lane 1 and 13; DNA ladder. GANT-61; 

lanes labelled 2 – 12; 0, 1, 5, 10, 25, 50, 75, 100, 150, 200 µM GANT-61, lane 12; 10 

µM cisplatin, lane 1 and 13; DNA ladder.  

 

The ability of cisplatin to bind to and induce migration from supercoiled to open 

circular pUC19 plasmid DNA is clearly demonstrated in Figure 5.21. As the 

concentration of cisplatin is incrementally increased from 0 to 10 µM the supercoiled 

band migration is reduced. The electrophoretic mobility pattern is evidence of a direct 

cisplatin-DNA interaction leading to unwinding and slower-moving open circular DNA. 

For concentrations >10 µM supercoiled DNA is evident as the DNA recoils to the 

positively SC form. 

 

These results are in strong contrast to the effect of GANT-61 which, as envisaged, did 

not alter the electrophoretic migration properties of pUC19 plasmid DNA (Figure 

5.21). In the laboratory, following plasmid preparation, most of the DNA will remain 

supercoiled, but a certain amount will sustain single-strand nicks. Thus, this accounts 

for the presence of open circular DNA within the gel which is clearly evident in all 

lanes, including 0 µM GANT-61. In addition, no migration pattern is apparent in the gel 

as the concentration of GANT-61 is incrementally increased up to 200 µM, and the 

migration of supercoiled DNA through the agarose matrix is consistent in all lanes. This 
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observation complements the literature which indicates that GANT-61 does not have a 

direct association with DNA. This Hh inhibitor exerts a mechanism of action by 

interrupting DNA transcription but does so indirectly via interaction with the Gli family 

of zinc finger transcription factor.
14,15

  

 

 

Figure 5.22: Representative gel of at least two independent experiments which 

demonstrates the interaction of complex 22 (top) and 24 (bottom) with circular pUC19 

plasmid DNA after 24 h of incubation at 37 °C. Lanes labelled 2 – 12; 0, 3, 6, 9, 12, 15, 

18, 21, 24, 27, 30 µM of test complexes, lane 12; 10 µM cisplatin, lane 1 and 14; DNA 

ladder.  

 

In a similar manner to cisplatin, complex 22 that comprises a Pt(II) centre bound to one 

GANT-61 molecule, one DMSO molecule and two labile Cl ligands induces a 

concentration dependant shift in the electrophoretic mobility of the plasmid DNA. From 

15 µM (lane 7) the complex can evidently bind to the DNA, and the supercoiled form I 

DNA is no longer evident. Beyond 24 µM (lane 10) there does not appear to be 

evidence of either open circular or supercoiled DNA. There are various examples in the 

literature which report that high drug loading results in DNA condensation.
42

 Thus, this 

would suggest that DNA condensation is initiated beyond 24 µM and may explain why 

no DNA is apparent within the gel (Figure 5.22).  

 

Pt complex 22 does not fit the classical PtA2X2 structure of many conventional Pt 

anticancer compounds, and comprises a DMSO molecule which has been reported to 

deactivate the activity of Pt centres.
32

 However, in complement with the in vitro 
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evaluation, this does not appear to be detrimental and 22 represents a non-classical 

Pt(II) complex which distinctly demonstrates DNA binding.  

 

In contrast, complex 24 which constitutes a Pt(II) centre bound to two GANT-61 

molecules and two labile Cl ligands did not appear to alter the electrophoretic mobility 

of the DNA at concentrations tested of 0 – 30 µM.  In an identical manner to treatment 

with GANT-61 alone no mobility pattern is apparent in the gel as the concentration of 

24 is incrementally increased and the migration of SC DNA through the agarose matrix 

is consistent in all lanes (Figure 5.22). This observation indicates that this complex 

cannot effectively bind to DNA at concentrations tested. Concentrations beyond 30 µM 

could not be evaluated given insolubility of 24 in aqueous solutions.  

 

As complex 24 comprises the same Pt centre and labile ligands as complex 22, and 

varies only by the lack of a DMSO moiety, the difference in DNA binding ability can be 

accounted for by this structural variation. Replacing a DMSO molecule in complex 22 

for GANT-61 in complex 24 appears to negate the ability of the Pt centre to bind to 

DNA. This is surprising given that the structure of 24 applies to the classical PtA2X2 

structure. It is quite possible that the conjugation to GANT-61 in 24 as compared to 

DMSO in 22 is more sterically demanding on the Pt centre and may explain why DNA 

binding is not observed. This observation cannot be explained in relation to previous 

flow cytometric analysis given that the insolubility in aqueous medium renders the 

complex unsuitable for in vitro cytotoxity testing.  

 

In summary, a novel Pt(II) complex 22 conjugated to the bio-active small molecule 

GANT-61 has been synthesised which exhibits binding affinity for pUC19 plasmid 

DNA at relatively low µM concentrations. This activity is similar to cisplatin and in 

contrast to GANT-61. Thus, this observation suggests that coordinating GANT-61 to a 

Pt centre results in a novel compound that possesses DNA binding ability. As the 

structure of 22 is varied to 24 the presence of steric hindrance from an additional 

GANT-61 molecule appears to prevent a covalent interaction with DNA at the same 

concentrations range of 0 – 30 µM. However, there are a number of examples in the 

literature which demonstrate that bulky ligands that comprise aromatic ring structures 

have the ability to interact with DNA via intercalation.
43

 Thus, while no covalent 

interaction is evident, this does not conclude that 24 cannot form any interaction with 
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DNA and future work should include examination of DNA intercalation. In addition, it 

is noteworthy that concentrations beyond 30 µM could not be investigated due to 

limited solubility, and consequently it is possible that DNA binding does occur but 

requires a higher concentration for a shift to be induced. 
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 Conclusion 

In conclusion, the synthesis and characterisation of four novel Pt GANT-61 complexes 

has been reported. Of the complexes obtained, two comprise a Pt(II) centre which were 

characterised and subsequently oxidised to obtain the corresponding Pt(IV) analogues. 

Two of the complexes, cis-[Pt(II)(Cl)2(GANT-61)2] and cis, cis, trans-

[Pt(IV)(Cl)2(GANT-61)2(OH)2] comprise a ‘classical’ PtA2X2 structure, while the 

structure of the remaining two complexes, cis-[Pt(II)(Cl)2(DMSO)(GANT-61)] and cis, 

cis, trans-[Pt(IV)(Cl)2(DMSO)(GANT-61)(OH)2], is not in line with the traditional 

SAR of Pt anticancer compound. These complexes, to the best of our knowledge, are 

the first examples of Pt GANT-61 complexes. 

 

The anticancer effects of a novel Pt(II) and Pt(IV) GANT-61 complex have been 

evaluated against a panel of colorectal cancer cell lines and compared to that of 

oxaliplatin and GANT-61 alone. It has been clearly demonstrated that GANT-61 

conjugated to a Pt centre exerts a cytotoxic effect that is enhanced in comparison to 

oxaliplatin and GANT-61, particularly at higher concentrations of 20 and 50 µM.  

 

Complex 22 cis-[Pt(II)(Cl)2(GANT-61)2] was the most active compound against all 

three lines at 20 µM, the highest concentration it was tested at. This activity was 

significantly enhanced with respect to both oxaliplatin and GANT-61. In a similar 

manner complex 23 cis, cis, trans-[Pt(IV)(Cl)2(GANT-61)2(OH)2] was the most active 

against two of the three cell lines at 50 µM, the highest concentration it was tested at. 

This activity was significantly enhanced with respect to oxaliplatin against all three cell 

lines tested, the current clinical gold standard for the treatment of late stage CRC.
38

 This 

study has demonstrated the potential activity of Pt GANT-61 complexes as anti-

proliferative agents.  

 

Both Pt complexes exhibited consistent activity against Pt sensitive and resistant cell 

line where HCT116 wt and HCT116 wt cell lines demonstrated a similar response on 

treatment with Pt Gant-61 complexes. This data suggests that Pt in conjugation with a 

Hh inhibitor GANT-61 may result in mechanism of action uniquely different from those 

of clinically used Pt drugs and thus, could be an effective approach in sensitising 

colorectal cancer cells to Pt based therapies. 
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The DNA binding ability of two novel Pt(II) complexes to GANT-61 has been 

evaluated against pUC19 plasmid DNA. Of the two compounds tested, the complex 

which comprises a ‘non-classical’ structure that is less sterically demanding on the Pt 

centre exhibits binding affinity for plasmid DNA, and induces a concentration 

dependant shift at low micromolar concentrations in the electrophoretic mobility of the 

plasmid DNA This activity is in stark contrast to GANT-61 alone where no shift was 

observed.  Thus, this data suggests that DNA binding is likely one factor in the 

mechanism of action of Pt GANT-61 complexes.  

 

Future work should include an investigation of the anti-metastatic activity of these 

compounds and their activity against colorectal stem cells.  
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Thesis Conclusion 

This thesis was focussed on the development of novel strategies to enhance the activity 

of Pt drugs against colorectal cancer. Three distinct approaches were investigated; (i) 

co-administration of oxaliplatin with a bioactive compound, a heat shock protein 

inhibitor, (ii) improved delivery of oxaliplatin to cancer cells using a 14-mer peptide 

with homing properties and (iii) chemical conjugation of Pt centres to a bioactive 

compound, a hedgehog pathway inhibitor. 

 

The first example of a combination study comprising HSP70 inhibitor PES and 

oxaliplatin has been reported. Significant synergistic effects, including strong 

synergism, in co-treating HT29 colorectal cancer cells with oxaliplatin and PES has 

been determined. This highlights the importance of combination studies and warrants 

further investigation into the synergistic effect HSP70 inhibitors may have in 

combination with other Pt drugs or different classes of anticancer agents. HSP70 

inhibitors may have an important role to play in potentiating the effects of Pt drugs in 

resistant models, or reducing the side effects associated with Pt drugs. In addition, A 

novel improved one step synthetic route has been developed which gives HSP70 

inhibitor PES in good yield and purity, with corresponding and previously unreported 

characterisation.  

 

The synthesis of 14-mer TPP and a corresponding scrambled sequence with identical 

amino acid composition has been reported. In addition, two novel Pt-peptide conjugates 

for each peptide have been successfully synthesised and the resulting Pt-peptide 

conjugates subsequently characterised, and their activity evaluated in vitro. The data 

suggests that TPP does endow oxaliplatin, through chemical conjugation, with the 

potential for the targeting of cancer cells. In addition, this selective targeting is likely to 

result in specific binding and internalization by memHSP70+ tumour cells via 

endosomal pathways, leading to an enhanced cytotoxic effect as compared to oxaliplatin 

treatment alone. The extent of internalisation and cytotoxity appears to depend on the 

level of memHSP70 expression, and higher levels of cell death were observed in HT29 

cells with a higher memHSP70 expression profile, despite the fact that they are a 

relatively resistant cell line. Thus, Pt-TPP conjugates have the potential to target 

resistant cancer cell lines with a memHSP70+ phenotype. As such the breadth of this 
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study will be expanded to more fully elucidate the in vitro and in vivo potential of TPP 

conjugation to enhance the targeting and uptake of anticancer drugs in memHsp70+ 

cancer cells and tumours. Demonstration of TPP’s selective targeting highlights the 

strong potential of this peptide as an agent to endow specificity to non-discriminating 

drugs.  

 

The synthesis and characterisation of four novel Pt GANT-61 complexes has been 

reported. The anticancer effects of a novel Pt(II) and Pt(IV) GANT-61 complex have 

been evaluated against a panel of colorectal cancer cell lines which clearly demonstrates 

that GANT-61 conjugated to a Pt centre exerts a cytotoxic effect that is enhanced in 

comparison to oxaliplatin and GANT-61. This study has demonstrated the potential 

activity of Pt GANT-61 complexes as anti-proliferative agents and also suggests that Pt 

in conjugation with a Hh inhibitor GANT-61 may result in mechanism of action 

uniquely different from those of clinically used Pt drugs. Thus, this could be an 

effective approach in sensitising colorectal cancer cells to Pt based therapies. Future 

work in this study will include an investigation into the anti-metastatic activity of these 

compounds and their activity against colorectal stem cells. 

 

The next generation of Pt-based drugs will be developed as a result of continued efforts 

to further elucidate the exact mechanism of actions of Pt drugs and mechanisms of 

resistance to Pt drugs. Medicinal inorganic chemistry and Pt–based chemotherapeutic 

drugs will continue to play a key role in the treatment of many cancers including 

colorectal cancer. In turn marginal gains in medicinal chemistry, molecular biology, 

surgery, radiotherapy and healthcare will cumulatively improve cancer patient outcome 

and quality of life in the years to come. 
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